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Abstract
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Abstract

Electrochemical co-deposition of metal with a second phase material has been widely 

applied in industry to improve the properties of composite coatings. Traditional 

composite coatings were generally prepared by suspending the second phase particles in a

plating bath solution with vigorous agitation to achieve good dispersion of particles. Most 

research has focused on the co-deposition of metal matrix with hard oxides, carbides, 

nitrides, diamond, etc. However, little research has investigated the two insoluble metals

coatings. The overall aim of this thesis is to study and develop two insoluble metals (or 

two phases) coatings using ionic co-discharge method. 

Bi was co-deposited with different coating metal matrices (Ni, Ag, Zn and Cu). A number 

of plating parameters including current density, deposition time, direct or pulse current 

supply and concentration of Bi ions in the electrolyte have been investigated to evaluate 

their effect on the coating preparation and quality. Experimental results indicated that the 

microstructure and properties of Bi doped coatings can be very varied on different metal 

matrices even the co-deposition processes were similar. In-situ formation of NiBi 

intermetallic compound was observed when Bi is co-deposited with Ni using the ionic co-

discharge process. Ag-Bi alloy was produced with Bi acting as the alloying element in 

Ag-Bi coating. Bi is insoluble in the Zn or Cu matrix at a relatively small proportion of Bi 

content. 

The mechanical properties of the co-deposited coatings were generally enhanced by the 

refined microstructure and dispersion strengthening effect due to the incorporation of Bi. 

The content of Bi in the coating matrix, except for Cu-Bi, was dependent on the plating

parameters, which was increased with the applied current density, the employment of 

pulse current and the higher content of Bi in the electrolyte. All coatings developed in this 

work presented better mechanical properties with the incorporation of a small quantity of 

Bi without losing other desired properties such as corrosion resistance, conductivity and 

antimicrobial properties.



ii



Acknowledgements

iii

Acknowledgements

I would like to take this opportunity to express my sincere gratitude to my supervisor, 

Prof. Wei Gao for his expert guidance, useful advice and great support throughout the 

course of completing this dissertation. His helpful advice and insights enabled me to have 

a better understanding of this research project. Sincere thanks are also expressed to Dr. 

Michelle Dickinson, Dr. Balan Zhu and Dr. Michael Hodgson as the committee members 

of the advisory committee for my PhD study.

I also gratefully acknowledge the University of Malaya for providing a scholarship 

(University of Malaya Bright Sparks Scheme) for my tuition fees and daily living cost for 

three years. I wish to extend my appreciation to the Department of Chemical and 

Materials Engineering, the University of Auckland which awarded me the tuition fees,

and Auckland UniServices Limited which offered me a short-term scholarship. I would 

also like to acknowledge the Postgraduate Research Student Support (Press) scheme and 

Uniservices' Project (31575.004) for supporting me while carrying out the routine 

research and attending international conferences.

With much gratitude and appreciation, I wish to thank Mr. Glen Slater, Mr. Chris Goode 

and technical staff from Rigg Electroplating Ltd. for their helpful technical support and 

generous chemical supplies. I would like express my special thanks to Dr. Yuxin Wang 

for his patient, countless suggestions, motivating guidance and his valuable help, which 

contributed greatly to accomplish this research.

I wish to thank the technical staff of the Department of Chemical and Materials 

Engineering: Dr. Alec Asadov, Mr. Peter Buchanan, Mr. Raymond Hoffmann, Mr. Frank 

Wu, Mr. Steve Strover, Mrs. Catherine Hobbis and Mrs. Laura Liang for their assistance 



Acknowledgements

iv

in using the equipment in laboratories or workshop. Special thanks to Dr. Adrian Turner 

and Dr. Shanghai Wei for their help in the transmission electron microscopy (TEM) 

characterization and results analysis. In addition, I want to express my gratitude to Mr. 

Stuart Morrow from the School of Chemical Sciences at the University of Auckland for 

his help in Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) 

analysis.

I also wish to thank my colleagues and group members: Dr. Weiwei Chen, Dr. Xiaojin 

Wei, Dr. Yantao Song, Dr. Caizhen Yao, Dr. Zhendi Yang, Dr. Zhang Qian, Mrs. 

Afsaneh Sharifi, and Mr. Xin Shu for their helpful comments and continuous 

encouragement. 

Finally, I wish to express my sincere appreciation to my family especially my parents for 

their love and unlimited support. Special thanks and apologies will be presented to whom 

I have forgotten to mention.



Table of Contents

v

Table of Contents

Abstract................................................................................................................................  i

Acknowledgements ..........................................................................................................  iii

Table of Contents ...............................................................................................................  v

List of Figures....................................................................................................................  xi

List of Tables ....................................................................................................................  xv

Abbreviations and Symbols ..........................................................................................  xvii

 Chapter 1: Introduction ..............................................................................................  1

 Introduction .......................................................................................................3 1.1

 Research Objectives ..........................................................................................4 1.2

 Thesis Framework .............................................................................................5 1.3

 Chapter 2: Literature Review.....................................................................................  7

 Coatings .............................................................................................................9 2.1

2.1.1 Noble Metal Coatings ..................................................................................10 

2.1.2 Non-noble Metal Coatings...........................................................................12 

 Methods of Producing Metallic Coatings........................................................14 2.2

 Electrochemical Co-deposition........................................................................16 2.3

2.3.1 Process and Mechanism of Co-deposition...................................................16 

2.3.2 Ionic Co-discharge .......................................................................................21 

2.3.3 Ionic Co-discharge Bi with Various Metals Matrix.....................................22 

 Ni-Bi coatings.......................................................................................23 2.3.3.a

 Ag-Bi coatings......................................................................................24 2.3.3.b

 Zn-Bi coatings ......................................................................................25 2.3.3.c

 Cu-Bi coatings ......................................................................................27 2.3.3.d

 Parameters of Electrochemical Co-deposition ................................................28 2.4

2.4.1 Deposition Current.......................................................................................28 



Table of Contents

vi

2.4.2 Bath Composition and Constituents ............................................................31 

2.4.3 Temperature .................................................................................................32 

2.4.4 Agitation ......................................................................................................33 

 Effects of Electrochemical Co-deposition Parameters and Conditions...........34 2.5

2.5.1 Morphology..................................................................................................34 

2.5.2 Crystallographic Texture .............................................................................35 

2.5.3 Mechanical Properties..................................................................................36 

 Hardness ...............................................................................................36 2.5.3.a

 Wear property .......................................................................................38 2.5.3.b

2.5.4 Corrosion or Electrochemical Properties .....................................................39 

2.5.5 Antibacterial Properties ...............................................................................42 

2.5.6 Electrical Conductivities..............................................................................43 

 Problems and Challenges in Co-deposition Coating .......................................44 2.6

 Chapter 3: Direct Current Electrodeposition of Ni-Bi Coatings...........................  47

Chapter Abstract ................................................................................................................49 

 Introduction .....................................................................................................50 3.1

 Experimental Procedures.................................................................................51 3.2

3.2.1 Preparation of Coatings................................................................................51 

3.2.2 Characterization of Coatings........................................................................51 

 Results and Discussion ....................................................................................52 3.3

3.3.1 Structural and Morphological Analysis .......................................................52 

3.3.2 Microhardness and Wear Resistance ...........................................................56 

3.3.3 Electrochemical Analysis.............................................................................60 

 Conclusions .....................................................................................................62 3.4

 Chapter 4: Pulse Current Electrodeposition of Ni-Bi Coatings ............................  63

Chapter Abstract ................................................................................................................65 

 Introduction .....................................................................................................66 4.1



Table of Contents

vii

 Experimental Procedures.................................................................................67 4.2

4.2.1 Sample Preparation ......................................................................................67 

4.2.2 Sample Characterization ..............................................................................68 

 Results and Discussion ....................................................................................69 4.3

4.3.1 Microstructure and Chemical Analysis........................................................69 

 Phase structure of coatings ...................................................................69 4.3.1.a

 Microstructure of coatings....................................................................70 4.3.1.b

 Chemical analysis of coatings ..............................................................74 4.3.1.c

4.3.2 Microhardness and Wear Resistance ...........................................................75 

 Microhardness of coatings....................................................................75 4.3.2.a

 Wear property of coatings ....................................................................77 4.3.2.b

4.3.3 Electrochemical Analysis.............................................................................78 

 Potentiodynamic polarization curves of coatings.................................78 4.3.3.a

 EIS of coatings......................................................................................80 4.3.3.b

 Conclusions .....................................................................................................84 4.4

 Chapter 5: Electrodeposition of Ag-Bi Coatings ....................................................  85

Chapter Abstract ................................................................................................................87 

 Introduction .....................................................................................................88 5.1

 Experimental Procedures.................................................................................89 5.2

5.2.1 Sample Preparation ......................................................................................89 

5.2.2 Sample Characterization ..............................................................................90 

 Results and Discussion ....................................................................................91 5.3

5.3.1 Structural and Morphological Analysis .......................................................91 

5.3.2 Nanoindentation...........................................................................................94 

5.3.3 Electrical Resistivity ....................................................................................97 

5.3.4 Antimicrobial Activity .................................................................................98 

 Conclusions ...................................................................................................101 5.4



Table of Contents

viii

 Chapter 6: Electrodeposition of Zn-Bi Coatings ..................................................  103

Chapter Abstract ..............................................................................................................105 

 Introduction ...................................................................................................106 6.1

 Experimental Procedures...............................................................................107 6.2

 Results and Discussion ..................................................................................110 6.3

6.3.1 Direct Current Electrodeposition ...............................................................110 

 Phase structure and orientation...........................................................110 6.3.1.a

 Microstructure characterization..........................................................113 6.3.1.b

 Chemical analysis ...............................................................................114 6.3.1.c

 Mechanical properties.........................................................................115 6.3.1.d

6.3.2 Pulse Current Electrodeposition ................................................................118 

 Structural and morphological analysis ...............................................118 6.3.2.a

 Mechanical properties.........................................................................121 6.3.2.b

 Conclusions ...................................................................................................124 6.4

 Chapter 7: Electrodeposition of Cu-Bi Coatings ..................................................  125

Chapter Abstract ..............................................................................................................127 

 Introduction ...................................................................................................128 7.1

 Experimental Procedures...............................................................................128 7.2

 Results and Discussion ..................................................................................130 7.3

7.3.1 Phase Structure and Orientation.................................................................130 

7.3.2 Microstructure Characterization ................................................................132 

7.3.3 Chemical Analysis .....................................................................................135 

7.3.4 Mechanical Properties................................................................................137 

 Microhardness ....................................................................................137 7.3.4.a

 Wear testing........................................................................................139 7.3.4.b

7.3.5 Electrochemical Analysis...........................................................................140 

 Conclusions ...................................................................................................142 7.4



Table of Contents

ix

 Chapter 8: Conclusions and Future Work ............................................................  143

 Conclusions ...................................................................................................145 8.1

 Future Work...................................................................................................149 8.2

 List of Publications/ Patent Application........................................................150 8.3

References.......................................................................................................................  151



x



List of Figures

xi

List of Figures

Figure 2.1: Galvanic corrosion chart for different metals and alloys [36].........................10 

Figure 2.2: Resistance control protection by noble metal coatings [3]..............................11 

Figure 2.3: Cathodic control protection [3, 37]. ................................................................13 

Figure 2.4: Principle of galvanic protection of sacrificial Zn coating on steel..................14 

Figure 2.5: Plating cell for electroplating. .........................................................................15 

Figure 2.6: Periodic table showing the metals (inside frame) which can be 

electrodeposited from aqueous solution.....................................................................16 

Figure 2.7: Revised schematic of the two-step co-deposition process. .............................17 

Figure 2.8: Five-step process in the co-deposition of a particle [49].................................19 

Figure 2.9: The schematic process of the Zn-Bi nano composite coating [31]. ................21 

Figure 2.10: Top (a1, b1) and cross-sectional (a2,b2) images of the Zn-Bi coatings 

electroplated at (a1, a2) 20 mA/cm² and (b1, b2) 30 mA/cm² for 15 min, respectively. 

The arrows indicated the Bi nanoparticles embedded in the coatings [31]. ..............22 

Figure 2.11: Ni-Bi phase diagram [76]. .............................................................................24 

Figure 2.12: Ag-Bi phase diagram [86]. ............................................................................25 

Figure 2.13: Zn-Bi binary phase diagram [95]. .................................................................26 

Figure 2.14: Cu-Bi binary phase diagram [101]. ...............................................................28 

Figure 2.15: Examples of pulsed wave forms....................................................................29 

Figure 2.16: Mechanism of adsorption of MoS2 particles and co-deposition on substrate 

with the decreasing pH value (increasing the concentration of H+) [27]...................32 

Figure 2.17: Influence of plating parameters on the grain size of electrodeposits. ...........34 

Figure 2.18: Texture stability diagram for Ni coatings against the pH of the bath solution 

and current density [124]. ..........................................................................................36 

Figure 2.19: The relationship between the corrosion rate and the content of TiO2 particles 

dispersed in the coating [152]. ...................................................................................40 

Figure 2.20: The colonies of E.coli on different samples: CNTs without Ag coating (A0), 

pyroltic carbon substrate (B0), Ag coated CNTs (A1), and Ag coated pyroltic carbon 

substrate (B1) [24]. ....................................................................................................43 

Figure 3.1: XRD patterns of pure Ni and Ni-Bi composite coatings.................................53 

Figure 3.2: SEM surface morphologies: (a) Ni, (b) Ni-4 mL/L Bi, (c) Ni-20 mL/L Bi, and 

(d) Ni-50 mL/L Bi coatings. ......................................................................................54 



List of Figures

xii

Figure 3.3: Cross-sectional SEM morphologies: (a) Ni, (b) Ni-4 mL/L Bi, (c) Ni-20 mL/L 

Bi, and (d) Ni-50 mL/L Bi coatings...........................................................................55 

Figure 3.4: The Bi contents in coating as a function of Bi concentration in the electrolyte.

....................................................................................................................................56 

Figure 3.5: Microhardness of coatings with different amounts of Bi addition in the 

electrolyte...................................................................................................................57 

Figure 3.6: Potentiodynamic polarization curves of Ni and Ni-Bi composite coatings in 

3.5 wt.% NaCl at room temperature. .........................................................................61 

Figure 4.1: X-ray diffraction patterns of Ni and Ni-Bi coatings deposited by DC and PC 

deposition methods. ...................................................................................................69 

Figure 4.2: Top surface morphologies of Ni and Ni-Bi coating produced under different 

plating methods..........................................................................................................70 

Figure 4.3: Cross-section images of Ni and Ni-Bi coating produced under different 

plating methods..........................................................................................................71 

Figure 4.4: TEM images of Ni-Bi coating: (a) Bright field, (b) high-angle annular dark-

field (HAAFD) STEM tomography and (c) EDS spectra of the red box region. ......72 

Figure 4.5: Selected area diffraction patterns of (a) pure Ni and (b) Ni-Bi coatings. .......73 

Figure 4.6: HRTEM images of Ni-Bi coating. ..................................................................73 

Figure 4.7: Intensity of Bi element for different coatings. ................................................74 

Figure 4.8: Microhardness of Ni and Ni-Bi coatings with DC and PC deposition............75 

Figure 4.9: TEM micrographs of Ni and Ni-Bi coating produced by DC and PC plating 

methods. .....................................................................................................................77 

Figure 4.10: Wear volume loss of the Ni and Ni-Bi coatings............................................78 

Figure 4.11: Potentiodynamic polarization curves of Ni and Ni-Bi coatings deposited by 

using DC and PC methods. ........................................................................................79 

Figure 4.12: Nyquist diagram of impedance spectra: (a) Ni DC, (b) Ni PC, (c) Ni-Bi DC 

and (d) Ni-Bi PC, all conducted in 3.5 wt.% NaCl solution......................................81 

Figure 4.13: Equivalent electrical circuit used for the parameter calculation. ..................81 

Figure 4.14: The Bode plots of Ni and Ni-Bi coatings. .....................................................83 

Figure 5.1: (a) XRD pattern of Ag and Ag-Bi alloy coating by incorporation of different 

amount of Bi, (b) magnified peak Ag of (b) Ag (111) and (c) Ag (200)...................91 

Figure 5.2: ESEM top morphologies of electrodeposited coatings. ..................................93 

Figure 5.3: ESEM cross-section images of electrodeposited coatings. .............................93 



List of Figures

xiii

Figure 5.4: Percentage of Bi present in Ag-Bi coatings as a function of Bi solution 

addition. .....................................................................................................................94 

Figure 5.5: Gradient forward (GF) images of the indentation after testing. ......................95 

Figure 5.6: A comparison of load-unload displacement curves of coatings......................95 

Figure 5.7: Hardness comparison of (a) Ag (b) Ag-2.5 mL/L Bi, (c) Ag-5 mL/L Bi, (d) 

Ag-10 mL/L Bi alloy coating.....................................................................................96 

Figure 5.8: Antibacterial mechanisms of Ag ions. ..........................................................100 

Figure 6.1: Diagram for derivation of wear volume loss in wear testing. .......................108 

Figure 6.2: XRD patterns of Zn and Zn-Bi composite coating deposited at (a) 20 mA/cm2

and (b) 30 mA/cm2...................................................................................................111 

Figure 6.3: Top surface morphologies of (a) Zn coating and (b) Zn-Bi coating deposited 

at 30 mA/cm2. ..........................................................................................................113 

Figure 6.4: Cross-sectional morphology of coatings: (a) Zn coating at 20 mA/cm2; (b) Zn 

coating at 30 mA/cm2, (c) Zn-Bi coating at 20 mA/cm2; (d) Zn-Bi coating at 30 

mA/cm2. ...................................................................................................................114 

Figure 6.5: Microhardness of Zn and Zn-Bi coatings deposited at different current 

densities....................................................................................................................115 

Figure 6.6: Volume loss and wear rate of Zn and Zn-Bi coatings at different current 

densities....................................................................................................................117 

Figure 6.7: Wear tracks on coatings deposited at 20 mA/cm2 for 30 min: (a) Zn coating, 

and (b) Zn-Bi coating...............................................................................................117 

Figure 6.8: XRD patterns of Zn and Zn-Bi coatings deposited by DC and PC deposition 

methods. ...................................................................................................................119 

Figure 6.9: Top surface morphology of coatings.............................................................120 

Figure 6.10: Microhardness value of different types of coatings. ...................................121 

Figure 6.11: Coefficient of friction versus sliding distance curves of coatings...............122 

Figure 6.12: Wear track images of Zn and Zn-Bi coatings by DC and PC deposition....123 

Figure 7.1: XRD patterns of the (a) Cu and (b) Cu-Bi electrodeposition........................131 

Figure 7.2: Top morphology of Cu and Cu-Bi electrodeposition on Cu substrate with 

variety of current densities.......................................................................................133 

Figure 7.3: Cross-sectional morphologies of Cu and Cu-Bi coatings. ............................134 

Figure 7.4: EDS spectrum of (a) Cu coating; (b) Cu-Bi coating at 10 mA/cm2. .............136 

Figure 7.5: Content of Bi co-deposition into Cu-Bi electrodeposition. ...........................137 

Figure 7.6: Microhardness value of Cu and Cu-Bi coating at different current density..138 



List of Figures

xiv

Figure 7.7: Volume loss and wear rate of Cu and Cu-Bi coating at different current 

density. .....................................................................................................................139 

Figure 7.8: Wear tracks on coatings: (a) Cu coating, and (b) Cu-Bi coating that deposited 

at 50 mA/cm2 for 20 min. ........................................................................................140 

Figure 7.9: Potentiodynamic polarization curves of Cu and Cu-Bi deposited at 10 mA/cm2.

..................................................................................................................................141 



List of Tables

xv

List of Tables

Table 2.1: Types of coatings [3]. .........................................................................................9 

Table 2.2: Corrosion data from potentiodynamic curves for Cu-SiC composite coatings 

[154]. ..........................................................................................................................41 

Table 3.1: Operational parameters of Ni-Bi ionic co-discharge deposition. .....................51 

Table 3.2: Increment of microhardness of Ni-based composite coatings with additions of 

different types of particles. ........................................................................................58 

Table 3.3: Wear volume loss and wear rate of coatings. ...................................................59 

Table 3.4: Electrochemical results obtained from potentiodynamic polarization curves. .61 

Table 4.1: Bi concentration of different Ni-Bi coatings. ...................................................75 

Table 4.2: Electrochemical results obtained from potentiodynamic polarization curves. .79 

Table 4.3: Equivalent circuit parameters determined by modelling impedance spectra. ..82 

Table 5.1: Bath solution composition and operating conditions of electrodeposited Ag and 

Ag-Bi alloy coatings. .................................................................................................89 

Table 5.2: Resistivity and electrical conductivity of electroplating Ag and Ag-Bi alloy 

coatings. .....................................................................................................................97 

Table 5.3: The percentage inhibition of growth for the coatings.......................................99 

Table 6.1: Composition of electroplating bath and processing parameters. ....................107 

Table 6.2: Relative texture coefficients (RTC) of Zn and Zn-Bi coatings. .....................112 

Table 6.3: EDS results of Bi content electrodeposited in Zn-Bi coating at different current 

densities....................................................................................................................115 

Table 6.4: Wear track width and wear volume loss of coatings. .....................................124 

Table 7.1: Crystallite size calculated from XRD patterns. ..............................................132 

Table 7.2: Electrochemical parameters obtained from Tafel plots. .................................141 

Table 8.1: Summarized of effects of incorporation Bi into different coating systems. ...148 



xvi



Abbreviations and Symbols

xvii

Abbreviations and Symbols

Abbreviation Description

electrical resistivity

electrical conductivity

wavelength of the radiation

full width at half maximum after subtracting the instrumental line 

broadening

o friction stress

r residual part

t thermal part

y yield stress volume loss

"plastic" depth of penetration

shaded worn away area

area of the triangle

area is subtended by 2
diffraction intensities of the (hkl) of sample

diffraction intensities of the (hkl) of standard

peak of indentation load

chi square

A contact area

AFM atomic force microscopy

CA chronoamperometry

COF coefficient of friction

con0 optical density at 0 h

con18 optical density at 18 h

CPEdl constant phase element

CV cyclic voltammetry

CVD chemical vapour deposition

d wear track width or grain size



Abbreviations and Symbols

xviii

Abbreviation Description

DC direct current

Ecorr corrosion potential

EDS energy-dispersive spectroscopy

EIPET electrode-ion-particle electron transfer

EIS electrochemical impedance spectra

EMF electromotive force

f frequency

F applied load

FWHM full width at half maximum

H hardness

HAAFD high-angle annular dark-field

I current

I % percentage inhibition of growth

IACS International Annealed Copper Standard 

IBAD ion beam-assisted deposition

icorr corrosion current density

ioc exchange current density of dissolved oxygen

IP peak current

K friction coefficient or wear coefficient or wear rate

k constant

L length of the wear track

LA-ICP-MS laser ablation-inductively coupled plasma-mass spectrometry

MMC metal matrix composite

OCP open circuit potential

P applied load

PC pulse current

Q wear rate

r radius of the ball used for the test

Rct charge transfer resistance

RDE rotating disk electrode



Abbreviations and Symbols

xix

Abbreviation Description

RTC relative texture coefficient

S sliding distance

SAD selected area diffraction

SCE saturated calomel electrode

SEM scanning electron microscopy

TDS technical data sheet

TEM transmission electron microscopy

TOFF current off-time

TON current On-time

TSB Tryptic Soy Broth

U accelerating voltage

vol. volume

W total normal load or wear volume per unit sliding distance

w angular frequency

wt. % weight percentage

XRD X-ray diffraction

factor of abrasive wear



xx



 

 

 

Co-Authorship Form 
 

 

 

 

  Last updated: 25 March 2013 

Graduate Centre 
ClockTower – East Wing 
22 Princes Street, Auckland 
Phone: +64 9 373 7599 ext 81321 
Fax: +64 9 373 7610 
Email: postgraduate@auckland.ac.nz 
www.postgrad.auckland.ac.nz 

This form is to accompany the submission of any PhD that contains research reported in published or 
unpublished co-authored work. Please include one copy of this form for each co-authored work. 
Completed forms should be included in all copies of your thesis submitted for examination and library 
deposit (including digital deposit), following your thesis Acknowledgements. 
 
 

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 
and publication details or details of submission of the co-authored work. 

Chapter 3 is extracted from the published journal article: Tay, S.L., Yao, C., Wei, X., Chen, W., and Gao, W. (2014). 
Ni-Bi composite coatings produced by ionic co-discharge electrodeposition. Surface and Coatings Technology, 260, 
279-283.  

Nature of contribution 
by PhD candidate Experimental design and works, results analysis and writing the article. 

Extent of contribution 
by PhD candidate (%) 90 

 

CO-AUTHORS 
 

Name Nature of Contribution 

Caizhen Yao Assisting in electrochemical testing 

Xiaojin Wei Review 

Weiwei Chen Review 

Wei Gao Review 

            
 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 
 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 
 in cases where the PhD candidate was the lead author of the work that the candidate wrote the text. 
 

Name  Signature  Date 

Caizhen Yao  

 

 18/09/2015 

Xiaojin Wei  

 

 18/09/2015 

Weiwei Chen  

 

 21/09/2015 

Wei Gao  

 

 23/09/2015 

       

 

 Click here 

       

 

 Click here 

 



 

 

 

Co-Authorship Form 
 

 

 

 

  Last updated: 25 March 2013 

Graduate Centre 
ClockTower – East Wing 
22 Princes Street, Auckland 
Phone: +64 9 373 7599 ext 81321 
Fax: +64 9 373 7610 
Email: postgraduate@auckland.ac.nz 
www.postgrad.auckland.ac.nz 

This form is to accompany the submission of any PhD that contains research reported in published or 
unpublished co-authored work. Please include one copy of this form for each co-authored work. 
Completed forms should be included in all copies of your thesis submitted for examination and library 
deposit (including digital deposit), following your thesis Acknowledgements. 
 
 

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 
and publication details or details of submission of the co-authored work. 

Chapter 4 and Chapter 5 are reported in patent application: Tay, S.L., Wang, Y., Wei, S., Chen, W., and Gao, W. 
(2015). A plating or coating method. US Provisional Patent Application No. 62/213,340. 

Nature of contribution 
by PhD candidate Experimental design and works, results analysis and writing the patent disclosure. 

Extent of contribution 
by PhD candidate (%) 85 

 

CO-AUTHORS 
 

Name Nature of Contribution 

Yuxin Wang Assisting in result analysis and running the nanoindentation testing 

Shanghai Wei Assisting in transmission electron microscopy (TEM) analysis 

Weiwei Chen Providing the ideas of reseach 

Wei Gao Consulting the whole research progress 

            
 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 
 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 
 in cases where the PhD candidate was the lead author of the work that the candidate wrote the text. 
 

Name  Signature  Date 

Yuxin Wang  

 

 18/09/2015 

Shanghai Wei  

 

 21/09/2015 

Weiwei Chen  

 

 21/09/2015 

Wei Gao  

 

 23/09/2015 

       

 

 Click here 

       

 

 Click here 

 



 

 

 

Co-Authorship Form 
 

 

 

 

  Last updated: 25 March 2013 

Graduate Centre 
ClockTower – East Wing 
22 Princes Street, Auckland 
Phone: +64 9 373 7599 ext 81321 
Fax: +64 9 373 7610 
Email: postgraduate@auckland.ac.nz 
www.postgrad.auckland.ac.nz 

This form is to accompany the submission of any PhD that contains research reported in published or 
unpublished co-authored work. Please include one copy of this form for each co-authored work. 
Completed forms should be included in all copies of your thesis submitted for examination and library 
deposit (including digital deposit), following your thesis Acknowledgements. 
 
 

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 
and publication details or details of submission of the co-authored work. 

Parts of Chapter 6 are extracted from the published journal article: Tay, S.L., Chen, W., Wei, X., Yao, C., and Gao, 
W. (2015). Properties of Zn-Bi composite coatings prepared by ionic co-discharge deposition. Transactions of 
Nonferrous Metals Society of China, 25(1), 199-205. 

Nature of contribution 
by PhD candidate Experimental design and works, results analysis and writing the article. 

Extent of contribution 
by PhD candidate (%) 90 

 

CO-AUTHORS 
 

Name Nature of Contribution 

Weiwei Chen Review and provide the ideas of research  

Xiaojin Wei Review 

Caizhen Yao Assisting in sample preparation 

Wei Gao Review 

            
 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 
 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 
 in cases where the PhD candidate was the lead author of the work that the candidate wrote the text. 
 

Name  Signature  Date 

Weiwei Chen   21/09/2015 

Xiaojin Wei  

 

 18/09/2015 

Caizhen Yao  
 

 18/09/2015 

Wei Gao  

 

 23/09/2015 

       

 

 Click here 

       

 

 Click here 

 



 

 

 

Co-Authorship Form 
 

 

 

 

  Last updated: 25 March 2013 

Graduate Centre 
ClockTower – East Wing 
22 Princes Street, Auckland 
Phone: +64 9 373 7599 ext 81321 
Fax: +64 9 373 7610 
Email: postgraduate@auckland.ac.nz 
www.postgrad.auckland.ac.nz 

This form is to accompany the submission of any PhD that contains research reported in published or 
unpublished co-authored work. Please include one copy of this form for each co-authored work. 
Completed forms should be included in all copies of your thesis submitted for examination and library 
deposit (including digital deposit), following your thesis Acknowledgements. 
 
 

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 
and publication details or details of submission of the co-authored work. 

Parts of Chapter 6 are extracted from the published journal article: Tay, S.L., Wang, Y., Wei, X., and Gao, W. 
(2015). Effects of bismuth addition and electrodeposition processing on Zn based coatings. International Journal of 
Modern Physics B, 29, 1540010. 

Nature of contribution 
by PhD candidate Experimental design and works, results analysis and writing the article. 

Extent of contribution 
by PhD candidate (%) 95 

 

CO-AUTHORS 
 

Name Nature of Contribution 

Yuxin Wang Review and provide the ideas of research  

Xiaojin Wei Review 

Wei Gao Review 

            

            
 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 
 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 
 in cases where the PhD candidate was the lead author of the work that the candidate wrote the text. 
 

Name  Signature  Date 

Yuxin Wang  

 

 18/09/2015 

Xiaojin Wei  
 

 18/09/2015 

Wei Gao  

 

 23/09/2015 

       

 

 Click here 

       

 

 Click here 

       

 

 Click here 

 



 

 

 

Co-Authorship Form 
 

 

 

 

  Last updated: 25 March 2013 

Graduate Centre 
ClockTower – East Wing 
22 Princes Street, Auckland 
Phone: +64 9 373 7599 ext 81321 
Fax: +64 9 373 7610 
Email: postgraduate@auckland.ac.nz 
www.postgrad.auckland.ac.nz 

This form is to accompany the submission of any PhD that contains research reported in published or 
unpublished co-authored work. Please include one copy of this form for each co-authored work. 
Completed forms should be included in all copies of your thesis submitted for examination and library 
deposit (including digital deposit), following your thesis Acknowledgements. 
 
 

 

Please indicate the chapter/section/pages of this thesis that are extracted from a co-authored work and give the title 
and publication details or details of submission of the co-authored work. 

Chapter 7 is extracted from the published journal article: Tay, S.L., Wei, X., Chen, W., Yao, C., and Gao, W. (2014). 
Microstructures and properties of electrodeposited Cu-Bi composite coatings. International Journal of Electrochemical 
Science, 9(5), 2266-2277. 

Nature of contribution 
by PhD candidate Experimental design and works, results analysis and writing the article. 

Extent of contribution 
by PhD candidate (%) 95 

 

CO-AUTHORS 
 

Name Nature of Contribution 

Xiaojin Wei Review 

Weiwei Chen Review and provide the ideas of research  

Caizhen Yao Assisting in electrochemical testing 

Wei Gao Review 

            
 
 

Certification by Co-Authors 
 

The undersigned hereby certify that: 
 the above statement correctly reflects the nature and extent of the PhD candidate’s contribution to this 

work, and the nature of the contribution of each of the co-authors; and 
 in cases where the PhD candidate was the lead author of the work that the candidate wrote the text. 
 

Name  Signature  Date 

Xiaojin wei  

 

 18/09/2015 

Weiwei Chen  

 

 21/09/2015 

Caizhen Yao  

 

 18/09/2015 

Wei Gao  

 

 23/09/2015 

       

 

 Click here 

       

 

 Click here 

 



 



1

IntroductionChapter 1:



2



1. Introduction

3

Introduction1.1

Surface treatment/finishing of engineering components plays an important role in

preventing the failure from wear, corrosion, fatigue or fracture [1]. Applying coating on 

the surface is one of the common methods to improve the surface properties [2].

Numerous techniques have been applied to produce protective coatings such as 

electroplating, electroless plating, plasma thermal spray, hot dipping and physical vapour

deposition methods [3, 4]. Among these methods, electroplating is a simple way for 

industrial applications due to its advantages of simple equipment and process, low cost, 

working at ambient atmosphere and good reproducibility [5-7].

Nowadays, metal matrix composite coatings have attracted much attention for their

excellent mechanical properties and corrosion resistance [8, 9]. A variety of inert particles, 

such as hard oxides (Al2O3, CeO2, IrO2, La2O3, RuO2, SiO2, SnO2, TiO2 and ZrO2) [8, 10-

18], carbides (SiC and WC) [19, 20], nitrides (Si3N4) [21], diamond [22] and lubricants

(graphite, PE, PTFE and MoS2) [23-28] have been successfully co-deposited with

different metal matrices. However, there are some challenges for the preparation of these 

composite coatings, including nanoparticles agglomeration caused by high surface energy 

[9, 29] and stability caused by the reaction between some ceramic particles and metal 

matrix [30].

This research project is driven by our recent research progress [31] and will prepare two-

phase metal coating using our newly developed ionic co-discharge method. The process 

of ionic co-discharge is similar to the conventional co-deposition method. However, 

instead of mixing and depositing inert particles with metals onto a substrate, ions are 

deposited from the salt solution. This method is to let the precursor of nanoparticles exist 

as ions in the electrolyte and allow them to discharge to the cathode. It is an in-situ

process that nanoparticles can incorporate into the deposition matrix. Besides that, the 

second ions (such as Bi3+) may react with the ions of matrix phase to form a solid solution 

or intermetallic compounds, and then co-deposited on the substrate. In this research, Bi is 

selected as a second element to incorporate with several of other metal matrices including

Ni, Ag, Zn and Cu. Systematic analyses have been carried out to investigate the effects of 

Bi co-deposition with these elements.
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Research Objectives1.2

Recently, my research group has developed a novel technique, namely, ionic co-discharge 

deposition method to synthesize coatings of two insoluble metals (or two phases). In this 

research, Bi ions were introduced into electrolytes containing Ni, Ag, Zn or Cu ions. The 

detailed objectives of the present study are listed below.

(1) Develop coating systems containing two insoluble metals (or two phases) by co-

deposition of Bi with several metal matrices.

In this research, various metal matrices have been selected. Different parameters will be

investigated to achieve the optimum property, including the content of Bi, current 

densities and current profile (direct and pulse current).

(2) Study the effects of Bi dispersion on surface morphology and phase structure.

The surface morphology, cross section microstructure and phases of the coatings will be 

studied by using scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and X-ray diffraction (XRD). These investigations will assist us to better 

understand the effects of Bi dispersion on the microstructure of coatings. 

(3) Investigate the mechanical and corrosion properties of the two-phase coatings.

This study will systematically investigate the mechanical properties of coatings by using 

nano-indentation, microhardness test and tribometer. For the corrosion properties, the 

coatings will be assessed by electrochemical tests including potentiodynamic polarization 

tests and electrochemical impedance spectra (EIS) tests in 3.5 wt.% NaCl solution at 

room temperature. Moreover, comparisons between the pure metal coating and co-

deposition coatings will be conducted. These studies will help us to understand the 

strengthening and corrosion mechanism of coatings prepared under optimized parameters.
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Thesis Framework1.3

This dissertation comprises eight chapters. Most chapters are directly based on published 

work by the author of this thesis [4, 32-35]. A brief background, objectives and outline of 

the research are provided in Chapter 1. Chapter 2 of this dissertation offers a 

comprehensive overview of the existing literature and background of various topics 

related to this research. These topics include a general background about coatings,

methods of producing coatings, electrochemical co-deposition mechanisms, parameters of 

electrochemical co-deposition, effects of electrochemical co-deposition, and problems 

and challenges in co-deposition. Chapter 3 presents the details of Ni-Bi coatings 

deposited by using direct current. The comparison of the direct and pulse current 

electrodeposition of Ni and Ni-Bi coatings are systematically discussed in Chapter 4. 

Chapter 5 investigates the co-deposition of Bi into Ag metal matrix. Chapter 6 reports the 

deposition of two insoluble metals, Zn and Bi. Different current densities and deposition 

techniques are utilised during this plating. Cu-Bi coatings are developed and the results 

are presented in Chapter 7. A brief summary of the work and recommendations for future

works are stated in Chapter 8.
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Coatings2.1

Coatings play an important role in metals finishing industry. They aim to improve 

corrosion resistance, wear resistance, mechanical properties or appearance of the working 

parts, components and machinery and equipment. Coatings can be classified into four 

categories: organic, inorganic, conversion and metallic, as shown in Table 2.1 [3].

Table 2.1: Types of coatings [3].

Organic
Inorganic

non-metallic
Conversion Metallic

Coal tars Silicates Anodising Galvanizing

Phenolics Ceramics Phosphating Vacuum vapour 

deposition

Vinyls Glass Chromate Electro/electroless 

plating

Arcylics Molybdate Diffusion

Epoxy

Alkyds

Urethanes

Metallic coatings are widely applied to metal substrates to improve their properties. 

According to the galvanic corrosion chart, metallic coatings can be classified into two 

groups, noble and non-noble coatings [36]. Fig. 2.1 shows the electrochemical potential 

comparison for different metals. The less noble metals will corrode more rapidly than the 

more noble metals.
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Figure 2.1: Galvanic corrosion chart for different metals and alloys [36].

2.1.1 Noble Metal Coatings

Noble metal coatings can protect the substrate by anodic control or electromotive force 

(EMF) control due to their high corrosion resistance. Examples of these coatings include

nickel (Ni), chromium (Cr), tin (Sn), lead (Pb), gold (Au), copper (Cu) and their alloys.

These coatings are widely used in domestic appliances, window frames, automobiles, 

furniture, chemical and food processing industries where a high degree of corrosion 

resistance and decorative appearance are needed [3].
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These noble metal coatings could protect the metal substrate as long as the coatings are

well-adhesive and there is a nonporous barrier layer between the coating and substrate. 

However, once the coating is damaged, galvanic inducement will lead to severe attacks to 

the substrate metal and the corrosion rate will significantly increase. This is due to the 

high current density in the defective area. Fig. 2.2 shows the resistance control by noble 

metal coatings [3]. The standard corrosion potential of these noble metals is more positive 

than hydrogen. The corrosion caused by the electromotive force is relatively small [3].

Figure 2.2: Resistance control protection by noble metal coatings [3].
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2.1.2 Non-noble Metal Coatings

Non-noble metal coatings usually protect the substrate by cathodic control. The corrosion 

potential of the coating material is more negative than the substrate as the cathodic 

overpotential of the surface is increased by the coating. Examples of these coatings 

include zinc (Zn), aluminium (Al), manganese (Mn), cadmium (Cd) and their alloys.

They have a more negative electrode potential than iron and steel [3].

About a half of the Zn production in the world is used to prevent corrosion. Zn containing 

coatings are widely used because of its unique characteristics as follows [3, 37]:

i) Relatively low price;

ii) Plentiful Zn supply due to high demand;

iii) Flexibility in application procedures and ease to control the thickness of 

coating;

iv) Good cathodic protection to steels, and

v) Combination with other elements to form special alloy systems which can 

improve the corrosion protection properties.

Zinc (Zn) coating usually protects the steel and other substrates by cathodic control. Fig.

2.3 shows the principles of cathodic protection via the sacrificial Zn coating. Although 

the corrosion potential of the Zn-coated iron is more negative than the uncoated iron, the 

corrosion rate icorr of Zn-coated iron becomes lower. This could be attributed to the 

cathodic overpotential of surface being increased by Zn coating, and the exchange current 

density of dissolved oxygen, ioc on Zn being lower than on iron [3, 37].
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Figure 2.3: Cathodic control protection [3, 37].

Zinc (Zn) coatings can act as sacrificial metal coatings to protect the iron from several 

aspects [3, 37]:

i) Original barrier of Zn coating layer;

ii) Secondary barrier from Zn corrosion product layer, and

iii) Galvanic action of coating layer.

When a small part of the iron exposed to the environment, the electrode potential of the 

electrode (Ecorr) will be equal to the corrosion potential of Zn. This is because the exposed 

iron is polarized cathodically by the surrounding Zn, hence only a little corrosion happens 

on the exposed substrate. Zn ions dissolved from the Zn coating can form a barrier 

coating by its corrosion products to prevent the substrate from environmental exposure.

Various corrosion products might be formed such as ZnO, Zn (OH)2, 2ZnCO3·3Zn(OH)2,

ZnSO4·4Zn(OH)2, ZnCl2·4Zn(OH)2 [3]. Fig. 2.4 shows the principle of steel protection by

Zn via galvanic action. The corrosion products can act as a barrier to protect the substrate 

from further corrosion.
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Figure 2.4: Principle of galvanic protection of sacrificial Zn coating on steel.

Another type of the non-noble coating protection by sacrificing coating comes from the 

passivation, which is the process of making a material into a "passive" state [38]. Al

coating is one example for substrate protection by forming the Al2O3 film. This 

passivation film is chemically inert and has a good corrosion resistance [3].

Methods of Producing Metallic Coatings2.2

A variety of processes or technologies are used in industries to prepare metallic coatings,

such as electroplating, electroless plating, electrophoretic deposition, cathodic sputtering, 

diffusion coating, flame spraying, plasma spraying, hot dipping, vacuum and vapour

deposition, gas plating, fusion bonding, explosion bonding and metal cladding [3].

Among these methods, electrochemical deposition is one of the most common processes

[5]. Electroplating was first introduced by Brugnatelli in 1805. An intensive study of the 

electroplating process started in 1950 with the development of modern industry [39].
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Electroplating is an electrochemical deposition process where a coating is deposited on 

substrate by connecting anode and cathode cells to current supply and passing through the 

electrolyte bath [40]. Fig. 2.5 shows the schematic of a plating cell for electroplating. 

Figure 2.5: Plating cell for electroplating.

An anode is connected to the positive terminal of the power supply and a cathode is 

connected to the negative terminal. The substrate acts as the cathode. Cations will move 

toward cathode (negative terminal) when the current source is switched on. On the other 

hand, anions will move toward the anode. The electrolyte is the solution of metal salts [5,

41].

Electrochemical deposition is widely used in the manufacturing industry to produce a 

variety of products by deposition a film or coating of solid metal from an aqueous 

solution or a molten salt onto an electrically conducting surface [42]. The main reasons 

for using this process include: low cost [5, 7, 39], simple technique and equipment [43],

dense and thicker film can be produced [5, 7, 41], and suitability for deposition on 

complex geometric surfaces [5].



2. Literature Review

16

It is important to select a suitable metal for producing metallic coatings using the 

electroplating method. Not all metals can be used as a coating matrix neither can all 

metals be electrodeposited from aqueous solution [44]. Fig. 2.6 shows only the metals 

inside the frame can be electrodeposited from an aqueous solution.

Figure 2.6: Periodic table showing the metals (inside frame) which can be 

electrodeposited from aqueous solution.

Electrochemical Co-deposition2.3

2.3.1 Process and Mechanism of Co-deposition

Co-deposition is a process that two or more different materials were deposited together as 

a composite coating. In our case, we use electrochemical process to co-deposited particles 

into a metal matrix, forming a metal-matrix composite coating. An ideal co-deposition 

process can achieve a uniform dispersion of spherical particles throughout a 

homogeneous metal matrix. These particles are required to dispersed in the bath solution 

with little or no agglomeration [34].

The homogenous distribution is an important factor in determining the properties of the 

coatings in the co-deposition process [45]. Recently, we developed a sol-enhanced

electrodeposition. In this case, inorganic nanoparticles are produced and dispersed in a

polymer matrix to reduce the interaction between the particles. Hence, this could decrease 

the tendency of nanoparticle agglomeration. During the plating process, the nanoparticles

are formed in-situ in the electrolyte and then co-deposited with the metal atoms to form a
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highly dispersive nanoparticle reinforced composite coating. However, there are some 

limitations to this technique, such as surface cracking, limited coating thickness [46] and 

the high cost of the chemical precursors [47].

There have been studies on the electrochemical co-deposition mechanisms since 1960s.

Three early co-deposition mechanisms were suggested: electrophoresis by Whithers in 

1962, mechanical entrapment by Martin and Williams in 1964 and adsorption by Brandes 

and Goldthorpe in 1967 [48, 49].

Then a few mathematical models were introduced by several researchers. Guglielmi made 

an important contribution to the understanding of co-deposition [50]. The author proposed 

a mechanism based on two consecutive adsorption steps as shown in Fig. 2.7. Firstly, the 

cations or metal ions are absorbed on the particle surface. These loosely absorbed 

particles are then absorbed onto the electrode in an electrochemical step [51]. However, 

this model cannot predict the effects of other process parameters such as the size and type 

of the particles, temperature, pH and constituents of the bath solution [48, 52]. All these 

important parameters are only empirically or at best semi-empirically taken into account. 

Therefore, this model does not allow prediction of which way these parameters will affect 

the electrolytic co-deposition.

Figure 2.7: Revised schematic of the two-step co-deposition process.
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In 1974, Foster and Kariapper [53] expressed a mathematic model to study the effects of 

hydrodynamics on co-deposition. In this model several process parameters have been 

considered. The particle deposition rate was defined as a Langmuir adsorption isotherm, 

where the measure of the particle cathode interaction k depends on:

The electrostatic interaction, which is determined by the charge q adsorbed on the 

particles and potential field at the cathode E.

The physical bond, which depends on the rate at which metal deposited, i.e. the 

current density j. When L is the physical bind strength per unit area, the physical 

bond is a function of Lj2.

Mechanical factors, such as the particle properties a and the agitation rate b.

Taking as the number of particle collisions with the cathode suitable for particle 

incorporation, which is affected by the agitation rate, the particle deposition rate can be

expressed by:

= ( )( )  (Eq. 2.1) 
where is a constant. Because of the complex interrelationship between some of these 

factors, only a limited quantitative research had been done to prove its validity [52, 53].

Celis et al. [49] proposed a new model namely Leuven in 1987. This model is based on 

the two fundamental postulates: (i) the adsorption of the ions onto the particle and (ii) the 

reduction of these adsorbed ions at the cathode surface [54]. It contains the measureable 

parameters to predict the amount of the co-deposition particles. The proposed co-

deposition proceeds through a five-step process as shown in Fig. 2.8 [49, 55]:

i) adsorption of ionic species upon the particle surface;

ii) movement of the particle by forced convection towards the hydrodynamic 

boundary layer ( o) at the cathode;

iii) diffusion of the particle through the diffusion layer (

iv) adsorption of the particle at the cathode surface, and
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v) reduction of some adsorbed ionics.

Figure 2.8: Five-step process in the co-deposition of a particle [49].

In 1987, Valdes developed a model on co-deposition of colloidal particles onto a rotating 

disk electrode [56]. Several transport processes were considered in this model such as 

Brownian diffusion, hydrodynamic convection, electromigration and diffusion migration. 

Two models were introduced based on these considerations of transport processes. The 

first model considered the rotating disk electrode (RDE) that acts as a "perfect sink" and 

predicted the deposition rate increased with current density. Perfect sink means that all 

particles arriving within a critical distance of the electrode surface are irreversibly and 

instantaneously consumed. However, this model is contradicted by the experimental 

investigations. This model only provides a theoretical upper limit to the number of 

particles is able to be co-deposited at a given applied potential. However, the 

phenomenon of perfect sink is unrealistic in the actual experimental condition. For 

example, due to the surface force is close to the electrode surface, not all particles are co-

deposited with metal.

Another mode, electrode-ion-particle electron transfer (EIPET) assumed that the 

electrochemical reduction of electroactive ions adsorbed on particles is the main factor for 

the electrodeposition of particles. In this model, the rate of particles deposition increased 
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with increasing current density until reaching a rated current region, and then decreased 

when a larger current density was applied [57].

Fransaer et al.[58] proposed a model for the electrolytic co-deposition of micro size 

spherical particles on RDE based on a trajectory analysis. A number of relevant forces,

such as gravity, electrophoretic and the double layer force were included. This model 

failed at the place close to the electrode surface because it led to the "perfect sink", and 

hence the authors introduced a particle-wall interaction term. A force balance on the 

particles gives an equation for the probability that a particle at the electrode surface will 

be incorporated. This provides a good description of the variation of the amount of 

particles in the deposits as a function of the bath particle concentration. However, the 

accuracy of the fluid velocities in the immediate vicinity of the cathode was a prerequisite. 

It did not predict the maximum particle concentration with respect to the current densities

and also it was not applicable for nano-sized particles [58].

An improvement of Guglielmi's model which included a corrective factor (3rd order 

polynomial equation) had been taken account for the effects of adsorption and 

hydrodynamic conditions by Bercot et al. [59]. The model proposed by Guglielmi, 

without considering agitation of the bath, had been used and modified to explain the 

results for incorporation of 500 nm PTFE nanoparticles in Ni deposits. When the 

influence of hydrodynamic conditions was considered, the corrective factor was added to 

Guglielmi's model to adapt the mathematical model and predict the incorporation of 

PTFE particles in nickel deposits under magnetic stirring. The result showed that there 

was an optimum incorporation rate against the function of both the particle concentration 

in the bath and the stirring bar speed. The validity of this model was only based on 

selected experimental parameters and the accurate prediction for other systems requires

further study.

Apart from fabricating composite coatings by adding micro or nano sized particles into 

the plating bath, co-deposited second phase could also be added in the way of aqueous 

solution. This process leads to a new process with different mechanism, namely ionic co-

discharge, which will be described in the following section.
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2.3.2 Ionic Co-discharge

In recent years, a novel method called ionic co-discharge process has been introduced for 

co-deposition of two different phases. This method is similar to the conventional co-

deposition method. However, instead of adding solid particles into the bath solution, the 

second phase material exists in a form of aqueous solution. This method lets the precursor 

of nanoparticles exist as ions in the electrolyte and allows them to discharge onto the 

cathode at the same time as the main phase. It is a process that the second phase can be

in-situ incorporated into the deposition matrix with nanostructure.

Chen et al. [31] reported a successful deposition of Zn-Bi nanocomposite coating via the 

ionic co-discharge process. Fig. 2.9 shows the schematic process of the Zn-Bi 

nanocomposite electroplating. Bi exists as ions in the electrolyte from the metal salt, and 

is well dispersed in the Zn matrix coating. Zn and Bi do not form a solid solution as 

shown in the Zn-Bi phase diagram (as will be presented in next section), therefore Bi 

nano particles (~50 nm) were distributed homogenously in the Zn-matrix as presented in 

Fig. 2.10.

Figure 2.9: The schematic process of the Zn-Bi nano composite coating [31].
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Figure 2.10: Top (a1, b1) and cross-sectional (a2,b2) images of the Zn-Bi coatings 

electroplated at (a1, a2) 20 mA/cm² and (b1, b2) 30 mA/cm² for 15 min, respectively. The 

arrows indicated the Bi nanoparticles embedded in the coatings [31].

2.3.3 Ionic Co-discharge Bi with Various Metals Matrix

Apart from the Zn-Bi system described in section 2.3.2, the ionic co-discharge can be 

applied to other dissimilar metals composite coatings by using the co-deposition method.

Based on this idea, Bi was chosen to co-deposit with several metals including Ni, Ag, Zn 

and Cu. The details of each coating are discussed below.

Bismuth (Bi) is a semimetal which has the best diamagnetic property and is a suitable 

element to replace Pb in some of the electrodepositions for electronic industry 

applications [60, 61]. Bi also has unique properties such as the electrical resistance of 

liquid Bi is lower than that of solid Bi and its volume increases after solidification [62].

Furthermore, the reactivity of Bi is higher than Ag but lower than Pb [62]. Due to these

unique physical and chemical properties, Bi deposition has attracted wide attentions in 

recent years [63].
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Bi is more noble than hydrogen in both acid or alkaline solutions [64]. Most of the Bi 

depositions have been carried out in acidic solution such as nitric acid electrolyte [65].

There is a lack of research for the electrodeposition of Bi from an alkaline electrolyte [66].

Bi electrodeposited from acidic solution has a drawback of poor quality due to hydrogen 

evolution happening during the process [66]. The alloy or the composite of Bi with the 

noble metals such as Pt [67, 68], Pd [69] and Au [70] have been reported that the 

electrocatalytic activity can be increased by adding particular chemicals.

Ni-Bi coatings2.3.3.a

Nickel (Ni) electroplating has been widely used in industrial applications due to its good

chemical and mechanical properties, and unique characteristics. Ni plating is mainly used 

for decorative, engineering and electroforming applications [71]. It is also used to 

increase the corrosion resistance or electrical conductivity in the electronic fields [72, 73].

Literature search indicates that there has been only a limited research of Ni-Bi 

electroplating. The phase diagram of Ni-Bi is shown in Fig. 2.11. There are two stable 

intermetallic compounds exist in this system: NiBi and Bi3Ni. The potential application of 

NiBi and Bi3Ni in the field of superconductivity has attracted much attention from 

scientists [74]. Wu et al. [75] studied the effect of Bi co-deposition with Ni onto the 

surface of glass carbon electrode. Results showed that the presence of Bi promoted the 

deposition of Ni and increased the electrocatalytic activity to glucose.
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Figure 2.11: Ni-Bi phase diagram [76].

Ag-Bi coatings2.3.3.b

Silver (Ag) is widely used in the electronic industry due to its unique properties of high 

electric and thermal conductivities, good solderability, bright colour, high chemical 

stability and excellent electrical contact property [77]. In addition, Ag coatings have been 

extensively studied for its good intrinsic microbial property [78]. However, the 

mechanical property of pure Ag coatings is relatively poor. In order to improve their

mechanical properties, Ag alloy (for example, Ag-Sb) and Ag composite coatings (for 

example, Ag-TiO2) have been developed in recent decades [79-81].

Ag-Bi alloy is one of the common Ag alloys, and is usually deposited from the alkaline 

electrolytes [82]. This alloy coating is generally used in electronics, radio technology and 

other fields which require good friction and contacting properties [83, 84]. According to 

the phase diagram in Fig. 2.12, Bi has a low solubility in the solid-state Ag. The 

maximum solubility of Bi in the electrodeposited Ag alloys is only 2.5 wt.% [79, 82, 85].

Above this solubility limit, a mixture of two-phase structure will form. This two-phase 

coating contains pure Ag and pure Bi.
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Figure 2.12: Ag-Bi phase diagram [86].

Zn-Bi coatings2.3.3.c

Zinc (Zn)-based coatings are widely used as sacrificial coatings to protect steel from rust 

at a relatively low cost [3]. Zn is anodic relatively to iron and thus it can provide better 

protection than some other cathodic coatings [87]. Most researchers have focused on the

improvement of corrosion properties of Zn coatings rather than other properties. In order 

to increase the service life of working parts, people conducted researches to improve the 

chemical, electrochemical and mechanical properties of Zn coatings by using composition 

and microstructural modifications [88, 89]. Zn composite and Zn alloy coatings have been 

developed to improve the coating properties [90]. Furthermore, inclusion of inert particles 

into Zn deposition without using organic chelating agents is more environmentally

friendly than the modification of Zn coatings [88]. A variety of particles has been 

successfully incorporated into Zn deposits by direct, pulse or pulse reverse current 

electrodeposition. These particles includes Ag [88], Al2O3 [87], Bi [31], TiO2 [91, 92] and

yttria stabilized zirconia (YSZ) [93].
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Kumar et al. [88] successfully produced Zn-Ag composite coatings on mild steel using 

the electrodeposition process. They found that the inclusion of Ag nanoparticles into the 

Zn matrix led to the preferred orientation change from Zn (110) to Zn (100) as compared 

with the pure Zn coating. The Zn-Ag composite coatings also presented a better corrosion 

resistance with a small amount of additional Ag nanoparticles. Similar results were 

reported in Zn-YSZ composite coatings. Xia et al. [93] reported that the microhardness 

and corrosion properties were enhanced by the incorporation of YSZ particles into the Zn 

matrix.

Based on the Zn and Bi phase diagram, Bi is non-soluble in the Zn at room temperature,

as shown in the phase diagram in Fig. 2.13. Zn-Bi alloys exhibit satisfactory tribological 

properties and have been suggested as materials for running layers in plain bearings to

replace Pb containing alloys due to their environmentally friendly feature [61, 94]. Chen 

et al. [31] successfully prepared the Zn-Bi composite coating using an ionic co-discharge 

method. The coatings were prepared by using an electrolyte which mixed Zn and Bi 

plating solutions with a ratio of 70:0.1 (Zn:Bi). The corrosion resistance of composite 

coatings was significantly improved compared to pure Zn coatings. Incorporating Bi into 

the Zn matrix also led to a compact and uniform microstructure. However, the mechanical 

properties of this Zn-Bi coating were not studied in this research.

Figure 2.13: Zn-Bi binary phase diagram [95].
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Cu-Bi coatings2.3.3.d

Copper (Cu) coatings are widely used in industry due to the combination of properties,

such as excellent thermal and electrical conductivities, good ductility and corrosion 

resistance [96]. In addition, Cu is a good antibacterial material against bacteria, fungus 

and algae [97].

Cu is one of the best conductors, being the same as Ag, and the international standard of 

electrical conductivity is based upon the conductivity of annealed Cu [98]. However, its 

hardness and wear resistance is not very good [21]. Cu alloy is widely used as electrical 

contact materials due to its high conductivity and relatively good wear resistance [99].

A variety of methods has been developed to improve the mechanical properties of Cu or 

Cu alloy coatings. For instance, the microhardness and wear resistance of Cu-CeO2

nanocomposite coatings prepared by pulse electrodeposition were significantly improved 

compared to the pure Cu coating [11]. Robin et al. [21] also reported that the 

microhardness of Cu composite coatings was increased after the incorporation of Si3N4

powder into Cu coatings. The strengthening mechanism was attributed to the grain 

refinement and particle dispersion-strengthening effects.

Cu and Bi are virtually insoluble with each other in the solid state and thus cannot form a 

solid solution or intermetallic compounds [64]. Fig. 2.14 shows the phase diagram of the 

Cu and Bi. Wei et al. [100] successfully electroplated Cu-Bi coatings. Results showed 

that the microhardness of Cu-Bi was significantly improved from 165 HV to 250 HV. 

The wear resistance was also improved. The decrease of electrical conductivity of Cu-Bi 

was negligible as the amount of Bi addition is small and Bi into the Cu matrix did not 

cause any lattice distortion.



2. Literature Review

28

Figure 2.14: Cu-Bi binary phase diagram [101].

Parameters of Electrochemical Co-deposition2.4

2.4.1 Deposition Current

There are two types of current that are mainly used for electroplating, namely direct 

current (DC) and pulse current (PC). DC is the most common current used in 

electroplating for the composite coatings. The amount of metal deposits on substrate is 

proportional to the applied current [71]. The current density also affects the grain size of 

electrodeposited coatings. Higher current density causes at higher overpotential and 

increases the nucleation rate, which results in grain refinement [102].

Current density plays an important role in determining the quantity of second phase co-

deposited into the metal matrix. Kim et al. [103] reported that the volume fraction of co-

deposited TiO2 in the Ni matrix increased with increasing current density from 50 to 100 

mA/cm2. However, when there was a further increase in the current density up to 200

mA/cm2, the volume fraction of co-deposited TiO2 was decreased. Under high current 

density (above 100 mA/cm2), the reduction reaction of the absorbed Ni2+ ions on the TiO2
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particles reached the limiting current region faster than that of the non-adsorbed Ni2+ ions. 

Thus, the amount of co-deposited TiO2 decreased with increasing current density.

The PC plating is similar to DC plating but interrupted with the on/ off DC, and the pulses 

are very short, generally 5-15 ms [5]. The two common pulse supplies are square-wave 

and the sine-wave. Square-wave is widely used for the electroplating of precious metals. 

Square-wave pulse power supplies feature a time base that is independent of the power-

line frequency. The fast rise and fall time allow it to be used at frequencies exceeding 10 

KHz. There is a variety of modulated current forms in pulse electroplating as shown in 

Fig. 2.15.

Figure 2.15: Examples of pulsed wave forms.

PC electroplating is a well-known technique for deposition of metals, alloys and 

composites [104]. Unlike in the conventional DC electroplating where only one parameter 

can be adjusted, there are three parameters in PC methods: (i) on-time (TON), (ii) off-time 

(TOFF) and (iii) peak current (IP) [105, 106]. The sum of "on" and "off" times constitutes 
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one pulse cycle and the duty cycle corresponds to the percentage of total time of a cycle. 

The definitions of important parameters in the unipolar pulse electroplating are listed in 

the equations below [105, 107]:

Duty cycle, = x 100 (Eq. 2.2) 
Frequency, =  (Eq. 2.3) 
Average current density, =  x Duty cycle (Eq. 2.4) 

A duty cycle is an important parameter in pulse electrodeposition. The deposition 

properties can be influenced by both "on" time, where the crystal nucleation and growth 

occurs, and the "off" time, where the deposition of ions takes place [108].

In a general plating process, the cathode film is kept as rich in metal ions as possible and 

as low in impurities as possible. During the period when the current is on, the metal ions 

next to the cathode are depleted, and a layer which is rich in water molecules forms.

However, metal ions are generally attached to the cathode at certain favourite sites and do 

not deposit as continuous sheets from one edge of the cathode to the other [40]. This 

condition possibly results in the presence of pores, cracks or other irregularities. PC 

plating could effectively avoid these problems by increasing uniformity and homogeneity 

of the deposits and decrease the level of internal stress within deposit [109] .

There are many advantages of PC plating compared to DC plating, including (i) higher 

deposition rate due to the increase of permissible current density; (ii) denser deposits with 

less porosity; (iii) higher purity of the deposition film; (iv) smoother and more uniform 

coating; (v) finer-grain size; (vi) lessens additive requirement; (vii) less hydrogen 

evolution; (viii) less internal stress, and (ix) enhanced bath stability and efficiency [5,

110]. However, the main disadvantages of using PC plating are the high cost of the pulse 

rectifier; and many parameters are needed to optimize in order to achieve the best results 

[110].
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2.4.2 Bath Composition and Constituents

Electroplating bath solution can generally be classified into three categories: acid, neutral 

and alkaline electrolyte. Acid and alkaline bath solutions are very common for

electrodeposition. Neutral electrolyte usually operates in a condition of weak acidity and 

weak alkaline, and has a poor conductivity which is only used for Zn plating and some 

precious metal electrodeposition [42].

Different additives are added to the bath solution to improve its properties such as 

brightening agents, levelling agents and surfactants. A brightening agent is usually added 

to improve its surface appearance and is widely used for decorative materials. Levelling 

agents are used to smooth pre-existing irregularities surface of substrate such as scratches, 

pits, and to improve the surface quality [42]. Surfactants or wetting agents are added to 

improve the co-deposition and avoid agglomeration for the composite plating [111, 112].

Hydrogen evolution occurs during the electroplating where the hydrogen ions are 

discharged along with the metal ions that are being deposited on the cathode. This 

phenomenon not only plays an important role to determine the electroplating rate and 

cathodic current efficiency but also causes some unfavourable effects on the surface 

finishing of deposition. The concentration of the hydrogen ions varies with the pH value 

of the bath solution [40].

Generally, a high concentration of the bath solution will increase the concentration of 

metal ions in solution, hence increase the deposition rate during electroplating [40].

Kanagalasara et al. [27] reported that decreasing the pH value would cause the zeta 

potential to become more positive. This was caused by the increasing adsorption of 

hydrogen ions. The adsorption MoS2 particles in the Zn electroplating on the cathode

occurred in those blockages active surface areas. The mechanism of adsorption and co-

deposition of MoS2 particles into the Zn matrix is shown in Fig. 2.16.
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Figure 2.16: Mechanism of adsorption of MoS2 particles and co-deposition on substrate 

with the decreasing pH value (increasing the concentration of H+) [27].

2.4.3 Temperature

A high temperature is preferred to achieve high cathode current efficiency. However, a

deviation of more than 5oC from the optimum temperature could deteriorate the quality of 

plating [40]. For instance, a different morphology structure could be formed for the Cu 

deposition from Cu sulphate solution at a different temperature. At the higher temperature, 

columnar structures are preferred to be formed. On the other hand, fibrous morphology is 

formed at lower temperatures. Fibrous structure is a refinement of columnar structure 

which favours the formation of new nuclei rather than growth of existing grains.

Columnar structures normally show a lower strength and hardness than the fibrous 

structure [113].

Operating temperatures also produce a great effect on the grain size of deposition. Rashidi 

et al. [114] reported that the grain size of nanocrystalline Ni coatings decreased when the 

electroplating temperature increased from 45 to 55oC. The grain size then continued to 

increase when the operating temperature increased from 55 to 65oC. There are two 

contradictory effects on electroplating caused by elevating operating temperature. 

Increasing the bath temperature can increase the critical size of nucleus due to decrease of

thermodynamic driving force of crystallization process, which leads to lower nucleus 

densities. However, the nucleation rate can be increased and finer grains can be obtained 

due to the kinetic driving force is increased by the increasing temperature. An increase in 

temperature also could cause the grain growth rate become higher, leading to coarse 
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grains, which is a competitive process with nucleation process. In the electroplating, the 

size of critical cluster is in atomic dimension scale, every active site can act as a critical 

nucleus. Therefore, nucleation plays a major role than grain growth.

The quantity of particles that are co-deposited into the composite coating was also 

affected by the bath temperature. Hamid et al. [25] reported that the incorporation content

of polyethylene in the Ni coating was increased from 12 vol.% at 25oC to 30 vol.% at 

50oC. However, the content of polyethylene decreased when further increasing the

temperature. This might be due to the decreasing current efficiency of the bath solution at 

higher temperatures.

2.4.4 Agitation

Agitation is used to ensure the uniformity of bath solution and to avoid excessive ion 

depletion or gas accumulation at the surface of the anode and cathode. It can also 

influence the structure of the deposition [115]. Proper agitation also ensures a

homogenous distribution of the second phase in the coating matrix. The mechanical 

properties of the composite coatings can be greatly influenced by the homogenous

distribution of the second phase [45].

Agitation usually introduces the coarse-grain deposition due to the sludge or other 

impurities in the electrolyte. Filtration is commonly applied to reduce the defects caused 

by coarse grain deposition [40].

Furthermore, agitation also causes effect on the amount of co-deposition in the composite 

coatings. Kariapper et al. [53] reported that the co-deposition of TiO2 in Ni coating was 

increased with the agitation speed at a lower current density of 5.0 A/dm2. However, at a

higher current density of 10 A/dm2, the content of TiO2 particles deposited on cathode 

was reduced. Similar results were reported in the other kinds of composite coatings such 

as Au-Al2O3 [116], Cu-Al2O3 [116], Ni-diamond [117, 118] and Ni-SiC [119]. In general,

agitation enhances the amount of particles deposited in the composite coating. However, 

excessive agitation may decrease the content of particles in the coating if there is not

enough time for the particles to be absorbed onto the surface of substrate [117, 120].
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Effects of Electrochemical Co-deposition Parameters and 2.5

Conditions

2.5.1 Morphology 

Several parameters could influence the quality of the electrodeposition. Fig. 2.17

summarizes the parameters which influence the grain size of electrodeposits [113, 121].

Figure 2.17: Influence of plating parameters on the grain size of electrodeposits.

Porosity is one of the most common problems which deteriorate the appearance,

mechanical and corrosion properties of coatings [52]. The porosity may arise by [122]:

i) imperfect surface finishing of substrate;

ii) voids in-situ formed during plating;

iii) wrong deposition conditions, and/ or

iv) damage after electroplating.

Causes (i) and (ii) can be attributed to the imperfect surface pre-treatment such as 

cleaning, pickling, etc. Item (iii) corresponds to the plating ability of the process. The 

process needs to be optimised in order to achieve a uniform and compact coating [123].
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Stress can also cause porosity and increase the thickness of deposition. High internal

stress are normally associated with the grain size and lattice misfit [123]. There are 

various ways which can minimize the stress in deposits such as: (i) choice of a proper

substrate, (ii) choice of a suitable plating solution, (iii) using additives, and (iv) using a

proper plating temperatures [54].

2.5.2 Crystallographic Texture 

Crystallographic texture of materials expresses how the crystalline grains orientated. 

Orientation of crystals influences the physical, chemical and mechanical properties of the 

materials. The texture of electrodeposited coating is related to the deposition process, and 

is also controlled by nucleation and grain growth [52].

According to Pangarov's theory, the preferred orientation is related to the preferred 

orientation of the two-dimensional nuclei created on the substrate. It is not governed by 

the three-dimensional growth which occurs continuously [124, 125]. Two-dimensional

(2D) nuclei are related to a planar agglomeration of ad-atoms. The formation of 2D nuclei 

is correlated to the applied overvoltage. Overvoltage is equivalent to the supersaturated 

electrodeposition and determines the type of 2D nuclei under appropriate deposition 

conditions. Thus, the 2D nuclei determine the preferential orientation axis, which does 

not alter the subsequent growth of the three-dimensional crystals. The type of coating 

growth (axial, lateral) is also dependent on the 2D nucleation.

However, the overpotential is indirectly influenced by the electroplating parameters [52] .

Fig. 2.18 shows the stability diagram of Ni coating for various textures varied with pH 

value and current density [124].
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Figure 2.18: Texture stability diagram for Ni coatings against the pH of the bath solution 

and current density [124].

The relative texture coefficient (RTC) of each plane can be calculated by Eq. 2.5 [126]:

( ) = / ( / ) (Eq. 2.5) 
where and are the measured diffraction intensities of the (hkl) plane for deposit

and standard sample, respectively. is the diffraction number of diffraction patterns. The 

preferred orientation is the orientation in which the RTC value is greater than 1.0 [27,

105].

2.5.3 Mechanical Properties

Hardness2.5.3.a

Generally, there are three strengthening mechanisms in alloy composite coating: particle 

strengthening, dispersion strengthening and grain refinement strengthening [127]. Particle 

strengthening corresponds to the co-deposition of hard particles with more than 20 vol.%.

Dispersion strengthening relates to the incorporation of fine particles (<1 μm) with the 

volume fraction lower than 15 percentages. The fine particles hinder the dislocation 

motion while the matrix carries the load. According to the dispersion strengthening theory 

which is interpreted by the Orawan mechanism, parameters including the particle spacing, 
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the particle size and the particle volume fraction dominate the effect of dispersion 

strengthening [128].

Grain refinement is due to the nucleation of small grains on the surface of the 

incorporated particles. The fine-grained matrix impedes the movement of dislocations and 

thus enhances the microhardness and strength [90, 129]. The smaller the grain size, the 

higher will be the yield strength. There is a critical grain size value for strengthening 

enhancement. Below this critical grain size, there is an opposite effect. Defects such as 

triple grain boundary junction or pores will generate and decrease the material's strength 

[130].

Other factors affecting the hardness and strength of alloy composite coatings include: (i) 

amount of particles, (ii) size and type of dispersed particles, (iii) morphology and crystal 

orientation of coating, and (iv) electroplating parameters [19, 131-136]. Saha et al. [137]

reported that a high hardness value (~726 HV) can be achieved when a large amount of 

nanosized Al2O3 is incorporated into Ni matrix. Similar findings were reported in Ni-

CeO2 composite coatings [138]. The amount of the second phase in the composite 

coatings is dependent on several parameters, such as: the quantity of second phase added 

to the bath solution, current profile and the stirring rate, as discussed in the previous part

of this chapter.

The composite coatings incorporated with nanoparticles generally have a higher 

microhardness than the coatings incorporated with micro-sized particles. Lekka et al.

[139] found that the microhardness was increased by 35% when micro size SiC was 

incorporated into the Cu matrix. Correspondingly, the hardness of coating was increased 

up to 61% when the nano size of SiC was incorporated. The hardness of composite 

coating was also affected by the type of dispersed particles. Coatings co-deposited with 

oxides, nitrides, carbides or borides usually have a higher hardness compared to pure 

metal coatings [140]. However, incorporation of soft particles such as graphite, MoS2 will 

reduce the hardness of coatings [141].

The enhancement of the mechanical property for nanocomposite coatings is mainly 

attributed to a combined effect of grain refinement and dispersion strengthening. Wang et 

al. [142] reported that the grain size of Au-Ni coating can be significantly decreased by 

the incorporation of TiO2 solid nanoparticles. However, when excessive TiO2 was

incorporated into the coating matrix, the coating became porous with a deterioration of 
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the mechanical property. The mechanical property of Au-Ni coating could be further 

improved by the sol-enhanced method. A uniform microstructure with highly dispersed 

TiO2 nanoparticles in the Au-Ni matrix was achieved when a proper amount of TiO2 sol 

was added to the plating bath. The crystal orientation is another important factor which 

influences the hardness of composite coatings. Chen et al. [143] found that the hardness 

of Ni-Al2O3 decreased with increasing pulse frequency as the preferred orientation of Ni 

(111) was changed to a random orientation.

Pulse electrodeposition is widely used for preparation of a metal matrix composite. Pulse 

plating can increase the deposit homogeneity, resulting in finer grain size and a more 

compact structure than direct plating [144]. The hardness of Ni-SiC composite coating 

can be significantly enhanced by pulse plating as a result of the grain refinement and a 

higher content of SiC nanoparticles embedded in the coatings [145]. In general, a higher 

hardness value could be obtained when the coatings were pulse plated under a low duty 

cycle [145, 146].

Wear property2.5.3.b

Wear test is a kind of quantitative research method used to evaluate the failure of coating.

It is the damage caused by the relative movement between solid bodies and the contact

surface [126]. There are several wear mechanisms that cause failure of coatings.

Generally, it can be classified into three main categories: adhesive, abrasive and fatigue 

wear [147].

Adhesive wear occurs when two surfaces are sliding relative to one another or adhesion 

between contacting bodies [126]. It can be caused by the surface roughness in the form of 

asperities and, large stresses generated due to these asperities in contact with one another. 

The wear volume per unit sliding distance, W, can be calculated via Archard's law [148]:

=  (Eq. 2.6) 
where P is the applied load, H is the hardness of the softer materials in contact, and K is 

the wear coefficient.
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Abrasive wear is caused by the ploughing action of a softer surface by the presence of 

hard particles [147]. The wear volume per unit sliding distance, W for abrasive wear can 

be calculated as follows: =  (Eq. 2.7) 
where P is the applied load, H is the hardness of the softer materials in contact, and is a 

factor which takes into account a combination of sharpness, probability of wear, 

materials' properties and the nature of process.

Fatigue wear occurs when the surface is initiated by fatigue process due to the repetitive 

stress or being loaded and unloaded cyclically [126, 147]. This wear is often caused by 

pre-existing micro-cracks and inclusions formed near the maximum shear stress. These 

faults will continue growing, and lead to the failure under a cyclic loading.

Ductility and hardness are two opposing factors which influence the wear property. Wear 

can be reduced by higher ductility, where greater plastic deformation can occur without 

breaking off. A lower hardness or softer surface also can effectively reduce wear due to 

delamination but also increase wear by abrasion. General speaking, wear can be reduced 

by increasing the hardness but the fatigue resistance may be decreased as the elastic strain 

limit will be increased, thus lowering the ductility [149].

Surface roughness is one of the most important factors which dominate the wear property 

of coatings. In general, higher current density can lead to a higher deposition rate. 

However, a poor quality of surface finishing may be obtained when excessive current is

applied during the plating process. Landau [150] reported that the quality of deposits 

should not be determined by the absolute value of the current density but by the ratio of 

the actual plating current density to the limiting current density, i/iL. When the ratio i/iL

exceeds 0.6, a rough surface will be produced. 

2.5.4 Corrosion or Electrochemical Properties

The electrochemical properties are generally affected by the quality of coating. Pores and 

other discontinuities are common defects generated on the electroplated coating. Hence, 

pitting is easily formed at the coating flaws and reduces its corrosion resistance [151].
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Improving the anticorrosion properties of composite coatings is one of the focuses of 

research in the field of surface science and engineering. Li et al. [152] reported that the 

corrosion rate of Ni-TiO2 coatings was dependent on the size and the quantity of TiO2

particles incorporated into a Ni deposit. The nanocomposite coatings with anatase TiO2

(average diameter ~12 nm) exhibited a lower corrosion rate than the composite coatings 

with microparticles or rutile TiO2 (average diameter ~1 μm). The relationship of the 

corrosion rate against the content of anatase or rutile TiO2 particles are presented in Fig.

2.19.

Figure 2.19: The relationship between the corrosion rate and the content of TiO2 particles 

dispersed in the coating [152].

Erler et al. [153] reported that, compared with the pure Ni coating, the co-deposition of 

Al2O3 and TiO2 nanoparticles into Ni electrodeposition degraded the corrosion properties 

of coating. This might be attributed to the pitting corrosion being spread more quickly

along the interface between the Ni coating and incorporated particles.

Lekka et al. [154] studied the effects of co-deposition SiC (micro and nano sizes) into Cu

metal matrix under DC and PC at different frequencies. The results are summarized and 

shown in Table 2.2. The nanocomposite coatings possessed the highest corrosion 

resistance in both DC and PC electrodeposition. The significantly improved corrosion 

resistance should be attributed to the uniform and compact microstructure. However, the 
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micro composite coating prepared under DC deposition showed the lowest corrosion 

resistance due to the formation of crevices between the particles and Cu metal matrix.

Table 2.2: Corrosion data from potentiodynamic curves for Cu-SiC composite coatings 

[154].

Deposit Ecorr (V) vs. Ag/AgCl Icorr (A/cm2)

Cu DC -0.053 7 10-7

Cu 0.01 Hz -0.044 3 10-7

Cu 0.1 Hz -0.040 6 10-7

Cu 1 Hz -0.057 1.2 10-7

Cu 10 Hz -0.032 1.3 10-7

Cu+ SiC DC -0.456 5 10-6

Cu+ SiC 0.01 Hz -0.052 6 10-7

Cu+ SiC 0.1 Hz -0.049 9 10-7

Cu+ SiC 1 Hz -0.048 3 10-7

Cu+ SiC 10 Hz -0.050 4 10-7

Cu+ nSiC DC -0.013 3 10-7

Cu+ nSiC 0.01 Hz -0.021 7 10-7

Cu+ nSiC 0.1 Hz -0.021 2 10-7

Cu+ nSiC 1 Hz -0.086 3 10-7

Cu+ nSiC 10 Hz -0.056 4 10-7
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2.5.5 Antibacterial Properties

Recently, inorganic materials containing antibacterial metals such as Ag, Cu and Zn have 

been widely studied to replace organic antibacterial materials. Inorganic materials are 

more stable, last longer time and contain higher antibacterial activity [155]. Antibacterial 

compounds are applied to many medical devices and hospital utilities by forms of 

metallic surfaces and coatings [156].

Silver (Ag) metal and Ag ion containing solutions have long been known to be potential 

antibacterial agents with a broad spectrum of antibacterial activity and low toxicity, and 

are thus safe to be used in medical and other applications [1]. In fact, the antibacterial 

properties of Ag are proportional to the concentration of Ag+ release [157]. Ag+ binds 

with the electron donor groups such as sulfhydryl, amino and carboxyl of the proteins, 

and then cause the denaturation and inactivation of several important functions of the 

bacteria [158]. Ag+ can also cause damage to the membrane function, inhibit the bacterial 

respiratory transport chain and interfere with the DNA replication [78].

Yu et al. [1] investigated the effect of incorporating Ag nanoparticles into mesoporous 

TiO2 thin film via the sol-gel method by the spin-coating technique. The antibacterial test

was carried out in the dark and UV illumination. It was found that the bactericidal 

activities of TiO2 thin film can be significantly enhanced by increasing the content of Ag.

Similar results were also reported by Liu et. al. [159]. The authors found that the Ag 

coated carbon nanotubes (CNTs) on pyroltic carbon substrate by ion beam-assisted 

deposition (IBAD) possessed higher antibacterial properties than Ag coated on pyroltic 

carbon substrate under the same conditions. The breeding statuses of E. coli to different 

samples are presented in Fig. 2.20. The amount of bacterial colonies presented on the 

glass utensil for the Ag coated on pyroltic carbon substrate (B1) is much less than that of 

bare pyroltic carbon substrate (B0). Comparing the CNTs sample without Ag coating 

(A0), there was almost no bacterial colony on the Ag-coated CNTs (A1).
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Figure 2.20: The colonies of E.coli on different samples: CNTs without Ag coating (A0), 

pyroltic carbon substrate (B0), Ag coated CNTs (A1), and Ag coated pyroltic carbon 

substrate (B1) [24].

2.5.6 Electrical Conductivities

The electrical resistivity of materials at room temperature can be very different from 

1.6 × 10-8 ·m of Ag to 1 × 1016 ·m of polytetrafluoroethylene (PTFE) [160]. Alloying 

elements are often added to pure metals in order to improve their mechanical properties. 

However, these alloying elements often cause the lattice distortion when the atoms are 

dissolved into the matrix and decrease the conductivity.

According to Matthiessen's Rule, the resistivity of a metal containing a small amount of 

impurities or lattice defects is the sum of residual parts, r and thermal parts, t [161]. The 

residual resistivity is independent of temperature and roughly proportional to the amount 

of impurities. The resistivity of a two-phase material is proportional to the volume 

fractions of two phases [162].
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Wang et al. [163] reported the electrical resistance of Au-Ni coatings slightly increased 

with the incorporation of TiO2 sol. The sol addition did not change the solubility of alloy 

and the electron wave could bypass those small nanoparticles. The slight decrease of the 

conductivity could be attributed to the increasing scattering effect due to grain refinement. 

Li et al. [14] also found that the electrical resistance of the Cu coating was slightly 

increased from 2155 to 2200 /square after incorporation of 3 g/L of SiO2 nano powder.

The slight increment of electrical resistance was due to the small amount of SiO2 addition. 

The electrical resistivity of pulsed electrodeposited Cu-ZrB2 composite coating

maintained the same level of the pure Cu coating, which should be attributed to small 

amount and well-dispersed ZrB2, and compact microstructure without defects [144].

Problems and Challenges in Co-deposition Coating2.6

There is no doubt that co-deposition of a second-phase material can greatly improve the 

mechanical properties but do not reduce corrosion resistance and conductivity of 

composite coatings significantly. In electrodeposition, the composite coatings are 

traditionally prepared by suspending the micro or nano size inert particles into the bath 

solution. In order to achieve a good dispersion, the electrolyte has to be maintained by

vigorous agitation, air injection and ultrasonic vibration or added to various surfactant 

chemicals. However, all these techniques have the limitation of particle agglomeration 

due to the high surface energy. The particle agglomeration will cause a porous 

microstructure and deteriorate the properties of composite coatings. Therefore, how to 

prepare highly dispersive nanoparticle reinforced composite coating is a long term 

challenge for materials research.

Our research group has carried out a comprehensive research on nanocomposite coatings 

by using the newly developed sol-enhanced method [77, 142, 164-171]. By virtue of this 

method, the metal oxides (TiO2, ZrO2, Al2O3 and, Y2O3) nanoparticles are in-situ formed 

from the sol solution and co-deposited with metals or alloys. This method could largely 

avoid the agglomeration problems and successfully used to prepare highly dispersed 

nanoparticles reinforced composite coatings.

We also developed a new coating method, namely "ionic co-discharge" for the co-

deposition of two metals using the electrodeposition technique. In this method, the ions of 

two metals are mixed in the bath solution, and are ionically co-discharged at the surface 
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of the cathode under the applied current and agitation. As the ions are sourced from the 

bath solution, a homogenous dispersion of a second phase metal in the first phase metal 

matrix could be achieved. The agglomeration of second phase could be effectively 

avoided.

Recently, our group has successfully synthesized Zn-Bi nanocomposite coating by using

ionic co-discharge technique [31]. Results showed that the corrosion resistance of the Zn-

Bi coatings were improved compared with pure Zn coatings. However, only limited 

works have been done as the ionic co-discharge method is a new method. In this research, 

Bi was also selected as the second phase material and incorporated with different metal 

matrices including Ni, Ag, Zn and Cu. Different parameters of electrochemical deposition 

such as current density, the quantity of second phase, and direct and pulse current are 

chosen. Systematic analyse have been carried out to investigate the effects of co-

deposition of these metals with Bi. The properties of coatings including mechanical, 

corrosion, antibacterial, conductivity are studied in detail to evaluate the potential 

applications of the coatings.



46



47

Direct Current Electrodeposition of Ni-Bi CoatingsChapter 3:

Partially contents have been published in: Tay, S.L., Yao, C., Wei, X., Chen, W., and Gao, 

W. (2014). Ni-Bi composite coatings produced by ionic co-discharge electrodeposition.

Surface and Coatings Technology, 260, 279-283.
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Chapter Abstract

Composite coatings are widely used in various applications due to their excellent 

mechanical properties and long service life. Most recent methods for preparation of 

composite coatings are using the co-deposition of metal with solid oxides or ceramic 

particles. In this research, composite coatings of two phases (Ni and NiBi) were 

synthesized by the ionic co-discharge method. Direct current was used to produce Ni and 

Ni-Bi composite coatings. For comparison purposes, pure Ni coating was prepared with 

identical process. 

Results indicated that after adding Bi to the Ni coating, a more compact coating with a

smoother surface was obtained. The hardness and wear resistance of the coatings were 

improved due to the incorporation of Bi and formation of Ni-Bi intermetallic phase into 

the Ni coating matrix. There was no significant difference between the corrosion 

properties of Ni and Ni-Bi composite coatings. The levels of the corrosion current 

densities and corrosion potentials were in the same range.
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Introduction3.1

A variety of coating processes or technologies are used in industry to improve the surface 

properties of materials. These processes include electroplating, electroless plating, 

electrophoretic deposition, cathodic sputtering, diffusion coating, flame spraying, plasma 

spraying, hot dipping, vacuum and vapour deposition, gas plating, fusion bonding, explosion 

bonding and metal cladding [3]. Among these methods, the most common process is 

electroplating [5]. The main reasons for the popularity of electroplating are its low cost [5, 7,

39], simple technique [43], ability to produce denser and thicker films [5, 7, 41], and 

suitability and controllability to deposit on complex geometric surfaces [5].

Composite coatings are the coatings which contain a second phase in a metal matrix [118,

172]. Ni-based composite coatings have traditionally attracted great attention due to their 

excellent properties such as wear resistance, hardness and corrosion resistance [173, 174].

Researchers have introduced hard particle of oxides, carbides, nitrides or diamonds into Ni 

matrix to improve the coating properties [2, 15, 22, 28, 172, 175-177]. However, few studies

have focused on the co-deposition of Ni and Bi.

We have recently conducted ionic co-discharge method to develop composite coatings with 

two different phases including, Cu-Bi [33, 100] and Zn-Bi [31]. Although Bi is not widely 

used in electroplating [6], nano-scaled Bi particles attract attention due to their low thermal 

conductivity and high carrier mobilities [178-180]. Furthermore, Bi exhibits diamagnetic 

properties which are of interest to researchers studying the magnetoresistance of thin films

[60, 66].

In the present study, Ni-Bi composite coatings were prepared by ionic co-discharge 

deposition from the standard acidic Watts Ni solution. The effects of the incorporation of 

Bi on the mechanical properties such as microhardness, wear resistance and corrosion 

resistance of the composite coatings were investigated. The chemical compositions, phase 

structures and microstructures were also analysed.
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Experimental Procedures3.2

3.2.1 Preparation of Coatings

The standard acidic Watts Ni solution containing the MacDermid brightening solution

was used for electroplating the Ni coating. The solution used for Bi electroplating 

containing 0.2 M Bi(NO3)3·5H2O, 0.2 M tartaric acid and 2.5 M KOH. Various amounts 

of Bi electrolyte solution in the range of 4 mL/L to 50 mL/L were added to Ni bath 

solution to prepare Ni-Bi composite coatings. The pure Ni coating was also electroplated 

for comparison purposes.

A pure Ni plate was used as the anode. Mild steel sheets coated with Zn with dimensions

of 20×30 mm were used as substrates. Before electroplating, the substrates were pickled 

clean to strip the Zn coating in a mixture solution of 10 vol.% sulphuric acid and 1 vol.%

Metex XLR8 for 2-3 min, followed by rinsing with distilled water, drying with ethanol

and dryer, and then immediately placed into the bath solution. The experimental operating 

parameters are shown in Table 3.1.

Table 3.1: Operational parameters of Ni-Bi ionic co-discharge deposition.

Deposition conditions Value

Temperature (oC) 45

Current density (mA/cm²) 40

Deposition time (min) 30

Stirring rate (rpm) 300

3.2.2 Characterization of Coatings

Phase structures of coatings were determined using X-ray diffraction (XRD) with Cu K

radiation (U = 40 kV, I

20 to 80° at a scanning rate of 0.02° s 1 and step size 0.2 s/step. The coating morphologies 

and composition were analysed using a scanning electron microscope (SEM) with an 

energy-dispersive spectroscopy (EDS) system. 

Microhardness of coatings was measured under an applied load of 100 gf with a holding 

time of 15 s by using a Vickers hardness tester. A NANOVEA Tribometer was used to 
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carry out linear reciprocating wear testing. A ruby ball with a diameter of 6 mm was used 

as the abrasive ball; and the test was carried out at the load of 7 N for 10 min and 100 rpm 

at room temperature with the relative humidity of ~50%. The wear track was measured 

under an optical microscope. The volume loss of wear was calculated by Eq. 3.1:

Volume loss, =  = 2 4 4  (Eq. 3.1) 
where is the length of the wear track, is the radius of the ball used for the test, and is 

the wear track width.

The galvanic performances of the coatings were initially evaluated based on open circuit 

potential (OCP). The corrosion resistances of the coatings were assessed by 

potentiodynamic polarization curves. The polarization studies were carried out in 3.5 wt.%

NaCl electrolyte using an electrochemical workstation (CHI604D). The tests were carried 

out at room temperature using a standard flat cell with three-electrode system, platinum 

mesh as auxiliary, saturated calomel electrode (SCE) as reference and a coated sample as 

working electrode. The polarization curves were measured at a constant scan rate of 0.01 

V/s. Three parallel samples of each condition were prepared for analysis.

Results and Discussion3.3

3.3.1 Structural and Morphological Analysis

Fig. 3.1 shows XRD patterns of crystalline Ni and Ni-Bi composite coatings. Three 

predominant peaks were shown in these coatings: Ni (111), Ni (200) and Ni (220). No

crystalline Bi peak was detected by the XRD. It is noted that the XRD peaks of hexagonal 

NiBi (110) and NiBi (200) are very close to the Ni (111) and Ni (200), respectively. Thus 

it is expected that the NiBi peaks are combined with the Ni peaks. Moreover, the low 

concentration of NiBi and high intensity of Ni peak may cause the other NiBi peaks to be

not clearly observed.
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Figure 3.1: XRD patterns of pure Ni and Ni-Bi composite coatings.

Fig. 3.2 shows the surface topographies of pure Ni and Ni-Bi composite coatings with 

different Bi additions. It was observed that the surface of the Ni coating displayed a

granular structure, and a few grains formed a big round shape (Fig. 3.2a). After adding Bi 

to the Ni coating, a more compact coating with a smoother surface was obtained. Ni-20 

mL/L Bi composite coating showed the smallest grain size and the most compact surface.

The cross-sectional SEM images of Ni and Ni-Bi coatings incorporating different 

amounts of Bi are presented in Fig. 3.3. The cross-section appeared compact with the 

thickness of ~9 m and ~12 m for the Ni and Ni-Bi coatings, respectively. This 

indicated that the incorporation of Bi enhanced the deposition rate, probably by

increasing the nucleation sites. Furthermore, there are no spallation, pores or gaps at the 

interface, indicating a good adhesion between the coating and the substrate.

An interesting observation is the incorporation of Bi into the Ni bath solution led to the 

second phase formation as circled in Figs. 3.3 (b-d). The second phase was confirmed as 

the intermetallic compound of NiBi. The mechanism and formation of this NiBi 

intermetallic compound will be discussed in detail in Chapter 4. 
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EDS analysis was carried out at randomly selected positions for all coatings. A typical 

concentration of elements in the surface is presented in Fig. 3.4. It was found that the

content of Bi increased with adding more Bi to the Ni bath solution. 

Figure 3.2: SEM surface morphologies: (a) Ni, (b) Ni-4 mL/L Bi, (c) Ni-20 mL/L Bi, and 

(d) Ni-50 mL/L Bi coatings.
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Figure 3.3: Cross-sectional SEM morphologies: (a) Ni, (b) Ni-4 mL/L Bi, (c) Ni-20

mL/L Bi, and (d) Ni-50 mL/L Bi coatings.
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Figure 3.4: The Bi contents in coating as a function of Bi concentration in the electrolyte.

3.3.2 Microhardness and Wear Resistance

Fig. 3.5 shows the microhardness of pure Ni and Ni-Bi composite coatings with different 

amounts of Bi. Comparing with a pure Ni coating, the microhardness of Ni-Bi composite 

coatings improved more than 40%. This can be attributed to the dispersion-strengthening 

of NiBi phase [22, 132]. The NiBi phase dispersed in the Ni matrix, impeding the 

dislocation motion, and thus enhanced the hardness [33, 90]. Many researchers have 

reported that the co-deposition of either micro- or nanoparticles to form Ni composite 

coatings have enhanced microhardness. Table 3.2 shows that the microhardness of 

composite coatings was increased with the addition of different particles, although the 

increments could be quite different.
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Figure 3.5: Microhardness of coatings with different amounts of Bi addition in the 

electrolyte.
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Table 3.2: Increment of microhardness of Ni-based composite coatings with additions of 

different types of particles.

In general, several factors affect the hardness of composite coatings: (i) structure and 

mechanical properties of the matrix; (ii) surface morphology of electrodeposit; (iii) 

amount of reinforcing second phase particles, and (iv) size and phase of dispersed 

particles [19, 131-136]. In this study, factors (i) and (iv) are assumed to be similar with 

the addition of different amounts of Bi electrolyte. Hence, the hardness is mainly

influenced by the amount of second phase particles and the surface morphology. 

Coatings

(particle size, concentration)
Microhardness

Increment 

(%)
Reference

Ni, Ni/Bi (20 mL/L) 476.5 HV, 757.5 HV 59.0% This paper

Ni, Ni/Al2O3 (40-47 nm, 100 g/L) 250 HV, 465 HV 86.0% [172]

Ni, Ni/Al2O3 (100 nm, 5 g/L) ~270 HV, ~520 HV ~92.6% [181]

Ni, Ni/BN (0.5 μm, 1 g/L) 280 HV, ~500 HV 78.6% [28]

Ni, Ni/CeO2 (30 nm, 30 g/L) 282.7 HV, 446.2 HV 57.8% [182]

Ni, Ni/CeO2 (3 μm, 60 g/L) ~300 HV, ~470 HV ~56.7% [175]

Ni, Ni/diamond (10 nm,10 g/L) ~300 HV, ~550 HV ~83.3% [22]

Ni, Ni/SiC (50 nm, 5 wt.%) ~540 HV, ~720 HV ~33.3% [183]

Ni, Ni/SiC (250 nm, 20 g/L) 220 HV, 550 HV 150% [112]

Ni, Ni/SiC (0.1-1 μm, 20 g/L) 280 HV, 571 HV 104% [127]

Ni, Ni/SiC (5 μm, 20 g/dm3) ~350 HV, ~500 HV ~42.9% [177]

Ni, Ni/SnO2 (sub-micron, 2.5 wt.%) 260 HV, 490 HV 88.5% [15]

Ni, Ni/TiO2 (12 nm, 200 g/L) ~560 HV, ~765 HV ~36.6% [152]

Ni, Ni/TiO2 (25 nm, 8.3 wt.%) 248 HV, ~490 HV ~97.6% [2]

Ni, Ni/TiO2 (sol gel, 12.5 mL/L) 321 HV, 428 HV 33.3% [165]

Ni, Ni/ZrO2 (10-30 nm,10 g/L) 207 HV, 379 HV 83.1% [176]
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As shown in Fig. 3.2, the morphology of Ni coating became more compact and smoother 

with the addition of Bi. The enhancement of microhardness for the Ni-Bi composite 

coatings may come from the combination of dispersion strengthening and grain refining.

Also NiBi is an intermetallic compound which possesses a relatively high hardness.

Based on Fig. 3.4, the content of Bi increased with the amount of Bi electrolyte added to 

the Ni bath solution. Ni-Bi composite coatings have a higher microhardness compared to 

the pure Ni coating. The microhardness reached the highest value when adding 20 mL/L 

Bi electrolyte to the Ni bath solution. Further addition of Bi electrolyte decreased the 

microhardness value slightly, indicating a limitation for the addition Bi to the Ni coatings. 

The grain size of Ni-Bi composite was slightly increased with increasing Bi content,

which caused a slight decrease of microhardness (as shown in Figs. 3.2 (c-d)).

The data of volume loss and wear rates of different coatings are shown in Table 3.3. Both 

volume loss and wear rates of the Ni-Bi composite coatings are lower than that of pure Ni 

coating, indicating that the Ni-Bi composite coatings have a better wear resistance than

the Ni coating. 

Table 3.3: Wear volume loss and wear rate of coatings.

Coatings Volume Loss, mm3 ( 10-3) Wear Rate, mm3/Nm ( 10-5)

Pure Ni 14.1±2.7 10.1±1. 9

Ni-4 mL/L Bi 8.7±1.1 4.5±2.1

Ni-20 mL/L Bi 4.8±1.1 3.4±0.8

Ni-50 mL/L Bi 5.4±1.0 3.9±0.7
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According to the Archard's Law [148], the volume of the debris produce or the volume 

loss during the sliding wear is proportional to the work done by the friction force and 

inversely proportional to the hardness of the contact surface. Thus, the higher 

microhardness should correspond to a lower volume loss. As Ni-20 mL/L Bi coating has 

the highest microhardness value, it also has the lowest wear volume and wear rate among 

the coatings shown in Table 3.3. Thus, the wear volume and microhardness of the 

coatings relate to each other, as well as to the second phase particle content. A similar 

trend was reported by García-Lecina et al. [172] who recorded that the addition of 

nanopowder of Al2O3 to a Ni bath not only increased the hardness value but also 

enhanced the wear resistance. The sample with the highest hardness value exhibited the 

highest wear resistance. 

3.3.3 Electrochemical Analysis

The potentiodynamic polarization curves of pure Ni and Ni-Bi composite coatings in 3.5 

wt.% NaCl solution are presented in Fig. 3.6. Calculated results of the potentiodynamic 

polarization curves are presented in Table 3.4. Corrosion characteristics such as corrosion 

potentials and corrosion current densities were obtained from the intersection of cathodic 

and anodic Tafel curve tangents using the Tafel extrapolation method. Ni-20 mL/L Bi 

composite coatings showed the lowest corrosion current density. However, the difference

of the results is wihin the experimental errors range. Hence, it is suggested that the 

electrochemical property of Ni coating was not notably affected by the incorporation of 

Bi. Similar results were also reported for the pulse deposition of Cu-SiC nanocomposite 

coating and Cu coating [154].
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Figure 3.6: Potentiodynamic polarization curves of Ni and Ni-Bi composite coatings in 
3.5 wt.% NaCl at room temperature.

Table 3.4: Electrochemical results obtained from potentiodynamic polarization curves.

Coatings
Average Corrosion 

Potential vs. SCE (V)
Average Corrosion Current 

Density (μA/cm²)

Pure Ni -0.397±0.047 2.44±0.48

Ni-4 mL/L Bi -0.429±0.054 2.43±0.57

Ni-20 mL/L Bi -0.384±0.011 1.29±0.51

Ni-50 mL/L Bi -0.438±0.043 2.82±0.62
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Conclusions3.4

This study investigated the effects of incorporation of Bi on the phase structure, surface 

morphology, and the mechanical and electrochemical properties of Ni coatings. After 

incorporating Bi into the Ni coatings, the peaks of XRD patterns shifted slightly to the left. 

This might be due to the formation of NiBi intermetallics in the Ni coating. The surface

microstructure became more compact and smoother than the Ni coating, and thus 

enhanced the mechanical properties of Ni-Bi composite coatings. However, there was no 

significant effect on the electrochemical properties. The present results showed that the 

incorporation of suitable amount of Bi compound into the Ni plating electrolyte can form 

Ni-based composite coatings, which give a promising result on the mechanical properties. 

There are potential applications of Ni-Bi composite coatings.
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Pulse Current Electrodeposition of Ni-Bi CoatingsChapter 4:

Partially contents have been reported in the patent application: Tay, S.L., Wang, Y., Wei, 

S., Chen, W., and Gao, W. (2015). A plating or coating method. US Provisional Patent 

Application No. 62/213,340.
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Chapter Abstract

Ionic co-discharge synthesis of Ni-Bi coatings, plated by both direct current and pulse 

current electrodeposition was systematically evaluated using optimal plating parameters 

determined from prior research. The microstructure and properties of the coatings were 

systemically investigated and compared with Ni electrodeposited coatings. Results 

showed the NiBi phases were highly dispersed in the coating matrix and the mechanical 

properties of the Ni-Bi coating were improved significantly compared with the pure Ni 

coating. The corrosion resistance of the Ni-Bi coating was also greatly improved by the 

incorporation of Bi. By utilizing the pulse plating method, the content of the NiBi 

intermetallic phase in the coating matrix was increased, resulting in a slight improvement 

on both mechanical properties and corrosion resistance of the Ni-Bi coating.
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Introduction4.1

Metal matrix composite (MMC) coatings have attracted worldwide attention for their

excellent properties such as good mechanical properties and high corrosion resistance [8,

9]. MMC coatings often comprise second phase particles like ceramic, hard or lubricant 

particles dispersed in the metallic matrix [184]. MMC coatings have been synthesized by 

various techniques, such as sol-gel deposition, chemical vapour deposition (CVD), 

powder metallurgy and electroplating. Among these fabrication methods, electroplating is 

the most common process for producing both metallic and composite coatings due to its

simplicity, time efficiency and controllability of both coating thickness and grain size [5,

18].

In the last few decades, the pulse current (PC) technique has been widely used for 

electrodeposition of metals, alloys and composites [104]. Unlike direct current (DC) 

electroplating, where only one significant parameter (current density) may be controlled, 

three parameters require consideration in PC plating: current on-time (Ton), current off-

time (Toff) and peak current density (Ip) [105, 106]. Plating regimes where Toff is longer 

than Ton are usually considered for grain refinement purposes [185]. The high 

overpotential used in PC plating can decrease the activation energy of nucleation, and 

therefore increase the nucleation rate, resulting in finer grain sizes and more compact 

microstructure [144, 186-188].

PC plating has other advantages over DC plating, such as a higher deposition rate [5, 18,

110], lower porosity in coatings, higher coating purity [5], smoother coating surface [5,

186], fewer additives required [110], less hydrogen evolution, lower stress concentration 

[5] and greater incorporation of particles/second phase into the coating matrix [146].

Significant efforts have been devoted to study the microstructure and properties of 

coatings fabricated by PC plating. 

Aperador et al.[189] reported that the Ni coating produced by PC was denser and 

exhibited better corrosion resistance. The hardness and wear resistance of Ni-ZrO2

composite coatings prepared by PC electrodeposition were also significantly improved

when compared to DC plating [176]. The strengthening mechanism can be attributed to 

the grain refinement and higher content of ZrO2 nanoparticles dispersion. 
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In a previous study, we found that by using our newly developed ionic co-discharge 

method under DC plating, the mechanical properties of Ni-Bi coating can be improved 

significantly when compared with pure Ni coating. However, both strengthening 

mechanism and the form of Bi in the coating required further study [4]. Besides, it is 

interesting to know if the PC plating can further improve the properties of Ni-Bi coatings.

In this research, Ni and Ni-Bi coatings were electroplated using DC and PC plating

techniques. The microstructure, mechanical properties and corrosion resistance of Ni-Bi 

coating were systemically studied compared with the Ni coating. The coating

strengthening mechanism was investigated, and the effects of pulse current on the

microstructure and property of Ni-Bi coatings were discussed. The coating strengthening 

mechanism and the formation of NiBi intermetallic compound was also discussed.

Experimental Procedures4.2

4.2.1 Sample Preparation

Ni coatings were deposited using a standard commercial Watts Ni solution. The Ni-Bi 

coatings were prepared by suspending Watts Ni solution with 20 mL/L Bi containing 

electrolyte made of 0.2 M Bi(NO3)3·5H2O, 0.2 M tartaric acid and 2.5 M KOH. This

concentration of Bi electrolyte was selected from the results of our prior study which is 

reported in the last chapter [4].

Pure Ni plate was used as an anode. Substrates were fabricated from Zn coated mild steel 

sheets with dimensions of 20×30×1 mm3. The substrates were initially pickled in the 

solution of 10 vol.% sulphuric acid and 1 vol.% Metex XLR8 for 2-3 minutes in order to 

completely remove the Zn coating. These substrates were immediately electroplated after 

thorough cleaning with distilled water. 

Both the Ni and Ni-Bi coatings were deposited by separate DC and PC deposition. All

depositions were performed at a bath temperature of 45oC for 30 min while stirring at 300 

rpm. For PC deposition, Ton and Toff were kept constant at 1 and 9 ms, respectively. The 

average current density of PC deposition was set to 40 mA/cm2, identical to the DC

plating current density.
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4.2.2 Sample Characterization

The phase structure of coatings was characterized by X-ray diffraction (XRD) with Cu K

radiation (U = 30 kV, I= 15 mA). Cross-section morphologies of the deposits were 

examined by a FEI Quanta 200 field emission environmental scanning electron 

microscope (FESEM) with an energy dispersive spectrometry (EDS) system. 

Transmission electron microscopy (TEM, Philips CM12) was used to investigate the 

coating microstructure and the effects of PC plating on the microstructure. The 

microstructure was also further studied by high resolution TEM (FEI Tecnai G2 F20, 200 

kV) equipped with an energy dispersive spectroscope (EDS). For the TEM sample 

preparation, the coating with a thickness of ~10 m was first deposited on a stainless steel

substrate. The coating was then peeled off and thinned using a low angle ion beam 

milling system (Fischione Instrument Model 1010) to obtain proper sample for TEM 

observations. Chemical analysis was carried out by laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS) with a laser power of 40%, a repetition rate of 

20 Hz and spot size of 60 μm.

Vickers microhardness was measured using a hardness tester (Leco M400) with a load of 

100 gf and a holding time of 15s. Wear resistance was examined using a micro-tribometer 

(Nanovea) under the unlubricated sliding condition at the room temperature at 25oC. All

wear tests were performed with a load of 7 N, a sliding speed of 2 m/min and a contact 

ball diameter of 6 mm for a total sliding distance of 20 m. The width of wear track was 

measured using an optical microscope.

The corrosion potential of the coatings were measured by CHI604D electrochemical 

workstation using a classical three-electrode cell with platinum as the counter electrode, 

saturated calomel electrode (SCE) as reference electrode, and with coating samples 

having 1 cm2 of exposed area as the working electrode. All corrosion tests were 

performed at room temperature using a standard flat cell in 3.5 wt.% NaCl solution. A 

constant scan rate of 0.01 V/s was used to measure the potentiodynamic curves. The 

electrochemical impedance spectra (EIS) were acquired in the frequency range of 0.01 Hz 

to 100 kHz with a signal amplitude of 5 mV.
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Results and Discussion4.3

4.3.1 Microstructure and Chemical Analysis

Phase structure of coatings4.3.1.a

The XRD patterns of Ni and Ni-Bi coatings prepared by DC and PC electroplating are 

presented in Fig. 4.1. It can be seen that all coatings exhibit three peaks at 2 = 44o, 51o,

and 76o, corresponding to Ni (111), (200) and (220) planes, respectively. According to the 

PDF cards, the XRD peaks of hexagonal NiBi (110) and NiBi (200) are very close to Ni 

(111) and Ni (200). Therefore, no obvious NiBi peaks can be observed in the XRD 

patterns of Ni-Bi coatings perhaps due to the relatively low concentration of NiBi phase 

and the high intensity of Ni peaks.

Figure 4.1: X-ray diffraction patterns of Ni and Ni-Bi coatings deposited by DC and PC 

deposition methods.
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Microstructure of coatings4.3.1.b

The top surface and cross-sectional ESEM micrographs of Ni and Ni-Bi coatings are 

shown in Fig. 4.2 and Fig. 4.3. The morphology of pure Ni showed a cauliflower-like

structure with the nickel grain aggregates under DC plating. However, with incorporation 

of Bi to the Ni coating, a more compact coating with finer grains was obtained. The 

surfaces of morphology also become more compact with finer grains. A good interface

between coatings and the steel substrate is also shown. No abruption or cracks exist at the 

interface areas between the coatings and substrates – evidence of good adhesion of the 

coatings. During the plating process, Ni2+ and Bi3+ ions were co-discharged on the surface 

of the cathode. Ni atoms formed a continuous Ni coating matrix and the NiBi 

intermetallic phase was incorporated into the Ni matrix to form a composite coating. 

Figure 4.2: Top surface morphologies of Ni and Ni-Bi coating produced under different 

plating methods.
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Figure 4.3: Cross-section images of Ni and Ni-Bi coating produced under different 

plating methods.

The NiBi intermetallic phase was uniformly distributed in the coating as illustrated by 

black arrows in Figs. 4.3 (c, d). More NiBi intermetallic compound appears in the PC Ni-

Bi coating, indicating that PC may enhance the Bi incorporation process. This result 

follows a similar trend found in the incorporation of SiC into Cu deposits. The content of 

SiC was enhanced by PC plating with various frequencies ranging from 0.01 to 10 Hz 

when compared to the DC plating [154].

Ni-Bi coatings exhibit a higher thickness than pure Ni coatings deposited under the same 

conditions. The thicknesses of Ni-Bi deposited by DC and PC were 12.2 0.3 and 

12.6 0.3 μm, while the thickness of pure Ni coating was 8.8 0.5 and 8.9 0.2 μm, 

respectively. This indicates that the incorporation of Bi ions may enhance the deposition 

rate. However, there is not much difference in the thickness between the coatings plated 

under different types of deposition current. Further investigation is needed in order to 

understand the effect of Bi electrolyte on the deposition rate of Ni coatings.
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Figure 4.4: TEM images of Ni-Bi coating: (a) Bright field, (b) high-angle annular dark-

field (HAAFD) STEM tomography and (c) EDS spectra of the red box region.

Fig. 4.4a shows the bright field TEM image of the Ni-Bi coating. In order to observe the 

NiBi compounds clearly, high-angle annular dark-field (HAAFD) image (Fig. 4.4b) and 

nanoscale probe EDS analysis (Fig. 4.4c) were conducted. The small white grains inside 

the red box region (Fig. 4.4b) were confirmed with the EDS results that contain Ni and Bi. 

During the electrodeposition, the incorporation of Bi electrolyte into the Ni bath solution 

led to the formation of NiBi intermetallic compounds. Both Ni and NiBi intermetallic are 

then deposited on the substrate and result in a combination of NiBi intermetallic 

compound with the Ni matrix.

Figs. 4.5a and 4.5b show the selected area diffraction (SAD) patterns of pure Ni and Ni-

Bi coating, respectively. Both coatings contained the polycrystalline structure and the 

diffraction pattern was indexed to the planes indicated in the figure that correspond to the 

face-centred cubic (FCC) Ni. The predominant planes of the coatings were Ni (111), Ni 

(200), Ni (220) and Ni (311). However, the incorporation of Bi resulted in another four 

rings in the inner side which did not appear for the pure Ni coatings. These four rings 

corresponded to NiBi phase and inserted in Fig. 4.5b. The high-resolution transmission 

electron microscopy (HRTEM) image of Ni-Bi coating is presented in Fig. 4.6. It is 

clearly observed that there are two main phases in the coatings which consist of pure Ni 

phase and the combination of Ni and NiBi phase. The d-spacing of pure Ni is about 2.035 

Å.
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Figure 4.5: Selected area diffraction patterns of (a) pure Ni and (b) Ni-Bi coatings.

Figure 4.6: HRTEM images of Ni-Bi coating.

Intermetallic compounds are unique materials which have characteristics of both metals 

and ceramics and possess a highly crystal structure [190]. Intermetallic compounds have 

been attractive in studies due to their desired properties such as high strength at high 

temperatures and excellent erosive and corrosive resistance [191, 192]. However, the 

process of preparing intermetallic compounds is complicated. The traditional methods to 

produce intermetallic compounds require high temperatures melting, high temperature 

treatment for a long period of time [193], mechanical alloying [194], thermal spraying
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[195] or laser surface alloying [196]. Most methods for creating intermetallic compounds

suffer the disadvantages of requiring either high temperatures or complex processes. High 

temperatures in particular create a problem of oxidation of the intermetallic alloys unless 

the atmosphere is carefully controlled [197].

In this research, the ionic co-discharge method has advantageously provided a low 

temperature approach to produce a uniform deposition of two non-miscible metals. This 

is a novel research to produce the intermetallic coatings using the electrodeposition 

method at low temperature. These intermetallic coatings are prepared in liquid mixtures 

which could prevent the precipitation problem during electrodeposition.

Chemical analysis of coatings4.3.1.c

LA-ICP-MS is a standard method to determine the elemental composition and isotope 

ratios in solids [198]. The intensity as a function of time for mass 209 (Bi) is presented in 

Fig. 4.7. A higher intensity of Bi can be observed in the pulse electroplated Ni-Bi 

compared with Ni-Bi prepared under direct current, indicated a higher content of Bi co-

deposited in the coating. An EDS analysis was also carried out to determine the content of 

Bi in the Ni-Bi coatings. Table 4.1 shows that the Bi content in the Ni-Bi coatings 

deposited by DC and PC plating is 4.5 0.4 and 5.8 0.3 wt.%, respectively.

Figure 4.7: Intensity of Bi element for different coatings.



4. Ni-Bi PC Coatings

75

Table 4.1: Bi concentration of different Ni-Bi coatings.

Coating sample Bi concentration (wt.%)

Ni-Bi coating prepared under DC 4.5 0.4

Ni-Bi coating prepared under PC 5.8 0.3

4.3.2 Microhardness and Wear Resistance

Microhardness of coatings4.3.2.a

The microhardness of the Ni-Bi coatings and pure Ni coatings are presented in Fig. 4.8.

The microhardness of Ni-Bi coatings prepared by either DC (758 HV) or PC (767 HV) 

platings were much higher than that of the equivalent pure Ni coatings (DC: 476.5 HV, 

PC: 577 HV). The hardness of pure Ni was improved by about 20% by PC plating. 

However, there was little difference for Ni-Bi coatings that were deposited by DC or PC 

plating. 

Figure 4.8: Microhardness of Ni and Ni-Bi coatings with DC and PC deposition.
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The hardness value of coatings depends on the matrix materials, surface morphology,

microstructure, quantity and size of second phase particles. The mechanism for the 

improvement observed in the pure Ni coating produced by PC plating can be mainly 

attributed to the grain refinement according to our previous research [199]. Figs. 4.9 (a, b)

show the TEM micrographs of Ni coating deposited under DC and PC plating. It can be 

clearly seen that the grain size of Ni coating prepared under pulse current is much finer 

than that produced by DC plating.

In the case of the Ni-Bi coatings, the quantity and structure of the second phase 

incorporated into the coating should play a more significant role. According to our prior 

research [4], there is a limitation to the microhardness improvement that may be achieved 

by increasing the quantity of Bi in the plating bath and consequently the coating matrix. 

Further addition of Bi electrolyte into the Ni bath solution will lead to a decrease of the 

coating microhardness. PC electroplating increases the percentage of Bi in the coating 

while keeping the quantity of Bi electrolyte constant, as demonstrated in Fig. 4.7. This 

may be one of the reasons why a little change in microhardness was observed with PC 

plating. Thus, although grain refinement also occurred in the PC plated coatings as shown 

in Figs. 4.9 (c, d), the microhardness value was not improved significantly. The detailed

mechanism for this outcome requires confirmation by future research.
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Figure 4.9: TEM micrographs of Ni and Ni-Bi coating produced by DC and PC plating 

methods.

Wear property of coatings4.3.2.b

Fig. 4.10 shows the volume loss and wear rate of pure Ni coating and Ni-Bi coatings 

under DC and PC plating processes. It was found that the Ni-Bi coatings possess a lower 

wear volume loss and wear rate compared to the pure Ni coatings.

According to Archard's Law, this can be expressed as:Q=KW/H=KLN/H (Eq. 4.1) 
where Q represents the wear rate, W is the total normal load which equals to the product 

of applied load (N) and total sliding distance (L), K is the friction coefficient, and H is the 

hardness of the wear surface.
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Figure 4.10: Wear volume loss of the Ni and Ni-Bi coatings.

Under the same test conditions, the wear rate is inversely proportional to the coating 

surface hardness and proportional to the friction coefficient [148]. Considering the 

friction coefficients of coatings studied in this research are similar, the enhancement of 

wear resistance should be attributed to the improvement in coating hardness.

4.3.3 Electrochemical Analysis

Potentiodynamic polarization curves of coatings4.3.3.a

Fig. 4.11 shows the comparison of potentiodynamic polarization curves of Ni and Ni-Bi 

coatings. The corrosion potential (Ecorr) and corrosion current density (Icorr) extracted 

from Tafel plots are summarized in Table 4.2. The Icorr for Ni coating is about 2.1 μA/cm² 

under DC deposition and the value decreased to 1.8 μA/cm² under PC deposition. The PC 

deposition showed a better corrosion resistance may be due to a more compact and 

smooth microstructure.
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Figure 4.11: Potentiodynamic polarization curves of Ni and Ni-Bi coatings deposited by 

using DC and PC methods.

Table 4.2: Electrochemical results obtained from potentiodynamic polarization curves.

Coatings Ecorr vs. SCE (mV) Icorr (μA/cm²)

Ni DC -430 10 2.102 0.5

Ni PC -415 8 1.788 0.8

Ni-Bi DC -406 5 1.693 0.4

Ni-Bi PC -386 2 1.007 0.1

Ni-Bi coatings exhibited a more positive corrosion potential in both DC and PC 

deposition than the pure Ni coating. Ni-Bi coatings produced by PC deposition exhibited 

a lower corrosion current density than those produced under DC deposition. These results 

indicated that both the incorporation of Bi and utilising PC electrodeposition techniques 

improved the corrosion resistance of the coatings. Specifically, both incorporation of 

intermetallic particles in Ni-Bi coatings and PC plating showed a lower chemical activity 

than the pure Ni coating or conventional DC plating. The better electrochemical 

performances of Ni-Bi coatings may be attributed to the reduction of defect number and
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size for the composite coating and by the in-situ formation of NiBi intermetallics, which 

may reduce the formation and development of pits [200].

EIS of coatings4.3.3.b

In order to further study the corrosion behaviour of these coatings, EIS measurements 

were performed in 3.5 wt.% NaCl solution. Nyquist plots of both the experimental work 

and simulation model for the Ni and Ni-Bi coatings are shown in Fig. 4.12. After fitting 

the data from the Nyquist diagrams using the ZsimpWin program, the equivalent circuit is 

presented in Fig. 4.13. In this circuit, Rs represents the electrolyte resistance, Rct is charge 

transfer resistance, and CPEdl is the constant phase element of the double layer. 

The fitted results are presented in Table 4.3. A chi square ( ) test also performed to 

assess the agreement between the experimental data and the Randles circuit. The value of 

is 5.786×10-3 for Ni DC coating, 5.448×10-2 for Ni PC coating, 2.507×10-3 for Ni-Bi 

DC coating and 8.743×10-3 for Ni-Bi PC coating. All these values are small and indicate 

a close to ideal fix correspondence between the model and experimental data. An ideal fix 

of a model to the experimental data when the statistic value is equal to 0 [201].
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Figure 4.12: Nyquist diagram of impedance spectra: (a) Ni DC, (b) Ni PC, (c) Ni-Bi DC 

and (d) Ni-Bi PC, all conducted in 3.5 wt.% NaCl solution.

Figure 4.13: Equivalent electrical circuit used for the parameter calculation.
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Table 4.3: Equivalent circuit parameters determined by modelling impedance spectra.

Coatings Rs ( ·cm2) CPEdl (F/cm2) Rct ( ·cm2)

Ni DC 15.03 2.63 10-5 5058

Ni PC 29.42 1.59 10-4 5369

Ni-Bi DC 14.30 3.63 10-5 8262

Ni-Bi PC 15.52 1.54 10-4 10300

The mathematical expression of the impedance of this circuit in this model is written in 

Eq. 4.2:

= + ( )  (Eq. 4.2) 
The impedance of the constant phase element (CPEdl) is presented by Eq. 4.3:= [ ( ) ]  (Eq. 4.3) 
where Yo and n are two parameters of CPEdl. When n=1, CPEdl corresponds to the 

capacitance, while n = 0, it is a resistance. w is the angular frequency and j2= -1 [202].

All samples (Figs. 4.12) exhibited similar capacitive semicircles in their Nyquist plots. 

This result indicated that all samples exhibit identical corrosion mechanism [203]. The 

presence of a single semicircle in the Nyquist plots means that only one capacitive 

constant is involved [204, 205].

Although these Nyquist plots have a similar shape, they were different in terms of their 

size. The impedance of Ni-Bi coatings was much higher than the Ni coatings in the 

frequency range of 10 mHz to 100 kHz. In general, we observe that the higher the 

impedance value, the lower is the corrosion rate [206]. Furthermore, the higher values 

measured for charge transfer resistance (Rct) in the Ni-Bi coatings indicated a better 

corrosion resistance for coatings when compared to the Ni coatings. The value of Rct of a

Ni-Bi coating prepared by PC (1.03×104 ·cm2) was twice that of the Ni coating by DC 

deposition (5.06×103 ·cm2).
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Fig. 4.14 shows the Bode diagram of Ni and Ni-Bi coatings deposited by DC and PC. Ni-

Bi coating deposited by DC or PC electroplating method exhibits a higher impedance and 

phase angle than the pure Ni coating at all frequencies. Plated coatings which either 

incorporated Bi or were deposited by PC plating, achieved higher maximum phase angle 

at lower frequencies than the pure Ni coatings or those deposited by DC plating. Thus, the 

corrosion resistance of coatings has been improved with the addition of Bi and by PC 

deposition.

Figure 4.14: The Bode plots of Ni and Ni-Bi coatings.

The improved corrosion resistance of Ni-Bi coatings should be resulted from the 

dispersion of nanoparticles NiBi intermetallic compound in the Ni matrix. However, the 

exact mechanism is not clear and requires more research. It has been suggested that the 

incorporation of Bi into Ni and PC deposition can produce more compact coatings with 

finer grains (as shown in Fig. 4.2), thus increasing the corrosion resistance. Zhang et al.

[207] also reported that the incorporation of Al2O3 into a Ni coating enhanced the 

corrosion resistance by slowing the growth of corrosion pits. Our results support this 

mechanism.
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Conclusions4.4

Ni and Ni-Bi coatings were prepared by DC and PC electrodeposition. The in-situ

formation of nanoparticles of Ni-Bi intermetallic compound was successfully co-

deposited into the Ni matrix coating using ionic co-discharge method. This was the first 

time finding that NiBi intermetallic compounds could be formed at low temperature. 

Comparative studies on the microstructure and properties of Ni and Ni-Bi coatings were 

conducted. Results showed that the microhardness, wear resistance and corrosion 

resistance of Ni-Bi coatings were significantly enhanced by the incorporation of Bi. The 

mechanical and corrosion properties of both Ni and Ni-Bi coatings were slightly 

enhanced by utilising pulse methods. Pulse current deposition greatly reduced the grain 

size of the coatings and increased the content of Bi. A nano-crystalline coating could be 

prepared by the simple PC electroplating method.
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Electrodeposition of Ag-Bi CoatingsChapter 5:

Partially contents have been reported in the patent application: Tay, S.L., Wang, Y., Wei, 

S., Chen, W., and Gao, W. (2015). A plating or coating method. US Provisional Patent 

Application No. 62/213,340.
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Chapter Abstract

Ag-Bi alloy coatings were deposited on Ni coated brass substrate. Different Bi content 

was added to an Ag bath solution to prepare Ag-Bi alloy coatings. The phase composition, 

morphology, hardness, conductivity and antibacterial property of electrodeposited 

coatings have been studied. Results show that the addition of Bi has a significant effect on 

the structure, morphology and property of Ag based coating. Increasing Bi content in the 

bath solution, the peaks of X-ray diffraction shift to the left and grain size decreases. The 

nano-hardness of the coatings is also significantly improved. Meanwhile, the electrical 

conductivity of the Ag-Bi coating remains at the same level as the pure Ag coating. The 

antibacterial property shows a slight improvement by alloying with a small amount of Bi. 

Further increasing the content of Bi, the antibacterial property is decreased.
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Introduction5.1

Silver (Ag) coatings are widely used in industry due to their unique properties such as 

excellent thermal and electrical conductivity, shinning colour, and good antibacterial 

properties [84]. However, pure Ag coatings possess a low hardness and poor wear 

resistance. Ag alloys have better mechanical properties than pure Ag [208]. Various Ag 

alloys, such as Ag-Sb have been investigated to improve their properties [81]. Alloying 

Sb with Ag can enhance the mechanical properties and improve surface appearance [64,

81]. Ag-Bi alloy is another common Ag alloy.

Ag-Bi alloy is commonly deposited from the alkaline electrolytes [82]. This alloy coating 

is generally used in electronics, radio technology and other device applications where 

good wear resistance and electrical conductivities are required [83, 84]. According to the 

phase diagram, Bi has a very low solubility in the solid state of Ag. The maximum 

solubility of Bi in the electrodeposited Ag alloys is only up to about 2.5 wt.% [79, 82, 85].

Above this solubility limitation, a heterogeneous form of two-phase which contains Ag 

and Bi phase will be created (see Ag-Bi binary phase diagram in Fig.2.12).

Furthermore, Ag coating is also known as an inorganic antibacterial material that consists 

of a broad spectrum of antibacterial activity and is safe to be used in medical applications

[1, 155]. It is believed that Ag ions can interact with DNA of bacteria and inhibit their 

reproduction [1, 24].

There are a several methods to prepare Ag-Bi alloy coating. In the literature, most Ag-Bi 

alloy coatings were prepared by applying cyclic voltammetry techniques [83-85] or by 

sputtering methods [209]. However, little research was reported on the preparation of Ag-

Bi alloy coatings by two-electrode electroplating method. In this research, a new method 

was utilized to prepare Ag-Bi alloys on the Ni coated brass substrate. The microstructure, 

mechanical property, conductivity and antibacterial property of Ag-Bi alloy coatings were 

systematically investigated.



5. Ag-Bi Coatings

89

Experimental Procedures5.2

5.2.1 Sample Preparation

Both Ag and Ag-Bi alloy coatings were electroplated onto the substrate of Ni coated brass 

plates (20×25×0.6 mm3). The composition of brass is 64 wt.% Cu and 36 wt.% Zn. In 

order to prevent inter-diffusion between the brass substrate and Ag, a bright Ni layer with 

a thickness of ~7 m was deposited onto the brass substrate. Before electroplating, the 

specimens were pretreated in an alkaline solution at 80oC for 10 s. A short Ag strike 

coating was then applied for 5 s, using stainless steel as an anode. These specimens were 

electroplated after being thoroughly cleaned by distilled water. The chemical composition 

and plating parameters are presented in Table 5.1. 

Table 5.1: Bath solution composition and operating conditions of electrodeposited Ag 

and Ag-Bi alloy coatings.

Chemicals Composition

Ag Solution

Silver metal 30 g/L

KCN free 120 g/L

KOH 10 g/L

Organic brightening agents Proper amount

Bi Electrolyte

Bi(NO3)3·5H2O 0.2 M

tartaric acid 0.2 M

KOH 2.5M

Plating Parameters Value

Temperature 30oC

Current density 10 mA/cm2

Agitation speed 200 rpm

Plating time

Bi electrolyte 

30 min

2.5-10 mL/L Bi
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5.2.2 Sample Characterization

The crystal structure of the coatings was characterized by X-ray diffraction (XRD) with 

Cu K radiation (D2 Phaser Bruker, U=30 KV, I= 10 mA). Diffraction patterns were 

recorded in the 2 theta range from 35o to 85o at a scanning rate of 0.01o/s. The surface 

morphology and composition of coatings were analysed using a field emission scanning 

electron microscope (FESEM) with an energy dispersive spectroscopy (EDS) system.

The nano-indentation test was conducted on a Nanoindenter (Hysitron TI 950 

TrioboIndenter) by using a Berkovich tip under the constant load testing mode with a 

maximum loading of 5000 N. In order to avoid the substrate and roughness effects, the 

specimens were polished to a mirror-like surface, and the indention was made on the 

cross-section of samples. 

The electrical resistivity of samples was measured by the four point probe method 

coupled with a Keithley 2602 System Source Meter. The current was passed through the 

two outer probes and the potential was measured between two inner probes. As the 

thickness of the coating (t) is much smaller than the length of the samples, the electrical 

resistivity ( ) can be calculated by Eq. 5.1 [210, 211].

= ×  (Eq.5.1) 
The electrical conductivity can be obtained by using the Eq. 5. 2

= 1  (Eq. 5.2) 
For the evaluation of antibacterial activity, an inhibition percentage test was performed on 

coating samples. Escherichia coli (E. coli ATCC25922) which have been extensively 

studied were used in this research. A colony E. coli was first cultured in 100 mL liquid 

Tryptic Soy Broth (TSB) medium overnight at 37oC. Then 1 mL of E. coli containing the 

TSB medium was inoculated into 100 mL fresh TSB medium in sterile conic flasks.

Sterile conic flasks containing a 100 mL diluted E. coli solution and coatings samples 

were incubated at 37oC for 18 hours. The control sample, which contained only 100 mL E.

coli solution, was also incubated without coating samples. After incubation, the optical 
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density of E. coli solutions was measured with an UV-Vis spectrophotometer (Agilent 

8453) at a wavelength of 600 nm. All experiments were conducted in triplicate. 

Results and Discussion5.3

5.3.1 Structural and Morphological Analysis

Fig. 5.1 shows the XRD spectra of Ag and Ag-Bi coatings. It can be observed that there 

are five prominent peaks of the coatings: Ag (111), Ag (200), Ag (220), Ag (311) and Ag 

(222). The XRD patterns of Ag (111) and Ag (200) with different Bi content were 

presented in Figs. 5. 1 (b, c).

Figure 5.1: (a) XRD pattern of Ag and Ag-Bi alloy coating by incorporation of different 

amount of Bi, (b) magnified peak Ag of (b) Ag (111) and (c) Ag (200).
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No Bi peak or metastable phase of AgBi2 could be seen in the XRD spectra. This was 

probably due to the low quantity of Bi and that the introduced Bi is soluble in Ag. With 

the increasing Bi content, the peaks shift slightly to the lower diffraction angle. This 

might be due to the formation of a solid solution. Chithra et al. [212] reported that Ag 

(111) peak was shifted to the lower angle and the peak was broadened when the milling 

time of Ag and Bi powder increased.

The grain size was calculated based on Scherrer's Formula,

= 0.9 /  (Eq.5.3)  
where is the wavelength of the radiation (0.154 nm),  is the full width at half 

maximum (FWHM) after subtracting the instrumental line broadening (in radian), and

is the Bragg angle [213]. All the grain sizes of coatings are in nanometre level. The grain 

size of pure Ag coating was about 40 nm. Ag-Bi generally showed a slightly smaller grain 

size (27-34 nm) compared to the pure Ag coating. It was expected that alloying Bi would 

increase the nucleation sites and thus lower the grain size. Further investigations are 

needed to provide more details.

Fig. 5.2 shows the surface morphology of Ag and Ag-Bi coatings with different content 

of Bi. All coatings show a typical nodular structure. The grain shape of Ag-Bi coatings 

was clearer and the nodular size was also slightly increased with more Bi content. The 

cross-sectional images of pure Ag and Ag-Bi alloy coating are shown in Fig. 5.3. Clear 

boundaries among the brass substrate, Ni coating and Ag or Ag-Bi coatings can be seen. 

No cracks or abruptions were observed at the interface of the coatings. All coatings have 

a uniform and homogeneous surface. The Ag-Bi coatings (~10 m) were slightly thicker 

than pure Ag (~8 m) coating deposited under the same electrodeposition conditions,

indicating that alloying of Bi can enhance the deposition rate. All Ag-Bi coatings have a 

similar thickness regardless of the Bi content. 

Fig. 5.4 shows the weight percentage (wt.%) of Bi in the Ag-Bi coating which was 

determined by EDS. The wt.% of Bi deposited in the Ag-Bi coating increases with the Bi 

solution addition. As the maximum of Bi detected in the coating is about 2.35 wt.% which 

is lower than the solubility of Ag, this shows the Ag-Bi alloy was deposited.
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Figure 5.2: ESEM top morphologies of electrodeposited coatings.

Figure 5.3: ESEM cross-section images of electrodeposited coatings.
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Figure 5.4: Percentage of Bi present in Ag-Bi coatings as a function of Bi solution 

addition.

5.3.2 Nanoindentation

Fig. 5.5 illustrates the scanning probe microscopy (SPM) images of Ag and Ag-Bi 

coating after indentation under a maximum load of 5000 N. In order to prevent the 

substrate effects, the indentation was conducted on the cross-section of coatings. The 

hardness was determined by using the Oliver Pharr method as described by Eq. 5.4 [214]:

=  (Eq. 5.4) 
where is the peak of indentation load and A is the contact area of coatings. The area 

of the contact at full load is determined by the depth of the impression and the known 

angle or radius of the indenter. In this experiment, a Berkovich tip was used, and 

therefore Eq. 5.5 can be transferred as [215]:

= . (Eq. 5.5)
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where is the measure of the "plastic" depth of penetration. Typical load-displacement 

curves and hardness results are shown in Figs. 5.6 and 5.7, respectively. The pure Ag 

coating has an average hardness of 1.87 0.1 GPa. However, alloying the Bi in Ag 

coatings has resulted in a significant improvement of hardness. The value of hardness 

increased from 1.87 GPa to 2.66 GPa after adding 2.5 mL/L Bi to Ag solution. However, 

further increasing the content of Bi led to a slight decrease of the hardness value. The 

hardness of Ag-Bi with 10 mL/L Bi solution addition decreased to 2.50 GPa. In the case 

of Ag-Bi coatings, the incorporation amount of Bi plays an important role. The grain size 

of coatings was slightly increased with higher Bi content as shown in Fig. 5.2. Thus, the 

hardness was also slightly decreased with increasing Bi content.

Figure 5.5: Gradient forward (GF) images of the indentation after testing.

Figure 5.6: A comparison of load-unload displacement curves of coatings.
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Figure 5.7: Hardness comparison of (a) Ag (b) Ag-2.5 mL/L Bi, (c) Ag-5 mL/L Bi, (d) 

Ag-10 mL/L Bi alloy coating.

Silver (Ag) is widely used in electrical contacts as it has excellent electrical and thermal 

conductivities. Various types of Ag-based alloy are developed to enhance its mechanical 

properties and extend the life-span of the materials [216]. According to the ASM 

handbook, the hardness of fine annealed Ag (with a purity of 99.9% Ag) is only 30 HR 

15T. Ag alloys have much better mechanical properties: for example, Ag-10 Cu (70 HR 

15T), Ag-3Pt (45 HR 15T), Ag-10 Au (57 HR 15T) [217]. In this research, Ag-Bi alloys 

also present a significantly improved hardness. The hardness of Ag-2.5 mL/L Bi coating 

is about 95 HR 15T. 

The mechanical property enhancement of Ag-Bi alloy coatings can be explained by grain 

refinement strengthening. This strengthening from the Hall-Petch relationship can be 

described as Eq. 5.6 [165, 218]:

+  (Eq. 5.6) 
where and is the yield stress and friction stress, respectively, is a constant and 

is the grain size. This equation is usually empirically related to the hardness through Eq. 

5.7:

= 3  (Eq. 5.7) 
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Based on the both equations, hardness increases when the grains are refined. As 

mentioned earlier, we found that the grain size of the Ag-Bi coating was reduced with the 

alloying of Bi. 

5.3.3 Electrical Resistivity

The electrical resistivity is an important parameter for Ag coating. The electrical 

resistivity and conductivity of coatings are listed in Table 5.2. The International 

Annealed Copper Standard (IACS) is commonly used to represent the conductive

capacity of metals and alloys relative to IACS. A 100% conductivity sample has a 

resistivity of 1.7241×10-8 ·m (or equal to the conductivity of 5.80×107 S/m) at 20oC

[219].

Pure Ag has the highest electrical conductivity of metals [220]. The standard electrical

resistivity and electrical conductivity of a pure Ag coating are 1.78 0.02 (×10-8 ·m) and 

97.1 1.2 (% IACS), respectively. It was reported that the thin Ag solid film could exhibit 

the similar conductive properties as Ag bulk metal, depending on the deposition 

conditions [56].

Table 5.2: Resistivity and electrical conductivity of electroplating Ag and Ag-Bi alloy 

coatings.

Coating
Resistivity

(×10-8 ·m)

Conductivity

(×107S/m)

Conductivity

% IACS

Ag 1.78 0.02 5.63 0.07 97.1 1.2

Ag-2.5 mL/L Bi 1.88 0.02 5.31 0.06 91.5 1.0

Ag-5 mL/L Bi 1.92 0.01 5.22 0.03 89.9 0.4

Ag-10 mL/L Bi 1.99 0.02 5.04 0.04 86.8 0.7

It is observed that electrical resistivity increases with adding more Bi to the Ag bath 

solution. Although the electrical conductivity of Ag-Bi coatings shows a slight decrease 

with the additional Bi content, the conductivity remains at a very high level (> 85%

IACS). 
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The resistivity of a two-phase material is theoretically proportional to the volume 

fractions of the two phases [162]. In this experiment, the maximum content of Bi 

dissolved in the Ag-Bi coatings was just 2.35 wt.%. This volume fraction was very low 

and below the solubility limit of solid state Ag. Thus, the electrical conductivity of Ag-Bi 

coatings did not show significant influence by alloying. 

The small decrease of electrical conductivity might be attributed to the increment of 

scattering effects from the lattice distortion. Based on the XRD results, the grain size was 

reduced with the alloying of Bi. Similar findings were reported by other researchers. 

Wang et al.[163] found that the grain size of Au-Ni coating decreased by doping the TiO2

sol into the Au-Ni plating solution and the electrical conductivity of Au-Ni-TiO2 coating 

was also slightly decreased.

5.3.4 Antimicrobial Activity

The antimicrobial activities of Ag and Ag-Bi coatings were investigated using E. coli

ATCC 25922. The inhibition percentage of the coatings was calculated by using Eq. 5.8:

[221-223]

18 0 18 0

18 0

(con -con )-(samp -samp )% 100
(con -con )

I  (Eq. 5.8) 
where I % is the percentage inhibition of growth, con18 and con0 are the optical density at 

600 nm of E. coli in TSB as the control of the organism at 18 and 0 h, respectively. 

Samp18 and samp0 are the optical density at 600 nm of E. coli in TSB with the presence of 

samples at 18 and 0h, respectively.

Based on the Eq.5.8, the inhibition percentage of coatings after 18 hours was calculated 

and listed in Table 5.3. The antimicrobial property of Ni coated brass was also tested for 

a comparison. The inhibition percentage of E. coli growth for pure Ag coating is 76.6%, 

while Ag-2.5 mL/L Bi coatings showed an inhibition percentage of 76.2%. However, 

further addition of Bi content led a slight decrease in the inhibition of bacteria growth. 
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Table 5.3: The percentage inhibition of growth for the coatings.

Coating
Percentage of 

Inhibition (%)

Bare substrate (Ni coated brass)

Ag

31.2

76.6

Ag-2.5 mL/L Bi 76.2

Ag-5 mL/L Bi 72.8

Ag-10 mL/L Bi 71.6

Inorganic antibacterial metals such as Ag have been widely used as effective antibacterial 

agents to replace the organic antibacterial materials [1, 155]. Ag has a low toxicity and 

can be used safely in medical devices. The antimicrobial mechanisms have been proposed 

Ag ions as illustrated in Fig. 5.8. These mechanisms include: (i) protein dysfunction; (ii) 

production of reactive oxygen species and depletion of antioxidants; (iii) impaired 

membrane function, and (iv) interference with the nutrient assimilation [103, 224].

Among these mechanisms, the protein dysfunction is the main mechanism. In the case of 

Ag coating, Ag ions bind to electron donor groups such as sulfhydryl, amino, and 

carboxyl of proteins, leading to their denaturation and consequently to the inactivation of 

several vital functions of the bacteria [99].
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Figure 5.8: Antibacterial mechanisms of Ag ions.

Some factors, such as concentration of the ion release [225], surface morphology [226]

and grain size [227] influence the antibacterial properties of a material. The antibacterial 

activity is mainly influenced by the release of Ag ions. The larger the amount of Ag ions

released, the better the antibacterial properties [94]. The amount of Ag ions release should 

be in the range of 0.1-1.6 ppm for the safe use of medical devices [13, 228]. In the present 

study, no significant difference of Ag ion release can be found after 18 hours of 

incubation. The release of the coating samples are in the range of 0.10-0.12 ppm. 

The morphology and roughness of the surfaces also exert a great influence on the degree 

of bacterial attachment and thus influence the antibacterial properties. In general,

smoother surfaces enhance the antibacterial property [78, 229]. The smaller grain size can 

also enhance the inhibition rate and more Ag ions can be released [80]. In this study, the 

grain size of the coating was slightly decreased with the alloying of Bi content. The ions

released remained almost the same for all samples. Thus, the percentage inhibition for 

bacteria of the samples was kept to the same level.
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Conclusions5.4

It can be concluded that an Ag-Bi alloy coating can be synthesized by using a simple 

electrodeposition method. The addition of Bi to the Ag results in alteration of 

microstructure and shifts the XRD peaks to the left. Addition of Bi to the Ag matrix 

results in a remarkable improvement to the mechanical properties due to the alloying

effects and grain refinement. The electrical conductivity and antibacterial properties of 

Ag-Bi coatings remain at almost the same level as the pure Ag coating. Ag-Bi coatings

present better mechanical properties with the same level of conductivity and antibacterial 

property.
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Electrodeposition of Zn-Bi CoatingsChapter 6:

Partially contents have been published in: 

1) Tay, S.L., Chen, W., Wei, X., Yao, C., and Gao, W. (2015). Properties of Zn-Bi 

composite coatings prepared by ionic co-discharge deposition. Transactions of 

Nonferrous Metals Society of China, 25 (1), 199-205.

2) Tay, S.L., Wang, Y., Wei, X., and Gao, W. (2015). Effects of bismuth addition 

and electrodeposition processing on Zn based coatings. International Journal of 

Modern Physics B, 29, 1540010.



104



6. Zn-Bi Coatings

105

Chapter Abstract

In this research, Zn-Bi composite coatings were synthesized by ionic co-discharge. The 

microstructure and property of Zn-Bi coatings were systematically investigated. The 

result showed that Zn-Bi coating has a finer grain size and better mechanical properties

than a pure Zn coating. By adding a small amount of Bi containing electrolyte into a Zn 

electrolyte bath, the microhardness of Zn-Bi coating is increased to 183 HV compared

with 102 HV of pure Zn coating deposited under the same condition. At the same time, 

the wear resistance and corrosion resistance of Zn-Bi coating have been improved 

significantly. 

Zn-Bi coatings were also synthesized by using an ionic co-discharge method under pulse 

current electrodeposition. The content of Bi in the coating matrix was increased by 

utilizing pulse plating method, which resulted in a slight improvement in both mechanical 

properties and corrosion resistance of Zn-Bi coating.
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Introduction6.1

Zn coatings are the most commonly used non-noble metal coatings to protect the 

substrate by cathodic control. About a half of the production Zn in the world is used for 

protection of metals from corrosion. It is widely used because of its relatively low price, 

adequate supply, flexibility in application, ease to control the thickness of coating, good 

cathodic protection to steel, and the ability to combine with other elements to form 

special alloy coatings for having special properties and applications [3, 37].

Composite coatings may contain a dispersion of second phase, usually in the form of 

particles, to improve material properties such as hardness, wear resistance, self-

lubrication, and corrosion resistance [9, 140, 230]. Various types of Zn composite 

coatings such as Zn-Al2O3 [87], Zn-MoS2 [27], Zn-TiO2 [92], and Zn-Y2O3 stabilized

ZrO2 (YSZ) [93] have been studied recently. Researchers have found that the Zn 

composite coatings enhanced mechanical properties of coatings and showed better 

sacrificial protection ability on steels than the pure Zn coating [92]. There are a number of 

methods that have been used to produce metal matrix composites in electroplating. One of 

the conventional ways is adding solid particles to the bath solution with vigorous 

agitation to form a homogenous distribution of fine-particles. The homogeneous 

dispersion of solid particles is an important factor in determining the properties of 

composite coatings [45].

For the electrodeposition of Zn based coatings, there are many deposition parameters 

such as current profile and density, bath composition, pH value, amount of additive, and 

temperature that need to be considered [17, 91]. Among these parameters, the deposition 

current profile is an important parameter that can influence the quality of coating

significantly. Pulse current (PC) is a promising method compared with the direct current 

(DC) method. PC can increase the concentration of incorporated second phase and 

produce a smoother surface [146, 231].

A novel method called "ionic co-discharge" process is introduced to obtain a homogenous 

dispersion. This method is to have different ions in the electrolyte and allow them to 

simultaneously co-discharge to the cathode. In the present study, Zn-Bi composite 

coatings were developed, and their phase structure, microstructure, microhardness and 

wear property were characterised. The influences of PC and DC on Zn based coatings 
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also have also been examined. Zn and Bi are two insoluble metals in their solid state; the 

two-phase composite is therefore expected to form. 

Experimental Procedures6.2

Mild carbon steel plate with the dimensions of 15 mm × 25 mm was used as substrates. 

Before electroplating, the substrates were ground with sand-paper to a grit of 1200, and 

then degreased in ethanol. The pre-treatment of the substrates also included activation by 

acid pickling with 1 mol/L HCl for 60 s. The electrolyte solution and electroplating 

parameters are listed in Table 6.1.

Table 6.1: Composition of electroplating bath and processing parameters.

Bath composition and 

processing parameters
Quantity

Zn electrolyte

NaOH 100 g/L

ZnO 10 g/L

Bi electrolyte

Bi(NO3)3·5H2O 0.2 M

Tartaric acid 0.2 M

KOH
2.5 M

Deposition parameters

Current Density 20- 40 mA/cm2

Deposition Time 30 min

Agitation Speed 300 rpm

Ton: Toff 1 : 9 ms
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The Zn and Bi bath solutions were prepared separately. 1 mL of 0.2 M Bi electroplating 

solution was added to 70 mL (or ~14 mL/L Bi) of Zn electrolyte to make Zn-Bi 

composite. The pure Zn coating was also electroplated for comparison.

The morphology and Bi concentration in the Zn-Bi coatings were measured by a scanning 

electron microscope (SEM) with an energy dispersion spectroscopy (EDS) attachment. 

The phase structure of the coatings was determined by using X-ray diffraction (XRD). 

The coating hardness was measured by using a microhardness tester (Leco M400) with a 

Vickers diamond indenter. The applied load was 50 g with a holding time of 10 s. At least 

five measurements under the same conditions were conducted, and the average value was 

used as the microhardness (HV). The standard deviation was also calculated. 

The wear property of the coatings has been conducted by using a NANOVEA Tribometer 

where a ruby ball of 6 mm in diameter acted as a friction counterpart. The test has been 

conducted with a load of 1 N and sliding speed of 100 rpm at room temperature with the 

relative humidity of ~50%. The wear volume was calculated based on Fig. 6.1.

Figure 6.1: Diagram for derivation of wear volume loss in wear testing.

=   (Eq. 6.1) 
=   (Eq. 6.2) 

The area is subtended by 2 , = =   (Eq. 6.3) 



6. Zn-Bi Coatings

109

Area of the triangle, = = 4  (Eq. 6.4) 
The shaded of the worn away area is

= =  4   (Eq. 6.5) 
Hence, the wear volume loss is

 =  = 4  (Eq. 6.6) 
where is the length of the wear track (in mm), is the radius of the ball used for wear 

testing (3 mm), and is the wear track width (in mm).

Wear rate, =   (Eq. 6.7) 
where  is the wear volume loss (in mm3), is the sliding distance (in m), and is 

the applied load (in N). The wear track was measured under the optical microscope 

(Olympus BX60M) and the wear volume loss and wear rate were also calculated by Eq. 

6.6 and Eq. 6.7, respectively.
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Results and Discussion6.3

6.3.1 Direct Current Electrodeposition

Phase structure and orientation6.3.1.a

Fig. 6.2 shows the XRD patterns of Zn and Zn-Bi coating deposited at 20 and 30 mA/cm2

for 30 min. The two main peaks of the Zn coating were Zn (101) and Zn (100). There 

were no different phases in the Zn or Zn-Bi coatings with different current densities.

However, co-deposition of Bi into Zn matrix showed the Bi phase and changed the grain 

texture. Upon incorporation with Bi, the Zn (101) peak was decreased at both current 

densities. Zn (002) was slightly enhanced under the current density of 30 mA/cm2.

The relative texture coefficients (RTC) of the Zn and Zn-Bi coatings were calculated and 

are shown in Table 6.2. The RTC of the coatings was calculated using Eq. 6.8 [133, 232]:

 RTC( ) = /( / ) (Eq. 6.8) 
where and  are the diffraction intensities of the (hkl) plane measured in the 

diffractogram of the deposit and the standard Zn powder sample. Sen et al. [105] reported 

that a plane was a preferred orientation if its texture coefficient was greater than 1.0.

Some theories have been proposed to explain the factors that influence the preferential 

texture during electrodeposition. Pangarov [233] stated that the preferred orientation is 

determined by the two-dimensional nuclei occurs initially and by the applied 

overpotential. Planes with low formation energy would be preferred. In the Zn deposits, 

formation of the most closely packed plane Zn (002) is expected as preferred orientation. 

However, the preferred orientation was greatly influenced by the applied overpotential. 

Youssef et al. [234] found that the preferred orientation of Zn deposits was changed with 

different pulse potential and applied overpotential. As the applied overpotential increases,

the texture of Zn deposits changes in the following way: basal (002) low-angle 

pyramidal plane (104), (103) high-angle pyramidal planes (112), (101) prismatic 

(110) and (100) orientations. The changing of preferred orientation is related to the 

atomic packing of Zn deposition. Therefore, the crystallographic planes having high 

atomic packing (002) is favoured at low overpotentials whereas low atomic packing (100) 

require higher overpotentials [234].
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Based on this calculation, two similar preferred crystal orientations of Zn (100) and Zn 

(101) occurred at different current densities. Upon addition of Bi, the preferred crystal 

orientations changed to Zn (002) and Zn (101). This might be due to the incorporation Bi 

which could cause an electrochemically inhibited process, leading to a modification of 

typical Zn growth. A similar trend has also been reported with the incorporation of MoS2

particles into the Zn electrolyte where the preferred crystal orientation changed from Zn 

(002) to Zn (101) and Zn (112) [27].

Figure 6.2: XRD patterns of Zn and Zn-Bi composite coating deposited at (a) 20 mA/cm2

and (b) 30 mA/cm2.
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Table 6.2: Relative texture coefficients (RTC) of Zn and Zn-Bi coatings.

(a) Zn coating

No Orientation
20 mA/cm2

RTC
30 mA/cm2

RTC
Ihkl I0

hkl Ihkl I0
hkl

1 Zn (002) 3146 15362 0.328 3038 21443 0.251

2 Zn (100) 8190 11614 1.128 9173 16142 1.006

3 Zn (101) 29012 28919 1.605 39968 40206 1.759

4 Fe (110) 555 602 1.475 357 477 1.324

5 Zn (102) 3517 8190 0.687 3753 11496 0.578

6 Zn (103) 2128 7311 0.466 2085 10186 0.362

7 Zn (110) 2314 6154 0.601 2919 8518 0.606

(b) Zn-Bi coating

No Orientation
20 mA/cm2

RTC
30 mA/cm2

RTC
Ihkl I0

hkl Ihkl I0
hkl

1 Bi (012) 1183 1183 1.268 1901 1901 1.359

2 Zn (002) 5155 5425 1.205 9572 9538 1.363

3 Bi (104) 237 423 0.710 397 691 0.781

4 Zn (100) 2586 4124 0.795 2523 5616 0.610

5 Bi (110) 355 439 1.025 570 691 1.121

6 Zn (101) 10226 10226 1.268 10488 11870 1.200

7 Fe (110) 1521 1521 1.268 1019 1019 1.359

8 Zn (102) 1318 2907 0.575 1382 3490 0.538

9 Zn (103) 1082 2603 0.527 1400 3698 0.514

10 Zn (110) 811 2180 0.472 916 2471 0.504
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Microstructure characterization 6.3.1.b

Fig. 6.3 depicts the top-view morphology of Zn and Zn-Bi coatings. The irregular 

microstructure shape was observed on the pure Zn coating. In the presence of Bi, a finer 

and round structure formed in the Zn-Bi composite coating. This might because the Bi 

provided more nucleation sites and inhibited the growth of Zn metal. Hence, Zn-Bi 

composite coating showed a fine-grained structure. Similar results were also reported in 

the cases of incorporation TiO2 [90, 235] or MoS2 [27] into Zn electrodeposition.

Figure 6.3: Top surface morphologies of (a) Zn coating and (b) Zn-Bi coating deposited 

at 30 mA/cm2.

The cross-sectional microstructure of Zn and Zn-Bi coatings are shown in Fig. 6.4. A 

thicker coating was deposited in the composite coating compared with the pure Zn 

electrodeposition. The thickness of Zn-Bi composite coating deposited at 20 and 30 

mA/cm2 were 10.6±0.4 and 16.9±0.9 μm, compared to the thickness of Zn coating of 

7.5±0.7 and 14.1±1.4 μm, respectively, indicating that Bi ions enhanced the deposition 

rate. The incorporation of Bi might increase the nucleation sites and thus enhance the 

growth of deposition layer. The high nucleation density also leads to smoother film with 

finer grains within a relatively short time. 
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Figure 6.4: Cross-sectional morphology of coatings: (a) Zn coating at 20 mA/cm2; (b) Zn 

coating at 30 mA/cm2, (c) Zn-Bi coating at 20 mA/cm2; (d) Zn-Bi coating at 30 mA/cm2.

Chemical analysis6.3.1.c

Table 6.3 shows EDS analysis of the Bi content electrodeposited in the Zn coating at 

different current densities for the same deposition time of 30 min. The Bi content in the 

coating increased with the current density, implying that the higher current density would 

promote more Bi ions deposition. Shi et al. [200] also reported that the content of co-

deposition of SiC in the Ni-Co coating was increased by increasing current density to 20 

mA/cm2. By increasing the current density, there was a tendency for more particles to 

deposit on the substrate.
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Table 6.3: EDS results of Bi content electrodeposited in Zn-Bi coating at different 

current densities.

Coating Bi content (at.%)

Zn-Bi coating deposited at 20 mA/cm2 1.38±0.29

Zn-Bi coating deposited at 30 mA/cm2 3.18±0.41

Mechanical properties6.3.1.d

The microhardness of the coatings deposited at two current densities is shown in Fig. 6.5, 

showing a significant improvement of hardness by addition of Bi. The average 

microhardness of Zn coating deposited at 20 and 30 mA/cm2 is 102 and 108 HV,

respectively. With the Bi addition, the microhardness increases to 183 and 200 HV. The 

hardness is almost double with just the addition of 1mL Bi electrolyte to 70 mL of Zn 

bath solution. 

Figure 6.5: Microhardness of Zn and Zn-Bi coatings deposited at different current 

densities.
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In comparison, only a small increase of microhardness at the higher current density for 

the Zn-Bi composite coatings is found, even though the Bi contents are quite different 

with different current densities. This implies that Bi content is not the only influential 

factor for the mechanical properties. This result also shows the same trend with the 

addition of Bi to the Cu coating which will be discussed in Chapter 7.

Several factors are known to influence the mechanical properties of composite coatings, 

including dispersion strengthening due to the Orawan mechanism and the grain-

refinement effect. The second phase of Bi is insoluble with the Zn metal, which is well 

dispersed in the Zn matrix and hinders a dislocation movement in the alloy matrix [127].

The grain refinement strengthening mechanism follows the Hall-Petch relationship. As 

shown in Fig. 6.3, a fine grained structure formed with the addition of Bi to Zn coating. 

The higher density of grain boundaries could impede the movement of dislocations, and 

thus enhance the microhardness [90, 129]. Paraveen et al. [90] also reported that the 

addition of TiO2 to Zn coating enhanced the microhardness due to the fine-grained 

structure of the deposit.

Fig. 6.6 shows the volume loss and wear rate of the coatings deposited at different current 

densities. The volume loss or wear rate of the Zn-Bi composite coating is lower than that 

of the Zn coating, indicating that the Zn-Bi coating has a better wear resistance than the 

Zn coating.
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(a) (b)

Figure 6.6: Volume loss and wear rate of Zn and Zn-Bi coatings at different current 

densities.

Fig. 6.7 represents the wear tracks of Zn and Zn-Bi composite coatings. The width of 

wear tracks of Zn and Zn-Bi composite coatings were ~660 μm and 525 μm, respectively. 

Many plough lines were observed on the surface of the Zn coating. In contrast, the wear 

tracks on the Zn-Bi composite coatings were narrower and the plough lines were 

shallower, indicating that the Zn-Bi composite coatings had improved the wear resistance.

Figure 6.7: Wear tracks on coatings deposited at 20 mA/cm2 for 30 min: (a) Zn coating, 

and (b) Zn-Bi coating.
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According to the Archard's Law, the volume loss during the sliding wear is proportional 

to the work done by the friction force and inversely to the hardness of the contact surface 

[148]. Hence, the greater microhardness of the coating led to a lower volume loss. The 

microhardness of the Zn-Bi coatings as indicated earlier proved that the lower wear 

volume loss of the composite coating came from the greater microhardness. 

An opposite effect was found when the coating deposited at different current densities. At 

the higher current density of 30 mA/cm2, both Zn and Zn-Bi coatings showed a slightly 

higher microhardness than those coatings deposited at 20 mA/cm2. However, the volume 

loss did not show much improvement, implying that other factors such as microstructure 

may play a role in the wear performance [149].

6.3.2 Pulse Current Electrodeposition

Structural and morphological analysis6.3.2.a

Fig. 6.8 shows the XRD patterns of Zn and Zn-Bi coatings deposited by DC and PC 

current for 30 min at the current density of 40 mA/cm2. Zn peaks can be clearly seen in 

the Zn coating with its preferred orientations at Zn (101) and Zn (102) (Figs. 6.8 (a, b)). 

After adding Bi, three Bi peaks, (102), (104) and (110) were observed in the Zn-Bi 

coating (Fig. 6.8e). The intensity of Zn (002) in the Zn-Bi coating was enhanced, even 

higher than Zn (102), to be another preferred orientation besides Zn (101) (Figs. 6.8 (c,

d)). The probable explanation is that the addition of Bi changed Zn preferred orientations. 

It also can be observed that there are no obvious differences between these coatings 

prepared by DC and PC deposition.
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Figure 6.8: XRD patterns of Zn and Zn-Bi coatings deposited by DC and PC deposition 

methods.
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The surface morphology of Zn and Zn-Bi coatings prepared by DC and PC plating is 

shown in Fig. 6.9. The morphology and grain size are greatly influenced by the type of 

current deposition and presence of Bi. Hexagonal columns with grain size in the range of 

8-12 m were formed in the Zn coatings prepared by DC deposition (Fig. 6.9a). A

triangle structure was formed in the Zn coatings by PC deposition, with slightly finer 

sizes of 5-10 μm (Fig. 6.9b).

By adding Bi, fine nodule structure formed in the Zn-Bi coatings by both deposition 

methods (Figs. 6.9 (c-d)). A possible explanation is that the Bi provided more nucleation 

sites and slowed the growth of Zn grains. The grain size of coatings prepared by PC 

electrodeposition was generally smaller than the DC electrodeposition as a result of the 

higher cathode overpotential during PC deposition [144]. Vasilakopoulos et al. [236]

reported that PC deposition of Zn coatings from the acid Zn sulfate bath solution was 

beneficial for grain refinement at moderate current densities. The PC deposition also 

produced a smoother surface.

Figure 6.9: Top surface morphology of coatings.
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The contents of Bi were measured to be 3.52 0.2 and 3.82 0.3 at.% in the Zn-Bi coatings 

prepared by DC and PC methods, respectively. During PC deposition, there was a 

discharged double layer formed around the cathode. This allowed more ions to adhere on

the surface of the cathode, resulting in Bi deposited into the Zn coatings [18].

Mechanical properties6.3.2.b

Vickers hardness values of Zn and Zn-Bi coatings deposited by DC and PC are shown in 

Fig. 6.10. The microhardness was slightly improved by the PC deposition method. The 

Vickers hardness values of Zn coatings deposited by PC and DC were 125.9 and 115.5 

HV, respectively. After the incorporation of Bi, the microhardness of coatings was greatly 

enhanced. The hardness values of Zn-Bi coatings are almost double of pure Zn plating 

prepared under the same deposition method. 

Figure 6.10: Microhardness value of different types of coatings.
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The strengthening mechanism of coatings can be mainly attributed to two factors. One is 

the dispersion strengthening effect, known as Orawan mechanism. The other is the grain 

refinement strengthening effect which can be described by the Hall-Petch relationship 

[129].

According to the Zn-Bi phase diagram, Bi is insoluble in the Zn at room temperature [95].

The incorporation of Bi into Zn would form a new phase, hinder the dislocation 

movement and thus enhance the microhardness. Meanwhile, the refinement of grains was 

clearly observed in Fig. 6.9 with the incorporation of Bi. It could be further promoted by 

PC plating. The density of grain boundaries increased with grain refinement, which could 

effectively impede the movement of dislocation [14, 90].

Fig. 6.11 shows the coefficient of friction (COF) of Zn and Zn-Bi coatings deposited by 

DC and PC as a function of sliding distance. All Zn-Bi coatings have lower COF values

compared with the pure Zn coatings. The average COF of Zn-Bi coatings prepared by DC 

and PC plating were 0.71 and 0.69, while the average COF of Zn DC and Zn PC were

0.79 and 0.74, respectively. Zn-Bi coatings possessed lower COF, which could be 

attributed to the dispersion of Bi in the Zn matrix. 

Figure 6.11: Coefficient of friction versus sliding distance curves of coatings.
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Fig. 6.12 presents the wear track images of the coatings. The wear track width of pure Zn 

coating deposited by DC was ~715 μm. It was decreased to ~647 μm for the Zn-Bi 

coating deposited by PC, indicating that the wear resistance was significantly improved. 

Table 6.4 summarizes the results of the wear track width and wear volume loss of the 

coatings. 

Figure 6.12: Wear track images of Zn and Zn-Bi coatings by DC and PC deposition.

Wear resistance of coatings is strongly dependent on factors such as hardness, surface 

roughness, and microstructure, including the amount of particle dispersion [127, 237].

Under the same wear test conditions, the wear volume is proportional to the friction 

coefficient and inversely to the hardness of contact surface [148, 167]. The dispersion of 

Bi enhanced the microhardness and also reduced the real contact between the coating and 

abrasive surface [238]. Bi particles could act as solid–lubricant to enhance the wear 

performance during the sliding process. The coating with smoother surface prepared 

under PC deposition presented a better wear resistance.
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Table 6.4: Wear track width and wear volume loss of coatings.

Coatings Wear Track (μm) Wear Volume Loss (10-3 mm3)

Zn DC 715 102.1

Zn PC 710 99.7

Zn-Bi DC 708 99.0

Zn-Bi PC 647 75.7

Conclusions6.4

Zn-Bi composite coatings have been successfully prepared by ionic co-discharge 

deposition under direct and pulse current deposition. The coatings possess a finer grained 

microstructure with dispersive Bi phases. The Bi content could be adjusted by controlling 

the deposition current profile and density. The mechanical properties of coatings 

including hardness and wear resistance have been improved significantly with the 

incorporation of Bi, and are further slightly improved by utilizing the PC plating

technique. The incorporation of Bi can also increase the deposition rate of coating.
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Chapter Abstract

Copper-based composites are widely used in industry due to their desirable properties. In 

this research, a Cu-Bi composite coating was successfully developed by electroplating. 

Current density was varied from 10-100 mA/cm2 and different deposition times were

selected for preparing the samples. The properties of Cu-Bi coatings were characterised in

comparison to a pure Cu coating. Results showed that incorporation of Bi into Cu refined 

the microstructure and improved the mechanical properties of coatings. 

The deposition current densities played an important role in producing good results. At a 

high current density of 100 mA/cm2, however, a porous microstructure was formed and 

caused inferior mechanical properties. The electrochemical and corrosion properties of

the Cu-Bi composite were only slightly improved compared to the pure Cu coating.
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Introduction7.1

Coating plays an important role in Materials and Surface Engineering as it can improve 

the mechanical properties and corrosion resistance of surface and provide an attractive 

appearance. A variety of coating technologies are used in industries [31]. One of the most 

common process is electroplating [5], which was first introduced by an Italian chemist, 

Brugnatelli in 1805 [39].

Composite coating is a type of coating consisting of two or more materials with different 

physical properties and/ or chemical properties to obtain properties desired for specific 

application [239]. This type of coating is often designed to have a second phase in a 

matrix [240]. The size and distribution of second phase particles can be controlled during 

the electrodeposition process [52].

Most of the recent studies on composite coating were carried out by depositing insoluble 

metal oxide or ceramic particles as second phase into metal matrix such as Cu-Al2O3 [141,

241, 242], Cu-Fe3O4 [243], Cu-MoS2 [141], Cu-SiC [139, 141], Cu-SiO2 [14], Cu-Si3N4

[21], Cu-TiO2 [244], Cu-TiB2 [245] and Cu-ZrB2 [144]. However, few studies have 

focused on the deposition of two insoluble metals. In this research, a novel method called 

ionic co-discharge process is introduced to deposit Bi into Cu matrix.

Based on the phase diagram, Cu and Bi cannot form any solid solution or intermetallic 

phase [101]. Cu-Bi composite coatings can be deposited at room temperature via a simple 

two-electrode electroplating process as reported in our previous study [100]. In the 

present work, we will study the effect of deposition processing and Bi composition on the 

coating microstructure, phase structure, mechanical properties and electrochemical 

properties.

Experimental Procedures7.2

Two groups of samples were prepared: pure Cu coating and Cu-Bi coatings. Pure Cu 

sheets (> 99.9 % Cu) were used as the substrate. Before electroplating, pre-treatment of 

the Cu substrate was carried out by cleaning in an alkaline solution containing 50 g/L 

NaOH and 10 g/L sodium carbonate decahydrate (Na2Co3·10H2O) solution at 60oC for 10 

min. The substrate was then anodised in 20 g/L citric acid and 60 g/L ammonium citrate 

for 20 s at 1.1 mA/cm2 at ambient temperature.
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A two-electrode system was used for the deposition of Cu and Cu-Bi. For Cu deposition, 

the electrolyte contained 110 g/L K4P2O7, 40 g/L CuSO4·5H2O and 10 g/L Na2HPO4. The 

solution used for Bi electroplating contained 0.2 M Bi(NO3)3·5H2O, 0.2 M tartaric acid 

and 2.5 M KOH. The pH was maintained at 12 by adjusting with NaOH solution. 3 mL Bi 

bath solution was added to 70 mL Cu electrolyte (or ~43 mL/L Bi) to conduct Cu-Bi 

electroplating. In order to obtain coatings with similar thickness for comparison purposes, 

deposition times of 30, 20 and 10 min were used for current densities of 10, 50 and 100 

mA/cm2, respectively.

The morphology of coatings and the content of Bi in Cu-Bi coatings were measured by 

scanning electron microscope (SEM) with an energy dispersion spectroscopy (EDS) 

attachment. The phase structure and crystallite size of the coatings were determined by 

using X-ray diffraction (XRD). The hardness of coatings was measured by using 

microhardness tester (Leco M400) with a Vickers diamond indenter. The applied load 

was 50 gf with a holding time of 10 s. At least 5 measurements under the same conditions 

were conducted, and the average value was calculated as the microhardness (HV). The 

wear property of the coatings was conducted by using a NANOVEA tribometer where a 

ruby ball of 6 mm in diameter acted as friction counterpart. The test was conducted with a 

load of 1 N and sliding speed of 100 rpm at room temperature with a relative humidity of 

~50%. The wear track was measured under an optical microscope. The volume loss (Vloss)

was also calculated by Eq. 6.6:

 =  = 2 4 4  (Eq. 6.6) 
where is the length of the wear track (in mm), is the radius of the ball used for wear 

testing (3 mm), and is the wear track width (in mm).

The corrosion test was assessed by potentiodynamic curves in 3.5 wt.% NaCl solution at 

room temperature using electrochemical workstation (CHI604D). All corrosion tests were 

carried out at room temperature (25oC) using a three-electrode system with platinum 

mesh as auxiliary, saturated calomel electrode (SCE) as a reference electrode and coated 

specimen as the working electrode. The exposure area was 10 mm × 10 mm and the rest 

area was sealed by silicone rubber. The potentiodynamic polarization curve were 

measured in a range of ±0.3 V from the open circuit potential (OCP) with a scan rate of 1 

mV/s. 
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Results and Discussion7.3

7.3.1 Phase Structure and Orientation

Fig. 7.1 shows the XRD patterns of Cu and Cu-Bi coatings which were deposited at 10, 

50 and 100 mA/cm2 for 30, 20 and 10 min. Three predominant peaks were shown in these 

coatings: Cu (111), Cu (200) and Cu (220). No crystalline Bi peak was detected by the 

XRD due to the low concentration of Bi incorporated in the Cu coating.

It can be seen from the XRD patterns of Cu coatings that the phase structures of coatings 

were influenced by the current density. The orientation was changed from (220) to (111) 

when the current density increased from 10 to 50 mA/cm2. The preferred orientation of 

coatings deposited at 100 mA/cm2 is not very clear. A similar trend was also found in the 

XRD patterns of Cu-Bi coatings which indicated that the incorporation of Bi into Cu did 

not significantly affect the growth of Cu grains.

The crystallite size of Cu was calculated from the prominent peak via Scherrer's Formula 

as shown in Table 7.1. The crystallite size first decreased with the increasing current 

density up to 50 mA/cm2, and then increased at higher current density. In general, Cu-Bi 

coatings have a smaller grain size at all current densities compared to the Cu coatings. 

This might be because the incorporation of Bi created more nucleation sites and thus 

reduced the grain size.
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Figure 7.1: XRD patterns of the (a) Cu and (b) Cu-Bi electrodeposition.
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Table 7.1: Crystallite size calculated from XRD patterns.

Coating
Crystallite size (nm)

10 mA/cm2 50 mA/cm2 100 mA/cm2

Cu 63.5±1.1 48.1±7.7 66.5±1.9

Cu-Bi 43.3±8.6 35.4±3.7 61.3±4.3

7.3.2 Microstructure Characterization

The surface morphology of the Cu and Cu-Bi coatings at different current densities are 

shown in Fig. 7.2. The grain structure of the Cu and Cu-Bi composite coatings were 

round shaped and became finer at 50 mA/cm2. However, the morphology changed to the 

mixture of fine granular shape and elongated granular shape at 100 mA/cm2, consistent

with the grain size calculation in Table 7.1.
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Figure 7.2: Top morphology of Cu and Cu-Bi electrodeposition on Cu substrate with 

variety of current densities.
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Fig. 7.3 shows the cross-section morphology of Cu and Cu-Bi coatings at different 

current densities. Generally, Cu-Bi has a more compact coating compared to the Cu 

coating at lower current density. At the high current density of 100 mA/cm2, the coatings

were porous. The depletion of cupric ions in the diffusion layer near the cathode surface 

became severe. Thus, cupric ions were more difficult to replenish instantly from the 

solution into the diffusion layer. Since the cupric ions were reduced very fast and Cu 

aggregation occurred around the protrusion on the surface under high electric field, the 

morphology of deposits became porous. The high hydrogen evolution at the higher 

current density may also cause porous microstructure.

Figure 7.3: Cross-sectional morphologies of Cu and Cu-Bi coatings.

(b2)
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The incorporation of Bi into Cu enhanced the deposition rate at lower current density. 

The Cu-Bi coating was much thicker compared to the pure Cu coating. The thickness of 

Cu-Bi composite coating at 10, 50 and 100 mA/cm2 were 5.5±0.1 μm, 16.0±0.2 μm, 

9.1±1.4 μm, compared to the thickness of Cu coatings of 3.7±0.6 μm, 7.3±0.4 μm and 

8.6±1.2 μm, respectively.

7.3.3 Chemical Analysis

The composition of the Bi in the composite coatings was measured by EDS as shown in 

Fig. 7.4. Fig. 7.5 shows the content of Bi incorporated into Cu matrix, which decreased 

with increasing current density. 

According to Gugliemis's model, co-deposition is a two-step adsorption process [51]. The 

first step is the physical adsorption of particles which is mainly associated with the 

particle concentration in the electrolyte. The second step is the field-assisted strong 

adsorption, which is dominated by overpotential. In this research, the content of Bi added 

to the Cu bath solution is exactly the same and thus there is no influence on the first step. 

However, the current density used for sample preparation is different. In general, the 

strong adsorption could be promoted by high overpotential which depends on the current 

density. As a result, the particle content in the coatings increases with current density. 

However, if the current density exceeded the promotion effect of particle incorporation, it 

would decrease the content of particle in the coatings [144]. The higher current density 

will cause a shorter deposition time and reduce the chance of strong adsorption of Bi into

the Cu metal matrix.
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Figure 7.4: EDS spectrum of (a) Cu coating; (b) Cu-Bi coating at 10 mA/cm2.
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Figure 7.5: Content of Bi co-deposition into Cu-Bi electrodeposition.

7.3.4 Mechanical Properties

Microhardness7.3.4.a

The microhardness of coatings is shown in Fig. 7.6. Cu-Bi coatings have higher 

microhardness compared to pure Cu coatings at different current densities. The 

microhardness of coatings was increased with the current density up to 50 mA/cm2, and 

then decreased at the current density of 100 mA/cm2.
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Figure 7.6: Microhardness value of Cu and Cu-Bi coating at different current density.

Second phase strengthening and particle dispersion strengthening are two mechanisms to 

improve the mechanical strength of metals. However, particle-strengthening cannot be 

considered in this case as it is only applicable to the incorporation of second phase with 

the volume percentage of more than 20% [129]. Second phase strengthening following

the Orawan Mechanism might be applied in this research as the hardness value of the Cu 

composite coatings was higher than that of pure Cu coatings under different current 

densities. Incorporation of Bi into the Cu matrix can hinder the dislocation motion and 

thus enhance the hardness of coating [90]. Grain-refining is another mechanism as shown 

in Table 7.1. The microhardness value was affected by the crystallite size. The smaller

the size, the higher microhardness value was obtained. Lekka et al. [139] also reported 
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nano SiC particles into the Cu matrix.
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Wear testing7.3.4.b

Fig. 7.7 shows the volume loss of the coatings deposited at different current densities.

Result revealed that Cu-Bi coatings have a lower volume loss compared to the pure Cu 

coatings, indicating that Cu-Bi coatings have a better wear resistance than pure Cu 

coatings. The width of wear tracks of Cu-Bi composite coatings was much narrower 

compared to that of Cu coatings as shown in Fig. 7.8. This is believed to be due to the 

strengthening effect of Cu-Bi coatings. The finer microstructure of addition Bi might 

cause less volume loss and giving rise to a smaller groove. This result was similar to

addition of Al in Zn electroplating [246].

Figure 7.7: Volume loss and wear rate of Cu and Cu-Bi coating at different current 

density.
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Figure 7.8: Wear tracks on coatings: (a) Cu coating, and (b) Cu-Bi coating that deposited 

at 50 mA/cm2 for 20 min.

It can also be seen that the volume loss generally increases with the current density for 

both coatings. However, Cu coating showed the highest volume loss at 50 mA/cm2

because of the porous microstructure (Fig. 7.3 b). The increasing wear volume loss of 

Cu-Bi coatings may also relate to the Bi content in the coating as shown in Fig. 7.5. The 

higher the Bi content in the coating, the lower the volume loss. Both Cu and Cu-Bi 

coating deposited at high current density had a similar volume loss (~0.77 10-3 mm3), 

corresponding to the same porous microstructure as shown in Figs. 7.3 (c, f).

7.3.5 Electrochemical Analysis

Fig.7.9 shows the potentiodynamic polarization curves of Cu and Cu-Bi coating in 3.5 wt.%

NaCl solution. The results of electrochemical measurements obtained from the Tafel plots 

are presented in Table 7.2. The average corrosion current density was increased with 

greater deposit current density and slightly reduced with the addition of Bi to the Cu 

coating.
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Figure 7.9: Potentiodynamic polarization curves of Cu and Cu-Bi deposited at 10 

mA/cm2.

Table 7.2: Electrochemical parameters obtained from Tafel plots.

Sample

Current Density for 

Electrodeposition

(mA/cm2)

Average Corrosion 

Potential

(V)

Average Corrosion 

Current Density 

(μA/cm2)

Cu

10 -0.206±0.011 3.76±0.93

50 -0.352±0.006 6.29±3.30

100 -0.341±0.057 9.68±7.69

Cu-Bi

10 -0.273±0.012 2.89±0.34

50 -0.429±0.054 5.16±1.79

100 -0.367±0.033 13.60±6.29
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The lower current density of the Cu-Bi coating results in a compact microstructure. Thus, 

Cu-Bi deposited at lower current density has a better corrosion resistance than the Cu 

coating. A similar result was also found in the previous study with the addition of Bi to 

Zn coating [31]. The corrosion current density reduced from 80 μA/cm2 to 35 μA/cm2

with the addition of 0.1 mL Bi electrolyte to a common alkaline Zn bath solution. Bi 

might act as inert physical barriers to inhibit or slow down the corrosion process [247].

However, a higher current density will lead to a porous microstructure as shown in Figs. 

7.3 (c, f), and thus cause a higher corrosion current density.

Conclusions7.4

The effects of the incorporation of Bi to the Cu coating on phase structure, microstructure, 

mechanical properties and electrochemical property were investigated. The addition of Bi 

refined the grains of Cu matrix compared to the pure Cu coating. The crystallite size 

decreased with increasing deposition current density from 10 mA/cm2 to 50 mA/cm2.

However, the grain size increased with the higher current density, 100 mA/cm2.

The content of Bi deposited into Cu matrix decreased with increasing deposition current 

density and shorter deposition time. The microhardness increased with deposition current 

density up to 50 mA/cm2 and then decreased with the higher current density. The wear 

volume loss also increased with the current density. Co-deposition of Bi slightly 

enhanced the corrosion resistance of Cu-Bi coating. However, deposition at the higher 

current density reduced the corrosion resistance due to the formation of a porous 

microstructure.
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This Chapter summarizes all the important findings of this thesis' research. The 

conclusions are presented in the same sequence as provided in from Chapters 3 to 7. 

Based on this study, several recommendations for future studies are presented. 

Conclusions8.1

This thesis studied the co-deposition of Bi with various metal matrix coatings using an

ionic co-discharge method. A small amount of Bi ion containing solution was added into 

the coating electrolyte, providing in-situ formation of two-phase coating structure 

consisting of either intermetallic compound, solid-solution of alloying phase or insoluble 

metal particles in the coating matrix. The Bi addition generally refined the grain size of 

the coating matrix, the dispersion of second phase also alter the microstructure. In most 

cases the mechanical properties including hardness and wear resistance were improved

significantly. Corrosion resistance often has small improvement or no significant change.

A summary of different coating systems is presented as follows and summarized in Table 

8.1.

1) Ni-Bi intermetallic coatings were electroplated on mild carbon steel by adding 

different amount of Bi solution to Ni bath solution at the constant current density 

of 40 mA/cm2. The coatings became more compact with smoother surface. A 

thicker coating was also obtained and this might be due to Bi increasing the 

nucleation sites. After incorporating Bi into the Ni coatings, the peaks of XRD 

patterns were slightly shifted and this might be due to the formation of NiBi 

intermetallics in the Ni coating. 

The microhardness of Ni-Bi coatings improved more than 40% over the pure Ni 

coatings. This can be attributed to the dispersion-strengthening of NiBi 

intermetallics and grain refinement effects. The wear volume loss also decreased 

with the incorporation of Bi. However, there was no significant effect on the 

electrochemical properties. The average corrosion current density of all the 

coatings remained at the same level.
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2) Ni and Ni-Bi intermetallic coatings were prepared by direct current (DC) and 

pulse current (PC) electrodeposition. More NiBi intermetallic compounds were 

formed under PC deposition. The microhardness of Ni coating under PC plating 

showed better mechanical properties (577 HV) compared with the DC plating 

(476.5 HV). However, there was not much difference for the Ni-Bi coatings under 

both deposition methods. 

There is a similar trend with the wear volume loss where the Ni PC coating 

showed a much lower volume loss compared to a Ni DC coating. The corrosion 

properties of coatings improved slightly with the incorporation of Bi and using PC 

plating technique. This might be attributed to the grain refinement and compact 

microstructure. 

3) Co-deposition of Bi into Ag as an alloying element has also been studied. 

Different amounts of Bi were added to an Ag bath solution. This resulted in an 

alteration of the morphology, and the XRD peaks of Ag shifted to the left. This 

might be due to the formation of a solid solution of Ag-Bi.

With the addition of a small quantity amount of Bi, the hardness of Ag-Bi greatly 

improved. For instance, the hardness of Ag-Bi significantly increased to 2.66 GPa 

compared to 1.87 GPa for the pure Ag coating. The electrical conductivity and 

antimicrobial properties of Ag-Bi were similar to the pure Ag coating. There was 

little loss performance by alloying a small amount of Bi in the Ag. 

4) Zn-Bi composite coatings were successfully developed using the ionic co-

discharge method. These metals are insoluble in each other. A small amount of Bi 

electrolyte was added to a Zn bath solution to form Zn-based composite coatings 

under DC and PC plating. The morphology of coatings was significantly 

influenced by the addition of Bi and the type of applied current.
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The microstructure of a Zn coating changed from hexagonal to a fine nodule 

structure in the Zn-Bi coatings. A finer and more compact microstructure was 

obtained under PC plating. The content of Bi co-deposited in the Zn matrix 

increased by increasing current density and using PC plating. The microhardness 

almost doubled with the addition of Bi to the Zn bath solution. The mechanical 

properties were also slightly improved by utilizing the PC plating technique.

5) The effects of incorporating Bi to a Cu coating were also studied. It was found 

that the addition of Bi refined the grains of the Cu matrix. The crystallite size 

decreased with a greater deposition current density from 10 to 50 mA/cm2.

However, the crystallite size increased at the higher current density of 100

mA/cm2. The current density had a significant effect on the mechanical properties 

of the coatings. 

The microhardness increased with the deposition density up to 50 mA/cm2 but

then decreased at the higher current density as a result of the porous 

microstructure. The electrochemical properties of coatings deteriorated when the

current density increased. However, the electrochemical properties of co-

deposition of Cu-Bi improved slightly at the lower current density deposition.
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Future Work8.2

The following future works are recommended for investigations in order to gain better 

understandings of the ionic co-discharge process and to develop industrial scaling for 

ionic co-discharge plating technology.

1) A detailed study is required to reveal the nucleation and growth mechanism of 

ionic co-discharge plating. This study is essential to obtain a better understanding 

of the influence of incorporating second phase (Bi) into the bath solution. 

Electrochemical tests such as cyclic voltammetry (CV), and chronoamperometry 

(CA) could be conducted along with the atomic force microscopy (AFM).

2) In this research, Ni-Bi intermetallic coating and alloying Bi into Ag coating have 

been successfully developed by using ionic co-discharge process at a lower

temperature. These coatings showed greatly enhanced mechanical properties

without losing other properties. Applications of these types of coatings in 

mechanical and electrical industries should be explored.

3) The parameters of electroplating greatly influence the morphology structure and 

the properties of coatings. For instance, pulse current (PC) deposition produces a

smoother and grain refined coating than direct current (DC). More PC plating 

studies could be carried out by varying pulse parameters (peak current density, 

duty cycle and frequency). A variety of PC waveforms such as duplex pulse, 

pulse-on-pulse or pulse reverse current could be interpreted to produce denser and 

smoother coatings. 

4) In order to develop the industrial applications of the ionic co-discharge plating 

technology, large sample (at least 10 x 10 cm) should be plated. The details of the 

technical data sheet (TDS) also need to be completed as a general instruction for 

industrial production. The consumption of metal ions in the solution also needs to 

be measured by titration or inductively coupled plasma mass spectrometry (ICP-

MS). This can ensure adequate metal ions supplied in the bath solution for the 

continuous plating process.
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5) Other coating systems that may form intermetallic compounds or insoluble phases 

could be explored to develop new and high-performance coating systems. The 

ionic co-discharge is an easy process that does not require complicated equipment 

and high temperature, it could also be used for the deposition of more than two 

phases alloy coatings such as Ni-B-Bi and Ni-Co-Bi.
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