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ABSTRACT

ELECTROFORMATION AND CHARACTERIZATION OF Al203
EMBEDDED NICKEL MATRIX COMPOSITE COATINGS

Yilmaz, Olgun
MSc, Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Ishak Karakaya
Co-supervisor: Assist. Prof. Dr. Metehan Erdogan

August 2018, 103 pages

The mechanical and tribological properties of electrochemical coatings can be
enhanced by embedded second phase particles to nickel matrix. Two different anionic
surfactants sodium dodecyl sulfate (SLS) and ammonium lignosulfonate (ALS) were
used together to adjust the wetting conditions and provide suspension of Al.Os
particles in a nickel sulfamate electrolyte in this study. High performance atomic force
microscope (hpAFM), X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning
electron microscope (SEM) and deposit stress analyzer were used to characterize the
composite coatings. The effects of current density and amounts of the two surfactants
and alumina particles in the electrolyte on wear rate, coefficient of friction (COF), and
hardness were studied. It was found that the amount of incorporated Al.Os dominantly
affected the properties of coatings which could be controlled by adjusting the operating
parameters. Although combined effects of the surfactants and current density on
mechanical and tribological parameters were unpredictable in some cases, the
composite coatings possessed superior properties than pure nickel. The presence of
alumina particles in the composite coating increased the residual stress. Moreover, it
resulted in preferentially oriented and finer nodular grains instead of regular
morphology.



Keywords: Electrodeposition, Ni/Al,Oz composite coating, wear resistance, friction

coefficient, residual stress, crystallography
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Al,03 GOMULU NiKEL MATRIiSLi KOMPOZIT KAPLAMALARIN
ELEKTROLIZLE SEKILLENDIRMESI VE KARAKTERIZASYONU

Yilmaz, Olgun
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. Ishak Karakaya
Ortak Tez Yéneticisi: Dr. Ogretim Uyesi Metehan Erdogan

Agustos 2018, 103 sayfa

Ikinci faz pargalarm nikel matrise gémiilmesiyle kaplamamn mekanik ve yiizey
ozellikleri gelistirilebilir. Bu ¢alismada, Al.Os tozlarini nikel siilfamat kaplama
banyosunun i¢inde yilizeyinin 1slanabilmesi ve askida tutabilmek i¢in sodyum dodesil
stilfat (SLS) ve amonyum lignosiilfonat olmak iizere iki ayr1 anyonik eklenti
kullanilmistir. Uretilen kaplamalarin karakterizasyonu igin yiiksek performans atomik
kuvvet mikroskobu (hpAFM), X-Isim1 kirinimi (XRD), X-Isini floresans (XRF),
taramal1 elektron mikroskopu (SEM) ve i¢ gerilim 6l¢me cihazi kullanilmistir. Akim
yogunlugu, ¢ozeltide bulunan eklenti ve aliimina miktarlarinin aginma stirtiinme sertlik
tizerindeki etkileri incelenmistir. Kaplamaya giren aliimina tozlarimin kaplama
Ozelliklerini 6nemli oranda etkiledigi ve bunun deney parametreleriyle kontrol
edilebildigi bulunmustur. Bazi durumlarda parametrelerin beklenmedik etkilerinin
bulunmasina ragmen, iiretilen kompozit kaplamalar saf nikel kaplamalardan ¢ok daha
iyl Ozelliklere sahip olmustur. Kaplama giren aliimina tozlar1 kaplamanin kalinti
gerilimini de arttirmaktadir. Bununla beraber, tozlar matrisin tane yapisinda bir

yonelmeye ve daha kiiclik ayn1 zamanda kiiresel tane yapilarina sebep olmaktadir.

Anahtar Kelimeler: Elektrokaplama, Ni/Al,O3 kompozit kaplama, asinma direnci,

stirtlinme katsayisi, kalint1 gerilim, kristalografi

vii






To my family, friends and Sezen

I am deeply indebted to my parents.



ACKNOWLEDGEMENTS

| would first like to thank my thesis advisor Prof. Dr. Ishak Karakaya and co-advisor.
Assist. Prof. Dr. Metehan Erdogan. The door to Professors’ office was always open
whenever | ran into a trouble spot or had a question about my research or writing. They
consistently allowed this paper to be my own work, but steered me in the right the
direction whenever they thought I needed it.

Besides my advisor, I would like to thank the rest of my thesis committee: Prof. Dr.
Kadri Aydinol, Assist. Prof. Dr, Batur Ercan and Assist. Prof. Dr, Erkan Konca for
their encouragement, insightful comments, and hard questions. In addition, the authors
acknowledge the Middle East Technical University (METU) for partial support
provided through the project BAP-03-08-2017-002 and Turkish Aerospace Industries
(TAI) for their financial support.

| thank my fellow labmates in TempLab: Mustafa Serdal Aras (MSA), Bilgehan
Cetinoz, Esra Karakaya, Caglar Polat, Atalay Balta, Berkay Cagan, and Elif Yesilay
for the stimulating discussions, their help and support, and for all the fun we have had
in the last three years. Also | thank my friends in the department: Bersu Bastug and

Basar Siier.

I must express my very profound gratitude to my brother/sister—like friends Latif
Candir, Dilara Dogan, Baran Kaya, IThan Senol, and Elif Su Tanyeri for their support
and sincere friendship. I must express my very profound gratitude to Sezen Bostan for
providing me unfailing support, continuous encouragement and deep love throughout

my years of study. This accomplishment would not have been possible without her.

Last but not the least, | would like to thank my family for giving birth to me at the first

place and supporting me spiritually and continuous encouragement throughout my life.



TABLE OF CONTENT

ABSTRACT ettt e e b e e nne e v

OZ oottt vii

ACKNOWLEDGEMENTS ...ttt X

TABLE OF CONTENT ... Xi

LIST OF TABLES ... oottt ettt e Xiii

LIST OF FIGURES. ... Xiv
CHAPTERS

1. INTRODUCTION.....eiiitiiitieiteeit ettt re e snne e nneesnne e 1

2. LITERATURE REVIEW.... ..ottt 5

2.1 Fundamental Concepts and BasiC TEIMS ..........cccvvvvrveieerienenenenienns 5

2.2 Nickel Electrodeposition ...........cccuciveieiieiieie e 11

2.3 Deposition of Composite Coatings (Electrocodeposition)................ 15

2.3.1 General Process Mechanisms of Electrocodeposition.......... 16

2.3.2 Ni-Al,03 Composite Coatings .......ccevververieesiveresieseeneanens 18

2.4 The Effect of Operating Parameters............ccoovvvririeieneneneneneniens 19

2.4.1 Current DeNSItY (1) ..cceeveieeieeie e 20

2.4.2 Operating Temperature and Potential of Hydrogen (pH) ..... 21

2.4.3 Addition of the Second Phase Particles.............c.ccoovevienennen. 22

2.4.4The AQAITIVES.......ccveiiiieiceeee e 23

2.5 Residual Stress, Wear and Friction Behaviors ... 24

3. EXPERIMENTAL ...ttt 27



3.1 Preperation of Sulfamate Solution and Pretreatment Steps............... 27

3.2 Simulation of Current Distribution on Cathode .............cccccovivieenne, 29

3.3 Voltammetric MEaSUrEMENTS.........ccvrveiiirirecesiesreeee s 31

3.4 Characterization Techniques for Composite Coatings...................... 32

3.5 Measurements of Tribological Properties ..........ccccoccevvvevviveiiesinennn. 32

3.6 Residual Stress MeasUremMenNts .........ccoevvevrerreiineneesieseeeesesreenes 34

4. RESULTS AND DISCUSSION .....ooiiiiiiiiieiieieeesiee et 37
4.1 VoltammetriC STUAIES ......cveviiriieiiecee e 37

4.2 Mechanical and Tribological INvestigations ............ccccoeereienienennens 39

4.2 1 HAIONESS....coitiieiiitiiteiei ettt 40

4.2.2 WA RALE.......coiiiiiiiicieeiiee e 44

4.2.3 The Coefficient of Friction ..........cccoceviniiiiiiiniincce 49

4.2.4 SUrface ROUGNNESS.........coverieiierieeie e e sie e, 52

4.3 Residual Stress of Composite COoatings..........ccoevverenererienieeieeniennen, 53

4.4 Morphological and Crystallographical Investigations....................... 57

5. CONCLUSION ...ttt ettt b et sae e b be e et 65
REFERENGCES ... .ottt sttt ne e e ne e 67
APPEND X A s 87
APPENDIX B e 91
APPENDIX € .ottt 101

xii



LIST OF TABLES

TABLES
Table 1 Nickel deposition SOIUIONS [B].......cccveiviiiiiiieiieie e 12
Table 2 Composition and operating conditions of nickel sulfamate plating bath .................. 27

Table 3 Parameters and their levels for full factorial design of residual stress measurements

.............................................................................................................................................. 35
Table 4 Representative EDS result for Ni-9 wt.%AIl>03; composite coating ..........cc.ccceervenne. 39
Table 5 Average roughness results in terms of alumina content in the coating ..................... 53
Table 6 Operating parameters and measured residual stress Values ..........ccccvevevvieeiiieiinens 53

Xiii



LIST OF FIGURES

FIGURES
Figure 1 Schematic electrochemical cell for electrocodeposition [9] ........cccccvevveivececieennenn, 2
Figure 2 Schematical representation of (a) galvanic and (b) electrolytic cells........................ 6

Figure 3 The overpotential of anode and cathode and the effect on theoretical cell potential. 8
Figure 4 Tafel plot for electrodeposition of copper n = f(logi) [23]....cccevovviverniiiiiiiieinn 11
Figure 5 Schematical representation of a typical nickel plating cell ...........ccccocoe i 13

Figure 6 Schematic drawing of the general mechanism of electrocodeposition processes [70]

.............................................................................................................................................. 18
Figure 7 SEM image of submicron spherical alumina powder .............ccccooveiiiiieie e, 28
Figure 8 Xray diffraction pattern of alumina pOWUEr ...........cccceeiiiiiiie i 28

Figure 9 Thickness distribution of electrodeposited nickel on copper substrate determined by

Comsol Multiphysics 5.2 SOftware PaCKage ..........ccuvveieiiriiieieieeese e 30
Figure 10 Calculated thickness distribution of electrodeposited nickel on copper strips used to
MEASUTEMENES FESIAURL SETESS ... viiveirierieiesieeiieie ettt e e e ereene e 31
Figure 11 Schematic view of experimental setup for voltammetric measurements ............... 32
Figure 12 Schematical representation of pin-on-disk teSt SEtUP..........cccoervririeieiisiecienn 33

Figure 13 (a) A picture of deposit stress analyzer and copper test strip (b) Type of the residual
stress with respect to the position of arms of the COPPEr SIHP .......covvveieriiiiie e 35

Figure 14 Linear potential sweep curves of a typical nickel sulfamate solution at different scan

Figure 15 Linear potential sweep curves showing the effects of SLS and alumina powder
addition to nickel sulfamate eleCtrOlYLES .........cooiiiiieiiire e 38
Figure 16 (a) Cross-sectional and (b) Surface images of the Ni-9 wt.%Al.0O; composite coating
produced at 2 A/dm? current density without any surfactant .............cccceeveveeeievieveeeieciennane. 39
Figure 17 Representative EDS measurement for Ni-9 wt.%Al,Os; composite coating............ 40
Figure 18 (a) The effect of current density with and without surfactants on hardness. Cross-
sectional SEM images of the coatings with 10 g/l Al,O3, 0 g/l SLS and 0.25 g/l ALS at (b) 2
A/dm?, (c) 5 A/dm?and (d) 8 A/AM?..........ccviiiiiiiicice e 41
Figure 19 Interaction plot fOr NArdNESS..........ccvveiir e 43

Figure 20 The mean effects of design parameters on hardness of the composite coatings ....43

Xiv



Figure 21 The effect of current density and the amount of ALS on wear rate...........c.c...... 45
Figure 22 The effect of current density and the amount of SLS combined with 0.25 g/l ALS
ON WWBEAE TALR.......eeeitee ettt etttk ettt ettt ettt ekt e s hb e e s bt e s h e e san e e ek bt e sa bt e sab e e eab e e e be e e nbeeenneeanneeen 45

Figure 23 The effect of Al,O3 content on weight loss of coating after 183.5 m sliding distance

.............................................................................................................................................. 46
Figure 24 SEM images and surface profiles of the wear track of the composite coatings at
current densities of (a) 8 (b) 5 (c) 2 A/dm? with 0.12 g/l SLS and 0.25 g/l ALS................... 47

Figure 25 The mean effects of design parameters on wear rate of the composite coatings ...48
Figure 26 The effect of current density on COF at three different levels of ALS without SLS

.............................................................................................................................................. 49
Figure 27 Recorded COF values during measurements at 5 A/dm? current density without SLS
.............................................................................................................................................. 50
Figure 28 The effect of SLS concentration combined with 0.25 g/l ALS on COF at three
different CUITENT AENSITIES. ... .. .ovi ettt sree e 51
Figure 29 The mean effects of design parameters on friction coefficient.............c.ccoceeennne 52
Figure 30 Interaction plot for residual SITESSES ........cciveriiririiiere st 55
Figure 31 The mean effects plot for residual Stress .........c.cvvvieiiiiiiiniiiie e 56

Figure 32 The effect of coating thickness on residual stress at pH of 3, the addition of 0.25 g/I
ALS and the current density 0f 8 A/AM? ...........cooiiiiiiiece e 57
Figure 33 Surface analysis via AFM to understand the effect of current density of (a) 2, (b) 5
and (c) 8 A/dm? at 0.25 g/l ALS addition, (d) 2, (¢) 5 and (f) 8 A/dm?at 0.12 g/l SLS combined
with 0.25 g/l ALS and 10 g/l Al;Oz inthe electrolyte .......coovvivviciiiie e, 59
Figure 34 Surface analysis via AFM and SEM images of composite coatings at (a) 2, (b) 5 and
(c) 8 A/dm?at 0.12 g/l SLS combined with 0.25 g/l ALS and 10 g/l Al,Os in the electrolyte60
Figure 35 XRD patterns showing the effect of current density on crystallography of composite

COALINGS AL 0.25 /I ALS ... s 61
Figure 36 XRD patterns showing the effect of current density on crystallography of composite
coatings at 0.12 g/l SLS combined with 0.25 g/l ALS.......ccccooiiiiei i 62

Figure 37 XRD pattern of Ni coating at a current density of 2 A/dm? without surfactant.....62

XV






CHAPTER 1

INTRODUCTION

Commenting on electrodeposition, Schwarzacher argues ‘Electrodeposition is a
technology for the future’ [1]. The history of the electroplating technology has been
dated for over 200 years. Although it has been played an important role in the
maintenance of the production industry such as electronic, automotive or aerospace,
the physical process of the electrodeposition has no drastic changes for about 100 years
[2,3]. Ni, Cu, Zn, Au, Ag, Cr, Cd, Co and additionally Cu-based and Zn-based alloys
are generally used metals for commercial electrodeposition processes [4]. Among all
these metals mentioned above, nickel has a huge consumption about 100,000 metric
tons globally as a metal form and its salts for electroplating [5]. In other words, it is
still a prevalently used and multi-functional metal for surface finishing processes. It
plays a very big role in the industry. The scope of utilization of nickel electrodeposition
has been divided into three categories: decorative, functional and electroforming [6].
It has some advantages as follows [7][8]:

i.  High chance to produce materials having complex shape and using different
substrates
ii.  Less production time due to higher deposition rate with low cost
iii.  Easily controlled composition for the deposition of alloys
iv.  Coatings having high purity without porosity
v.  Wide thickness range from nm to mm
vi.  Suitable for industrial applications

vii.  No treatment after deposition

If the purpose is not about the decorative, nickel and nickel based coatings such as
alloys and especially nickel based composite coatings can be used to enhance wear



behavior, hardness of the coating or to modify magnetic properties or to improve other
tribological properties such as surface roughness or friction behavior of the coating.
The process in which dispersed small particles in the electrolyte are incorporated with
deposited metal onto substrate and embedded to metallic matrix is called
electrocodeposition as schematically shown in Figure 1 [9]. It is actually the
combination of two processes: electrophoretic and electroplating. The particles are
suspended and deposited onto substrate materials due to electric field in the
electrophoretic deposition; however, the electrocodeposition process is more
sophisticated, which the suspended particles in the electrolyte are deposited and
incorporated with metal ions to form metal matrix composite coatings [10]. These
types of coatings are typically applicable to the areas where high hardness or strength,
lubricated surface, high corrosion resistance and protection against wear are needed
[11-15].

- AlL,O;5 particles
* Ni"* ions

f:a Al,O; particles with
% adsorbed Ni*™ ions

d
e
* *
S

*g
¥
»*
*

4

Ni-Al, O, composite
coating

Cu cathode

composite coating

Figure 1 Schematic electrochemical cell for electrocodeposition [9]



When compared to other coating methods, electrocodeposition has several advantages
which are homogeneous coating thickness even for complex shapes, decreasing waste
in comparison with dipping and spraying methods, reduction of contamination, more
capability of functionally-gradient material formation [9]. The composite coatings
produced by electrodeposition methods are generally used in the automotive,
electronics, biomedical, space and telecommunication due to their superior properties
[16]. The properties are determined with respect to type, shape size and concentration

of the second phase particles.

Electrocodeposition process and the properties of the composite coatings can be
influenced by variable parameters such as hydrodynamics, temperature, pH, additives,
bath compositions and particle type/concentration. Although many studies in the
literature have been reported to figure out the effect of each operating parameters, there
are often discrepancies in results. The reason of these contradictories are the
interrelation of the parameters and their effect for different systems. More detailed
information for the effects of process parameters and the interrelations between them

will be given in the following Chapters.

The main aim of the study is to determine the effects of operating parameters such as
current density, the amount and the kind of the surfactants and the amount of particle
in the suspension on the mechanical and the tribological properties of the Ni-Al;O3
composite coatings. Surface roughness, wear resistance, friction coefficient, and
hardness were the parameters investigated. Two different types of surfactants sodium
lauryl sulfate (SLS, this is also referred as SDS — Sodium dodecyl sulfate) and
ammonium lauryl sulfate (ALS) were used and the effects of their combination for
different amounts were studied as well. The microstructural investigation and the
characterization of the composite coating were done. In addition, the effects of pH,
coating thickness, current density and the amount of ALS on residual stress of the
composite coating was investigated so that the composite coatings having a minimum
residual stress can be produced. In addition, the effect of the addition of alumina

particles and the surfactant to sulfamate plating solution on the potential of nickel



deposition were studied. All experiments were designed by Minitab software using

full-factorial statistical design to find the statistical results of the whole experiments.



CHAPTER 2

LITERATURE REVIEW

2.1 Fundamental Concepts and Basic Terms

The definition of electrodeposition indicates that the growth of layer or film is
materialized onto the substrate material by the electrochemical reduction of metal ions
[17]. Despite of not appearing in the cell reaction, the electron transference for
reduction and oxidation always take place from one to another in the electrochemical
reaction. There are three types of electrochemical reactions with respect to their
oxidation states which are redox reactions, oxidation reactions and reduction reactions.
In redox reactions, both reduction and oxidation reactions take place together. While
it is the loss of electrons by atoms or elements in the oxidation reactions, the reduction
reactions are exactly the reverse of the oxidation reactions, which means gaining the
electrons by atoms or elements. Those reactions take place in the electrolyte which is
the term of the first use by the Swedish chemist Svante Arrhenius [18]. It is the ionic
conductor solution including dissociation of ions which are positively charged called
cation (M?*) and negatively charged called anion (4%7). In addition to that,
electrodes are used to provide metallic conduction in the conducting system. The
electrode that the oxidation reaction takes place is anode while the cathode is another
type of the electrode where the reduction reaction occurs. Following reactions (2.1)
and (2.2) indicate the metal and nickel formation from schematic MA metal salt and a

nickel sulfamate, respectively, in a neutral solution:

MA + ze™ - M5 + zA™ (2.1)

Ni(NH,S03), + 2e~ = Nig) + 2NH,S03 (2.2)



There are two different types of operating electrochemical cells galvanic cells and
electrolytic cells. A galvanic cell includes the spontaneous cell reaction with externally
connected electrodes and generally used by conversion from chemical energy to
electrical energy [19]. However, an electrolytic cell needs an external electrical energy
higher than the open-circuit potential of the cell for the reaction to take place [19].
Figure 2 shows the difference schematically between the systems of galvanic and
electrolytic cells.

voltmeter power supply

cd
>3
) cathode \

cathode (=)

(*)

Cd
anode

=)

4 Cu
s anode

*)

anode: cathode: cathode: anode:

Cd(s) - Cd**(aq) + 2e Cu?*(aq) + 2~ — Cu(s) Cd**(aq) +2e — Cd(s) Cu(s) — Cu?*(aq) +2e~
Overall reaction: Cd(s) + Cu?*(aq) —> Cd?*(aq) + Cu(s) Overall reaction: Cd?*(aq) + Cu(s) — Cd(s) + Cu®*(aq)
(a) Galvanic cell (b) Electrolytic cell

Figure 2 Schematical representation of (a) galvanic and (b) electrolytic cells

In electrolytic cells, there is a relation between faradaic current and the amount of
deposition as following Eq. 2.3 [19]:

Q (coulombs)

coulombs
2F ol )

= N(mol electrolyzed) (2.3)

where Q is the charge passed through the system (It), z is the number of electrons

transferred in the electrode reaction and F is the Faraday’s constant. In
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electrodeposition processes, the thickness is one of the critical parameters that needs
to be controlled with respect to the desired specifications of the product. In addition,
above equation can be modified to determine the actual deposited weight which is
related to the thickness of the coating due to using certain area and known density of

deposited metal, which is following Faraday’s rule:
MIt

where W is the deposited weight over selected area (in grams, g), M is the molecular
weight for the deposited metal, | is the average current (in amperes, A), tis the duration
for deposition process (in seconds, s), z is the number of electrons transferred in the
cell reaction, CE is the current efficiency which can be calculated as Eq. 2.5. The
deposited weight can be calculated as multiplication of the density of metal “p”, the

thickness of the deposit “h” and the area of deposit “A”.

Wactual

Current Ef ficiency (CE) = (2.5)

theoretical

The cell reaction takes place in an electrolytic cell is non-spontaneous. The nature of
the cell reaction can be determined from calculation of the Gibbs energy change under

constant T and P using Eq. 2.6:
AG° = —zFE° (2.6)

where z is the number of valance electrons, F is the Faraday’s constant, and E° (emf)
is the difference of potentials of electrodes. However, since above potential difference
is expressed for the standard states, the theoretical voltage which is required for the
deposition of the metal ions onto cathode material is different. The theoretical cell
potential under electrolysis conditions, Ewn can be calculated by Nernst Equation in
Eq. 2.7:

RT I agy

In

Eypn = E° + —
rxn zF I1 a(red)

2.7)



where E° is the standard emf of the cell and a denotes the activities of ions in the
solution. However, the applied voltage differs from theoretical voltage since the

electrodes are polarized due to overpotentials. Following applied voltage in Eq. 2.8:
Eapp = —Erxn + IR + Nact + Neonc (2.8)

where E,,,, is the total applied voltage, IR is voltage drop due to the ohmic resistance,

Nact 1S the activation overpotential and 1., is the concentration overpotential. Ohmic
resistance is due to electrolyte, external connection elements and electrodes. It results
in requirements of additional potential to operate the cell. It is called resistance
overpotential or ohmic overpotential and it is more dominant with increase in distance

between anode and cathode [20].

The reaction potential is the potential which is high enough for cell to become
reversible. However, it is clearly seen in Eq. 2.8 that the reaction potential is not
enough for the operation of cell due to additional resistance. In addition to this, the
sign of the overpotential is positive at the anode while it is negative at the cathode as

shown in Figure 3 [21].

\_/’_ Erheo +n

Figure 3 The overpotential of anode and cathode and the effect on theoretical cell potential



Since the metal ions are continuously reduced at the cathode, their concentration
decreases near the cathode during the electrodeposition. Therefore, the reversible
potential decreases and this results in the concentration overpotential expressed in Eq.
2.9:

RT C,

Necone = E nC_O (2'9)

where Ce the ion concentration next to the electrode surface and Cy is the unchanged
ion concentration in the electrolyte. Operating condition of the electrolyte such as
agitation, operating temperature, ion concentration or the geometry of cathode is very
important to concentration overpotential [20]. The concentration overpotential
decreases with agitation and at higher temperatures due to homogeneous ionic

distribution in the electrolyte and easier ionic diffusion [20].

There is an additional kinetic barrier required to be exceeded for the reaction to
proceed, which is called activation overpotential [22]. It is also a part of the total
overpotential and the logarithmic function with respect to current density as shown in
Eq. 2.10:

RT i

Nact = 7 pIng (2.10)

where S is the electron transfer coefficient (0 < § < 1), i is the current density and ig
is the exchange current density. According to the following equation, the current
density gets higher exponentially with the negative overpotential values for cathodic
processes (n = 100 mV) [22]:

i = —ige%m (2.11)
and for anodic processes meaning that overpotential is a positive value:

i = —ige~(-®zfn (2.12)



where a is the transfer coefficient and f can be calculated with respect to temperature

as.:

f=— (2.13)

Considering Eq. 2.11 and 2.12, if there is no overpotential, current density is directly
equal to exchange current density which means that there is a constant charge
exchange at the metal solution interface [22]. In addition, the logarithms of those two
equations can be modified in terms of n, the Tafel equation can be obtained as
following [22]:

n = a = blogli| (2.14)

where a and b are the constants. The + sign depends on the anodic and cathodic
reactions respectively [22]. In addition, a and b constants for the cathodic processes

can be expressed as:

2.303RT
=—— Jogi® 2.15
@ ozF 08! ( )
2.303RT
h=—— (2.16)
azF

Figure 4 shows the Tafel plot which is a straight line for large overpotential values for

the copper electrodeposition.

10
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Figure 4 Tafel plot for electrodeposition of copper n = f(logi) [23]

2.2 Nickel Electrodeposition

The references prove that Bird in 1837 developed nickel deposition from its aqueous
solution of nickel chloride and sulfate. Moreover, Shore in 1840 registered the patent
of nickel deposition from its nitrate solution [24,25]. However, the well-known
developer of nickel plating is Bottger and he developed the nickel and ammonium
sulfates solution in 1843, which was used for about 70 years for commercial nickel
plating [26]. Furthermore, the most frequently used nickel plating bath for commercial
nickel electrodeposition is the Watts solution which was developed by Professor
Oliver P. Watts from University of Wisconsin in 1916 [27]. It is the combination of
nickel chloride, boric acid, nickel sulfate and balance water. Watts solution is popular
and especially used for decorative purpose. However, the domination of Watts solution
is being gradually substituted by sulfamate solution [28]. Nowadays, these both nickel

plating solutions are used together for commercial nickel plating processes and for
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electroforming. On the other hand, the sulfamate solution is even more popular owing
to its more applicability to electroforming processes due to its lower residual stresses,
higher deposition rates, and uniform distribution of metal on cathode due to higher
conductivity of solution. In addition to this, among other plating solutions, the highest
purity of Ni with better ductility can be obtained using sulfamate solution. Watts and
sulfamate electrolytes, operating conditions and mechanical properties of deposits are
shown in Table 1 [29].

Table 1 Nickel deposition solutions [6]

Composition of the Electrolyte (g/l)

Plating Bath Watts solution Sulfamate solution
Nickel sulfate 225 —400 -
Nickel sulfamate — 300 — 450
Nickel chloride 30-60 30 -45
Boric acid 3045 0-30
Operating Conditions
Temperature, °C 44 — 60 32-60
Cathode current density (A/dm?) 3-11 0.5-30
pH 2-45 3.5-50
Mechanical Properties
Tensile strength (MPa) 345 - 435 415 -610
Elongation (%) 10-30 5-30
Residual stress (MPa) 125 — 185 (tensile) 0 — 55 (tensile)
Hardness (HV-100g load) 130 - 200 170 - 230

A typical Ni electroplating cell is shown in Figure 5. Dissolution reaction takes places
at the anode while the dissolved metal ions are deposited onto cathodes due to the fact
that the current which passes through the anode and the cathode [30]. The electrolyte
is a conductive aqueous solution including dissolved nickel salt which is nickel
sulfamate in this case. The nickel sulfamate is the main source of the nickel ions [31].
Boric acid is used to operate the solution in the suitable pH range [32] while the nickel

chloride is used to maintain the anode efficiency at the optimum levels, increase the
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solution conductivity and to obtain uniform metal distribution at the cathode.
According to Char and Sathyanarayana, the anode efficiency is equal to 60-80%
without any nickel chloride and almost 100% with the addition of 0.20 g/l nickel
chloride [33]. In addition, the amount of the nickel chloride is important due to its
effect on the residual stress of the coating [34]. In other words, since nickel chloride
increases the solution conductivity, the residual stress resulting from the forces

between deposit and impurity atoms increases as well.

Nit—>

S -

Ni anode Cu cathode
Ni — Ni** + 2¢ Ni** + 2e" — Ni

Figure 5 Schematical representation of a typical nickel plating cell

The coating thickness of the whole part which is electrodeposited depends on the
current density distribution on the cathode. The distribution of the current density may
strongly be influenced by the cathode geometry and the anode-cathode positions
[6,35]. In other words, the current density cannot be homogeneous on the complex
geometries including some sharp tips or recessed surfaces. Therefore, it can be

modified and the current distribution can be homogenized by using nonconductive
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shields to prevent the current density to be lower at the sharp tips or edges and by

changing the anode-cathode positions using some computer modelling [35].

Other than the distribution of the current density, the cathode overpotential and the
conductivity of the electrolyte have an effect on the thickness distribution of the metal
[36]. The relation between all those parameters which influence the metal distributions
is called throwing power. In other words, the higher throwing power provides the
coating to have more homogeneous thickness independent from the cathode geometry.
In addition, it is possible to have better throwing power with decreasing current
density, and with increasing the conductivity of the electrolyte, the anode — cathode
distance, pH and the operating temperature [37]. The addition of the anhydrous sodium
sulfate to the electrolyte was carried out by Watson in 1960 and to modify the throwing

power [38].

The adhesion of the coating to substrate is very important except for electroforming
processes. It is about the crystal structure consistency between deposited metal and the
substrate material. Since it is not generally seen the epitaxial growth of coating, the
adhesion is typically possible because of the cohesive forces between atoms [6]. The
atoms of the deposit are held to surface with covalent, ionic, metallic, polar or other
bonds. To achieve good adhesion behavior, some preparation steps are standardized
by ASTM [39].

Due to the standard potential of nickel and hydrogen as shown in Eq. 2.17 and 2.18,
hydrogen discharge is more likely than the nickel reduction [32]. However, the nickel
can be deposited since the hydrogen has a large overpotential. Moreover, during
electrodeposition of nickel metal, since some of the current is consumed by the
hydrogen ion in the electrolyte to discharge, cathode efficiency must be less than 100%
[6,34]. In addition, the presence of boric acid in the electrolyte used as a catalyst for
the nickel reduction at cathode and pH buffer reduces the hydrogen evolution [40].
The cathode efficiency increases with increase in activity of nickel ions, pH,

temperature and current density [41].
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In addition, hydrogen evolution results in increasing the residual stress [40] and the
hydrogen embrittlement with an excess amount of hydrogen being exposed to
deposited metal. Hydrogen embrittlement may take place due to the easily diffusion of
hydrogen along the grain boundaries, which causes the embrittlement with ease due to
hydride formation with some metals such as titanium, vanadium, zirconium, tantalum
and niobium [42].

2HY + 2e” —>H2(g) e°=0V (2.17)

Ni*? +2e~ > Ni;) e°=-0.25V (2.18)

2.3 Deposition of Composite Coatings (Electrocodeposition)

Improvements for materials with sophisticated properties and unique characteristics
have shown a forceful change after the introduction of composite materials. In addition
to this, manufacturing methods for the composite materials have also shown a drastic
change. Metal matrix composite (MMC) coatings can be formed by electrochemical
deposition called electrocodeposition. It is an unconventional manufacturing method
for producing metal matrix composites, which involves embedding of reinforcement
particles into a metal matrix coating. These coatings can be used in the areas like
aerospace, defense and automotive industries where improved mechanical, physical
and/or tribological properties are needed [3]. Depending on the second phase particles
used as the reinforcement, a particular mechanical or physical property such as
corrosion resistance, stiffness, hardness, wear resistance and COF can be enhanced
[43]. The second phase particles are generally incorporated with the metal matrix such
as Ni, Cu, Co, Cr and their alloys [9,14]

As mentioned above, the coatings include particles whose sizes in diameter are from
nano-level to 100 um and the amount of those particles of either pure metals, or non-
metallic materials such as ceramics and organic materials change from 2 to 200 g/l,
which results in production of composite coatings generally having 1-10 vol.%

particle content in the coating [44-48]. In general, improvements of the mechanical
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properties of metal coatings are possible with the embedded hard ceramic particles or
oxide particles to metal matrix. Incorporation of materials such as diamond, WC or
SiC results in improvement of wear resistance of metal coatings [49-51]. The
corrosion resistance of the composite coating increases with the second phase particles
such as V20s, TiO, and Cr,03 [52-54]. The incorporation of the particles of MoSy,
PTFE having hexagonal crystal structure act as a solid lubricant and critically decrease

the friction coefficient of the composite coating [55].

From the other researches in the literature, it is typically observed that the
electrocodeposition process in its own mechanism has many parameters or variables
such as current density, bath composition, pH, operating temperature, the
characteristics of the second phase particle, which influence the amount of particle in
the matrix. However, there are so many contradictory results from those researches for
those process parameters [9]. Their effect on the composite coating is not the same and
it may change with respect to the electrolyte—particle system and the cell for the

deposition [9].
2.3.1 General Process Mechanisms of Electrocodeposition

The general mechanism of the electrocodeposition is very similar to that of
electrophoretic deposition except for some steps [10]. In electrophoretic deposition,
charged particles in the electrolyte are carried by electric field and then deposited to
cathode surface by some forces such as chemical bonding or van der Waals forces [9].
On the other hand, electrocodeposition is different from the electrophoretic deposition
since the particles are deposited with the metal at the same time and encapsulated
particles with metal ions have better adhesion to cathode [9,56]. Furthermore, the
entrapped particles are embedded to metal matrix. Martin and Williams [57] pointed
out that the electrocodeposition is just the mechanical encapsulation of the particle
with the metal. Moreover, Snaith and Groves [58] agree with them and they support
the previous idea. Other studies claimed that the particles are adsorbed by electrodes
[59,60].
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Guglielmi in 1972 pursued with his further researches about two steps of this
adsorption for the general process mechanisms of electrocodeposition [61]. The
particles are encapsulated by the combination of adsorption of particles and then their
electrochemical reduction. Guglielmi expressed a relation between the amount of

particles in the electrolyte and coating as shown in following Eq. 2.19:

C M xi

1
a zZXFx p XV, eXp(n(a B b)) (E * C) (2.19)

where o (vol%) is the amount of particle in the codeposit, n (V) is overpotential, a
and b are constants of Tafel equation (in V1) for metal and particle deposition,
respectively, C (vol% or g I™1) is the amount of particle in the electrolyte, p
(g cm™3) is the density of deposited metal, F (C mol™1) is Faraday’s constant, io
(A dm~2) is the exchange current density, k (1 g~1 or vol%™1) is the coefficient of
adsorption, M (g mol™?1) is the molecular weight of the deposited metal, z is the

valance of deposited metal, Vo (dm s~1) is the constant for particle deposition.

Other than Guglielmi’s model, various studies that applied models explaining how the
electrocodeposition mechanisms work were carried out. The whole models such as
Guglielmi [61], Buelens [62,63], Valdes [64] and Eng [65] cannot explain why the
particles are deposited into metal matrix. They all assumed that the particles are
adsorbed by ions and ions are reduced at cathode. Therefore, the particles are
codeposited to metal matrix. On the other hand, Fransaer’s model [66,67] had the
deficiency of the descriptions but his study agreed that the reason of the codeposition
is the adhesion force between particle and electrode. The additional model from Bercot
in 2002 [68] was brought forward for Ni-PTFE system as the enhancement for
Guglielmi’s model. The difficulties in explaining the mechanisms of the
electrocodeposition process are coming from the geometrical assumptions for which
particles are spherical in shape and flat surfaces. However, the considerations of the
heterogeneous geometries are of vital importance for modelling its mechanisms. In
2000, Vereecken et al. have been advanced another model for Ni-Al,O3 system [69].

It was indicated that the particle concentration or its transportation depended on the

17



convective diffusion. The effect of current density on the gravitational force and
hydrodynamics of particles was explained. It is applicable if and only if particle is

smaller than the diffusion layer shown in Figure 6.
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Figure 6 Schematic drawing of the general mechanism of electrocodeposition processes [70]

2.3.2 Ni-Al203 Composite Coatings

The incorporations of Al.O3z with metal coatings are popularly formed to enhance the
mechanical, tribological and physical properties. The alumina particles embedded to
nickel matrix has a critical effect on hardness, friction behavior, wear resistance and
corrosion resistances. All those property changes are related to the amount of Al,Os
particles in the coating. In the literature, many researchers have studied on how
operating parameters affect the particle content and how the particle content affects
the other properties [8].

It is stated that the hydrodynamics of the electrolyte during the deposition has a strong
effect on the amount of Al>O3 content in the coating and the distribution through the

surface [71]. Inert particles have a strong tendency to agglomerate in the plating
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solutions which have high ionic strength [72]. Nano-Al>Os particles used with SLS as
an anionic surfactant in nickel sulfamate solution increased the hardness and gave
better hardness result at 0.125 g/l SLS addition to the plating bath [73]. In another
study [74], the electrodeposition of Ni-Al.Oz composite coatings from Watts solution
with a cationic surfactant hexadecylpyridinium bromide (HPB) was investigated. The
zeta potential increased with the addition of HBP up to a certain concentration of HBP
(150 mg/l), which resulted in a composite coating with a higher hardness and better
wear resistance. However, after 150 mg/l HBP, mechanical properties deteriorated
[74]. Al203 powders can be synthesized by different methods and each method yields
different phases of alumina; a, y, and o. Better mechanical properties were obtained
when a-Al203 powder was used as the reinforcement material when compared to other
phases [75]. The amount of Al.Oz in the nickel matrix is directly related with the
mechanical properties and morphology. Hardness and wear resistance increase with
increasing the amount of alumina while the COF decreases which means alumina acts
as a sort of solid lubricant [76]. Furthermore, increase in the amount of alumina results
in decreasing grain size which is another reason for increase in hardness of the nickel

coatings due to grain boundary strengthening [76].

There are several studies in the literature for electrocodeposited Ni-Al>O3 composite
structures. Most of these studies focused on Watt’s plating bath and only some of them
are cited here [74,76-80]. There are comparatively fewer studies for sulfamate plating
bath [73,75,81-84] and none of these studies used ALS as the surfactant agent.

2.4 The Effect of Operating Parameters

The operating parameters such as current density, pH, the amount and the
characteristics of the second phase particles, additives and the hydrodynamics are
critically important to produce composite coating having desired properties. The
relation and interrelation between these parameters are very complicated and hard to
be modelled. Therefore, a few studies are concentrated on the reproducibility of

electocodeposited particle concentration of the coatings [67,85]. Some of the studies
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focused on the regulation of the hydrodynamic effects by giving rotational movement
to electrodes [48,86—-89]. Many researchers studied on how to find the particle content
in the coating by using some analytic methods such as gravimetric analysis [90,91],
XRF [48], atomic absorption spectroscopy [92-94] and other microscopy techniques
[95,96]. One of the studies mentioned the ability to determine the content of the

particles with 0.02 wt% sensitivity and a proper accuracy [93].
2.4.1 Current Density (i)

The current density is probably the most researched portion of electrocodeposition
[97]. The current density has so much importance on metal deposition rate and the
amount of incorporated particles [98]. As mentioned in the previous parts, the effect
of operating parameters depends on the type of the particle-electrolyte system and
there may be contradictions between the studies for different particle-electrolyte
systems. While the amount of particle incorporation increased with increasing current
density in Ni-TiO2 system [99], it decreased for Ni-diamond [100] and Ni-Cr [100].
The amount of incorporated particles has been observed as the minimum value at lower
current densities when the particle concentration in the electrolyte exceeded 100 g/l
for Cr-Al,O3 system [101]. Roos et al. [70] observed that when the incorporated
particle content was maximum, the current density was 2 A/dm? for copper-y-Al2O3
system, which was correlated with their model depending on the statistical
determination of the particle content. It was observed in Ni-Al>O3z system [78] that the
embedded particle content reached the maximum value upon increasing the current
density to 1 A/dm? and then dramatically diminished to lower values with further
increasing the current density. Apart from these studies, it was claimed that there was
no relation between current density and the embedded BaCr,O4 content in nickel
matrix [102]. Some studies have reported analyses of trends in current density and the
incorporation of the particles with metal matrix that the relation between those two can
be divided into three different steps; instant increasing with increase in current density
followed by dramatic decrease and then coming to the stabilization and a little
decreasing with further increasing of current density [86,103].
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Other than the effect of current density on particle content, several studies showed that
particles in suspension affects the current density itself due to polarization on cathode.
Some studies stated that the presence of the particles resulted in cathode depolarization
by using the same potential differences [47,88,104,105]. Furthermore, the reduction of
metal ion at cathode was hindered by the presence of particles closer to cathode at low
overpotentials [106]. On the other hand, the improvements of carrying of metal ions
due to the existence of the particles close to cathode occurred at high overpotentials
[107,108].

2.4.2 Operating Temperature and Potential of Hydrogen (pH)

It is argued that there was no impact of the operating temperature on particle
concentration of the coating for Ni-Al;O3 system [105,109]. On the other hand, for
other systems such as graphite and chromium matrix, the influence of the temperature
was observed that increase in embedded particle to Cr matrix occurred upon heating
the plating bath to 50°C [110]. Unlike Cr-graphite system, heating to 50°C had a
negative impact on particle content for the Cr-Al>Os system [111]. In addition, it was
stated that the maximum particle content was achieved at 50°C for Ni-V20s system
[112]. Ouyang et al. revealed no temperature impact on embedded particle content for

nickel - BaCr.O4 composite coating [102].

The influence of pH is not that important on the incorporation of inert particles as long
as the pH is higher than the 2, which is greatly supported by many studies [118], [122],
[123]. For example, dramatic decrease in particle content was resulted when pH was
below 2 in Ni-Al20s system [105]. Much of the -current literature on
electrocodeposition pays particular attention to the effect of pH on zeta potential.
Surveys such as that conducted by Man [115] in 2014 have shown that particles were
positively charged at pH below pH 8 while charge of the particles was negative at pH
more than 8. They also reported that the isoelectric point of alumina particles was
approximately pH 7.6. In addition, it was noted that particle incorporation was
hindered by more negative zeta potential. Moreover, the effect of pH on wear

resistance and friction coefficient have been investigated and given in the following
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parts. In addition, current efficiency critically decreases for Ni-SiC system at pH below
2 [116]. On the other hand, there was no effect of pH on particle content of the
codeposited BaSOs-Cu system, despite the fact that the particle concentration was

increased with increasing pH in the TI-Cu system [59].
2.4.3 Addition of the Second Phase Particles

It is stated in the literature that the particle type, shape, size, concentration and the
particle concentration in the electrolyte have an influence on the incorporation of the
particles with metal matrix. The amount of the second phase particle in the coating
increased with increase in the amount of it in the suspension [105]. A number of
researchers have reported the same results correlated with that statement for different
particles and metal deposition systems [117-121]. In addition, the amount of
deposition of titanium dioxide particles in Ni metal was approximately three times
higher than that of Al2O3 with the same parameters and the same electrolyte system
[117]. It was found that the a-Al>Os particles had much more tendency to codeposit
when compared to y-Al,Oz [45]. It was also examined that the higher amount of
particle concentration in the electrolyte resulted in more tendency to agglomerate and
it made hard to homogenize the particle distribution in the electrolyte causing the

difficulties in carrying the particles to cathode [122,123].

There are so much different results about the relation between particles size and the
amount of incorporation. Several studies have argued that the particle content in
composite coating increases with larger particles for different systems such as nickel
based or copper based electrocodeposition processes [91,100,108,114,124]. However,
it is claimed that the finer particles increases the amount of Al,Oz particle in the Ag
matrix [109]. In contrast to these studies, it was reported that there is no important
impact of particle size on the particle content of codeposit for nickel-alumina and tin-

nickel alloy-silicon carbide systems [121,125].

The physical properties such as electrical conductivity of the particles have influences

on the surface properties. Conductive particles act as an attraction site on cathode and
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make the cathodic deposition easy; however, since it causes more metal deposition on
the conductive particle, the surface roughness dramatically increases [126]. In contrast
to this, it is possible to form the surface with less roughness and porosity by embedding

nonconductive particles [126].
2.4.4 The Additives

Additives such as levelers, brighteners, stress relievers or wetting agents are used for
different purposes in the electrolyte. The levelers are organic additives which is
adsorbed by peaks on the surface and makes current densities on the grooves higher
than other areas [127]. Therefore, it preferentially fills the grooves and makes possible
to obtain smoother surface. The brighteners are the additives generally used for

decorative purpose.

The wetting agents and surfactants have vital importance for composite coatings due
to their effect on hydrodynamics and wetting conditions of suspended particles. In
addition to this, the surfactants prevent particles to agglomerate in the electrolyte. For
instance, the agglomeration of silicon carbide particles in nickel plating bath is
possible but prevented by the addition of SDS as an anionic surfactant [128]. Mostly
used surfactants are sodium dodecyl sulfate (SDS) [73], cetyltrimethylammonium
bromide (CTAB) [129], saccharine [129], hexadecylpyridinium bromide (HPB) [74],
and azobenzene (AZTAB) [130]. The dissolved surfactants in the electrolyte adsorb
on the surface of the particles in the suspension. In addition, the surfactants make
particle dispersion more homogeneous in the electrolyte and control their wetting
condition by floatation in the electrolyte [131]. It acts as a wetting agent for particles
and it is exclusively important to hydrophobic particles such as MoS. It was stated
that the incorporation of MoS, with nickel matrix is possible using sodium lauryl
sulfate as a wetting agent [132]. Moreover, because of easier reduction of azobenzene
when compared to nickel ions, the amount of second phase particles dramatically

increased by using azobenzene as a surfactant [130].
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It has been reported that the cationic surfactants such as benzyl ammonium salt is
adsorbed by MoS; to decrease its conductivity and resulting in more incorporation
with metal matrix and homogeneous distribution through the coating [133]. On the
other hand, the addition of the anionic surfactant SDS increases the amount of particle
in the coating and it has the maximum codeposition with the addition of 0.12 g/l [73].
More recently, literature has emerged publications that offer contradictory findings
about the surfactants. According to Weston et al., there is no impact of the addition of
SLS on particle incorporation, while the presence of cationic surfactant increases the

amount of particle in the coating [134].

2.5 Residual Stress, Wear and Friction Behaviors

The second phase particle has dominant importance on the mechanical and tribological
properties of composite coatings. The composite coatings have improved properties
when compared to metals electrodeposit processes without inert particles. The
enhancement of the properties depends on the type of the particle. Hard particles such
as diamond, Al>Og, SiC, ZrO,, or B4C are dispersed in the metal matrix to increase the
mechanical properties. In addition, the corrosion resistance, wear resistance, friction
behavior, hardness and surface roughness can be improved by the incorporation of

particles.

The higher wear resistance with better friction behavior and harder surface was
achieved by adding nano-diamond particles to nickel cobalt alloy matrix in Watts
solution [135]. Boron nitride particles provide superior lubricant behavior to nickel
matrix especially at high temperatures [136]. Nano alumina particles are embedded to
nickel matrix to improve mechanical properties [137]. However, nano particles has
higher tendency to agglomerate and the addition of HPB as a surfactant resolved this
problem and increased the amount of incorporated particles with nickel matrix. Nano
particles of SiC [138], La-O3 [139], Al.O3 [140], TiO, [141], diamond [135], CeO-
[142], TiC [143] are embedded to metal matrix and enhanced the mechanical, physical

and tribological properties of the composite coatings. Since pH affects the zeta
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potential of the particles, better mechanical properties: higher hardness, better wear

resistance and finer grains were achieved at pH 5 in a-AlO3 nickel matrix [115].

The internal or residual stress of the composite coatings had vital importance,
especially for electroforming methods since its original shape after removing mandrel
should not be distorted or it can fail due to overstress. In the literature, there are more
than one theory for the reasons of the residual stress such as lattice mismatch between
deposited metal and substrate or the second phase particle, the difference in thermal
expansion coefficient of metal and substrate, codeposited hydrogen during deposition,
the overpotential which is excess energy resulting in residual stress and crystalline
joining [144,145]. There are many methods to determine residual stress in the
literature. They are rigid or flexible strip, spiral contactometer, stresometer, X-ray,
strain gauge, dilatometer, hole drilling, holographic interferometry [144-147]. Some
steps to overcome the residual stress in the coating are to change the substrate or

electrolyte, add additives or increase the operating temperature [148].

The ratio of interatomic spacing of gold and silver is about 0.17% while it is much
more, about 13%, for Cu-Ag system resulting in higher residual stresses [149]. It is
reported that stress reaches to the steady-state above a certain thickness [150]. In other
words, residual stress decreases with an increasing coating thickness; in addition, it
decreases with finer grain size for substrate material [150]. It is also stated that it is
possible to obtain stress-free deposit by adjusting the phosphorous amount in the
coating [151].

It is argued that the order of increasing residual stress for anions in the electrolyte is
sulfamate, bromide, fluoborate, sulfate and chloride [150]. Furthermore, bromide
anions prevent the pitting in the deposit [150]. The stress decreases compressively with
the addition of surfactants such as aryl sulfonate and saccharin [149]. The residual
stress for nickel sulfamate solution varies from 410 to 17 MPa at 40°C operating

temperature respectively [16,152,153].
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CHAPTER 3

EXPERIMENTAL

3.1 Preperation of Sulfamate Solution and Pretreatment Steps

The sulfamate bath shown in Table 2 was used as the nickel plating solution, which
contained dissolved 350 g/l nickel sulfamate (Ni(SOsNH)..6H,O — 63035981;
Umicore, Belgium), 15 g/l nickel chloride (NiCl,.6H20 — 7791-20-0; Selnic, France),
30 g/l boric acid (H3BOs — Etibank, Turkey) and balance deionized water at 50 °C. In
addition to these, spherical alumina powder having less than 1 um particle size shown
in Figure 7 (SA1201 — Industrial Powder, USA) was used together with sodium
dodecyl sulfate (SLS — Sigma Aldrich, product no: 436143) and ammonium ligno
sulfonate (ALS — Tembec, ARBO 02) as surfactants at three different levels. Alumina
powder has three phases containing 38.1% y-Al203, 33.6% 0-Al.Ozand 28.3% 6-Al>03
as shown in Figure 8. When all these ingredients were mixed, pH of the solution was

measured as about 4.5.

Table 2 Composition and operating conditions of nickel sulfamate plating bath

Composition and Condition Content
Ni(SO3NH2)2.6H20 (g/l) 350
NiCl2.6H20 (g/l) 15
H3BOs (g/l) 30
Al>O3 powder (less than ~1 um) (g/l) 5:10:15
Sodium dodecyl sulfate (SLS) (g/l) 0:0.12:0.25
Ammonium ligno sulfonate (ALS) (g/l) 0:0.12:0.25
Water Balance
Current density (A/dm?) 2:5:8
Temperature (°C) 50
pH 4.5
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Figure 7 SEM image of submicron spherical alumina powder
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Figure 8 Xray diffraction pattern of alumina powder
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Composite coatings were deposited onto rectangular copper sheet (60mm x 25mm x
2mm) cathodes. A nickel plate (Falconbridge, 99.98% Ni) having a surface area of 5
cm? was used as the anode. Before coating, polished copper sheets were subjected to
hot water and soap to clean their surfaces. Afterwards, they were treated with 1M
NaOH to clean oil and dirt from the surface and then nitric acid 25% by volume was
used to activate the surface for plating. A 3M 470 electrochemical tape was used to
mask the sheets so that 5 cm? area was left uncovered for the coating process. For all
experiments, the distance between anode and cathode, immersion depth of the cathode
(copper sheet), and the thickness of the coating were kept constant at 4 cm, 3 cm, and
50 pwm, respectively, so as to examine the effects of ALS, SLS, current density and the
amount of added alumina at three different levels as shown in Table 2. SLS and ALS
were used as the surfactants to suspend alumina powders and distribute them
homogeneously in the electrolyte. In addition, the solution containing the alumina
powders was ultrasonically treated by Sonics Ultrasonic VCX 1500 HV for 30 minutes
prior to each experiment to prevent agglomeration of the powders. Afterwards, copper
substrate was deposited by Agilent B2901A Precision Source DC power supply.

The experiments were statistically designed by using full factorial design to determine
the effects of current density, amounts of ALS, SLS and their combination and the
amount of alumina particles in the electrolyte on hardness, wear rate and friction
coefficient of coatings. As shown in Table 2, three different levels were conducted for

those parameters and totally 81 experiments were done.

3.2 Simulation of Current Distribution on Cathode

Before starting the experiments, thickness distribution of the substrate materials for
nickel electrodeposition on both copper plates and strips that were going to be used to
measure residual stress were simulated by Comsol Multiphysics 5.2 software
electrodeposition package [154]. Thickness distribution on substrate indicates the
current distribution as well. Figure 9 shows that the current distribution of copper

plates increases at the side and especially at the corners due to edge effect. Therefore,
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all the characterization measurements for all samples were done from the central
region where current density was more homogeneous compared to other parts.
Moreover, copper strips have two identical arms and both arms have masks on
different sides to assure deposits only on opposite sides during electroplating. Figure
10 indicates that the current distributions are almost homogeneous through the surface
for thin copper strips. Very thin lines at the edges of the cathode have higher current
distribution as shown in below figure. Again the characterizations related to the current
distribution over the strips were done over the region where the current distributions

were homogeneous.
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Figure 9 Thickness distribution of electrodeposited nickel on copper substrate determined by
Comsol Multiphysics 5.2 software package
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Figure 10 Calculated thickness distribution of electrodeposited nickel on copper strips used
to measurements residual stress

3.3 Voltammetric Measurements

Gamry Reference 3000 Potentiostat was used to determine current density for nickel
electrodeposition and the effect of surfactants and alumina powders on the nickel
electrodeposition. Copper was used as cathode which is a working electrode while the
nickel anode was used as a counter electrode for Ni and Ni-Al>Oz deposition from the
cell schematically shown in Figure 11. The reference electrode was used Ag/AgCl.
The cell was conducted for the potential difference between anode and cathode with
respect to reference electrode. The effect of scan rate such as 25, 50, 75 and 100 mV/s
on measurements were investigated up to 2 V potential difference. A similar cell was
employed for electrodeposition to develop Ni-AlOs coatings for characterization

studies.
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Figure 11 Schematic view of experimental setup for voltammetric measurements

3.4 Characterization Techniques for Composite Coatings

Microstructures of composite coatings were analyzed by NIKON ShuttlePix optical
microscope and FEI Nova NanoSEM 430 scanning electron microscope and included
EDX unit. Chemical characterization was done by Fisherscope X-Ray XDV-SDD X-

ray fluorescence (EDXRF) measuring instrument and EDX analyses.

X-Ray diffraction patterns were obtained by Bruker D8 Advance X-Ray
Diffractometer having Cu Ka radiation at a wavelength of 0.154183 nm and the data
were collected over the 26 range of 10° and 110° with a rate of 2°/min. In addition to
this, hardness measurements were done by Shimadzu HMV- G21 Micro Vickers

Hardness Tester using 1.961 N shown as HVo_ in the rest of this thesis.

3.5 Measurements of Tribological Properties

Ni and Ni/Al>03 composite coatings were tested by CSM pin-on-disc tribometer under

dry sliding at room temperature with approximately 60% humidity. A schematic view
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is shown in Figure 12. Zirconia ball was used as a pin to wear the surface of the coating.
In all tests, a constant load of 5 N was applied at a sliding speed of 5 cm/s. The wear
track radius was 3 mm and the run lasted for 10000 laps which corresponded to a
sliding distance of 183.5 m. Calibrated shear stress sensor was demonstrated COF

values conducted by the amount of stress applied to sensor during measurements.

<—Normal load

Wear track Shear stress sensor
< \; Pin
«——Disk

Figure 12 Schematical representation of pin-on-disk test setup

Wear volume in mm?® can be calculated by two different methods. Firstly, it was
calculated by below formula shown in Eq. 3.1 using wear track radius ‘R’, wear track
width ‘d’ and pin end radius ‘r’. ASTM standard G99 assumes no pin wear [155].

d d 1
Volume loss = 2nR [rz sin~?! <§> - (Z) (4r® — dz)f] (3.1)
Secondly, cross sectional area of wear track was calculated from the 2D profile
obtained by Mitutoyo SJ-400 Profilometer Surface Roughness Tester. This area was
calculated by taking the average of area determined at different points of wear track.

Afterwards, the volume of the material worn out could be calculated by multiplying

the area with the circumference of the wear track which was measured from the center.
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Other than surface roughness, 3D surface profile was conducted by using high
performance atomic force microscope (hpAFM) of NanoMagnetics Instruments.

Measured area was 20x20 um in dimensions and it was scanned at 10 pm/s rate.
3.6 Residual Stress Measurements

The instrument of Speciality Testing & Development Company called Deposit Stress
Analyzer (model 683) and copper alloy test strips PN1194 as shown in Figure 13(a)
were used to measure residual stress of the composite coatings. 5x5 cm nickel anode
(Falconbridge, 99.98% Ni) was used to electrodeposit Ni-Al>O3 on copper test strips
by using Agilent B2901A Precision Source to apply direct current.

The residual stress revealed by incorporated Al>O3 particles with nickel matrix were
investigated by deposit stress analyzer. Copper strips were used to calculate residual
stress via the distance between its arms which is called number of increments (U). The
residual stress can be calculated as follows Eq. 3.2:

U
Res.Str.(psi) = —— x K (3.2)

3 (5s) X 0-394 inch/cm

where U is the number of increments, W is the weight of deposit (g), D is the density

of the deposited metal (g/cm?), A is the plated area (cm?), and K is the correction
factor. In this case, the plated area of the strips was equal to 7.74 cm? and the correction
factor was 1.7143.

Figure 13(b) shows position of the arms of the copper strip after electrodeposition.
Each arm has plated side and resist side. The type of the residual stress tensile or
compressive can be determined from the positions of arms as shown in Figure 13(b).
All the samples were in tension residual stress in present case as a representative

sample illustrated in Figure 13(a).
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(a) (b) Tensile Compressive

Plating Plating Resist Resist

Resist Plating

Figure 13 (a) A picture of deposit stress analyzer and copper test strip (b) Type of the
residual stress with respect to the position of arms of the copper strip

The effects of current density, pH, the amount of ALS in the electrolyte were
investigated by statistical full factorial design for which levels of parameters are listed
in Table 3. Totally, 18 experiments were conducted to investigate the effects of above

parameters on residual stress of the composite coatings.

Table 3 Parameters and their levels for full factorial design of residual stress measurements

Parameters Level
Ammonium ligno sulfonate (ALS) (g L) 0:0.12:0.25
Current density (A dm?) 2:5:8
pH 35:45
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Voltammetric Studies

Linear sweep voltammetry was conducted to understand the effects of addition of
anionic wetting agent and alumina powder to a typical nickel sulfamate solution. The
results are given in Figure 14 and Figure 15 as positive cathodic currents. Figure 14
shows the effect of scan rate on the polarization curve between 25 and 100 mV/s. The
potentials corresponding to cathode reactions are well-determined for the electrolyte
containing wetting agent and Al>Os powders when the potential scan rate was 100
mV/s. It can be seen in Figure 15 that reaction for deposition of nickel becomes more
anodic and takes place at lower voltages due to 50 mg/l SLS wetting agent and 10 g/l
Al>O3 powder additions to the typical sulfamate solution. When alumina powder was
added to the sulfamate solution containing wetting agent, there was a shift of the
reaction potential to lower values. Nickel electrodeposition shifts by about 0.1 V
similar to that was reported in Watts solution [156]. If the electrolyte contains wetting

agent and alumina powder, electrodeposition reaction becomes more anodic.
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Figure 14 Linear potential sweep curves of a typical nickel sulfamate solution at different
scan rates
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Figure 15 Linear potential sweep curves showing the effects of SLS and alumina powder
addition to nickel sulfamate electrolytes
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4.2 Mechanical and Tribological Investigations

All the mechanical and tribological investigation results of coatings: hardness, wear
rate and COF are listed for experimental conditions determined from DOE in Table
A.1 of Appendix A.

Figure 16 shows the typical cross sectional and surface images of coatings. This
coating was formed at 2 A/dm? current density without SLS or ALS, and found to
contain 9 wt.%Al>0s determined by EDS taking the average of 5 different
measurements one of which is shown in Figure 17. Table 4 demonstrates related Al
and Ni content for the composite coating shown in below figure. As seen in Figure 16,

Al>O3z particles were dispersed fairly homogeneously through the nickel matrix.

Cu substrate

Figure 16 (a) Cross-sectional and (b) Surface images of the Ni-9 wt.%Al,03; composite
coating produced at 2 A/dm? current density without any surfactant

Table 4 Representative EDS result for Ni-9 wt.%Al,O3 composite coating

Elements Ni Al
Wt. % 97.45 2.55
At. % 94.61 5.39
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1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keV

Element Wt % At % K-Ratio z a F

AIK 2.63 5.55 0.0060 1.0611 0.2169 1.0000
NiK 97.37  94.45 0.9713 0.8976  0.999%  1.0000
Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error /B
AlK
Nik

31.20 14.05 3.90 2.22
987.08 14.30 0.51 69.02

Figure 17 Representative EDS measurement for Ni-9 wt.%Al,O3; composite coating

4.2.1 Hardness

It is generally observed that increase in current density increases the hardness in the
electrodeposition processes. As the current density increases, the nucleation rate of the
metal atoms on the cathode increases and the average crystallite size of the coating
decreases. This causes the grain boundary strengthening which is described by well-
known Hall-Petch relationship between the strength of the material and the grain size

shown in Eq. 4.1.

oy = 0y + kyd /2 (4.1)
where oy is the yield stress, oo iS a material constant for the starting stress for
dislocation movement, ky is the strengthening coefficient and d is the average grain
diameter. The hardness of the nickel coatings increased with increasing current density
and varied between 270 and 320 HV. As the grain size became smaller with increasing
current density [157], inhibition of dislocation motion caused increase in hardness.
However, the hardness of the composite coatings dominantly depends on the amount

of second phase ceramic particles in the composite coatings.
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The hardness of the nickel coating without surfactant had lower value at 2 A/dm?and
higher value at 8 A/dm? illustrated in Figure 18a, as expected. Figure 18a shows a
particular trend where hardness decreased with increasing current density independent
of the amount of ALS in the case of composite coatings. This can be explained with
the fact that ALS addition was more effective at lower current densities for
incorporation of alumina particles into the coating; however, its presence decreased
the hardness of the coating at higher current densities; e.g. 8 A/dm2. The measured
hardness values were also supported by SEM micrographs given in Figure 18b, Figure
18c and Figure 18d. As can be seen in these figures, the amount of Al,O3 particles

present in the coating decreased with increasing current density.

600

1 x (a) o ALSOg/L
5504 L o ALS0.12g/L
A ALS 0.25 g/L
500 7 Ni Coating
<5 450 - i
I
2 400- l
(O]
(=
; :
@
T 350+ - %
¥
300 —
250 I 1 1 I 1 I 1

Cu substrate

Figure 18 (a) The effect of current density with and without surfactants on hardness. Cross-
sectional SEM images of the coatings with 10 g/l Al,O3, 0 g/l SLS and 0.25 g/l ALS at (b) 2
A/dm?, (c) 5 A/dm?and (d) 8 A/dm?
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The regression equation on hardness, calculated from results given in Table A.1 of

Appendix A in terms of parameters covered in this study is shown in Eq. 4.2:

HV,, =430 —15A—19B —110C + 470D (4.2)

where A is the amount of second phase particles in plating bath (g/l), B is the current
density (A/dm?), C is the amount of SLS addition and D is the amount of ALS addition
to the plating bath (g/l). According to Eq. 4.2, the ALS addition has a dominant effect
on hardness with a factor of 470 while the SLS addition has a negative effect with a
factor of 110. Similar to Figure 18a, the regression equation shows that the increase in
current density decreases the hardness of the composite coatings. In addition, the
amount of second phase particles in plating bath has negligible effect on hardness with
a factor of 1.5. The statistical significance of the fit was not critisized here because it

was not attempted to include possible cross-correlations of the parameters on hardness.

Figure 19 shows the interrelations between all parameters on hardness. The
interrelation between ALS addition and current density was also given in Figure 18.
However, the relation given in Figure 20 differs from the given interaction plot,
because interaction plots show average values of hardness measured at given current
density and ALS amonunts regardless of the other parameters. Small effect of the
amount of second phase particles in the electrolyte can also be seen in Figure 20. The

effect of SLS cannot easily be identified since its effect depends on others as well.

The mean effects of all parameters on hardness of coatings calculated from the results
of 81 experiments given in Table A.1 of Appendix A are shown in Figure 20. Each
point in this plot represent the average of 9 data points from the interaction plot given
in Figure 19. The amount of the second phase particles in an acidic sulfamate solution
does not have much influence on hardness values. The amount of second phase
particles in plating bath generally affects the particle concentration in the coating;
however, it may not be considered as being in general due to interrelation effects of
four parameters that affect all the properties of composite coatings. In addition,

composite coatings have higher hardness when they are formed in electrolyte without
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SLS. Progressive addition of SLS decreases the hardness first and then increases.
Consequently, increasing order of the effects of parameters on hardness with respect

to mean values are in accord with Eq. 4.2.

Interaction Plot for Hardness (HV0,2)
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Figure 19 Interaction plot for hardness
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Figure 20 The mean effects of design parameters on hardness of the composite coatings
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Considering the effects of current density and the addition of ALS, on hardness, it was
seen that hardness of the composite coatings become higher at lower current densities
and higher amount of ALS addition. Therefore, this is in agreement with the
observations that amount of alumina particles in the coatings reaches the maximum
values at current densites of 2 A/dm? and 1 A/dm? for copper and nickel matrix,
respectively, which is supported by modelling of incorporated particles in nickel
matrix [70,78]. Furthermore, extrapolation of the interactions between all parameters
are given as area counter plots for hardness measurements in Figure B.1 to Figure B.6
of APPENDIX B.

4.2.2 Wear Rate

Hardness of the composite coatings without surfactants slightly decreased with
increasing current density. Similarly, the wear rate for those coatings did not change
to a significant extent with current density as shown in Figure 21. On the contrary,
addition of ALS had a profound effect on the wear rate. The wear rate was higher at
lower current densities without surfactants and with the addition of 0.12 g/l ALS.
However, further addition of ALS and the combination of ALS with SLS, the lower
current densities resulted in a lower wear rate for the composite coatings (see Figure
21 and Figure 22). In Figure 18, the highest hardness value was achieved at 2 A/dm?
and 0.25 g/l ALS. It is seen in Figure 21 that this coating also had the lowest wear

rate.

Figure 22 shows the effects of the amount of SLS on wear rate when the amount of
ALS was constant at 0.25 g/l. Similar to ALS, the addition of SLS first decreased the
wear resistance at all current densities. However, when the amount was increased to
0.25 g/, wear resistances increased to levels attained at zero SLS. The lowest wear
rate was measured as 0.0210 mm3/N/m when the addition of 0.25 g/l SLS was
combined with 0.25 g/l ALS at 2 A/dm?,

44



00384 O 2A/dm?
] o 5A/dm? B
00364 & 8A/dm?
. 0.034 - ) Y
E : i
Z 0.032- ) T
L e RSN
S 1 / e Ty
/ . N
E 0030 i e N
% J ls e “\5%
r 0.028] S VO
E ) /////} LU &
0.026 - e YN
s ome) g \
5\
0.024 .
A s
0.022
, . . . . :
0.0 0.1 0.2 0.3

The amount of ALS in the electrolyte (g/L)

Figure 21 The effect of current density and the amount of ALS on wear rate
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Figure 22 The effect of current density and the amount of SLS combined with 0.25 g/l ALS
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As mentioned above, the main purpose of the addition of the surfactants was to adjust
the amount of uniformly distributed Al2Os particles through the coating, because the
amount of Al>Os particles superiorly affects the hardness, wear rate and COF. Figure
23 shows the importance of the amount of Al>O3 on wear properties. The weight loss
and the corresponding wear rate of composite coatings diminished to about half of the

nickel coating when Al;O3 content was close to 9 wt.%.

Figure 24(a), (b) and (c) indicate the differences in width of the wear tracks and their
depths from surface profiles for coatings at current densities of 8, 5 and 2 A/dm?,
respectively. It can be noted that the width of the tracks gets narrower and shallower,
which indicates higher wear resistance at lower current densities. This also supports
the wear results calculated by using width of the tracks from SEM images, since the

cross-sectional area of the tracks became smaller with decrease in current density.
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Ni coating 4.6% Al,O, 6.7% Al,O, 9% Al,O,

Figure 23 The effect of Al,O3 content on weight loss of coating after 183.5 m sliding
distance
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Figure 24 SEM images and surface profiles of the wear track of the composite coatings at
current densities of (a) 8 (b) 5 (c) 2 A/dm? with 0.12 g/l SLS and 0.25 g/l ALS

The regression equation on wear rate, calculated from results given in Table A.1 of

Appendix A in terms of operating parameters is shown in Eq. 4.3:

Wear rate x 103 (mm3/N/m) = 27.7 + 0.2 A
—-01B—-27C—6.7D
where A is the amount of second phase particles in plating bath (g/l), B is the current
density (A/dm?), C is the amount of SLS addition and D is the amount of ALS addition
to the plating bath (g/l). As shown in Eq. 4.3, all the constants are small due to small

(4.3)

amount of wear determined for the samples. However, small decreasing effects of all
parameters except amount of second phase in the electrolyte can be seen in this
equation. The negative effect on wear rate means higher wear resistance. On the other
hand, SLS addition has a negative important effect on wear rate with a factor of 0.0027.
Since the results for wear rate are more complex than hardness and the amount of wear
recorded were small, the statistical significance of the fit was not critisized. On the
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other hand, although the factors are not accurate, it may be used to show the effects of

parameters on the wear rate.

It should give more understandable perspective by analyzing the parameters one by
one as the previous findings for wear rate of coatings (see from Figure 21 to Figure
24). However, the effects of operating parameters are more explicable for some
parameters when the counter plots are examined. For example, the composite coatings
having better wear resistance meaning lower wear rate are formed at higher ALS
concentration, lower SLS concentration, lower current density and lower amount of
particle in the electrolyte as seen in Figure B.7 to Figure B.9 of Appendix B. In addition
to that, it is generally related to hardness values. Composite coatings having higher
hardness has the higher wear resistance. The higher hardness may cause less wear from

the surface because it cannot penetrate to harder surfaces easily during measurements.

Figure 25 shows that mean results of 81 experiments which is the average of 9 different
results from interaction plot in Figure C.1 of Appendix C, when higher amount of
alumina particles were present in the electrolyte, the wear rate increases. There is not
a substantial effect of current density for the mean results and the wear rate changes
between 0.0282 - 0.0277. In addition, the wear rate decreases with increasing the
amount of SLS. On the other hand, the ALS has more dominant but similar effect on

wear rate to SLS.
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Figure 25 The mean effects of design parameters on wear rate of the composite coatings
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4.2.3 The Coefficient of Friction

Figure 26 shows variation of the COF with the current density at ALS concentrations
of 0, 0.12 and 0.25 g/l. The effect of ALS concentration on COF was very small at 2
A/dm? current density. However, COF showed higher deviations at 5 and 8 A/dm?
when more ALS was added. Increasing the current density to 8 A/dm? yielded a
decrease in COF values for 0 and 0.12 g/l but an increase for 0.25 g/l ALS. The COF
values for 0, 0.12 and 0.25 g/l ALS were approximately 0.425, 0.489 and 0.511,
respectively, at the current density of 5 A/dm2 The measurements recorded during
these tests are displayed in Figure 27 as a typical example. Other measurements
showing the effect of current density and the amount of SLS addition are given in
Figure C.3 and Figure C.4 in APPENDIX C.
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Figure 26 The effect of current density on COF at three different levels of ALS without SLS
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Figure 27 Recorded COF values during measurements at 5 A/dm? current density without
SLS

The regression equation on the coefficient of friction calculated from results given in
Table A.1 of Appendix A in terms of operating parameters is shown in Eq. 4.4:

COF =0.481 — 0.0034 — 0.001B — 0.074C + 0.104D (4.4)

where A is the amount of second phase particles in plating bath (g/l), B is the current
density (A/dm?), C is the amount of SLS addition and D is the amount of ALS addition
to the plating bath (g/l). According to Eq. 4.4, the increase in ALS gives rise to the
COF with a factor of 0.104. On the other hand, other parameters have smaller negative
effects on COF. The extrapolated results for all interactions between the operating
parameters are given as counter plots in Figure B.10 to Figure B.15 of APPENDIX B.
On the other hand, although the equation does not have a good fit with the results, it

still indicates which one is more effective on COF than the others.

SLS combined with 0.25 g/l ALS at three different levels strongly affected the

properties of coatings. Itis clearly seen in Figure 28 that COF increases with increasing
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the current density if the only surfactant is 0.25 g/l ALS. This trend was completely
reversed and COF decreased with increasing current density when 0.12 g/l or 0.25 g/l
SLS was combined with 0.25 g/l ALS. It is also seen that the coating having the lowest

COF value, among the present results, was obtained when the amount of SLS was 0.12

g/l.

As mentioned in above figures related to COF, the parallel results were obtained from
main effects plot in Figure 29. The main effects plot show mean COF values of the
interaction plot shown in Figure C.2 of Appendix C. In addition to these results, when
the amount of second phase particles in the electrolyte was 5 g/l, the COF of the
composite coating became higher. COF increases with an increase in ALS addition to

electrolyte since it increases the alumina concentration in the coating as well.
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Figure 28 The effect of SLS concentration combined with 0.25 g/l ALS on COF at three
different current densities
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Figure 29 The mean effects of design parameters on friction coefficient

Considering the pure nickel coating having a COF of 0.678 measured at the identical
conditions shown in Figure 27, composite coatings have generally lower COF due to
the presence of alumina particles in the nickel matrix. It is reported that the reason of
this lower COF may be due to good interfacial bonds between matrix and alumina
particles, finer surface morphology resulting in decreasing the stress between the
friction couples and the effect of spherical alumina powders during measurement on
pin-on-disk [158,159]. It is also stated that the COF strongly depends on the type of
the current, the current density and sliding speed. The COF drops below 0.2 at higher
sliding speed for the nickel-alumina system [160]. Furthermore, the addition of SiC to
nickel matrix lowers the COF value compared to pure nickel coatings since the hard
ceramic particles acts as a barrier and decrease the direct contact between abrasive
surfaces [138].

4.2.4 Surface Roughness

Since the conducting particles acts as a deposition site on cathode, they can be easily
trapped by matrix when compared to non-conductive particles such as Al.O3 [126].
Due to this electrostatic attraction of conducting particles at cathode, they increase the
surface roughness while non-conductive particles decreases [126]. Measurements
were conducted to understand the change in the surface roughness. Increase in alumina
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content of the composite coating slightly decreased the surface roughness as shown in
Table 5 because alumina is a non-conductive ceramic particle. Topographical analysis
was done to determine decreasing effect of incorporated alumina particles on surface

roughness [158].

Table 5 Average roughness results in terms of alumina content in the coating
Coating Ni Ni-4.6%AI20s  Ni-6.7%Al.03 Ni-9.0%Al,03
Ra(um) 0.49+0.01 0.47 £0.01 0.42 +£0.01 0.37 £0.01

4.3 Residual Stress of Composite Coatings

All residual stress experiments were done in electrolyte containing 10 g/l alumina
particles. The effect of ALS, current density and pH on residual stress of the composite
coating were studied by 18 experiments as shown in Table 6 and it was designed by
full-factorial statistical design of experiment for three factors. Coating thickness on

copper strips was approximately 15 um for all measurements.

Table 6 Operating parameters and measured residual stress values

ALS (g/l) i (A/dm?) pH Res. Str. (MPa)
0 2 3.5 17.47+1.93
0.12 2 3.5 83.29 + 1.97
0.25 2 3.5 175.08 + 2.86
0 2 45 6.03 +0.61
0.12 2 4.5 66.18 +1.72
0.25 2 4.5 153.8+4.19
0 5 3.5 35.31 +2.06
0.12 5 3.5 62.26 + 2.07
0.25 5 3.5 94.13 £ 2.07
0 5 45 15.81 + 0.61
0.12 5 4.5 445 +1.40
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Table 6 (continued) Operating parameters and measured residual stress values

0.25 5 4.5 84.94 + 4.08

0 8 3.5 41.15+2.10
0.12 8 3.5 70.28 +£2.13
0.25 8 3.5 85.14+£2.11

0 8 4.5 16.79 £ 0.66
0.12 8 4.5 29.12 +0.63
0.25 8 4.5 86.03+4.14

The regression equation for residual stress calculated from above table in terms of

operating parameters is shown in Eq. 4.6:

Res.Str.(MPa) = 115+ 3654A—-48B —18C (4.6)

where A is the amount of ALS (g/1), B is the current density (A/dm?) and C is the pH.
ALS addition has a positive and dominant influence on residual stress with a factor of
365 while current density and pH have negative effects with smaller factors of -4.8
and -18 respectively, when compared to ALS addition. The statistical analysis of above

regression equation showed a fit with an R-square value of 0.802.

Since the properties of the composite are considerably influenced by the residual
stress, it is better to be under control [161]. The residual stresses for composite coatings
arise from the difference between lattices of matrix and the second phase particles, the
difference in thermal expansion coefficient between matrix and substrate and stress
due to plating bath or its conditions [162]. In general, Ni-based coatings such as alloys
or composite coatings have the residual stress in tension [163-167]. However, it is
reported that the residual stress can be in tension or compression with respect to type
or composition of plating bath or operating parameters [158,162,163]. In this study,
all the residual stresses were in tension. The interrelations of the parameters are shown
in Figure 30. It is clearly seen that the residual stress decreased with increase in pH
and current density. As mentioned above, more alumina could be deposited at lower

current densities because deposition rate of the nickel coating was lower at lower
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current densities. Therefore, those coatings had better hardness, wear resistance, lower
COF and smoother surface. The more alumina content at lower current densities and
higher ALS addition resulted in higher residual stress due to higher amount of alumina
particles in the composite coatings. In addition, ALS addition had a little impact on
residual stress without alumina particles and it may make the coatings more brittle.
The sulfamate plating bath typically provides lower residual stress but addition of ALS
and alumina particles caused higher residual stresses. The reason for increase in
residual stress may be larger crystal structure of alumina particles than nickel. The
alumina particles may distort the nickel crystal structure resulting in higher residual

stress.

The counter plots, statistically extrapolates the residual stress results for the values
within the design parameters as shown in Figure B.16 to Figure B.18 of APPENDIX
B. The effects of operating parameters such as pH, the amount of ALS in the electrolyte

and the current density on residual stress can be followed from these graphs.
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Figure 30 Interaction plot for residual stresses
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The main effects plots shown in Figure 31 were determined by taking the average of
9 points for related parameter from the interaction plots in Figure 30. It is concluded
that the residual stress is lower at lower ALS addition, higher current density and

higher pH values.

Main Effects Plot for Residual Stress (MPa)
Fitted Means
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Figure 31 The mean effects plot for residual stress

Other than operating parameters, another parameter that affects the residual stress is

the coating thickness. The residual stress decreases with increase in thickness as shown

in Figure 32 due to the distribution of the residual stress resulting from the lattice

mismatch between alumina particles and nickel matrix over a larger area [40,167,168].
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Figure 32 The effect of coating thickness on residual stress at pH of 3, the addition of 0.25
g/l ALS and the current density of 8 A/dm?

4.4 Morphological and Crystallographical Investigations

In previous parts, it was discussed that increase in Al>O3 content of composite coatings
decreased the surface roughness. Figure 33 indicates that the composite coatings
deposited at lower current densities had quite smoother surface compared to deposits
at higher current densities. The results could be related to alumina content as well since
the composite coatings had higher hardness values at lower current densities with ALS
addition due to incorporation of more Al>Oz. The presence of alumina particles in the
nickel matrix inhibits the growth of matrix on the particles due to its non-conductive
behavior. For more detailed analysis, some measurements were conducted via AFM
to study on morphology and surface roughness of composite coatings shown in Figure

33 and it supported the other results mentioned above.
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The grain size of the pure nickel coatings depends on the nucleation rate of the
deposition; in addition, nucleation rate increases with increasing current density.
Therefore, the grain size becomes finer when more nickel nucleates at limited growth
rate. On the other hand, the growth of the grains is inhibited by the presence of the
second phase particles for Ni-Al.O3 system. Higher alumina content at lower current
density shown in Figure 34 may be the result of lower grain size at lower current
densities. It also represented the morphology of the composite coatings. It is clearly
seen that the nodular grains nucleated and grew on copper substrate at lower current
densities with the addition of anionic surfactants. Surface analysis conducted by AFM
also supported this result as shown in Figure 34. In the literature, it is argued that the
nodular morphology was revealed due to low Co content for Co-Ni-AlO3 system
[169]. They also stated that the morphology was regular not nodular without the
presence of alumina particles. Therefore, it may be said that the composite coatings
having nodular grains have more alumina content, which is the idea supported by

higher hardness values at lower current densities.

The morphology and the crystallography of the composite coatings can be influenced
by the current density, type of the current, the second phase particles, the additives,
and the bath composition [169-171]. It is stated that the surface roughness decreases
when the nucleation rate decreases. The reason for this argument may be the finer
grains with limited growth rates resulting in the smoother surface. It is also reported
that the cathodic polarization become higher due to the interaction between Al>03
particles and cathode and this makes the grains finer [169]. However, Shakoor et al.
stated that the Al.O3 addition indicates the increase in surface roughness for Ni-B-
Al>Os system [170]. The reason of opposite effect of alumina particles on roughness
between Ni-B-Al>03 and the present study may be the presence of boron together with

nickel or the difference in the particles size of the alumina.
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Figure 33 Surface analysis via AFM to understand the effect of current density of (a) 2, (b) 5
and (c) 8 A/dm? at 0.25 g/l ALS addition, (d) 2, (¢) 5 and (f) 8 A/dm?at 0.12 g/l SLS
combined with 0.25 g/l ALS and 10 g/l Al,Os in the electrolyte
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Figure 34 Surface analysis via AFM and SEM images of composite coatings at (a) 2, (b) 5
and (c) 8 A/dm?at 0.12 g/l SLS combined with 0.25 g/l ALS and 10 g/l Al,Og3 in the
electrolyte
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Figure 35 and Figure 36 demonstrates the comparison of XRD patterns of composite
coatings deposited from electrolytes of different concentrations of surfactants at
different current densities. Previous results given in Figure 33 and Figure 34 indicated
that the nodular grains were formed at lower current densities. When the grains were
preferentially oriented on (111), (220) and (311) instead of (200) along with weak
(111) as same as the Ni coating as shown in Figure 37, they were grown as nodular at
lower current densities with the addition of surfactants, which is supported by some
studies in literature for Ni-Al>O3 systems [75,172,173]. Crystallographic orientations
of composite coatings were affected by bath compositions, additives, and the second
phase particles [40,174]. It is reported that growth on (200) plane was favored for
nickel coatings, and this tends to have lower residual stress [40]. Moreover, growth on
these planes makes the coating more ductile, softer and less residual stress
[51,175,176]. Nickel coatings generally oriented on (200) and (111) diffraction planes
while the addition of SiC to nickel matrix reinforced the (111), (220) and (311) planes
[138].
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Figure 35 XRD patterns showing the effect of current density on crystallography of
composite coatings at 0.25 g/l ALS
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Figure 37 XRD pattern of Ni coating at a current density of 2 A/dm? without surfactant
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Metastable BCC Ni’ phase was grown on copper substrate as shown in Figure 35,
Figure 36 and Figure 37 [177-179]. It can be seen that the metastable phase can be
grown in the composite coating or the pure nickel deposition process. It is more
favorable at higher current densities while suppressed or not grown at lower current
densities with the presence of anionic surfactants as shown in Figure 35 and Figure 36.
It is also reported that metastable BCC nickel phase was grown on (001) plane of iron
[177]. This metastable BCC phase of nickel has a lattice parameter of 2.76 A [179].
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CHAPTER S

CONCLUSION

Nickel matrix composite coatings incorporated with submicron alumina particles were

electrodeposited using acidic sulfamate solution.

Addition of anionic surfactants caused the reaction for electrodeposition of nickel to
more anodic values. Furthermore, addition of alumina powder to sulfamate bath with

wetting agent provided the reaction to be more anodic as well.

As opposed to typical nickel coatings, the hardness decreased with increasing current
density with the addition of ALS and SLS combined with ALS. COF values also
decreased with an increase in current density without surfactants. The addition of ALS
at a constant current density increased COF. When SLS was combined with ALS, COF

values first decreased and then increased with further addition of SLS.

Wear resistance of the composite coatings had a more complex relation with current
density and surfactants. Wear resistance was higher at higher current densities and
lower amounts of surfactants. However, better wear resistance values were obtained at
lower current densities, when the amounts of ALS and SLS were progressively
increased. Furthermore, it was found that wear behaviors of the composite coatings

strongly depended on the amount of deposited alumina particles.

The presence of alumina powders in the composite coatings increased the residual
stress. As for other process parameters, residual stresses decreased at lower pH, higher

current density, lower ALS addition and higher coating thickness.

The preferred orientations became (220) and (311) at lower current densities with the

presence of anionic surfactant additions when more alumina particles were present.
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Nodular instead of regular shape grains grew at that preferred orientation. Nodular

grains had better mechanical and tribological properties but higher residual stress.

Some studies might be suggested for further investigation of the Ni-Al.Os. For
instance, zeta potential measurements to understand the deposited mechanism of
alumina particles and their effect on the properties, the effect of pulse or pulse-reverse
current on the properties and deposited alumina concentration and deposit mechanisms
of different alumina phases such as a-, B-, y-, - and 6-Al.O3 might be studied to
understand the deposition mechanism of alumina particles into the nickel matrix

deeply.
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APPENDIX A

Results of Properties of Composite Coatings

Table A.1 Overall results for hardness, wear rate and COF

Al,O3 Particle i SLS |ALS| Hardness COF Wear rate x 108
(o/) (A/dm?) | (g/l) | (g/l) (HVo.2) (mm3/N/m)
5 2 0 0 439 £ 17 0.475 41.95+0.19
5 5 0 0 377+ 10 0.436 32.81+0.12
5 8 0 0 363+9 0.514 33.42+0.11
5 2 0 |0.12] 426+12 0.456 27.13+0.17
5 5 0 |0.12] 373+11 0.539 27.8 £0.09
5 8 0 |0.12| 358+14 0.407 29.1+£0.13
5 2 0 [0.25| 446+13 0.526 25.35+0.14
5 5 0 |0.25| 411+19 0.472 25.52+0.12
5 8 0 |0.25| 358+14 0.519 24.67+0.11
5 2 012 0 269+ 5 0.375 26.48 +0.08
5 5 012 0 247 + 8 0.361 26.37+0.11
5 8 012 0 246 £ 9 0.525 24.48 + 0.06
5 2 0.12 | 0.12| 447+ 19 0.596 23.82+0.1
5 5 0.12 |{0.12| 336+ 10 0.544 27.7+0.15
5 8 0.12 |{0.12| 295+9 0.391 27.51 +£0.09
5 2 0.12 {0.25| 500+ 14 0.414 24.25 +0.06
5 5 0.12 {0.25| 405+23 0.661 21.78 £ 0.07
5 8 0.12 {0.25| 3317 0.392 28.86 £ 0.1
5 2 025| O 241 £ 5 0.411 23.77 £0.16
5 5 025| O 253+ 14 0.453 26.51 £0.12
5 8 025| O 250+ 7 0.444 28.74 £0.13
5 2 0.25(0.12| 375+£5 0.419 27.22 £0.09
5 5 0.25(0.12| 3747 0.419 30.14 £0.12
5 8 0.25(0.12| 313+15 0.483 27.05+0.12
5 2 0.25|0.25| 546+ 16 0.413 29.13 £ 0.04
5 5 0.25]0.25| 4104 0.478 26.38 £0.21
5 8 025|025 372+£5 0.561 23.09+0.12
10 2 0 0 282 +7 0.447 25.77 £ 0.07
10 5 0 0 370+ 13 0.425 25.53 £0.05
10 8 0 0 298 £ 15 0.361 25.19 £ 0.09
10 2 0 |0.12| 459+26 0.457 37.02+0.18
10 5 0 |0.12] 366=+10 0.489 32.5+0.16
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Table A.1 (continued) Overall results for hardness, wear rate and COF

10 8 0 012 329+ 14 0.464 29.91+0.14
10 2 0 [025| 560+12 0.442 22.72+0.1
10 5 0 |0.25| 406 +27 0.511 25.68 = 0.13
10 8 0 [025| 344+13 0.55 27.3+0.07
10 2 012 | 0 285+ 10 0.447 30.12 £0.17
10 5 012 | 0 260+ 2 0.475 32.1+0.13
10 8 012 | 0 259+ 10 0.428 20.41 £0.08
10 2 0.12 |0.12| 429+24 0.415 23.41 £0.08
10 5 0.12 |0.12| 331+8 0.442 3241 +£0.11
10 8 0.12 |0.12| 329+25 0.385 28.17+0.1
10 2 0.12 |0.25| 557+25 0.436 26.17 £0.12
10 5 0.12 |0.25| 405+ 16 0.414 34.64 £0.13
10 8 0.12 |0.25| 315+ 13 0.361 36.05 £ 0.06
10 2 025| 0 311 £20 0.433 27.23 +£0.09
10 5 025| 0 266+ 9 0.464 30.61 £0.17
10 8 025| 0 285+ 14 0.378 23.37+0.08
10 2 0.25|0.12| 557+25 0.433 24.31 £ 0.06
10 5 0.25|0.12| 389+ 14 0.428 26.42 £ 0.12
10 8 0.25|0.12| 303+ 17 0.475 27.27+0.11
10 2 0.250.25| 597+ 18 0.481 20.97 £ 0.08
10 5 0.25(0.25| 371+ 14 0.431 2453+ 0.11
10 8 0.25 0.25| 336+ 12 0.456 25.19 £ 0.09
15 2 0 0 348 £9 0.439 26.5+0.21
15 5 0 0 405+ 14 0.425 30.68 +0.18
15 8 0 0 362 £ 13 0.469 28.14+0.13
15 2 0 012 442+15 0.475 29.98 £ 0.11
15 5 0 012 374+10 0.492 26.85+0.12
15 8 0 012 319+8 0.375 25.93+0.18
15 2 0 025 513+34 0.483 26.18 £ 0.12
15 5 0 (025 40115 0.528 21.93+0.07
15 8 0 |025| 374+17 0.369 29.68 £ 0.1
15 2 012 | 0 274 +7 0.493 37.59+£0.22
15 5 012 | 0 283 +£8 0.453 32.58 £0.16
15 8 012 | 0 273+9 0.461 22.73 £0.09
15 2 012 |0.12| 371&+5 0.443 29.61 £0.1
15 5 0.12 |0.12| 289+15 0.411 32.56 £ 0.11
15 8 012 |0.12| 274+ 12 0.409 34.05 £0.07
15 2 012 |0.25| 4937 0.442 31.13+£0.12
15 5 0.12 |0.25| 363+10 0.45 26.62 + 0.05
15 8 012 |0.25] 310+5 0.356 25.77+£0.12
15 2 025| 0 300+ 5 0.406 32.18 £ 0.12
15 5 025| 0 279+9 0.425 28.35+0.04
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Table A.1 (continued) Overall results for hardness, wear rate and COF

15 8 025 0 | 268+ 14 0.427 29.72 £0.07
15 2 0.25|0.12| 426+ 13 0.444 30.92 £ 0.06
15 5 0.25(0.12| 324 +21 0.443 26.06 £ 0.14
15 8 0.25|0.12| 293+ 13 0.442 32.77 £ 0.06
15 2 0.25|0.25| 47945 0.415 31.89£0.11
15 5 0.25[0.25| 349+ 11 0.456 29.54 +£0.23
15 8 0.25|0.25| 318+15 0.517 33.67 £ 0.06
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APPENDIX B

Counter Plots of Properties

Contour Plot of Hardness (HVO0,2) vs SLS (g/L); ALS (g/L)
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Figure B.1 The counter plot for hardness values for different SLS and ALS addition
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Contour Plot of Hardness (HV0,2) vs Second Particle (g/L); ALS (g/L)
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Figure B.2 The counter plot for hardness values for different ALS and the second phase
particles in the electrolye

Contour Plot of Hardness (HV0,2) vs Second Particle (g/L); i (A/dm2)
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Figure B.3 The counter plot for hardness values with respect to the amount of second phase
particle and current density
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Contour Plot of Hardness (HVO0,2) vs i (A/dm2); SLS (g/L)
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Figure B.4 The counter plot for hardness values with respect to the amount of SLS and
current density

Contour Plot of Hardness (HVO0,2) vs i (A/dm2); ALS (g/L)
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Figure B.5 The counter plot for hardness values with respect to the amount of ALS and
current density
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Contour Plot of Hardness (HV0,2) vs Second Particle (g/L); SLS (g/L)
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Figure B.6 The counter plot for hardness values with respect to the amount of second phase
particles and SLS

Contour Plot of Wear vs Second Particle (g/L); ALS (g/L)
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Figure B.7 The counter plot for wear rate with respect to the amount of second phase particle
and ALS in the electrolyte
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Contour Plot of Wear vs SLS (g/L); ALS (g/L)
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Figure B.8 The counter plot for wear rate with respect to the amount of SLS and ALS

Contour Plot of Wear vs i (A/dm2); Second Particle (g/L)
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Figure B.9 The counter plot for wear rate with respect to current density and the amount of
second phase particle
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Contour Plot of Friction Coeff. vs i (A/dm2); Second Particle (g/L)
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Figure B.10 The counter plot for COF with respect to current density and second phase
particle amount in the electrolyte

Contour Plot of Friction Coeff. vs ALS (g/L); Second Particle (g/L)
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Figure B.11 The counter plot for COF with respect to the amount of ALS and Al.O;
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Contour Plot of Friction Coeff. vs ALS (g/L); SLS (g/L)
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Figure B.12 The counter plot for COF with respect to the amount of ALS and SLS

Contour Plot of Friction Coeff. vs i (A/dm2); SLS (g/L)
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Figure B.13 The counter plot for COF with respect to the current density and SLS amount
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Contour Plot of Friction Coeff. vsi (A/dm2); ALS (g/L)
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Figure B.14 The counter plot for COF with respect to the current density and the amount of
ALS in the electrolyte

Contour Plot of Friction Coeff. vs Second Particle (g/L); SLS (g/L)
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Figure B.15 The counter plot for COF with respect to amount of SLS and Al,O3
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Contour Plot of S (MPa) vs i; ALS
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Figure B.16 The counter plot for internal stress with respect the current density and ALS
amount
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Figure B.17 The counter plot for internal stress with respect to pH and current density
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Contour Plot of S (MPa) vs pH; ALS
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Figure B.18 The counter plot for internal stress with respect to pH and ALS amount
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APPENDIX C

Interaction Plots and COF Measurements

Interaction Plot for Wear
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Figure C.1 Interaction plot for wear rate
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Figure C.3 COF measurements at three different ALS amount
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Figure C.4 COF measurements at three different current densities
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