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Summary

Ni electrodeposition is a suitable process for producing thick deposits and thick metallic microstructures,

especially for producing relatively deep micromoulds in Microsystems industry.

Ni-P deposits, due to their better properties compared to Ni deposits — particularly high mechanical
properties (hardness, wear resistivity), corrosion resistance, magnetic properties, a higher fatigue limit
and lower macroscopic deformation — can be a very good alternative for producing Microsystems, espe-
cially for MEMS or Microengines. According to few limited literature and our primary investigations, dis-
persion coating and adding particle into the electrolyte can be considered as an approach in order to
decrease the stress and ease the deposition of Ni-P galvanically. Although in the last decades the influ-
ence of particles embedment in the matrix by electroplating techniques have attracted the scientific in-
terest, there are still contradictions among the research community concerning the influence of codepos-
ited particles on the microstructure and strengthening properties of Ni-based composites coatings. In
many cases, it is believed that the enhanced mechanical performance of the coatings is mainly caused
by a change in the microstructure of the metal matrix and not so much by the presence of the particles
themselves. In other words, the role of particle characteristics - like their nature, size and concentration -
on the layer features and strengthening mechanism of electrodeposited Ni-based composite coating with

different matrix is not cleared well.

Furthermore, the incorporation of particles into the deposit is mainly considered as a key factor for de-
termining the composite coatings properties. Despite of existing models of ECD, the mechanism of parti-
cle incorporation into the film under influence of different particle characteristics has not been well un-
derstood vyet.

Therefore, the main aim of this study is to shed light on the effect of particle characteristics (size, con-
centration, type) on the codeposition process, microstructure and strengthening mechanisms in Ni and

Ni-P electrodeposited composite coatings.
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1 INTRODUCTION

Ni-P deposits, due to their better properties compared to Ni deposits — especially high mechanical prop-
erties (hardness, wear resistivity), corrosion resistance, magnetic properties, a higher fatigue limit and
lower macroscopic deformation — can be a very good alternative for producing Microsystems, particularly
for MEMS or Microengines. Moreover, strengthening properties of Ni-P after annealing is comparable
with chromium deposits which can make this deposit a very good alternative for substitution of traditional
hard chromium coatings because of the environmental problems chromium coatings cause. There are
generally two methods of fabrication for Ni-P deposition: electroless and galvanic. Galvanic Ni-P is - es-
pecially due to its higher deposition rate, higher stability of electrolyte, lower working temperature and
generally lower expenses - suggested to be the more effective process for fabrication of microcompo-
nents. In the last decades some researchers have investigated on galvanic Ni-P depositions and ex-
plored the effect of different working parameters on phosphorous content and layer properties. Mean-
while, there are still some challenges existing in the Ni-P galvanic process. The main challenge here lies
with large residual stresses which lead to cracking and spallation of deposits, specifically in moderately
high current densities. This prevents galvanic Ni-P from being successfully used in manufacturing high-

strength and high-aspect ratio in micro- nanostructures.

1.1 Motivation

For many years dispersion coatings have been clearly accepted as an approach for improving the prop-
erties of deposits, particularly mechanical properties. According to few limited literature and our primary
investigations, adding particle into the electrolyte can be considered as an approach in order to decrease
the stress and ease the deposition of Ni-P galvanically. Although the influence of particles embedment in
the matrix by electroplating techniques has attracted the scientific interest in Ni—P matrix composites,
there are still contradictions among the research community concerning the influence of codeposited
particles on the microstructure and strengthening properties of Ni-P composites coatings. In many cases
it is believed that the enhanced mechanical performance of the coatings is mainly caused by a change in
the microstructure of the metal matrix and not so much by the characteristic of the particles themselves.
In other words, the role of particle characteristics - like their nature, size and concentration- on the layer
features and strengthening mechanism of electrodeposited Ni-P is not cleared and no systematic inves-
tigation of these factors has been reported yet on electrodeposited Ni-P composite coatings.

Furthermore, the incorporation of particles into the deposit is mainly considered as key factor for deter-
mining the composite coatings properties. Despite of several existing explanations for the mechanisms
of codeposition processes proposed by some researchers like Guglielmi, Celis, Fransaer and others [1-
3], the mechanism of particle incorporation into the film under influence of different particle characteris-

tics and also different Matrix (Ni and Ni-P) has not been well understood yet.
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Therefore in this study, it is intended to shed more light on the effect of particle characteristics (size,
concentration, type) on the codeposition process, microstructure and strengthening mechanisms in Ni
and Ni-P electrodeposited coatings.

1.2 Organization of dissertation

Chapter 2 provides fundamental information on Ni-based electrodeposited composite coatings and state
of the art. The subsequent sections include information about the most important models of electrodepo-
sition processes and certain process parameters affecting the particle incorporation. The following sec-
tion is dedicated to fundamentals of in-situ EIS study of electrodeposition. The next section contains in-
formation about the strengthening performance with special regards to strengthening mechanisms in Ni-
based composite coatings. In the last section, the objectives of this project have been mentioned and
illustrated with a schematic view.

Chapter 3 focuses on the experimental procedure, materials and chemicals which were used in this
work, and the following section contains a brief description about the characterization and analyzing
tools which were used in this project.

Chapter 4 contains both achieved results and discussion. The first section regards the results and the
discussion about Ni and Ni composite coatings. The influence of particle size, concentration and particle
type on the layer characterization, electrodeposition behavior and strengthening of deposits will be dis-
cussed in this section. The next section covers the same procedure for the Ni-P and its composite coat-
ings.

Finally, the conclusion, further works and references are given respectively.
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2 THEORETICAL BACKGROUND

2.1 Nickel Electrodeposition

The electrodeposition of nickel was first described in 1837. Bird electrolyzed solutions of nickel chloride
or Sulfate for some hours and obtained a crust of metallic nickel on a platinum electrode. In 1840, the
first patent for commercial nickel plating was granted to J. Shore of England who specified a solution of
nickel nitrate.

Nickel plating is similar to other electroplating processes that employ soluble metal anodes. It requires
the passage of current between two electrodes that are immersed in a conductive, aqueous solution of
nickel salts. The flow of current causes one of the electrodes (the anode) to dissolve and the other elec-
trode (the cathode) to become covered with nickel. The nickel in solution is present in the form of diva-
lent positively charged ions (Ni?*). When the current flows, the positive ions react with two electrons and
are converted to metallic nickel at the cathode surface. The reverse occurs in the anode, where metallic
nickel is dissolved to form divalent positively charged ions which enter the solution. The nickel ions dis-
charged at the cathode are replenished by those formed at the anode.

Most commercial nickel plating solutions are based on the Watts bath, including nickel sulfate as the
main source of nickel ions, nickel chloride which provides anode corrosion and increases the diffusion
coefficient of nickel ions, thus permitting a higher limiting current density and finally boric acid as pH
buffer [4-6].

2.2 Application of Ni electrodeposition in microsystems

Electrodeposition is a suitable process for producing thick metallic microstructures, especially for produc-
ing relatively deep micromoulds in Microsystems industry. A renowned technique in this field is LIGA,
pioneered in Germany in the early 1980s [9]. Since then, LIGA fabricated Ni microcomponents have
been largely applied in micro sensors and actuators (Figure 2.1).

However, applications in harsh service conditions - such as high temperature, high pressure, constant
corrosion and friction - put forward a requirement of better material properties on LIGA Ni. Numerous
studies in characterizing LIGA fabricated samples have shown the insufficient mechanical and tribologi-
cal properties of pure Ni. For example, Ni has been found to have a high friction coefficient during the
wear testing of LIGA fabricated microrotors [10]. It implies that Ni lifetime was well below the required
level. The high friction coefficient of Ni leads to problems in obtaining dimensionally accurate microcom-
ponents with high aspect ratio during the plastic moulding process [11]. The stress-life experiments have
shown that LIGA Ni structures have endurance limits that scale with tensile strength [12]. Electroformed
alloys and metal matrix composites (MMC) are promising alternatives to pure metals, which is proposed
in literature for improving properties of LIGA Ni or replace Ni for microsystem applications. The former

introduces alloy elements into Ni during the electroforming process. For example, nanocrystalline nickel—
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Tungsten (Ni-W) alloys are being considered as an attractive alternative to electroformed Ni for applica-
tions such as mould inserts and micro motors [13]. So far, only a few numbers of binary alloys, i.e. Ni-
Cu, Ni-Fe, Ni-Co and Ni-P, have been investigated for the purpose of microsystems fabrication [7-15].
Among them, Ni-P has, due to its better properties compared to Ni and even Ni composite coatings, es-
pecially high mechanical properties (hardness, wear resistivity) and higher corrosion resistance [15-19].
Magnetic properties of Ni-P - particularly in low phosphorous content - can also play a determining role in
applications of MEMS devices, because electromagnetically actuated MEMS are more stable for high
force and large actuation gap applications [20, 21]. Recently, Kobayashi and his colleagues [22] showed
that nanocrystalline Ni-P has a higher fatigue limit, more than two times, than electrodeposited micro-

crystalline Ni polycrystal.

Figure 2.1 Ni electrodeposited Microresonator by LIGA process [23]

2.3 Ni-P electrodeposited coatings: mechanism, benefits and challenges

Among the various transition metal-metalloid alloys, nickel-phosphorous (Ni-P) alloys have received
considerable interest as a result of their interesting functional properties. Ni-P coatings exhibit good cor-
rosion [24-28] and wear resistance [29-30]. The high hardness and excellent machinability of this materi-
al makes it suitable for diamond turning applications, such as fabrication of large optics and other high
precision parts [30]. Furthermore, Ni-P is a promising material as a diffusion barrier and as an undercoat
for goldplated components, which enables a drastic decrease in the gold layer thickness. Additional
technological applications of Ni-P coatings involve their use as catalytic coatings for hydrogen evolution
reactions [31-32], as thin film resistors and underlayers of thin film magnetic discs [33-34], in microgal-
vanics applications [166] and for decorative applications in automotive industries. [35-36]

Phosphorous cannot be electrodeposited as a pure phase, but can be readily codeposited with iron
group metals such as nickel, from solutions containing both Ni and P ions [37]. It is believed that strong
atomic interactions between Ni and P make the induced codeposition of Ni-P alloy with stoichiometric
composition possible. Electrolytic formation of nickel takes place in the face centered cubic (FCC) sys-

tem and the codeposition of phosphorous occurs in the octahedral interstitial sites. It is generally accept-
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ed that the crystallographic structure of Ni-P alloys is influenced by the amount of P present in the alloy
and undergoes transitions from crystalline to nanocrystalline, and eventually becomes amorphous with
increasing P content. In the codeposition process, the reduction of [Ni**] ions at an active center on the
cathode surface is followed by the surface diffusion of the Ni adsorbed atom to a suitable crystal lattice
site. Reduction and codeposition of phosphorous inhibits this surface diffusion of the Ni atoms and
hence, growth of crystal nuclei.

With increasing P content in the deposit, the rate of fresh nucleus formation becomes higher than the
rate of growth of existing crystal nuclei, thus refining the deposit grain size. Finally, when a critical P con-
tent is achieved, nucleus growth effectively ceases and results in an amorphous structure having short
range order over a few atomic distances [38]. There exists a considerable inconsistency in the available
literature about the phosphorous content of the deposit at which crystalline to amorphous transition oc-
curs. Researchers have come to the conclusion that the transition from crystalline to amorphous struc-
ture takes place over a range of concentration of P rather than in an abrupt way at a certain composition
[39-41].

There are generally two methods of electroless and galvanic plating for fabrication of Ni-P deposits. Gal-
vanic Ni-P, however, is suggested to be the more effective process in the fabrication of microcompo-
nents. Especially, if higher thickness is needed in microsystems, usually between 50 to hundreds of mi-
cron, using electroless with its low deposition rate is limited [42, 43]. In galvanic processes, the deposi-
tion rate is determined easily by the current density. Besides, the relatively low working temperature in
galvanic techniques provides milder operation conditions, and also makes the process less energy in-
tensive. Also, the absence of additives - such as complexing agents and stabilizers - in electroplating
solutions make the electrodeposition of Ni-P more attractive for applications in microsystem technology.
Up to now, several researchers have performed investigations on the deposition of Ni-P via electroplat-
ing and studied the effect of various working parameters like current density, temperature, pH, agitation

rate, etc. on phosphorous content and properties of these deposits [45-53].

Since MEMS devices typically contain several deposited and bonded layers of dissimilar materials, re-
sidual stresses can play an important role in determining the reliability of the processes and the fabricat-
ed devices [54]. Therefore, one main challenge with electroplated Ni-P is higher internal stress and high-
er concentration of dislocations. Particularly in low and medium phosphorous content this problem oc-
curs which appears as dendrites and cracks on the deposit which would be deteriorating, especially for
high-strength and high-aspect ratio in micro-nano structures [15, 17, 18, 41, 55]. The problem of high
internal stress can also arise for Ni electrodeposits under certain conditions — like high current densities
or low temperature — which mainly leads to deformation and swelling of deposit (Figure 1) [15]. The ac-
tion of internal stresses during depositing of coatings results in oriented resultant strain in the final prod-
uct [15, 16]. Prevailing of tensile stresses increases abrasion resistance, while predominance of com-

pression stresses rises strength and hardness of the coating. High internal stresses increase brittleness.
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According to literature [17, 57], the magnitude of stresses during electrodeposition processes can be
influenced by some parameters like temperature or additives. One alternative to decrease the stress is
using stress-reducing agents in order to induce compressive stress. Compressive stresses are advanta-
geous in mechanical structures under load, since they tend to inhibit crack formation and growth. The
anode material in nickel plating is usually metallic nickel. Chloride or halogen ions are required to acti-
vate the anode and enable its dissolution. Chloride additions in MEMS applications, however, are partic-
ularly harmful since they tend to increase the tensile stresses [18]. The stresses can also be decreased
by increasing plating temperature [18], but this is not a particularly attractive option in MEMS application
since higher temperatures can induce swelling of the resist and induce uncontrolled dimensional varia-
tions in the finished part. Another alternative is the use of sulfur-containing compounds such as saccha-
rin in small amounts [17, 22]. These additives act as grain refiners and stress relievers, rapidly inducing
compressive stresses. Grain refinement through addition of saccharin in the solution, though, results in
the incorporation and accumulation of sulfur at the grain boundaries, which increases the susceptibility of
the nickel part to corrosion [18]. According to few investigations, it was seen that adding particles into the
electrolyte — except for their strengthening role - could also decline internal stress in the Ni deposit [15,
56]. Therefore, the focus of the following sections is on the role of particles from different aspects on the
layer characterization of Ni-based coatings.

2.4 Ni-based dispersion coatings

Codeposition is a coating protective technique which consists on introducing homogeneously inert parti-
cles of a different material in the metal matrix (Figure 2.2). This two-phase coating improves corrosion
and mechanical resistance. The improvement of these properties depends on the combination of both
particles and metal matrix. As with conventional electrolytic deposition, the matrix of electrodeposited
composite coatings can be in the form of a pure metal or an alloy. A wide range of composites can be
obtained by selecting different types of inert particles like metal oxides, metal carbides or organic com-
pounds. The second phase can be in the form of a powder or a fiber (either oriented or of random orien-
tation) and conducting or non-conducting, depending upon the intended application. It is important that
the second phase material is insoluble in the electrolyte to be used, and that it can be wetted.

In particular, nickel composite deposits prepared by electrodeposition are characterized by their high
density, minimum porosity, excellent corrosion resistance and good wear resistance [62], as well as the
reduction in the grain size of Ni deposit leading to increased strength and strain hardening rate [63]. For
nickel matrix electrodeposits, a great variety of particles have been used such as oxides (i.e. TiO,, SiO,,
AlL,O3, Ce0,, ZrO,, SnO, and Cr,0O; [64-69]), carbides (i.e. WC [70], TiC [61] and SiC [60, 71-76]), ni-
trides (i.e. SizN4, BN [77-78]), carbon nanotubes [79], etc.

Nowadays, the ability to produce new composite materials with good properties by using micro- and na-

noparticles is leading technological interests. This improvement depends on the particle characteristics,
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mainly the size and the percentage of the particles codeposition, as well as the distribution of these par-

ticles in the metallic matrix [80].
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Figure 2.2 Schematic of electrodeposition process [108]

Furthermore, the influence of particles embedment in the matrix by either electroless or electroplating
techniques has attracted the scientific interest in Ni-P matrix composites [17, 19, 81-94]. However, there
are still contradictions among the research community concerning the influence of codeposited particles
on the mechanical properties of Ni-P composites coatings.

For example, Berkh [84] believes that wear resistance, internal stress, and ductility of Ni-P-SiC compo-
sites were appreciably improved by electrodeposition in the presence of fine SiC powders. On the other
hand, some researchers like Aslanyan [87] reported that SiC showed negative effect on mechanical be-
havior of Ni-P deposits. However, some researchers [95] studied the effect of P content on possible
strengthening mechanisms occurring in Ni-P electroplated deposits without particles. It can be concluded
that the role of particles on strengthening mechanism of electrodeposited Ni-P is not well-understood yet.
Some researchers believe that there could be an interaction between the addition of particles in the bath
and the phosphorus content in the deposit [84]. According to limited available data [17, 84], the level of P
in the Ni-P matrix can affect particle incorporation, and conversely the particles can considerably influ-
ence the process of Ni-P alloy deposition. In fact, an extremely important role in codeposition is played
by characteristics of the particles like their nature, size and concentration. Still, no systematic investiga-

tion of these factors has been reported yet on electrodeposited Ni-P composite coatings.
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2.4.1 Effect of particle features on the electrodeposition behavior

Based on recent research on the process of electrodeposition, the important parameters that influence
the composition of the deposit have been identified as electrode orientation, hydrodynamics, particle
characteristics — such as size, shape, and type — current density and current modulation, composition,
temperature and pH of the electrolyte, and the particle loading of the electrolyte [3, 71, 72, 111, 112,
114]. The influence of a particular variable on the electrodeposition process is typically assessed by the
change in the amount of particle incorporation obtained when that parameter is varied. It has to be em-
phasized that the effects of certain process parameters, which are often interrelated, may vary for differ-
ent particle-metal combinations [3, 111]. The following section describes the effects of selected process
parameters including particle characteristics on the electrodeposition process.

Generally, increasing the particle content of an electrolyte increases the volume percentage of particles
found in the deposit until a maximum is reached. Still, the percentage of embedded particles depends
partly upon the electrolyte composition and partly on the type of particles added. An example can he
found in the work by Greco and Baldauf [96], who noted that three times as much TiO, than Al,O; could
be deposited with nickel in the same conditions. Also for conducting particles, relatively large amounts of
entrapment can be obtained, while for non-conductive particles it is more difficult [97].

In their work on nickel/chromium composite electroplating, Bazzard and Boden [98] found that codeposi-
tion of conductive particles can be problematic because of the dendritic growth on their deposits, caused
by the fact that an incorporated particle acted as a conductive "high spot" in the coating for the deposi-

tion.

Figure 2.3 Typical surface profile of composite coatings: a) containing conducting particles; b) containing

non-conducting particles [99]
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Similar findings have been reported by others [99-101] who stated that semi-conductive and conductive
particles (e. g. chromium carbide, zirconium diboride, graphite) tended to form surface nodules, whereas
non-conductive particles (e. g. silicon carbide, Alumina) did not (Figure 2.3). Stankovic [101], in particu-
lar, noted that particle type and current density have greater influence over coating morphology than
particle size.

However, Sova [102] did not find any of the nodulation previously mentioned in his trials on the codepo-
sition of zirconium particles with a nickel-cobalt alloy. The reason was that the zirconium particles were
covered with a very thin stable layer of oxide, so that they behave more like inert non-conductors.

Chen et al. [103], studying the codeposition of copper with Alumina, stated that particle structure plays
an important role. The hexagonal structured a-Alumina can be readily codeposited, while spinel cubic
structured 7-Alumina was reported to show no codeposition (gamma-Alumina can be partially or totally
converted to a-Alumina after heating at 1125°C). Roos et al. [2], on the other hand, disagreed with these
results, stating that gamma-Alumina can be deposited as well as a-Alumina, but in much smaller
amounts. This was found to be because of the different amounts of ions adsorbed on the particle surfac-
es. The ionic cloud around the particle plays two different roles on the codeposition rate. On one hand, it
could help the attraction towards the cathode, if a positive charge is present at the particle surface (and
giving time for the particle to be engulfed by the growing metal layer). But on the other hand, it can inter-
fere with the diffusion layer. Chen et al. [103] also noted that titania behaves in a similar way to Alumina,
with rutile being the most favored deposited form, while Anastase did not codeposit at all.

Stojack and Talbot [104] studied the influence of suspended sub-micrometer diameter Alumina particles
on polarization during electrocodeposition with copper at a rotating cylinder electrode. The authors stat-
ed that particle incorporation behavior, as a function of increasing current density, can be divided into
several general regions: initially a region where incorporation increases sharply reaching a maximum
value, followed by a sharp decrease in incorporation, then a region where incorporation is relatively con-
stant, and lastly, another decrease as mass-transport-limited conditions are approached. The regions
wherein the amounts of incorporation sharply increase or decrease with current density are more sensi-
tive to particle size, crystallographic phase and even to the particle manufacturing process. When the
incorporation increases the rate-determining step for codeposition appears to be the reduction of metallic
ions adsorbed onto the Alumina particles. The peak in particle incorporation was found to coincide with
the point of zero charge (PZC) of copper in an acid copper plating solution. The results are shown in
table 2.1. Essentially, Verelest et al. [110] reached the same conclusion for Ag/Al,O3; composite coatings.
Recently, Nowak et al. [72] used the electrochemical impedance spectroscopy (EIS) technique for an in
situ investigation of the electrolytic codeposition of Ni-SiO, and Ni-SiC composite coatings. They tried to
clarify why silica particles hardly codeposited in comparison to silicon carbide particles. They stated that
the presence of SiO, and SiC particles influences the metal deposition process in different ways. SiC

particles are embedded in the growing layer because of an apparent decrease in the electrode surface
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of SiO, particles no blocking has been observed.

area, probably due to blocking the part of the surface by partly engulfed particles. Meanwhile, in the case

, | Particle incorporation
Particle identification | Current density / mA/em
fwt %
0.3 pm a-AlLOs 20 0.7
0.3 pm a-Al;0, 24.5 0.9
0.3 um a-AlOy 15 0.5
1 um a-Al; Oy 20 0.7

Table 2.1 Codeposition of Al,05-a 20 mA/cm?, 120 g/l particle and using a rotating cylinder electrode at
1000 rpm [110]

EIS has also been used by Benea et al. [106] to study the influence of silicon carbide nanoparticles on
nickel electroplating. Particles affected the nickel reduction as outlined by the displacement of the polari-
zation curve to a lower reduction potential and by the presence of a lower charge-transfer resistance.
They also stated that the surface morphology of nanostructured composite layers is different compared
to a pure nickel coating. The effect of SiC patrticles is to increase the number of nucleation sites with a
reduction in crystal growth, resulting in smaller grain size of the nickel matrix.

Masalki et al. [107] determined the equivalent circuit for the nickel electrocrystallization process from a
Watts bath containing SiC as shown in Figure 2.4.

The authors added a surfactant (sodium dodecyl sulphate) and a brightening agent (2- butyne-1,4-diol
and saccharine) to the electrolyte. In the equivalent circuit proposed, R1 amounts relate to the electrolyte
resistance, R3 is related to the charge transfer resistance, R4 is the desorption resistance, C2 is the
double layer capacitance, and finally, C5 is the pseudo-capacitance of adsorbed intermediates.
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Figure 2.4 Electric equivalent circuits for the nickel electrocrystallization process from a Watts bath con-
taining SiC [107]
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Kondo et al. [149] proposed two different ways for the deposition of SiO, into a (0 0 1) oriented zinc elec-
trodeposit: (a) by particles lining up along the laterally growing macrosteps on the (0 0 1) and (b) by ran-
domly dispersed particles on the (0 0 1). They proposed that the sidewalls of particles are incorporated
into the macrosteps at the edge of (0 0 1), whilst the bottom of randomly dispersed particles is incorpo-
rated into the (0 0 1) probably by atomic steps.

Bozzini et al. [150] found that when B,C micrometer-sized particles are added to an electrodeposition
bath containing KAu(CN), and citrates, a decrease or increase of the cathode overvoltage is observed
depending on the deposition current density (overvoltage decreases for low current density range and
the opposite for high current density range). They relate this phenomenon to the morphology of the de-
posit (surface roughness) and to the hydrodynamic conditions prevailing at the cathode surface. They
stated the hydrodynamic effects were minor. The observed overvoltage variations were dominated, ac-
cording to the authors, by the competition of two morphological effects. These were in addition to the
usual polarization increase with current density increase and were a reduction of the overvoltage due to
the increase of the effective cathode area because of the formation of "humps" and enhancing the reduc-
tion of effective cathode area because of the screening effect of ceramic particles.

In 2001, Survieliene et al. [151] studied the influence of the presence of oxides (MoO, and TiO,) on the
electrodeposition of chromium. They found a lower rate for the formation of composite Cr-MoO, and Cr-
TiO, compared with that of a Cr coating. They suggested this is related to the adsorptive capacity of
MoO, and TiO, and desorption of their hydrides from the electrode surface. They showed that highly
dispersed particles of MoO, might be used to reduce hydrogenation of the substrate, since MoO, acts as
an inhibitor of hydrogen adsorption in the substrate, and its efficiency increases with increase in MoO,
concentration. Moreover, both oxides have an effect on coating properties such as hardness, ductility,
internal stresses and high temperature resistance. Despite the large range of sizes employed, the au-
thors found out that particle type (in terms of "chemical" nature) and current density had a greater influ-
ence on coating morphology than particle size.

Support for the importance of the particle nature rather than particle sizes comes from Chen et al. [103].
They stated that the codeposition of Alumina with copper is easier if a-Al,Oz is codeposited rather than
g-Al,Os. This was found to be more important than the particle sizes.

There are few studies regarding the effect of particle shape on codeposition. Of course particle shape
would affect adsorption onto the cathode, adsorption of ions onto the particle themselves and suspen-
sion stability. Greco [108], in a review, noted those composites containing discontinuous fibers are far
more difficult to produce then particulate composites. Different results have been reported for the influ-
ence of particle size. Chen et al. [103] found that they could increase the codeposition rate of chromium
in a nickel matrix by increasing the particle size. Suzuki and Asai [109], however, found that the opposite
occurs with Ag/Al,O3, while Verelest et al. [110] have stated that the effect of particle size on codeposi-
tion is very small. Recently, Garcia et al. [152] examined Ni-SiC composites. They codeposited SiC par-

ticles of three different sizes (namely 5, 0.7 and 0.3 um) with nickel from a Watts' bath. They found that
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for a specific density of particles in the plating solution, the number of particles in the coating increases
with increasing particle size.

Stankovic and Gojo [101] performed a similar investigation, but they also tested the influence of different
particle types, rather than just different particle dimensions.

Table 2.2 shows the particles analyzed by these authors together with their main dimensions.

Kind of particle | Main diameter (um)
a-Aly O, 0.3
SiC 2.3
MoS; 6.1
Graphite 54

Table 2.2 Size of particles used by Stankovic and Gojo in their investigations [101]

While refined models have been developed during the years, the ECD process is still not understood

completely.

2.4.2 Models of electrocodeposition

The purpose of this chapter is to give a short summary on the main theories which have been developed
to describe the ECD process. In general, there are three main steps that must occur during ECD:

() Transport of particles from the bulk electrolyte to the electrode surface by means of various mecha-
nisms, e.g. convection, diffusion and electrophoresis.

(1) Particle adsorption at the electrode surface.

(1) Irreversible entrapment of the particles in the growing metal layer.

In general, the following discussed models differ in the description of these three stages of the ECD pro-
cess. A more detailed description of all the models developed for the ECD process can be found in sev-
eral review papers which describe models, mechanisms, effects of process parameters, and possible
applications [2, 3,111-115].

The first model that accounts for the electrodeposition of metal reinforced with particles was proposed by
Guglielmi [1].

According to this mechanism the electrocodeposition process proceeds via two steps (Figure 2.5). First-
ly, particles are weakly adsorbed on the cathode surface by van der Waals forces with high degree of
surface coverage which can be presented by Langmuir adsorption isotherm. Secondly, particles are

strongly adsorbed on the surface by Coulomb forces under the effect of applied electric field and incor-
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porated in the growing metal matrix. According to this model the volume fraction of the incorporated par-

ticles, a, can be expressed as:

o — - F l‘(-)m LfO ‘Q(B—A)r; . k cp.b
l-a M I+ke,,

m I‘0

Where M., and p,, are the atomic weight and the density of the deposited metal, respectively, iy is the
exchange current density, z is the valence of the electrodeposited metal, F is Faraday constant, V, is the
electrode overpotential, c,, is the bulk concentration of particles and k is the Langmuir adsorption con-
stant. The main drawback of this model is that it neglects the particle size and hydrodynamics i.e. mass
transfer of particles.
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Figure 2.5 Guglielmi's ECD Model [1]

Celis [2] proposed a five-step mechanism to account for the electrocodeposition process: (1) formation of
ionic cloud around the particles, (2) mass transfer of particles by convection to the hydrodynamic bound-
ary layer, (3) mass transfer of particles to the cathode surface by diffusion, (4) adsorption of free ions
and electroactive ions adsorbed on the particles on the cathode, and (5) electroreduction of adsorbed
ions accompanied with incorporation of particles into the growing metal matrix.

According to Kurozaki’'s study [116], dispersed particles are transferred to the Helmholtz's double layer
by mechanical agitation in the first step. Secondly, particles which are charged in the high potential gra-
dient are transferred to the cathode by electrophoresis. In the third step, particles are adsorbed on the

cathode surface by Coulomb attraction between them and adsorbed anions on the cathode, and hence,
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are incorporated into the growing metal layer. Other models were also suggested by other authors [27,
28]. Meanwhile, more investigation is still needed that accounts more with the particle characteristics
(composition, size, and crystallinity) and the operating electrodeposition parameters. In this work, we did
a survey on the behavior of electrodeposition affected by different particle characteristics.

2.4.3 In-situ study of Ni-based coatings by means of EIS
2.4.3.1 Applications of EIS

Electrochemical impedance spectroscopy (EIS) can provide accurate, error-free kinetic and mechanistic
information using a variety of techniques and output formats. EIS techniques use very small excitation
amplitudes, often in the range of 5 to 10 mV peak-to-peak. Excitation waveforms of this amplitude cause
only minimal perturbation of the electrochemical test system, reducing errors caused by the measure-
ment technique.

Moreover, EIS techniques can provide valuable mechanistic information. Measurement accuracy is an-
other benefit coming with EIS. In fact, because the method does not involve a potential scan, measure-
ments can be made in low conductivity solutions where DC technigques are subject to serious potential-
control errors. In fact, you can use EIS to determine the uncompensated resistance of an electrochemi-
cal cell. For this reason, EIS is becoming a powerful tool in the study of corrosion, semiconductors, bat-
teries, electroplating, and electro-organic synthesis. Table 2.3 summarizes some of the electrochemical
phenomena that have been studied using EIS [117].

2.4.3.2 Concept of EIS method in electrodeposition process

EIS is a steady-state technique capable of observing phenomena in electrochemical systems whose
relaxation times vary over many orders in magnitude [118]. The EIS technique applies a small-amplitude
sinusoidal voltage to a working electrode at a number of discrete frequencies, w, ranging from 0.01 to
62,500 Hz as shown in Figure 2.6. At each of these frequencies, the resulting current exhibits a sinusoi-
dal response, | (w) that is out-of-phase with the applied sinusoidal voltage signal. The electrochemical
impedance, termed Z(w), is the frequency-dependent proportionality factor between the voltage signal

and current response [127]:
Z(w) = V(w)/ I (w)

Z(w) is a complex-valued vector quantity with real and imaginary components, whose values are fre-
guency-dependent:

Z(w)=2Z__ (w)+jZ (W)

Imag(
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Research Area Application

Corrosion

* Rate Determinations
. Inhibitor and Coatings

. Passive Layer Invesliga
tions

Coatings Evaluation

. Diglectric Measurements
. Corrosion Protection

Batteries

. State-of charge
. Materials Selection
. Electrode Design

Electrodeposition

. Bath Formulation

. Surface Pretreatment

. Deposition Mechanism

. Deposit Charactenzation

Electro-Organic Synthesis

. Adsomption/Desorption
. Reaction Mechanism

Semiconductors

. Photovoltaic work
. Dopant Distributions

Table 2.3 Applications of impedance studies [117]
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Figure 2.6 AC voltage signal imposed on an electrochemical system and the resulting AC current and

impedance [119]
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The real and imaginary impedance components can be plotted against each other to generate a Nyquist
plot. Figure 2.7 shows a typical example of Nyquist plot for Ni electrodeposition.

Each point on the plot is the impedance at one frequency, and each semicircle is a characteristic of a
single time constant. The ohmic or electrolyte solution resistance is determined at the high frequency
intercept on the real (horizontal) axis. The semicircle diameter (Loop 1) gives the charge transfer re-
sistance, which is related to the rate of the electrochemical reaction. The inductive loop (2) is related to

ion-additive complexation, adsorption mechanisms, or additive degradation processes.
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Figure 2.7 Complex plane impedance spectrum for Ni electrolyte containing 150 g/l NiSO4, i 20mA/cm?,
pH 2.5, T 60°C, no stirring, Pt anode, EW-Ni substrate [34]

To better understand the double layer capacitance, it is helpful to review the double layer that forms at all
electrode interfaces immersed in electrolyte solutions. The model of the double layer originated from the
work of Helmholtz (1853) on the interfaces of colloidal suspensions and was subsequently modified by
Gouy, Chapman and Stern, and later Grahame [119]. Under the influence of applied potential, rear-
rangement of ions near the electrode surface results in an electrical double layer called the Helmholtz
double layer, followed by the formation of a diffusion layer as shown in Figure 2.8. These two layers are

referred as the Gouy-Chapman layer. The process is as follows:
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e Migration: The hydrated metal ions in the solution migrate towards the cathode under the influ-
ence of impressed current as well as by diffusion and convection.

o Electron transfer: At the cathode surface, a hydrated metal ion enters the diffused double layer
where the water molecules of the hydrated ion are aligned. Then the metal ion enters the Helm-
holtz double layer where it is deprived of its hydrate envelope.

e The dehydrated ion is neutralized and adsorbed on the cathode surface.

e The adsorbed atom then migrates or diffuses to the growth point on the cathode surface.
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Figure 2.8 Schematic models of the double-layer structure [120]

2.4.3.3 Evaluation of Ni electrodeposition using EIS

The mechanism of Ni?* reduction from acid sulfate solutions has been extensively studied by Epelboin et
al.; using Watt's electrolytes and many investigations related to mechanism of Ni electrodeposition have
been cited to his results [121-124]. It is generally acknowledged that the electrocrystallization of the Ni®*

ion occurs in two steps. In the first step, Ni ion is converted to elemental nickel by the one electron step:

Ni(ll)+ € = Ni(l)ags (1)
Ni(l)ags+ € =NI®  (2)

In the second step, the intermediate acts as a catalyst for the reduction of Ni (II) by a two-electron step,
although, its occurrence has not been confirmed by others. Based on the considerations proposed by
Epelboin et al. [123, 124], they provided further support that nickel deposition occurs exclusively by Re-
actions 1 and 2 above. Because hydrogen evolution reaction (HER) occurs simultaneously during nickel
deposition, it must also be included in the mechanism. This reaction has been assumed to proceed via a
single two-electron step by some researchers [123, 124], but has been considered by others to proceed

by more complex mechanisms involving the formation of an adsorbed intermediate Hags [124- 127]. In the
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latter cases, HER was considered to occur by a one-electron step (Reaction 3) followed by the chemical
combination (Reaction 4) of adjacent H,ys adatoms. Hydrogen incorporation in the coating (Reaction 5)
was also included in one study [20].

H"+e-=Has (3)

2Ha4s = H2 (4)

Ni(OH)ags + Hags + € = Ni + Hjpe + OH™ (5)

In another study [126], the analysis of a model for nickel deposition involving reactions 3 and 4 indicated
that Hags adsorbs on the electrode and blocks active sites at the expense of the iron-group metal inter-
mediates, e.g. Ni(l).gs and Fe(l).ss. Regardless of the specific mechanism, the HER raises the pH in the
boundary layer and can even passivate the electrode at high enough overpotentials through the for-
mation of Ni(OH), [125].

Up to now, EIS has been employed by several researchers in order to investigate deposition of Ni under
the influence of various working parameters including electrolyte type, ion concentration, additive, pH,
temperature, agitation and applied potential and additives [118-125]. The early studies of EIS involved
mainly simulations of spectra with no comparison to experimental data [123-125] while there are few
investigations [125, 128] which have also compared simulations of a physicochemical model for nickel
deposition to experimental EIS spectrum.

2.4.3.4 Interaction of particle-interface in Ni electrodeposition studied by EIS

According to recent literature, Electrochemical Impedance Spectroscopy (EIS) can also be a reliable tool
which can provide a better understanding on electrocodeposition processes by considering adding parti-
cles into the electrolyte. The present paper summarizes (Table 2.4) the works regarded EIS study during
electrodeposition of Ni based composite coatings. The majority of these investigations have been pre-

sented by the research community in the last decade.

Deposit Studied parameters Effects on impedance Correlated layer | Reference
type behavior properties
Ni-SiC e Comparison between Catalyzing H+ e Current effi- 138
SiC and Cr particles ciency (1993)
e Potential effect e Hydrogen inclu-
e aggitation effect sion
Ni-SiC o Different size Charge transfer and induc- | ¢ Morphology 139
« Different concentration | tive loop (2012)
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Deposit Studied parameters Effects on impedance Correlated layer | Reference
type behavior properties

Ni-SiC SiC 100 nm No contribution in charge e Morphology 140

Potential effect transfer for direct current e Hardness (2005)
triangular current but for triangular current.

Ni-SiC magnetic field Improve mass transfer and | e Morphology and | 141
accelerating charge trans- microstructure (2007)
fer e oOrientation

Ni-SiC SiC nano (20 nm) Charge transfer e Morphology 142

Potential o texture (2001)
Rotation 143
(2002)

Ni-SiC Effect of particle hyd- | effect of double layer ca- e texture orienta- | 144

and Ni- rophobility pacity tion (2004)

SiO, e grain size

e Morphology
Ni-SiC Pulse current (duty Charge transfer reveals e Grain size 145
cycle) duty cycle influences on e Volume fraction | (2008)
peak current e Morphology
Ni-TiO, 1 um TiO, Change in charge transfer | ¢ Morphology 145
Potential in low potential (2010)

Ni-ZrO, 10 uym ZrO, Not change electrocystalis- | ¢  Microstructure 146
tion mechanism but in- and morphology | (2009)
crease deposition rate e tribocorrosion

Ni-Al,O4 Nano Alumina Changes in impedance e Nicrystallization | 147

Potential dependent on potential mechanism (2004)
range

Ni-Co- Ni concentration Increase in charge transfer | ¢  zeta potential 148

Al,O3 Co concentration for Ni-rich but decrease for (2010)

Co-rich
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One of the first EIS studies on Ni electrodeposition with particles was done by Watson [130]. In this study
the effect of Cr and SiC particles as respectively conductive and semi-conductive particles on the occlu-
sion process of Ni electrodeposition was investigated [130]. According to impedance results, the capaci-
tance loop with SiC addition was much larger compared to the one with Cr particles and even with no
particles. Watson believed that the effect of SiC particles on nickel electrodeposition was to catalyze Hags
and Ni,gs intermediates. As proof of this theory, hydrogen amounts of deposits correlated with impedance

results.

Meanwhile, in Watson’s research [130], the low frequency part was very poorly defined and she consid-
ered that the addition of micrometric SiC particles preferentially catalyzes a Hags intermediate and not a
Niaygs. While Benea et al. [38, 39] showed that by decreasing the charge-transfer resistance, as seen in
Figure 2.9, the nanosized SiC particles can activate the nickel reduction. The same mechanism was
found by Joussellin et al. [122]. They consider that the preferentially catalyzing intermediate is Niggs. It is
well known that the electrodeposition process is a competition between nucleation and crystal growth.
The SiC nanoparticles act mainly as nucleation sites and as a detriment to crystal growth. The corre-
sponding nickel matrix has a smaller crystal size according to this mechanism. In subsequent SEM sur-
face morphology investigations, they observed changes of the composite coatings compared with a pure
nickel coating with smaller grain sizes being seen in the nanocomposite (Figure 2.10). Furthermore, XRD
of the same composite layer showed a low texture of nickel matrix with orientation (1 1 0), in agreement
with electro-chemical measurements which showed a disturbance of free growth of the nickel crystals in

the presence of nanoparticles.
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Figure 2.9 Impedance diagrams performed at cathodic potential of 2750 mV; Ag/AgCl: codeposition of
nano-SiC with nickel 50 g/L SiC in the electrolyte and pure nickel electrodeposition. Disk rotation rate
100 rpm. [106]
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Figure 2.10 SEM surface morphology of pure Ni electroplating (a) Ni-SiC nanostructured composite coat-
ing. Current density 4 A dm?, 50 g/l SiC in the plating bath, disk cathode (b) [106]

The initial stage of Ni-TiO, composite system electrodeposition on glassy carbon electrode from an acid-
ic solution of nickel sulfate has been investigated a few years ago by Wi and his colleagues [47]. In this
investigation a combination of cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) were used for analyzing the results. Figure 2.11 shows Nyquist plots and
simulated plots for pure Ni and Ni-TiO, composite systems at different negative potentials (from -730 to -
850 mV). To confirm the diffusion process of Ni reduction and the influence of TiO, particles, EIS meas-

urements were performed at different applied potentials.
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Figure 2.11 Experimental data (points) and simulated plots (solid line) for Ni-TiO, composite system (a)

and pure Ni system (b) at various potentials [136].

The plots exhibit two regions of distinct electrochemical response: (1) at high frequencies a semicircular

is obtained, characterized by a solution resistance, a double layer capacitance and a charge transfer
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resistance (R1). R1 is estimated from the diameter of this first high frequency capacitive loop; (2) at low
frequencies, the capacitive loop registered at more anodic potentials (< -730 mV) having the character-
istics of diffusion impedance, is transformed at more cathodic potential (-730 mV) into a inductive loop in
the Ni-TiO, system (Figure 2.11 (a)). While in the pure Ni system, at more cathodic potential (-750 mV)
the inductive loop as seen in Figure 2.11 (b) is obtained.

The inductive loop was also observed by other researchers. It was believed that the inductive loop rep-
resented the presence of the intermediate. Some researchers characterized the inductive loops as the
surface coverage of the adsorbed intermediate [140], whereas other researchers considered that the
loop was related to the adsorption/desorption process of intermediates on/from the cathode surface [27].
Epelboin et al. [130] proposed a model using a chemical impedance procedure. In this work, it is consid-
ered that the reaction mechanism involving an intermediate species plays an important role in the rate
determining step. Under the experimental conditions, Ni-TiO, and pure Ni systems present an inductive
loop separately at -750 and -730 mV corresponding to the initial deposition potential of Ni.

Obviously, the inductive loop is related to the electrocrystallization process of Ni on the cathode surface.
The results of impedance spectra show that the appearance of the characteristic inductive loops repre-
sents the nucleation/growth of nickel and the presence of TiO, particles reduces the charge transfer re-
sistance of solution. The SEM observation also confirmed that TiO, particles can be considered as fa-
vorable sites for nickel nucleating [140].

2.5 Strengthening mechanisms in Ni-based composite coatings

For many years, great emphasis was placed on changing the strength of a metal in a targeted manner.
In general, strengthening of metallic materials is used in order to specifically improve their properties for
the desired application and purpose. With a sufficient strength, an increase of the resistance to plastic
deformation can be seen.

Table 2.5 shows the common strengthening mechanisms in materials science.

The basis of strengthening is thus either the hindrance of dislocation motion or a very low dislocation
density. In materials science and materials engineering, dislocations are considered the main basis of
the plastic deformation and increase in strength. Crystal defects are formed during growth of crystals,
under the influence of thermal, mechanical and electrical factors and upon irradiation by neutrons, elec-
trons, X-rays and ultraviolet radiation (radiation effects).

A distinction is made among point (zero-dimensional) defects, line (one-dimensional) defects, defects
that form surfaces in the crystal (two-dimensional) and volumetric (three-dimensional) defects. In a one-
dimensional defect the size is much greater in one direction than the distance between neighboring like
atoms (the lattice parameter), but in the other two directions it is of the same order. In a two-dimensional
defect the dimensions are greater in two directions than the distance between the closest atoms and so

on.
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As it is also seen in the Fig. 2.12, a transfer can be considered as an additional half-plane of particles,
which is inserted into a perfect, defect-free crystal. The place where the transfer is complete is called the
dislocation line. At this point, the displacement causes the strongest lattice distortion, whereby a high-
energy strain field is created around the dislocation line.
The key point of the importance of dislocations is the plastic deformation. This is based on all metals on
the generation and movement of dislocations [176, 177].

Name Chracteristics

Solid-solution hardening | introdution of interstial or substitutional atoms of different kind

Precipitation hardening | distribution of fine precepiatates

Dispersion hardening distribution of 2nd phase particles

Work hardening increase in dislocation density by plastic deformation
Fine-grain hardening reducing grain size (Hall-Petch relationship)
Composites mixing different materials

Table 2.5 various strengthening methods

Figure 2.12 Schematic of various strengthening against dislocation motion [176]

2.5.1 Dispersion hardening — Orowan

Dispersion hardening or strengthening of a material means an increased resistance to deformation. The
movement of dislocations in the metal facilitates metal deformation. Incorporated particles block the dis-
location movement and thus strengthen the metal [141].

The strengthening effect of precipitates or other second phase particles generally becomes more effec-
tive, for a given particle volume fraction, as particle size becomes finer.

As schematically shown in Figure 2.13, when a dislocation approaches an array of hard obstacles, their
elastic stress field causes the dislocation line to bow between the obstacles. Following Orowan [153],

plastic deformation due to long range dislocation motion occurs when obstacles are fully bypassed, i.e.
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when the applied stress is sufficient to give a dislocation loop diameter equal to the mean spacing L be-

tween obstacles.

Thus:

dg= (1)

The dislocation loop diameter dq is related to shear stress as

T=tbdq (2)

Where t is the shear stress acting on the dislocation, b is the relevant component of the Burgers vector
and T is the dislocation line tension energy, which has the simplified form

T=apb? (3)

Where a is a coefficient in the order of unity and m is shear modulus. On substituting equation (3) into
(2), the dislocation loop diameter is obtained as a function of stress

Dgy= apb/t (4)

Combining equations (4) and (1), the bypass stress is obtained as

T=apb/L (5)

In this situation, i.e. particle strengthening, the mean patrticle spacing L is the governing size parameter,
stress varying inversely with L. When the volume fraction of particles in the matrix is constant, L scales
linearly with particle size, i.e. strength scales inversely with particle size at a fixed particle volume frac-
tion. This theory shows good agreement with the experimental observations by Lloyd [153] of a substan-
tial strength increase in an A356/SiC, aluminum alloy matrix composite when particle diameter was re-
duced from 16 to 7.5 mm at a fixed particle volume fraction of 15 % [142].

A high volume fraction of small particles finely dispersed through the metal matrix will therefore yield
optimal hardening. It should be mentioned that there is no unlimited increase in dispersion strengthening
with the volume fraction incorporated particles. Brown and Gow [153] found a maximum ultimate tensile

strength and hardness for composite at approximately 10 vol% [141].
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Fig 2.13 Onset of plastic flow controlled by particles in the metal matrix [153]
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2.5.2 Grain size effects: Hall-Petch relation

Grain size has long been known to have a significant effect on the mechanical behavior of materials, in
particular on the yield stress. In the 1950s, Hall and Petch [153] first established experimentally that the
yield strength of iron varied inversely with the square root of grain diameter dy. This is the so called Hall-
Petch effect, expressed as:

By= Bo+ kdy™?

Where 6, is termed the friction stress and k is the Hall-Petch slope, considered to be a material constant,
which has subsequently been observed for a wide range of materials.

The most common model which describes the effect of Hall-Petch is the slip distance model put forward
by Chia et al. [154] in Figure 2.14, which proposes that the presence of grain boundaries reduces the

average distance of dislocation motion.

Small grain size Large grain size

Figure 2.14 lllustration of dislocation mechanism in slip distance model [154]: dislocation-free slip dis-

tance is decreased in smaller grain sizes

2.5.3 Solid solution strengthening

There have been a number of papers that have addressed alloying effects on the mechanical properties
of nanocrystalline metals [155-157]. For example, in the electrodeposited Ni-W alloys mentioned above,
grain size is intimately tied to composition [158], and changing one of these variables tends to cause
changes in the other (at least in the as-deposited state). A number of other nanocrystalline alloys, such
as Ni—P [159], Pd-Zr [160], and Ni—Fe [161], exhibit a similar dependence of grain size on composition.
Detailed studies that isolate the effects of grain size and composition for various systems (solid solution,
phase separating, etc.) are needed.

These are, for the most part, somewhat speculative, again because they are generally unable to sepa-
rate the effects of composition and grain size. At the same time, it is only relatively recent that detailed
understanding of the deformation mechanisms of nanocrystalline pure metals has emerged [32,162-

165], and many early studies of alloying effects could not benefit from the insights of those works.
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As Huang et al. [166] showed in their study, the hardening and softening of the as-plated Ni-P alloys
according to phosphorous content generally involves supersaturated solid solution strengthening, Hall-
Petch relationship, dispersion hardening as well as the inverse Hall-Petch relationship.

The effect of P content on the microhardness of the as-deposited Ni-P alloys is depicted in Figure 2.15 in
terms of the schematic microstructure. At low P contents, the increase of the microhardness is mainly
attributed to the supersaturated solid solution strengthening (solubility limit of P in Ni is about 0.17 wt %).
As the P content increases, the average grain size of the Ni-P deposit decreases. It has been shown that
the hardness of Ni-P alloys is proportional to the square root of grain size (d—1/2) at low P contents due
to the dislocation pile up in the grain boundary. This is valid for most systems with refined grains and is
known as the Hall-Petch relationship. However, for the Ni-P alloy with a composite microstructure con-
sisting of a nanocrystalline phase and an amorphous phase has a maximum hardness of 620 HV as

shown in Figure 2.15.
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900 -
Dispersion Inverse Hall Petch
Hall Petch g ) A
= iolationships  oroening relationship
-
N
§ 600 |-
S
= Supersaturated
-~ solid solution
3 strengthening
£ 300
-
.2 -
> R LI L
*002e
:.'o::...
of XL
1 1 1 1 1 1 ' R 2
0 4 8 12 16

Phosphorous content (wt%)

Figure 2.15 Dependences of microhardness of the as-deposited Ni-P films on P content and microstruc-
ture [166]

Dislocation movement in crystals can no longer be defined when it encounters with the amorphous ma-
trix. Thus, the Hall-Petch relationship may not be applied to this alloy. Additionally, the average grain
size is about 10 nm for the crystalline phase, which is believed to be small enough to be under inverse
Hall-Petch relationship. As shown in Figure 2.15, the hardness reaches a peak value for the alloy with a
composition at which exhibiting a composite microstructure. Therefore, it is proposed that dispersion
hardening may also affect the strengthening behavior of the Ni-P alloys containing mixed nanocrystalline
and amorphous phases. More specifically, the nanosized Ni grains are considered as the strengthening

particles to the amorphous matrix. The existence of these discontinuous nanocrystalline Ni particles in
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the uniform matrix plays an important role in enhancing the resistance to deformation, causing an in-
crease in hardness. This phenomenon has been addressed in some other metallic glass systems, where
a second crystalline phase precipitation occurs in the amorphous matrix during crystallization, such as Al
base alloys or metallic glass [166].

2.6 Summary of theoretical background

What we learn from the literature is that Ni electrodeposition has currently an extensive application in the
microsystem industry. However, the applications in harsh service conditions put forward a requirement of
better alternatives. According to literature, alloy electrodeposition and metal matrix composites were in-
troduced as two promising alternatives to pure Ni. Among other binary alloys, Ni-P has been introduced
in the literature as a good alternative for the purpose of microsystems compared to pure Ni owing to its
interesting functional properties. Meanwhile, many researchers in the last decades have found an obvi-
ous increase in the properties of composite coatings, especially strengthening due to the reinforcement
with various particles. The properties of composite coatings mainly depend on their composition and
structure. Among many other parameters particle characteristics — including type, size and concentration
— were found to be crucial to improve the film properties. In order to understand the effect of different
particle characteristics on the behavior of the codeposition process, a summary of existing electrodeposi-
tion models based on the past investigations were explained. In the following, impedance spectroscopy
was introduced as a useful tool for the in-situ study of electrodeposition process. Based on recent litera-
ture, EIS technique can be a reliable tool for monitoring the effect of different working parameters on the
process of electrodeposition. Finally, due to the significance of strengthening in Ni-based electrodeposit-
ed coatings, different hardening models including the effect of grain size, particles existence or type of
matrix (Ni-P) were discussed in order to get better insight about the strengthening mechanism of electro-

deposited coatings.

2.7 Missing points in the recent studies

Several points are missing in the recent literature reviews which can be described as followed:

e Over the past decades, a number of codeposition mechanisms for the incorporation of particles
into the deposit have been proposed. Guglielmi’'s model is a two-step model that combines the
effects of adsorption and electrophoretic attraction and is the first model to arrive at a plausible
explanation for the relationship between current density and the volume fraction of the embedded
particles [1]. Further models by Buelens, Celis and Valdes assumed that the reduction of the
metal ions adsorbed on the surface of the particle (already being adsorbed on the electrode sur-
face) is the determining factor for the codeposition of particles [72]. Although these models can
provide us with a good insight into codeposition phenomena, they have mainly been developed
on the basis of the investigation of micro sized particles under particular experimental conditions

and could not simply be applied to nano sized systems, because, in the nano-range, all the forc-
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es act in completely different ways. However, in the recent models proposed by Lee and Talbot
[104] the influence of nanoparticles on the codeposition behavior was considered. Nevertheless,
the validity of the various theoretical models, underlying particle incorporation in a metal matrix,
still requires more empirical laboratory trials.

e Although the galvanic technique is suggested to be the more effective process for producing Ni-P
alloy deposits compared to the electroless technique, there are still some challenges with elec-
troplated Ni-P. One of the main challenges - especially for the purpose of MEMS devices - can be
the existence of residual stresses in electroplated Ni-P coatings, particularly those with low and
medium phosphorous content and electroplated under higher current densities. The existence of
internal stress in the coatings appears, finally, as dendrites and cracks on the deposit which
would be deteriorating especially for high-strength and high-aspect ratio in micro-nano structures.

¢ Another missing point is related to the microscopic evolution and strengthening mechanism of Ni-
based composite coatings affected by particle characteristics, specifically for electroplated Ni-P
deposits. According to the few papers regarding the influence of particles on the properties of
electroplated Ni-P coatings, there is still a lack of understanding about the role of particles on the
microstructure and strengthening mechanism of electrodeposited Ni-based coatings. Moreover,
how would be the possibility of correlating codeposition behavior of particles with different char-

acteristics with incorporation value, microstructure and hardening as a final performance?

2.8 Research objectives

The aims of this work are, on one hand, to substantiate and confirm the past theoretical and semi-
empirical suggested models on the electrodeposition mechanism with the help of more empirical results
including the characteristics of the layer and an in-situ impedance study of the electrocodeposition pro-
cess. The influence of particle characteristics including type, size and concentration was investigated on
the codeposition behavior of Ni-based coatings with the aid of impedance spectroscopy.

On the other hand, this research aims to build a bridge between impedance and physical properties by
relying on the effect of particle characteristics on the layer properties including morphology, microstruc-
ture and hardness. In other words, trying to correlate the electrochemical behavior (double layer charac-
teristics) with microstructure features and performance of coatings. Also, this work is aimed to obtain
crack-free galvanic Ni-P deposits with the means of particle incorporation and explaining the microstruc-
ture evolution and strengthening mechanisms of electrodeposited Ni-based composite coatings affected

by the characteristics of difference reinforcements and matrix.
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2.9 Work schedule

In an attempt to obtain these aims, the subsequent points are of interest:

Investigating the impact of particle characteristics, including type and size and concentration, on
the behavior codeposition process and the features of doubled layer for Ni-based electrodeposits
(Ni and Ni-P) by means of EIS which will help the development of particle selection for the en-
hanced properties of Ni-based electrodeposition coatings.

Evaluating the microstructure of coatings including morphology, grain size, texture, internal
stress, particle incorporation/distribution, interface of particle with grain using various techniques,
such as X-ray diffraction, electron microscopy and spectroscopy, Transmission electron micros-
copy, EBSD and Optical image analyzer.

Characterizing the impact of various particle features on the performance of Ni and Ni-P coatings
including hardness by means of Martens test and explaining the effective strengthening mecha-
nisms in Ni-based electrodeposited composite coatings.

Correlating the electrochemical behavior (R,/Cq) with microstructure features and the perfor-

mance of coatings.
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Figure 2.16 Schematic of project

It is hoped that this dissertation provides new insights into the electrodeposition mechanism of Ni-based

coatings with the combination of microstructure features and performance. Hopefully, this will help us to

establish the scientific principles for rational design of particle selection for improving strengthening per-

formance of electrodeposition systems.
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3 Experimental Methods

3.1 Deposition Procedures

3.1.1 Electrolyte Composition and Working Conditions

The electrodeposition Ni coatings were carried out using Watts’s electrolyte. For producing Ni-P coat-
ings, sodium hypophosphate, as phosphorous source was added to the Watts bath. The composition of
the nickel bath and the operating conditions employed for plating is shown respectively in Table 3.1. All
chemicals were p.a. grade and distilled water was used for the preparation of all solutions. Suspensions
were prepared by adding a specified amount of particles to the electrolyte.

The particles included Alumina nano size, 13 nm, and micron size, 150-200 nm, for means of particle
size effect. For means of comparing particle type Al,Os, TiO, and SiC nanoparticles within almost the
same nominal grain size: 50 nm, 45 nm, 45-55 nm were chosen respectively.

The dispersion was stirred using a magnetic stirrer for 8 hours in a beaker. The pH of the solution was
measured before and after each experiment and if necessary adjusted to pH 3.8 with either NaOH or
H,SO,. The electrolyte temperature was maintained at 55 °C using an Ultrasonic bad. The ultrasonic
vibration was also applied 1 hour before the first experiment and also during each experiment in order to
disperse the particles in the electrolyte.

The experimental design and number of samples produced under different working parameters has been
mentioned in Table 3.2. The number of variables and the investigated samples has been designed main-
ly based on the effect of particles characteristics including different size and type on both Ni and Ni-P

matrix.

3.1.2 Impedance investigation

Electrochemical impedance spectroscopy (EIS) experiments were performed to see how the behavior of
electrodeposition in Ni-based coatings would change by altering certain working parameters, especially
by existence of different particles with characteristics. The concept of EIS method has been already ex-
plained in section 2.4.3.2. The procedure of impedance investigation in this work is mentioned as below:

A three-electrode cell connected to a work station (IM6- Zahner) was used for both impedance meas-
urements during electrodeposition process. In order to keep the constant distances between anode,
cathode and reference electrode, a setup illustrated in Figure 3.1 was chosen. The parameters of im-
pedance experiments are listed in Table 1. By using a constant current density, the constancy of the
system over the measuring time was ensured. This was proven by premeasurement of the spectrum of
random samples. EIS was conducted directly after the registration of the cell potentials in the galvanos-
tatic mode. EIS data were acquired in the frequency range from 100 kHz to 10 Hz using a sinusoidal

signal with 10 mV. In this case, due to the short amount of time needed for each impedance measure-
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ment (81 seconds), the test would be less affected under the variations in working parameter like tem-
perature or pH during the deposition time.

The cathodic area of 20 cm? was chosen on one side of the working electrode (carbon steel sheet) and
the rest were isolated with special stick band. In order to stabilize the working electrode and to ensure
that the system is initially in a stationary state, each sample was pre-deposited before performing im-
pedance tests for 10 minutes in a separated Ni Watts electrolyte under the same working parameters as
for the impedance test. After the testing, the sample was again electrodeposited for 5 more minutes in
the same electrolyte, which was already used for the impedance test. Between each test cycle, the sam-
ples were polarized galvanostatically for 3 minutes under the same current density. For reasons of re-
producibility, except performing four cycle tests on each sample, some of the tests were repeated with
new samples. In fact, each of the reported values of the impedance experiments represents at the same
time the average value of the just-mentioned results. The SIM-Zahner software (Thales box) was used

for analyzing the impedance measurements.

Bath type Ni Watts Bath Ni-P Bath
Electrolyte composition (1L) NiSO,4.7H,0, 250 g/l Ni Watts Bath
NiCl,.6H,O 30 g/l +
H3BO; 30 g/l NaPO,H,
SDS 0.3 g/l (0.1-10 g/
Particle type Al,O3, TiO,, SIiC
Particle size (nm) - apx. 13, 50, 150
Temperature (°C) 55
pH 3.8
Agitation (rpm) 400
Applied current density (A/dm?) 1,2,4
Codeposition time (min) 90,60,40
Cathodic area (cm?) 20
Anodic area (cm?) 45
Cathode-Anode distance (cm) 5.5

Table 3.1 Electrolyte composition and working condition
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Figure 3.1 Set up of electrodeposition and EIS investigation
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Experimental Design

Run | NaP,H,O (g/l) [Matrix (Ni/Ni-P)|Particle type Part(irtjlr:)size Particle concen.(g/l)
1 0 Ni _ _ 0
2 0 Ni TiO, 50 1
3 0 Ni TiO, 50 5
4 0 Ni TiO, 50 20
5 0 Ni SiC 50 1
6 0 Ni SiC 50 5
7 0 Ni SiC 50 20
8 0 Ni Al,O4 50 1
9 0 Ni Al2O3 50 5
10 0 Ni Al203 50 20
11 0 Ni Al2O3 13 1
12 0 Ni Al2O3 13 5
13 0 Ni Al203 13 20
14 0 Ni AlO3 150-200 1
15 0 Ni Al203 150-200 5
16 0 Ni AlO3 150-200 20
17 5 Ni-P _ B 0
18 5 Ni-P TiO; 50 1
19 5 Ni-P TiO, 50 5
20 5 Ni-P TiO, 50 20
21 5 Ni-P SiC 50 1
22 5 Ni-P SiC 50 5
23 5 Ni-P SiC 50 20
24 5 Ni-P Al,O4 50 1
25 5 Ni-P Al203 50 5
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Run | NaP;H,O (g/l) [Matrix (Ni/Ni-P)[{Particle type Part(ir(:Ir:)size Particle concen.(g/l)
26 5 Ni-P Al203 50 20
27 5 Ni-P Al2O3 13 1
28 5 Ni-P Al2Os 13 5
29 5 Ni-P Al203 13 20
30 5 Ni-P Al203 150-200 1
31 5 Ni-P Al203 150-200 5
32 5 Ni-P Al203 150-200 20

Table 3.2 Table of Experiments

3.2 Layer Characterizations

3.2.1 Scanning Electron Microscopy (SEM)/ energy-dispersive X-ray Spectroscopy (EDX)

Scanning electron microscopy (SEM) can be used for qualitative surface morphology analysis. Energy
dispersive X-ray spectroscopic (EDX) is a technique to determine the chemical composition of a material
[133]. SEM is a type of microscope that uses a rather light electron-beam in order to obtain an image
from the sample. The advantages of SEM include a higher magnification, a larger depth of focus and a
greater resolution in comparison to an optical microscope [133].

SEM micrographs combined with EDX studies were done in a SEM, Zeiss NEON 40 EsB with an EDX
detector model TSL OIM 5.2. The amount of codeposited nanoparticles in the nickel matrix was evaluat-
ed from the aluminum Al, titanium Ti and Silicon Si signal, respectively. The accuracy of EDX analysis
was approximately +0.5 vol%. The EDX area analyses were performed both on the cross section cover-
ing the thickness of deposit at a magnification of 1500-2000x. For the cross section, the samples were
embedded in epoxy resin and cut with a diamond saw. After mechanical grinding with 800 to 4000 grade
silicon carbide paper and polishing with diamond suspension down to 1 ym. Surface morphology and

microstructure of the deposited composites were also analyzed with SEM.

3.2.2 EBSD and TKD

A complete and quantitative representation of the sample microstructure can be established with elec-
tron backscattered diffraction (EBSD) [149, 150]. A FESEM NEON40EsB (Zeiss, Germany) was used at
25 kV with a scanning transmission electron microscopy (STEM) detector as well as an EBSD camera

(EDAX TSL). For backscattered secondary electron (BSE) imaging, the voltage was lowered to 10 and 5
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kV, respectively. Cross sections were prepared with a final oxide polish (OP). EBSD is a powerful micro-
structural-crystallographic technique used to investigate the crystallographic texture or preferred orienta-
tion of any crystalline or polycrystalline materials. For this purpose, an electron beam strikes a tilted
sample and the diffracted electrons form a pattern which can be used to determine the crystal orienta-
tion, measure grain boundary misorientations, discriminate between different materials, and provide in-
formation about local crystalline perfection. The scanning and mapping capabilities of an EBSD system
allow for rapid acquisition of data at sub-micron resolutions revealing the constituent grain morphology,
orientations, and boundaries of the sample. Corresponding transmission Kikuchi diffraction (TKD) stud-
ies were done using the EBSD camera Dig-View in the SEM operated at 25 kV in the high current mode
with a 60 um aperture and a step size of 15 nm and 5 nm. A spatial resolution improvement of up to one
order of magnitude for Electron Backscatter Diffraction (EBSD) results can be achieved with the Trans-
mission Kikuchi Diffraction (TKD) technique. TKD uses existing EBSD hardware but requires software
adaptations and electron transparent samples, e.g. TEM lamella, free standing films and crystalline na-
noparticles.

The difference between these two methods is in the higher transparency of the TKD samples. Moreover,
the resolution improves both the EDX elemental analysis as well as the orientation and mapping for the
smaller grains detected by the measurement.

Therefore, the main decision-making reason of choosing TKD is being electron transparent, although

preparation of samples for TKD is as difficult as for TEM.
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Figure 3.2 Schematic of EBSD and TKD (t-EBSD) analysis

3.2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electrons is

transmitted through an ultra-thin specimen, interacting with the specimen as it passes through it. An im-
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age is formed from the interaction of the electrons transmitted through the specimen. The image is mag-
nified and focused onto an imaging device. TEM is capable of imaging at a significantly high-
er resolution than light microscopes, owing to the small wavelength of electrons. This enables the in-
strument's user to examine fine details even as small as a single column of atoms, which is thousands of
times smaller than the smallest resolvable object in a light microscope.

Bright field (BF) and dark field (DF) are the most commonly used diffraction contrast imaging modes for
crystalline materials. A small aperture (5-70 um diameter) may be inserted in the back focal plane of the
objective lens to intercept the diffracted beam and only allow the transmitted beam to form an image.
This situation is known as a BF image. Alternatively, the direct beam can be blocked by the aperture
while one or more diffracted beams are allowed to pass the objective aperture, this is known as dark field
(DF) image. Since diffracted beams have strongly interacted with the specimen, very useful information
is present in DF images, e.g. about planar defects, stacking faults or particle size.

The procedure for forming a BF and DF may be better understood with reference to Figure 3.3.

Bright Field (BF) Dark Field (DF)
! ! |
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Figure 3.3 the procedure of forming BF and DF in TEM

For the means of TEM experiments, the films were separated from the substrate mechanically. Disks of
3 mm diameter were cut and ion polished by 3kV Ar ions with 6° incidence angle until electron transpar-
ency. The utilized TEM (Hitachi 8110) is equipped with a LaB6 cathode and was operated at 200 kV
which enables imaging in high resolution complemented by diffraction patterns, bright (BF) and dark field

(DF) imaging.

3.2.4 X-ray Diffraction (XRD)

The occurrence of a texture can be easily recognized in an X-ray diffraction pattern by a pronounced
enhancement of a certain reflection when compared with a powder pattern of randomly oriented grains.

According to Scherrer, the width of the Bragg reflection increases with decreasing crystallite size [152].
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X-ray diffraction was utilized to study the texture and crystallite size of the nickel matrix. Diffractograms
were recorded at room temperature on a Burker D5000 with a scan rate of 0.12° min-1 for two-theta
ranging from 10 to 100°. The size of the nickel crystallites was determined from the broadening of the (2
0 0) and/or (1 1 1) reflections according to the Debye—Scherrer equation, after background correction
and subtracting the instrumental line broadening. However, it has to be emphasized that the crystallite
size calculated from the XRD peak profiles refers to the domain sizes that scatter the incoming X-rays
coherently. Hence, these values are generally smaller compared to the crystallite size obtained by other
techniques such as transmission electron microscopy. An often observed structural feature of polycrys-
talline electroplated film is that certain crystallographic lattice planes can occur with a greater probability
than others, which is called preferred orientation or texture. The preferred crystalline orientation of the
nickel films was evaluated by the relative texture coefficients RTCy:

RTC gy = Ta/1° oy {Z (I ay/1° iy} -1 X 100

where the relative intensities of the (hkl) lines are measured in the diffractogram of the nickel films and
are the corresponding intensities of a randomly oriented nickel powder sample (JCPDS no. 4-850). The
summation was taken for the 4 lines visible in the diffraction spectra, i.e. (111),(200),(311)and (22
2).

3.2.5 Measuring internal stress by XRD

In measuring residual stress using X-ray diffraction (XRD), the strain in the crystal lattice is measured
and the associated residual stress is determined from the elastic constants assuming a linear elastic
distortion of the appropriate crystal lattice plane. Since X-rays impinge over an area on the sample,
many grains and crystals will contribute to the measurement. The exact number is dependent on the
grain size and beam geometry. Although the measurement is considered to be near surface, X-rays do
penetrate some distance into the material: the penetration depth is dependent on the anode, material
and angle of incidence. Hence, the measured strain is essentially the average over a few microns depth

under the surface of the specimen.

3.2.6 Martens test

The mechanical property is an important factor in surface finishing for the implementation in industrial
processes. The determination of the microhardness is often the method of choice for a straightforward
screening because it is relatively inexpensive, easy to use and almost non-destructive.

For detecting the hardness value, instrumented indentation (HM2000XYm, HELMUT FISCHER GmbH)
is applied on the cross-sections of the deposits by applying a 25 mN force for 30 s loading time, 30 s
holding time and another 30 s unloading time on a Vickers indenter. The final value quoted for the hard-

ness of a deposit represents the average of 5 measurements.
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4 Results and Discussion

4.1 Layer Characterization of Ni electrodeposited from Watts electrolyte

According to XRD results in Figure 4.1 and 4.2, it is apparent that the diffraction pattern of pure Ni de-
posit is generally characterized by the intense (2 0 0) diffraction line corresponding to a (1 0 0) texture,
where the diffraction pattern of Ni at current density of 2 A/dm? is mainly characterized by (3 1 1) and (1
1 1) lines which are considered as the most effective directions on the strengthening of deposits. Moreo-
ver, the grain size of Ni deposit achieved from Debby-Scherer’'s law, in Figure 4.3 shows a decline at
current density of 2 A/dm? and again increases at higher current density of 4 A/dm?. Based on Martens
results, in Figure 4.4, it is seen that increasing current density to 2 A/dm? caused an improvement of

hardness, while at higher current density of 4 A/dm? a reduction in hardness is observed.

The behavior of hardness with increased plating current density can be explained as followed: At low
plating current density of 1 /dm?, the plating is limited by the reaction rate at the interface between solu-
tion and sample. There is a sufficient supply of Ni ions to the cathode, and the reduced Ni atoms have
sufficient time to migrate to a relaxed position and to fill any remaining pores and gaps. The deposited Ni
film is therefore dense and possesses the bulk value of Martens. As the plating current density increases
to 2 A/dm?, the plating rate rises, and the nucleation rate of Ni is faster which leads to growth impediment
of Ni crystals, and finally, finer grains and higher strengthening due to the Hall-Petch mechanism [145-
147]. By further increasing the current density to 4 A/dm?, the limited supply of Ni ions to the cathode
leads to the formation of a depletion layer of Ni ions near the cathode surface: the so-called mass-
transport limitation. Any incoming Ni ions will be captured by outgrowing microstructures, leaving behind
pores and gaps in the film. The deposited layer is porous, rough and possesses a tensile residual stress
[144].

The microstructural change is believed to be responsible for the change in Martens results observed
here. The surface of electroplated Ni films at lower current densities of 1, 2 and 4 A/dm? have been in-
vestigated by SEM (Figure 4.5), and no cracks and pores were found under a magnification of 2K while
at current of 4 A/dm? pores and gaps are visible. Most of these pores are in the nanometer range or even

smaller.
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Figure 4.1 XRD results of Ni electrodeposited from Watts Bath in different current density: (a) 1, (b) 2

and (c) 4 Aldm?
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Figure 4.4 Effect of current density on Martens hardening of Ni electrodeposited in different current den-
sity of 1, 2 and 4 A/dm?
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Figure 4.5 SEM morphology images of Ni in different current density: (a) 1, (b) 2 and (c) 4 A/dm?
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4.2 Electrodeposition behavior of Ni electrodeposited coatings by means of EIS

According to the results of the polarization in Figure 4.6 a), the cathodic potential values rise by increas-
ing the applied current density. Furthermore, impedance measurements for Ni, electrodeposited under
different current densities as represented in Figure 4.6 b, showed that the current density has a signifi-
cant impact on the impedance behavior of the Ni deposits. As can be seen, all the spectrums show a
single capacitance loop in high and medium frequencies while at higher current densities an inductive
loop can also be obtained in lower frequencies. According to achievements of other researchers, espe-
cially those of Wiart and others [119-124], an equivalent circuit model, which can explain a nickel elec-
trodeposition process, usually, includes three main elements of Rs, Ry and Cy: Rs is the solution re-
sistance between the reference and working electrodes and represents the resistance of the ions in an
electrolyte transfer to the electrodes. Ry is the resistance against charge transfer through the double
layer at the electrode/electrolyte interface. Cq, in the form of a constant phase element (CPE), shows the
double layer capacitance of the interface of the electrode/electrolyte. The use of a CPE is required be-
cause of inhomogeneity and moderate deformations existent in the semicircles. The roughness factor of
CPE elements was neglected in this study. The inductive loop has also been included by other re-
searchers [119, 120, 124]. Although the nature of this behavior is not totally clear yet, some researchers
[106] proposed that the inductive loop indicates the presence of the intermediate, whereas others [121-
124] believe that this loop is related to the adsorption/desorption process of intermediates on/from the
cathode surface. Therefore, with the exclusion of the inductive loop in lower frequencies, the simple
model in Figure 4.7 is proposed for this study, which could be achieved faster in a shorter range of fre-
quencies and provided us with information about the charge transfer and double layer capacity, which
can be directly referred to the reduction rate of nickel. As can be seen in Figure 4.8, the increase in cur-
rent density leads to a decline in charge transfer resistance, which behaves reciprocally to the current
density. The charge transfer resistance and the cathode double layer are inversely proportional to the
current density, as explained in detail in [148]. This inverse proportional relation between current density
and charge transfer resistance, which was also found for high polarization [122] for a nickel sulfate elec-
trolyte, leads to an interesting prediction concerning the system’s behavior under high polarization. In
fact, increasing current density leads to an increase in nucleation rate, an increase in current efficiency

and rate of cathodic deposition.
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Figure 4.7 Simple circuit model for the Ni electrodeposition from Watts’s electrolyte.
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Figure 4.8 Charge transfer vs current density for electrodeposition of Ni from Watts’s electrolyte

4.3 Effect of particle properties on the electrodeposition behavior of Ni-Al,O; composite coatings
and its layer properties

4.3.1 Effect o_f alumina particle size on the morphology, microstructure and mechanical
properties

As illustrated in Figure 4.9, Ni-Al,O; composite coatings show different morphology compared to pure
nickel coatings. With the addition of Al,O3 particles in the electrolyte, the boarders of the Ni grains be-
come fuzzy and more compact in comparison to pure Ni with no particles. In the case of adding nano-
AlL,O3; the morphology seems to be even more compact and homogenous. Moreover, for the coating
electrodeposited with submicron particles, it is obvious that the particles were mainly incorporated within
a certain gap from the Ni matrix and growth of nickel around the particle becoming rough. This behavior
can be related to the non-inductive nature of alumina particles, as it was also mentioned by [99]. Fur-
thermore, according to the cross-section backscatter SEM images shown in Figure 4.10, it is observed
that the “dark” spherical Al,O3 particles are uniformly distributed in the “white” nickel matrix, thanks to the
use of ultrasound during the deposition process. Nevertheless, because of the higher surface energy of
nanoparticles, agglomeration at higher particle concentrations is still unavoidable despite the application
of ultrasound.

The EDS analysis in Figure 4.11 displays the atomic percentage of Al for Ni-Al,O; composite coatings
electrodeposited from Watt's bath including nano- and submicron Al,O; particles with different particle
concentrations in the electrolyte. As can be seen, under the same conditions, the atomic percentage of
Al for submicron particles is higher than the coatings prepared with nanoparticles. In addition, in both

cases, the incorporation value of particles rises with increasing the loading of particles in the electrolyte.
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Figure 4.9 SEM images of the surface morphology: (a) Ni-sm Al,O3 20 g/l (cb) Ni-n Al,O3 20 g/l electro-
deposited at i =4A/dm? for 40 min
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Figure 4.10 SEM images of cross-section: (a) Ni, (b) Ni-sm Al,O3 20 g/l (c) Ni-n Al,O3 20 g/l electrode-
posited at i=4A/dm? for 40 min

However, as plotted in Figure 4.12, the measurement of the volume percentage of particles in a certain
surface by means of the image analyzer shows that, under the same working conditions, the number of
incorporated particles - in the case of adding nanoparticles - is slightly higher compared to the addition of
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submicron particles, namely 5.1 to 4.6 vol%. The same behavior was detected for Al,O; 50 and 300 nm
by Vereecken et al. [132]. In fact, by reducing the particle size, the number of the particles codeposited
into the matrix is higher; but - due to the smaller size - the atomic percentage would be lower.
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Figure 4.11 Effect of particle size and concentration on the incorporation value of particles achieved from
EDX mapping analysis from the thickness of the deposits
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Figure 4.12 Volume percentages (vol %) of alumina particles estimated by image analyzer software: (a)
Ni-nano Al,O3 20 g/l (b) Ni-submicron AL,Os 20 g/l electrodeposited under the same working conditions
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Figure 4.13 Effect of particle size and concentration on the Ni grain size

Figure 4.13 exhibits the grain size of the Ni matrix for the samples estimated from Scherrer's equation
using the XRD peak width. In fact, the reduction in the grain size of the Ni crystal by adding particles
approves the compactness of the coatings as also confirmed by the results of the morphology. It can be
seen that, by increasing the concentration of particles in the electrolyte, on one hand, the incorporation
value for the case of submicron particles is higher than when nanoparticles were used, but on the other
hand, the grain size value reduced more when nanopatrticles are added into the Ni matrix. The difference
in microstructure and grain size of Ni matrix for Ni-Al,O; composite coatings with both nano- and submi-

cron particles are more observable in EBSD results of Figure 4.14.

The reason here is that smaller particles can offer more sites for nucleation, which is detrimental for the
growth of Ni crystal while on larger particles, therefore, Ni crystal finds more opportunity to grow. One
possible mechanism to explain the codeposition behavior of particles here is the phenomenon proposed
by Guglielmi [1]. In the first step, the particles in the electrolyte are clouded by nickel ions and due to the
agitation in the electrolyte, clouded particles approach the cathodic surface and there, a certain amount
of particles can be trapped and buried by reducing new ions over them. According to the thickness
measurements in Figure 4.15, it is understandable that in lower particle concentrations till 5 g/l, the pos-
sibility of transferring Ni ions through the particles is high such as the value of the thickness at the given
concentration is large, namely around 65 pm. At the higher concentration of 20 g/l, however, the thick-
ness values for both particle types showed a declining trend. It is possible that the addition of more parti-
cles into the solution could block the cathodic surface and, therefore, a more active area for the reduc-

tion of Ni ions.
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Figure 4.14 EBSD texture of Ni-nano AL,O3; and Ni-sm Al,Oz with 20 g/l under other same working
parameters
Nevertheless, at the higher concentration of 20 g/l, the thickness of the layer deposited with submicron
particles is higher than the layer deposited with nanoparticles, 37£0.7 and 25+1.2 um respectively. The
reason here, as explained above, can be the better opportunity of Ni crystals to grow on larger particles
rather than on smaller ones. Since the particle hinders the current flow, the local overvoltage should rise

respectively, thus the number of crystallization sites would be increased.
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Figure 4.15 Effect of particle size and concentration on the thickness value of the deposits electrodepos-
ited under the same conditions
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Figure 4.16 shows comparable XRD-patterns depending on the particle size and content at the deposit-
ed layer. Ni coating exhibited a preferential growth on the crystal face (2 0 0), once nano-Al,O3; was co-
deposited, the growth orientation of the Ni/Al,O; composite coating was changed from crystal face (2 0
0) to (1 1 1) for nanoparticles and remains (2 0 0) for submicron particles, although the relative intensity
of both directions increases by adding more particles into Ni matrix. The codeposition of Al,O3; obviously
affects the relative intensity corresponding to different crystal faces, with increase of Al,O; in the coat-
ings, the relative intensity corresponding to crystal face (1 1 1) increases, but the relative intensity of
crystal face (2 0 0) decreases. For composite coatings with nanopatrticles, the peak of crystal face (2 2 0)
is more obvious. It seems that also the peak of (3 1 1) becomes stronger with increasing of Al,O3; con-
tent. Erler et al. [162] demonstrated that the XRD patterns of nickel nanocomposite coatings indicate
changes in texture of such coatings which are dependent on the particle content in electrolyte. Chang et
al. [163] has also presented similar results.

The Martens hardness of Ni-Al,O; composite coatings was also carried out on the cross section of the
layers by means of the Martens test as it was already explained in the experimental section. According
to the results of the Martens hardness presented in Figure 4.17, it can be discerned that the Martens
hardness of the Ni-Al,O; composite coatings electrodeposited with both nano- and submicron particles
follow an increasing trend by increasing the particle concentration in the electrolyte. It is obvious that the
addition of nanoparticles leads to a higher Martens hardness at each single concentration in contrast to
the addition of submicron particles. According to the results of the Martens test and the suggested co-
deposition mechanism, it can be concluded that, even though the codeposition can arise easier for the
larger particles, the nucleation rate of nickel and subsequently the hardness value should not necessarily
be higher. The reason of higher incorporation value in case of submicron particles can be related to eas-
ier transfer of the larger particles from the double layer to the surface.

The Martens hardness can be controlled by dispersion hardening or the amount of dispersed particles
embedded in the layer based on the Orowan mechanism [153]. As it could be seen, by increasing the
concentration of particles in the electrolyte, the incorporation value for submicron particles will be higher
than that of nanoparticles, but on the other hand, the number of incorporated particles in the case of ap-
plying nanoparticles is higher. This means that the possibility of hindering the dislocations in the coating
deposited by nanoparticles is higher. Moreover, as it was already seen, the grain size of the nickel matrix
is smaller in the case of nanoparticles. This means that the grain size of the matrix, based on the Hall-
Petch effect [154], plays an important role in the hardening mechanism of coatings.

In order to shed more light on assumptions about the codeposition behavior of alumina particles with
different sizes and concentrations, impedance spectroscopy was used to explain the effect of particle

features on the behavior of the charge transfer and double layer capacity for the Ni electrodeposition.
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Figure 4.17 concentrations including the effect of grain size and particle content
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4.3.2 In-situ EIS study of Ni-Al,O3; electrodeposition

Figures 4.18 (a-c) show the Nyquist plots from electrochemical impedance spectroscopy results during
the electrodeposition process for Ni and Ni-Al,O3 with particle nano- and submicron particles and differ-
ent concentrations of 1, 5 and 20 under the same deposition conditions. The impendence data compris-
es of a single capacitance loop in high and medium frequencies and an inductive loop in lower frequen-
cies.

According to the mechanism of Ni electrodeposition proposed by Epelboin and Wiart [122, 124], the sim-
ple circuit model in Figure 4.19 is suggested for the impedance results of this study. In this study, the
inductive loop was excluded in very low frequencies. Therefore, the impedance measurements could be
achieved much faster within a shorter range of frequency which provide information about charge trans-
fer and double layer capacity, which can be directly related to the Ni reduction. Nevertheless, the trace of
inductive loops is indeed visible in rather lower frequencies. In this model, Cq is the double layer capaci-
tance of the interface of the electrode/electrolyte, and Ry is a resistance against the charge transfer
through the double layer at the electrode/electrolyte interface.

As it was seen in Figure 4.17, the loop size for both particle sizes was found to decrease with increasing
particle concentration till 20 g/l. Additionally, as it is seen in the Figure 6c, at the concentration of 20 g/,
the usage of submicron particles caused higher shrinkage in the semicircle of Nyquist spectrums com-
pared to the addition of nanoparticles to the electrolyte.

Increasing the concentration of the particles resulted in the decrease of the charge transfer resistance or
the increase of the double layer capacity, as it was also shown by Benea or Dolati for SiC particles [106,
131]. As it can be deduced from the impedance results in Figure 10a and 10b, a descending trend in the
impedance of the charge transfer as well as an ascending trend in the doubled-layer capacity was ob-
served by increasing the Al,Oj3 particle concentration till 20 g/l. According to the impedance results, by
the increase in the concentration of the particles in the electrolyte, the possibility that nickel ions are
transferred by means of the particles towards the cathodic surface is higher. In other words, the decline
in thickness of the double layer can finally influence the nickel reduction. Moreover, according to the re-
sults of Figure 4.20 (a and b), the value of the charge transfer resistance for submicron particles is lower
than that of nanoparticles, and the double layer capacity for larger particles is moderately higher com-
pared to smaller particle sizes. This means that the thickness of the double layer on the cathodic surface
is less than that of nanoparticles in the case of adding submicron particles. Thus, as it is illustrated in the
schematic of Figure 4.21, submicron particles can be easier incorporated into the deposit than nanopar-
ticles due to having a larger active surface for free ions and a higher mass transfer.

Nevertheless, the deposition of nickel at the higher concentration of 20 g/l arises faster due to the higher
charge transfer and double layer capacity. The reason for the decline in the thickness of coatings or for

the reduction of the thickness of deposits at the higher particle concentration of 20 g/l, as it is seen in
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Figure 4.21 (b), can be partly related to the blocking of the active surface of the cathode due to the ac-

cumulation of particles on the surface which should be avoided.
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Figure 4.18 Effect of particle size and concentration on the Nyquist spectrums: (a) Ni-nano Al,O3 (b) Ni-
submicron Al,O; (c) comparison at the concentration of 20 g/l
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Figure 4.19 Circuit model used for impedance measurements for the frequency range of 10 kHz-10 Hz
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Figure 4.20 Results of Cy (a) and Ry (b) calculated by fitting the impedance results with the suggested
circuit model by means of Matlab
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Figure 4.21 Schematic of the particle incorporation mechanism based on patrticle size and concentration:
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4.3.3 Effect of particle type on the morphology, microstructure and mechanical properties

As illustrated in SEM images in Figure 4.22, the morphology of Ni composite coatings are different com-
pared to a pure nickel coating. With the addition of particles in the electrolytic, the boarders of the Ni
grains become fuzzy and more compact in comparison to pure Ni with no particles. In fact there is a
transition in the morphology from columnar to equiaxial crystal growth. With addition of particles in solu-
tion, these particles precipitate in grain interfaces and obstacle grain growth. Thus, the structure trans-
forms from pyramidal to global. In the case of adding Al,O3, the morphology seems to be even more
compact and homogenous compared to the coatings deposited with SiC and TiO, under the same work-

ing conditions.
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Figure 4.22 SEM images from the surface morphology of Ni coatings with different type of particles elec-
trodeposited under the same working conditions: (a) Ni, (b) Ni-Al,Os, (c) Ni-TiO,, (d) Ni-SiC
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The SEM cross-section examination in Figure 4.23 reveals that all deposits (regardless of particle type)
were crack free, homogenous and well adherent to the steel substrate. According to the cross-section
SEM images, the influence of particle concentration for Al,O3, SiC and TiO, particles have been shown
on the incorporation value of particles in the Ni deposit. The nickel deposits present a pseudo-columnar
structure with the columns oriented on the direction of the electrical field, while the codeposition of parti-
cles leads to the interruption of the columnar growth. It is observed that the incorporation value for TiO,
is much higher than Al,Os; and SiC for the coatings electrodeposited under the same conditions, espe-
cially incorporation value for SiC despite of 20 g/l particle concentration in the electrolyte, seems to be
very dispersed and negligible.
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Figure 4.23 SEM images from cross-section of Ni coatings with different particle type and particle con-
centration, electrodeposited under the same working conditions and same particle size

According to the thickness measurements in Figure 4.24, it is seen that by adding Al,O3z and TiO, into the
electrolyte, the thickness values of the deposits are almost constant, about 25 pm and do not change
noticeably. On the other hand, the coating electrodeposited with only 5g/l SiC particles in the electrolyte
shows the largest thickness value compared to other coatings deposited under the same electroplating
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conditions, about 45um, while this value decreased to about 30 um by adding 20 g/l particles into the
electrolyte.

In fact in lower particle concentrations up to 5 g/l, the possibility of transferring Ni ions through the parti-
cles is higher such as the value of the thickness at the given concentration is large, especially for SiC
particles with conductive nature has better opportunity for Ni crystals to grow rather than on Al, O3z or TiO,
particles with rather inert behavior. At the higher concentration of 20 g/l, the addition of more particles
into the solution would block the cathodic surface and therefore, a more active area for the reduction of
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Ni ions.

Figure 4.24 Thickness results of Ni coatings with different type of particles electrodeposited under the

same working conditions

The EDS analysis in Figure 4.25 reveals the particle concentration in the coatings electrodeposited from
Watt’s bath outlined in terms of atomic percentage for titanium oxide, alumina and silicon carbide with 50
nm particle size, respectively. The data are calculated from the measured Ti/Ni ratio (Al/Ni and Si/Ni,
respectively) assuming the stoichiometric composition, since light elements, especially carbon, hardly
can be analyzed quantitatively by EDX.

It is seen that generally, the incorporation value of particles increases by increasing the particle concen-
tration in the electrolyte. Adding SiC particles showed insignificant changes and also the lowest amount
of incorporation value compared to Al,Os;and TiO,. The highest incorporation value relates to the coat-
ings electrodeposited with TiO, particles. The EDS results correspond well with the SEM cross-section

images from the coatings.
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Figure 4.25 Particle content VS particle concentration/type for Ni electrodeposited composite coatings

According to the results of Ni grain size achieved from XRD results and estimation of Schrerr’s law, first
of all, it is observed that, the grain size of deposited coatings getting smaller by increasing the particles
concentration in the electrolyte for all three particle types. Moreover, it is obvious that the coatings de-
posited with Al,O3 particles showed finer microstructure at each single concentration compared to the
coatings deposited by SiC and TiO,. Although incorporation value for TiO, was much higher than SiC,
the effect of TiO, particles on crystal growth and refinement was almost the same as coatings with the
low amount of SiC particles.
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Figure 4.26 Grain size results for i=4 A/dm?, from XRD
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Figure 4.27 Texture values in Ni electrodeposited coatings with different particle type

Pure electroplated nickel films typically reveal a columnar crystal growth. Codeposition of particles can
change the plating conditions and create additional nucleation sites. However, different texture transi-
tions are not seen in the Ni composite coatings with different type of particles with 20 g/l concentration in
the electrolyte. Meanwhile, the relative intensity of (1 1 1) for the composite coatings decreased almost
to half of the value compare to Ni. Moreover, there is an improvement in the direction of (2 2 0) observed
by adding Al,Os; and TiO, particles. The highest relative intensity among these three patrticle types relates
to alumina in (1 0 0) and after that TiO, and SiC respectively. The same trend has been seen by others
[62].

The results of internal stress for Ni composite coatings achieved from XRD, shows that adding particles
into Ni Watts’s electrolyte reduces residual stress in the deposited composite coatings, whereas under
the same working conditions adding 20 g/l TiO, particles reduces the stress, to a minimum of approxi-
mately 230 N/mm? at 4 A/dm?. The grain size of nickel might be smaller with high Al,Os-particle content

in the electrolyte, so that residual stress of the first order cannot accumulate as much as with TiO,.
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Figure 4.28 Internal stress in Ni electrodeposited composite coatings with different particle types meas-

ured with XRD technique
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The results acquired in Figure 4.29- 4.31 could illustrate more clearly the microstructure of coatings elec-
trodeposited with different particles types. Compared to electron backscattering images of nickel films,
EBSD and TKD studies give a rather accurate picture of the grain size since quality maps are composed
in terms of crystallographic orientation. It is observed that due to the higher surface energy of nanoparti-
cles, despite the application of ultrasound, agglomeration at higher particle concentrations is still una-
voidable. It is observed that Al,O3 influenced more intensely on the refining of Ni grains compared to SiC
and TiO,. Furthermore, Figure 4.29 shows a fairly random TiO, distribution with particles located near
the reconstructed grain boundaries as well as incorporated in nickel crystals. While Al,Oz; and SiC are
preferentially incorporated in the vicinity of grain boundaries.

EBSD maps indicate that the alumina nanoparticles are predominantly incorporated in the grain bounda-
ry zone. It is apparent that the alumina particles terminate the columnar nickel crystals and consequently
affect the growth direction. The different influence on crystal growth by codeposition of semiconducting
particles like silicon carbide compared to nonconductive particles like alumina is striking, and should be
estimated under the aspect of particle conductivity. Otherwise the incorporation of SiC particles does not
change the columnar growth of nickel.

The particles intersect the crystalline columns and do not provide additional nucleation sites for electro-
crystallization. A survey of different models of electrolytic codeposition is given in reference [169]. By
analyzing theoretical and experimental results, the authors point out the effect of current distribution at
the cathode which is remarkably different for conducting or non-conducting particles. The small crystals
on top of the patrticles are unoriented. In accordance with reference [169], it is assumed that the different
influence of nonconductive and conductive particles on the primary current distribution at the cathode
changes the nickel deposition around the adsorbed particles. Electrical isolating and conductive particles
have different impacts on the primary current distribution at the cathode and change the nickel deposi-
tion around the adsorbed particles. Behind non-conductive particles like TiO,, the remarkably decreased
current facilitates nickel crystal growth around the particle. In contrast, semi-conductive particles like SiC
leave the current distribution fairly unchanged.

The results of Martens test in Figure 4.32 indicate that adding 1 g/l of each type of particles had no con-
siderable effect on strengthening of deposit while after adding 5 g/l particles in the electrolyte, Martens
hardening increased. Although the Martens hardening did not change any more with increasing more
concentration of Al,Ozand SiC, this value increased even more by increasing concentration of TiO, par-

ticles in the electrolyte and respectively in the deposit.

The results revealed that the fine particles incorporated within the Ni matrix could restrain the growth of
Ni crystals and impede the motion of dislocations, by way of grain refining and dispersive strengthening

effects.
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Figure 4.29 EBSD images of Ni composite coatings with different particle type electrodeposited under
same working conditions
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Ni-TiO,

Figure 4.30 TKD images of Ni composite coatings with different particle type and same patrticle size elec-
trodeposited under same working conditions

SiC Al,0,

Figure 4.31 Comparison between TEM and TKD images for Ni composite coatings with different particle
type electrodeposited under same working conditions
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This means that the mechanism of Orowan and dispersion hardening plays a specific role for the coating
with TiO, particles according to particle number and better distribution. On the other hand, accumulation
of SiC particles has lower effect on the hindrance of dislocations. Moreover, the dominating mechanism
of strengthening in Ni- Al,O; composite coatings is mainly due to the Hall-Petch effect and grain refining

rather than particles incorporation and Orowan mechanism.
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Figure 4.32 Hardness versus particle concentration/particle type

4.3.4 In-situ EIS study of Ni electrodeposited with different particle type

Figure 4.33 shows the Nyquist plots from electrochemical impedance spectroscopy results during the
electrodeposition process for Ni-Al,O3, Ni-SiC and Ni-TiO, with three different particle concentrations of
1, 5 and 20 g/l electrodeposited under the same deposition conditions. It is seen that the size of Nyquist
semicircle for the coating with alumina particles at lower concentration of 1 and 5 g/l is smaller than the
coatings with SiC and TiO, particles, while the one including TiO, particles shows the larger semicircles
for the concentration of 1 and 5 g/l. On the other hand at higher concentration of particles in the electro-
lyte, 20 g/l, the size of semicircle for the Ni coating including TiO, gets rather small compared to the oth-
er two coatings with Al,Oz; and SiC particles. As already discussed before, the main physical elements
describe the behavior of Ni electrodeposition at middle and high frequencies, including Cg which is the
double layer capacitance of the interface of the electrode/electrolyte, and Ry that is a resistance against

the charge transfer through the double layer at the electrode/electrolyte interface.

By correlating the results of particle content from EDX with the results of impedance spectroscopy, it is
observed that particle content in composite coatings corresponded well with the impedance value
achieved from EIS results. It means that at lower particle concentration of 1 and 5 g/l TiO, content is
lower than SiC and Al,O; respectively and this is equal to higher charge transfer resistance for TiO,

compare to SiC and Al,Oz patrticles.
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On the other hand, the particle content for Ni-TiO, at concentration of 20 g/l was higher than Al,Oz;and
SiC and in the meantime the charge transfer for this coating showed lower resistance compared to the
coatings electrodeposited under the same conditions with Al,Oz; and SiC. Since the size of these parti-
cles is in the same range, this behavior is clearly related to the intrinsic characteristics, for example dif-
ferences in particle density and surface composition which can finally affect the charge transfer and re-
spectively particle content. The incorporation of particles into the film may involve physical adsorption or
chemisorption of particles, or electrochemical reactions of species adsorbed at the particle surface. Vari-
ous models have been proposed that take these effects into account [169,170]. For instance, charged
surfactants adsorbed on codepositing particles influence the particle composite content through the par-
ticle surface composition, but this is not determined by the particle charge. Other interaction forces, like
the London-Van der Waals force or hydration force, dominate and are responsible for the effect of parti-
cle material on particle composite content. Apart from the surface composition the bulk properties of a
particle material will affect composite deposition. Particle mass transfer and the particle-electrode inter-
action depend on the particle density, because of gravity acting on the particles. Since the particle densi-
ty cannot be varied without changing the particle material, experimental investigations on the effect of
particle density have not been performed. However, it has been found that the orientation of the plated
surface to the direction of gravity combined with the difference in particle and electrolyte density influ-
ences the composite composition. In practice it can be difficult to deposit composites with homogeneous
composition on products where differently oriented surfaces have to be plated.
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Figure 4.33 EIS results from the effect of particle type on the electrodeposition behavior of Ni
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4.4 Investigation on electrodeposition behavior of Ni-P and Ni-P composite coatings

4.4.1 Layer Characterization of Ni-P electrodeposited coatings

Ni-P coatings were electrodeposited from the modified Watts Electrolyte under the same working condi-
tions with different concentration of sodium hypophosphate and different current densities. As it is seen
from EDX and GOEDS results in Table 4.1 and also in Figure 4.34 the phosphorous content in Ni-P
coatings changes with the phosphorous source in the electrolyte and also current density. Increasing the
phosphorous source and decreasing the current density both caused higher phosphorous content in Ni-P
deposits. The content of phosphorus in the deposits electroplated from the low phosphorus baths did not
vary appreciably with current density. The deposits from the high phosphorus-nickel bath, Ni-H, showed
a decrease in content of phosphorus as the current density was raised. With the P incorporation sus-
pected to be rather constant, the Ni deposition is favored with increasing current density thus controlling

the Ni/P ratio. Similar results have been discussed in a number of publications [164].
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N© [NaP,H,0] Current density EDX: [P] GOEDS: [P]
9/ (A/dm?) (wt %) (wt %)

1 0,1 1 11 1,2
2 0,1 2 0,7 1,2
3 0,1 4 0,6 0,7
4 0,5 1 3 3,2
5 0,5 2 24 2,7
6 0,5 4 1,7 2

7 1 1 5,3 4

8 1 2 3,1 34
9 1 4 2,6 2,6
10 5 1 8,8 7,7
11 5 2 7,7 6,5
12 5 4 5,8 4,5
13 10 1 9 7,2
14 10 2 8,2 6,8
15 10 4 7,2 4.9

Table 4.1 Effect of NaP,H,0, and current density on the phosphorous content of Ni-P electrodeposits
measured by EDX and GODES
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Figure 4.34 Correlation of phosphorous content in Ni-P deposit with current density and NaP,H,0, as

Phosphorous source in Watts Ni bath
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The X-ray diffraction analysis (Figure 4.35) shows the difference in microstructure of Ni-P regarding P
content. The transition of the crystalline state towards a less ordered state is characterized by broader
and less intense peaks which can continue until disappearing according to increasing phosphorus con-
tent. Thus, only deposits with less than 5 g/l NaP,H,O, are crystalline containing 5.8 wt. % of phospho-
rus are crystalline, even microcrystalline taking into account the extinction and the widening of the whole
of the peaks. On the sample without phosphorus, the smoothness of the peaks is the result of strong
crystallinity of the deposit for this composition, as has been shown previously. On the other hand, the
inversion of the intensities of the peaks (1 1 1) and (2 0 0) for the sample with 5 g/l NaP,H,0, deposited
at current density of 4 A/dm? could be explained by a change of crystalline texture with the phosphorus
incorporation: the deposit without phosphorus presents a preferential orientation of the (2 0 0) plane par-
allel to the surface whereas the one with phosphorous favors the plane (1 1 1). This result was already
observed by Lewis and Marshall [27]. They assign this privileged orientation of the planes (1 1 1) with
increasing phosphorus content in the deposits due to the fact that the deformations of the crystallites are

more important according to the crystalline planes (2 0 0) compared of the planes (1 1 1).

Beyond the phosphorus content of 5.8 wt. %, all the other samples become amorphous: the diffraction
peaks decline, widen and then disappear. Phosphorus dissolves in solid solution in the nickel mesh and

therefore does not appear on the X-ray diffractions.
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Figure 4.35 Effect of phosphorous source concentration on the crystallinity of Ni deposit indicated by

XRD. Coatings electrodeposited at i=4 A/dm? and under same working conditions
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Figure 4.36 shows the effect of phosphorous on the morphology of Ni deposit. The coatings deposited
without phosphorus, pure Ni, as we have seen, showed pyramidal grains with characteristic of a crystal-
line structure, whereas the deposit elaborated in the presence of NaP,H,0, has a globular morphology
which would return rather to an amorphous structure (Figure 4.3). This levelling according to the
NaP,H,0, content of the bath is explained by a radical change of the morphology of the deposits.

set 600KV 200KX  WD= 15mm 2 pm BSD 500KV 200KX  WD= 16mm ﬂm

Figure 4.36 Morphology of Ni deposit with (right) and without (left) phosphorous source in Watts Ni

According to EIS results in Figure 4.37, it is observed that under the constant current density, by increas-
ing the phosphorous source in the electrolyte, the impedance semicircle gets shorter. In other words,
increasing the phosphorous content leads to reducing of charge transfer impedance and declining of
double layer capacity for Ni deposition. As it is known by increasing P content, the microstructure of de-
posits from crystalline inclined towards nanocrystalline and amorphous structure. This evolution in mi-
crostructure has been attempted to be corresponded with the impedance results. According to imped-
ance investigations, it seems that there could be a relationship between P content in deposits and value
of charge transfer (Rp). Impedance results are mostly comparable in lower current of 1 A/dm? but in 2
and 4 A/dm? we have usually dispersion in impedance, probably due to the changes and variations in

potential values (Figure 4.38).

Variations in the potential value, as indicated in voltammetry results (V-t) in Figure 4.39, can be due to
the changes in interfacial pH by time which finally leads to formation of lamellar layers (Figure 4.40). This
occurs mainly in low P content or higher current density, as mentioned in our already published paper
[32].
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Figure 4.37 Effect of NaP,H,0O, concentrations on the impedance behavior of Ni-P deposit (Ohm)
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Figure 4.38 Effect of current density on the impedance behavior of Ni-P electrodeposited under the same
NaP,H,0, concentration: P content 8.25, 7.5, 5.75
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Figure 4.39 Effect of Lamellar layers in Ni-P on the potential during deposition

86



L e

Ni-P low/medium phosphorous (lamellar)

L il

Ni-P high phosphorous (amorphous)

Figure 4.40 Effect of phosphorous content on the microstructure of Ni-P electroplated coating

Elemental mapping confirms an inhomogeneous phosphorus distribution over the cross-section (Figure
4.40). Inserted in this figure, the line scan shows vertical fluctuations of about 10 % of the total P concen-
tration which is also comparable to the mean deviation of the overall matrix composition. It should be
noted that the thickness of the lamellas varies between 100 nm and some ym. The micron-sized varia-
tions have been observed frequently in electroplated and electroless deposited Ni-P coatings, for exam-
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ple in [41] and [165]. According to the deposition mechanism via oxidation of the sodium hypophosphite
and reduction of the nickel ions, the incorporation of phosphorus in the deposit depends on the pH, i.e.
proton concentration. Therefore, local pH variations cause the variation in the deposit phosphorus con-
tent. The fine variations of about 100 nm, which reveal the compositional contrast in Morphology (Figure
4.41).

NiSO,+ NaPOyH, + xH,O = Ni+ 2Hags+ 2H" + SO, % + NaH,PO; (1)

2NaPO,H, + 2H4s NaH,PO3; + P + NaOH + xH,O (2)

3NaH,PO, + NiSO, + xH,0  Ni+ P + 2H*+ Na" + SO,? + 2NaH,PO;  (3)

The deeper insight about such lamellar behaviors has been explained extensively in our publication
[138].

P 2um
Figure 4.41 Elemental EDX shows phosphorus distributions in the cross-section of Ni-P galvanic coating

4.4.2 Effect of Particles incorporation in Ni-P galvanic coatings

4.4.2.1 Effect of particle size on the layer characteristics and electrodeposition behavior of Ni-P
electrodeposited coatings

It was found that adding alumina particles in the plating bath electrodeposited under current density of 4
Al/dm? leads to the reduction in crack phenomenon of Ni-P coatings surface (Figure 4.42).

Mizushima et al. [167] have noticed that the microcracks are caused by the relaxation of internal tensile
stresses. They suggested that the hydrogen ingression into the deposit occurs during the electrodeposi-
tion and its subsequent release creates a high tensile stress which can develop the microcracks in de-
posit.
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In fact when particles are added into the bath, they may absorb hydrogen ions near the cathode, pre-
venting the ions from being reduced to nascent hydrogen. It is noticeable that higher current densities

cause more nascent hydrogen to be accumulated at the cathode surface before it is evolved.

(a) (b)
Figure 4.42 Photos from samples Ni-P (a) and Ni-P-Al,Oz; 13nm (b), 200nm (c) electrodeposited under

same working conditions

Additionally, the indirect reaction mechanisms for Ni-P codeposition shows that hydrogen ions absorbed
by Al,O3; may prevent the reduction of phosphorous acid to phosphorus, lowering the phosphorus con-
tent and hence lowering the residual stress and cracks.

The morphology of the Ni-P coatings without particles and with alumina particles of nano and submicron
size has been shown in Figure 4.43. All the coatings show a nodular surface structure. They have a light
gray color with a luster effect. The morphology of the Ni-P-Al,O3; coatings consists of a homogeneous

fine globular structure with embedded Al,O; particles appearing as black spots.

The presence of Al,O; in the Ni-P layer affects heterogeneity of the surface and increases the number of
boundaries between Ni and other particles in the matrix. It can also be found that surface morphology
has changed from a smooth state to a non-smooth state with a nodular appearance. Rezrazi believes
that changes in surface morphology depend on phosphorus content in composite coating [168]. The
plates with high phosphorous content were found to have smooth and uniform morphology, indicating the
amorphous nature. Figure 4.44 provides the SEM micrographs showing the cross-section of the deposit
plating at current density of 4 A/dm? at 20 g/l Al,O; 13 nm and 200 nm.
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The composite coatings were compact and without cracks, as depicted in surface images (Figure 4.43)

and corresponding cross-sectional profiles (Figure 4.44).

It is observed that particles were dispersed homogeneously in the matrix and adding submicron particles

lead to higher value of incorporation compared to nanoparticle.
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(a) (b) (c)
Figure 4.43 Morphology of Ni-P (a) and Ni-P-Al,O3 13 nm (b), 200nm (c) electrodeposited under same
working conditions

It is seen that under the same working conditions adding submicron patrticles into the electrolyte lead to a
large difference in the incorporation value compared to nanoparticles, about 7 times as it was detected
by EDX in Figure 4.45. On the other hand, P content in the coating with submicron particles decline more

than the coating electrodeposited with nanoparticles (Figure 4.45).
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Figure 4.44 Cross section SEM images of Ni-P (a) and Ni-P-Al,Os 13 nm (b), 200 nm
(c) electrodeposited under same working conditions
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It is apparent that the observed decrease of P content in the alloy matrix attributes to the presence of
Al,O; particles. It is known that in plating bath operating at low pH values, an increased amount of pro-
tons are adsorbed on Al,O3; particles [170,172,173] and consequently, results in increased hydrogen
evolution. Therefore, Al,O3 particles catalyze hydrogen evolution by changing the reduction paths during
Ni-P electrodeposition [131] through the enhancement of molecular hydrogen against nascent hydrogen
production [129, 130, 138]. According to the indirect reaction mechanism for Ni-P codeposition nascent
hydrogen is necessary for the reduction of phosphorus source to phosphine [38]. Thus, the presence of

Al,O3 particles could reduce the P content in the deposit by restriction of phosphine production.
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Figure 4.45 EDX results from P content and particle incorporation in Ni-P composite coatings electrode-

posited with nano and submicron particles

As it is seen from the thickness results in Figure 4.46, the thickness of Ni-P coatings increase with add-
ing particles into the electrolyte. The coating electrodeposited with submicron particles was even higher
than the one deposited with nanoparticles. It is understandable that by adding particles, hydrogen ions
absorbed by Al,O3; prevent the reduction of phosphorous acid to phosphorus and, according to the indi-
rect mechanism of Ni-P formation, lead to a lowering in phosphorus content. As already discussed the

microstructure of Ni-P is directly dependent on P content. In other words, at lower P content, the micro-
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structure is more crystalline and there is more possibility for growth of the Ni grains. Therefore, the thick-

ness of layer would be larger than the coating with higher P content and would rather have an amor-
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Figure 4.46 Thickness results of Ni-P and Ni-P-Al,O3 with nano and submicron particles electrodeposited

under same working conditions

According to the XRD results in Figure 4.47, the internal stress in the Ni-P coatings before and after add-
ing particles after annealing and crystallization were measured. It was seen that adding patrticles in both
cases leads to a decline in internal stress, and for submicron particles even the internal stress is 5 times
less than Ni-P without particles. There can be two reasons for the decreasing in internal stress in Ni-P
composite coatings. Firstly, the main reason for formation of cracks and stress in Ni-P coatings especial-
ly in higher current densities initiates from hydrogen evolution during electrodeposition process. There-
fore adding patrticles itself in the electrolyte, adsorbed the hydrogen ions around themselves in which the
amount of this adsorption depends on the characteristics of particles like size, concentration and also
their zeta potential in the electrolyte. Secondly, like Ni composites incorporation of particles in the matrix
hinders the dislocations movement according to Orowan’s mechanism and declines the stress in the
matrix. In this case, size and incorporation value are the most important factors influencing on the resid-
ual stress of Ni-P coatings. The latter effect is attributable to formation of structural defects that inhibit
postelectrolysis relaxation, which in turn induces volume changes in the deposit and prevents propaga-
tion of the brittle cracks. This hypothesis was confirmed by XRD analysis, which revealed the changes in

the microstress conditions of the Ni-P matrix following particle incorporation.

In the EBSD images in Figure 4.48 a) and b) from the Ni-AL,O3; composite coatings with nano- and sub-
micron particles the distribution of particles in the matrix are clearly observed. Despite of annealing and
recrystallization, the size of incorporated particles is a lot larger than the size of Ni or NisP grains. There
is no reliable evidence for crystallinity as the Confidence index (Cl) must be greater than 0.1. It can be

concluded that the dispersion hardening plays almost no role on the strengthening mechanism of Ni-P
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composite coatings. However, the hardness of ceramic particles itself as a hardening phase can inter-

vene the strengthening of the deposit.
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Figure 4.47 Internal stress of Ni-P and Ni-P-Al,O; electrodeposited with nano and submicron particles
measured by XRD
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Ni-P-submicron AL,O4

Figure 4.48 EBSD images of Ni-P-nano Al,O3; and Ni-submicron Al,O; composite coatings

Figure 4.49 shows the results of Martens test for Ni-P and Ni-P-Al,O; composite coatings electrodepos-
ited under the same conditions for both nano and submicron particles size. As it is seen, when particles
are added into the electrolyte the Martens hardness decreased compared to Ni-P without particles. As
already explained in the literature reviews, the hardening and softening of the as-plated Ni-P alloys ac-
cording to phosphorous content generally involves supersaturated solid solution strengthening, Hall-
Petch relationship, dispersion hardening as well as the inverse Hall-Petch relationship. Here the P con-
tent of Ni-P and Ni-P-Al,O; composite coatings both are less than 7 wt. % and the microstructure of the
deposits contain the mixture of nanocrystalline and amorphous. Despite the effect of supersaturated sol-
id solution strengthening due to the existence of phosphorous, the Ni grain size would be also finer by
increasing P content. Therefore, according to Hall-Petch law the hardness should be higher. Moreover,



the influence of dispersion hardening due to the existence of nanocrystalline phase in the amorphous
matrix is higher. As mentioned before, adding particles leads to a phosphorous reduction in Ni-P coat-
ings and, therefore, in the as-plated coatings with particles the hardness would be less than pure Ni-P
without particles. On the other hand, it is seen that although adding particles lead to a decline in micro-
hardness for as-plated Ni-P coatings, but the hardness of coating includes submicron particles is higher
than the coating including nanoparticles electrodeposited under the same working condition and the
same amount of particles concentration in the electrolyte. In fact, this can be related to the effect of in-
corporation value and distribution of particles in the Ni-P matrix, and finally, hindering the movement of
dislocations by means of P. After annealing at 400°C, the deposits exhibited enhanced values of micro-
hardness compared to the corresponding values of the as-plated form, as shown in Figure 49 a) and b).
This increase in microhardness is caused due to the crystallization of amorphous phase of Ni-P matrix
and especially due to the precipitation of hard intermetallic compounds of NisP and Ni,P [38, 85]. For the
majority of composites, an explicit dependence of the microhardness values against the applied plating
conditions after thermal treatment was not evident. This could be attributed to the fact that probably the
precipitation hardening mechanism overlaps the Al,O; particle hardening effect, and thus the hardness

of composite coatings does not directly depend on the codeposition percentage of particles.

“Strengthening by annealing” phenomenon has been reported for metals produced by electrodeposition
[63,175] and severe plastic deformation [174]. Wang et al. [175] suggested that the relaxation at
nonequilibrium grain boundaries on annealing makes it more difficult for them to dislocate. Upon anneal-
ing, the grain boundaries turn into well-defined high angle boundaries and interior defect density is also
decreased significantly.

In addition, phosphorus was found to segregate to the boundaries. Therefore, it can be argued that the
increase in the hardness and the Hall-Petch slope upon annealing is a consequence of grain boundary
relaxation, phosphorus segregation and reduction of interior defects. The strengthening may also result
partly from an increase of density owing to the degassing of hydrogen. The addition of phosphorus in Ni
has a direct contribution to its strength on increasing the frictional stress, refining grain size and segrega-
tion to grain boundaries.

All coatings were transformed to a polycrystalline Ni/NisP alloy by heat treatment. The fraction of NisP/Ni
and the mean crystallite size of the NizP and Ni crystals have been derived from XRD and are summa-

rized in Table 2.
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NisP/Ni frac- Mean crystallite size NisP Mean crystallite size Ni
Phosphorus _
tion [nm] [nm]
Ni-P 0.66 85 75
Ni-P-nano Al,O4 0.59 44 61
Ni-P-submicron Al,O4 0.54 50 67

Table 4.2 Crystalline phase fractions and grain sizes of the composites after heat-treatment

There is a good understanding of how to modify mechanical properties of Ni-P and Ni/NisP coatings via
microstructure evolution and phase formation during deposition and annealing by variation of their P con-
tent [95]. Consequently, dispersion and precipitation hardening due to the formation of the NisP phase in
the matrix determine the properties of the annealed medium phosphorus composite coatings. This was
similarly observed for the Ni-P composite coatings in this study. The incorporated particles in their ag-
glomerated form are about four times larger compared to the mean matrix grain size. Therefore, their
contribution to the dispersion hardening of the composite is limited (Table 4.2). Remarkably, the micro-
hardness of the annealed composite coatings remains higher than Ni-P without particles but higher
phosphorous content. This can be related to the particle incorporation in the matrix, which inhibits the
coarsening of the NisP crystals during annealing. Thus, the improved hardness of the composites is a
result of the nano-grained microstructure of the matrix accompanied by the high fraction of reinforcing
hard particles.
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Figure 4.49 Martens results of Ni-P, Ni-P-nano Al,Oz and Ni-P-submicron Al,O; composite coatings as-

deposited and after annealing at 400 °C, 1 hr.

96



4.4.2.2 Effect of particle type on the layer characteristics and electrodeposition behavior of Ni-P
electrodeposited coatings

Adding each three types of particles Al,O3, SiC and TiO, into Ni-P bath also conducted to Ni-P compo-

site coatings without cracks. As already mentioned the reason here is related to prevention of the ions

from being reduced to nascent hydrogen due to adding patrticles into the electrolyte.

From morphological SEM images in Figure 4.50, it is seen that Ni-P coating shows a cauliflower-like

morphology while embedded particles on the matrix of deposited shows a homogeneous finer global

structure.

The surface distribution of Ni-P composite coating layers is virtually homogeneous which is due to a mo-

lecular mixing of the amorphous nickel matrix with the particles (Figure 4.51). The incorporation value

and distribution of different particle type in Ni-P matrix are illustrated clearly in cross-section SEM imag-

es. As it is seen the accumulation of TiO, particles in electrodeposited Ni-P seems to be much higher

than Al,O; or SiC particles under the same working condition.
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Figure 4.50 Morphology SEM images of Ni-P deposit and Ni-P composite coatings electrodeposited with
different particle types under same working conditions
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Figure 4.51 SEM images from cross-section of Ni-P deposit and Ni-P composite coatings electrodeposit-

ed with different particle types under same working conditions

Figure 4.52 a) and b) show the content of incorporated Al,O3 particles and P content in the Ni-P compo-
site coatings as a function of the patrticle type detected by EDX analysis. Under the same working condi-
tions and same concentration of particles in the electrolyte, the incorporation value for the coating with
TiO, is approximately two times more than the coatings electrodeposited with SiC and Al,Os.

Adding all type of particles leads to a decline in P content of deposits. It is apparent that the observed
decrease of P content in the alloy matrix attributes to the presence of particles. It is known that in nickel
plating baths operating at low pH values, an increased amount of protons are adsorbed on particles [48,
171,172] and consequently, results in increased hydrogen evolution.

Therefore, particles catalyze hydrogen evolution by changing the reduction paths during Ni-P electro-
deposition [129] through the enhancement of molecular hydrogen against nascent hydrogen production
[67, 129,130]. According to the indirect reaction mechanism for Ni-P codeposition nascent hydrogen is
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necessary for the reduction of phosphorus source to phosphine [38]. According to the results, it seems
that the value of particle incorporation between different particle types has no significant influence on
declining of P content. By the way, by adding particles there is more possibility for growth of the Ni grains
and therefore the thickness of layer would be larger than the Ni-P coating without particle and rather
amorphous structure (Figure 4.53). In other words, current efficiency of Ni-P electrodeposition increases
by adding particles which leads to thicker layer under the same working conditions. As already dis-
cussed, this relates to the adsorption of producing hydrogen on the particles. There is less possibility for
hydrogen ions to hinder the deposition process on the cathodic surface. Therefore, it is understandable
that the higher value of thickness relates to the Ni-P coating with TiO, particles and the highest amount

of incorporated value compared to Ni-P-Al,O3 and Ni-P-SiC with lower amount of codeposited particles.
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Figure 4.52 EDX results of Ni-P deposit and Ni-P composite coatings electrodeposited with different par-

ticle types under same working conditions: (a) particle content (b) phosphorous content
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Figure 4.53 Thickness of Ni-P deposit and Ni-P composite coatings electrodeposited with different parti-
cle types under same working conditions at current density of 4 A/dm?

According to results of internal stress in Figure 4.54, it was seen that adding TiO, particles leads to an
incredible decline in residual stress of Ni-P coating after annealing, while by adding the same amount of
AlL,O3; or SiC into Ni-P electrolyte, the internal stress did not show a difference. As already mentioned,
incorporation of particles in the matrix hinders the dislocations movement according to Orowan’s mecha-
nism and declines the stress in the matrix by inducing volume changes in the deposit, and prevents
propagation of the brittle cracks. In this case, the incorporation values are the most important factors
influencing on the residual stress of Ni-P coatings. This is in agreement with EDX data in which incorpo-
rated amount of TiO, particles was almost two times more than Al,O3 or SiC. Meanwhile, adding all types
of particles lead to as-deposited Ni-P coatings without crack formation which relates to adsorption of the
hydrogen ions around particles in which the amount of adsorption depends on the characteristics of par-

ticles like size, concentration and also their zeta potential in the electrolyte.
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Figure 4.54 Effect of different particle type on the residual stress of Ni-P electrodeposited coating, meas-
ured with XRD technique after annealing

Figure 4.55 show the EBSD images of Ni-P composite coatings with different particle type electrodepos-
ited under the same working conditions after annealing. Although the grain boundaries are about to re-
construct due to the annealing, but the quality map does not reveal grain boundaries perfectly. In fact,
some grains are lying upon each other thus contributing to mixed TKD patterns. Therefore, the confi-
dence of the pattern indexing is reduced and only single large grains can be detected with a reasonable
confidence. Such grains are shown in the Ni orientation map filtered with a confidence index Cl > 0.1,
commonly accepted for cubic structures. As it is observed, none of the three types of coatings show a
specific preferred texture. Despite of annealing and recrystallization, the size of incorporated particles is
a lot larger than the size of Ni or NizP grains. Therefore, it can be concluded that the dispersion harden-
ing plays almost no role on the strengthening mechanism of Ni-P composite coatings. However, the

hardness of ceramic particles itself as a hardening phase can intervene the strengthening of the deposit.
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Figure 4.55 EBSD images of Ni-P deposit and Ni-P composite coatings electrodeposited with different
particle types under same working conditions

Figure 4.56 shows the results of Martens test for Ni-P and Ni-P composite coatings electrodeposited with
SiC, AL,O; and TiO, nanoparticles within almost the same patrticle size of 50nm. As it is seen, when par-
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ticles are added into the electrolyte the Martens hardness decreased compared to Ni-P without particles.
As already explained, the phosphorous content is the main reason to influence the hardening and soften-
ing of the as-plated Ni-P composite which generally involves supersaturated solid solution strengthening
and Hall-Petch mechanism. The effect of dispersion hardening due to the incorporation of particles has
no significant effect on the hardening of Ni-P matrix, unless the hardening nature of particles itself can
improve the hardness of as deposited coating slightly. As mentioned before, adding particles leads to the
phosphorous reduction in Ni-P coatings and therefore here in the as-plated coatings with particles the
hardness would be less than pure Ni-P without particles. As it is seen in the results for Ni-P-SiC, regard-
less of the incorporation value a higher value in the Martens results compared to the coatings deposited
with TiO, or Al,Ozis shown, which can relate to the higher hardness of SiC particles compared to Al,O3
or TiO..

After annealing, the grain boundaries turn into well-defined high angle boundaries and interior defect
density is also decreased significantly. In addition, phosphorus was found to segregate to the bounda-
ries. Therefore, it can be argued that the increase in the hardness and the Hall-Petch slope upon anneal-
ing is a consequence of grain boundary relaxation, phosphorus segregation and reduction of interior de-
fects. The strengthening may also result partly from an increase of density owing to the degassing of
hydrogen. The addition of phosphorus in Ni has a direct contribution to its strength on increasing the
frictional stress, refining grain size and segregation to grain boundaries. Consequently, dispersion and
precipitation hardening due to the formation of the Ni;P phase in the matrix determine the properties of
the annealed medium phosphorus composite coatings. This was similarly observed for the Ni-P compo-
site coatings in this study. Figure 4.57 shows the grain size of Ni and NisP phase after annealing by
means of XRD. The incorporated particles are still much larger compared to the mean matrix grain size,
and therefore their contribution to the dispersion hardening of the composite is limited. Remarkably, the
microhardness of the annealed high-phosphorus compaosite coatings remains high, which is usually not
observed in high phosphorus Ni/NisP coatings. This can be related to the particle incorporation in the
matrix, which inhibits the coarsening of the NisP crystals during annealing. Thus, the improved hardness
of the high-phosphorus composites is a result of the nano-grained microstructure of the matrix accompa-

nied by the high fraction of reinforcing hard particles.

104



| M As-Plated
Anneald
2000 -
1000 -
0 .

NiP-Al203 NiP-TiO2 NiP-SiC

Martens (N/mm2)
w H (O] [e)]
o o o o
o o o o
o o o o

1

Figure 4.56 Martens test results for Ni-P deposit and Ni-P composite coatings electrodeposited with dif-

ferent particle types under same working conditions
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Figure 4.57 Ni and NizP grain size after annealing for Ni-P and Ni-P composite coating electrodeposited

with different particle types

4.4.2.3 EIS study of Ni-P composite coatings

Figures 4.58 and 4.59 show the Nyquist plots from electrochemical impedance spectroscopy results dur-
ing the electrodeposition process for Ni-P and Ni-P-Al,O3 with particle nano- and submicron particles and
different particle types with the same grain size under the same deposition conditions. The impendence
data seems to comprise of a single capacitance loop in high and medium frequencies and also a scatter-
ing in low frequencies. As traces of PH; and H, gas are generated in the Ni-P codeposition process, low
frequency scatter occurs.

The effects of particles on the impedance results do not obey a logical trend but it seems that the

changes in Nyquist semicircle relates to the change in the phosphorous content of deposits rather than
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particles existence. Generally, the coating with less P content shows higher resistance or larger Nyquist
semicircle. In fact by adding particles into Ni-P electrolyte, the Ni-P reaction rate at the electrode and the
number of nucleation active points on the electrode surface also decreases, leading to an increase in the
charge transfer resistance. Moreover, according to the achieved results and also based on the dominat-
ing effect of P content on the charge transfer, it is difficult to judge about the exact influence of particle
characteristics on the electrodeposition behavior of Ni-P galvanic coatings. In fact, this is the difference

in P content by adding particles which changes the impedance charge transfer (as seen Figure 4.59).
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Figure 4.58 Particle size effect on the EIS results of Ni-P electrodeposition
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Figure 4.59 Particle type effect on the EIS results of Ni-P electrodeposition
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5 Conclusions and Suggested Future Work
5.1 Conclusions

One aim of this work was to substantiate and confirm the past theoretical and semi-empirical suggested
models on the electrodeposition mechanism by the help of more empirical results including the charac-
teristics of the layer and in-situ impedance study of the electrocodeposition process. The influence of
particle characteristics including type, size and concentration were investigated on the codeposition
behavior of Ni-based coatings by the aid of impedance spectroscopy. It was then attempted to correlate
the electrochemical behavior (double layer characteristics) with microstructure features and performance
of coatings. Finally, the evolution and strengthening mechanisms of electrodeposited Ni-based compo-
site coatings affected by the characteristics of difference reinforcements and matrix was discussed in the
results.

In the following section, the key results obtained in this work, which were discussed in detail in the previ-
ous sections, will now be summarized. Suggestions for future work are also given at the end of this

chapter.

5.1.1 The Electrodeposition of Nickel from Watts electrolyte

The influence of current density on the layer characteristics of Ni electrodeposits including thickness,
microstructure, morphology and texture and grain size was investigated. Interestingly, Ni coating electro-
deposited at current density of 2 A/dm? showed the higher intensity of (3 1 1) orientation compared to the
coatings electrodeposited at 1 and 4 A/dm?. Moreover, the coating electrodeposited at this current den-
sity showed the lowest grain size among other coatings. The Martens hardness showed an increasing
trend with increasing current density from 1 to 2 A/dm?. In fact the plating rate rises and therefore nuclea-
tion rate of Ni is faster which leads to growth impediment of Ni crystals and finally finer grains and higher
strengthening due to the Hall-Petch mechanism [145-147]. By further increase of current density to 4
Al/dm?, the limited supply of Ni ions to the cathode leads to the formation of a depletion layer of Ni ions
near the cathode surface: the so-called mass-transport limitation. Any incoming Ni ions will be captured
by outgrowing microstructures, leaving behind pores and gaps in the film. The deposited layer is porous,
rough and possesses a tensile residual stress as shown in SEM images from morphology of Ni electro-
deposited coatings at different current densities. According to results of impedance investigation, the
increase in current density leads to a decline in charge transfer resistance, which behaves reciprocally to
the current density. The charge transfer resistance and the cathode double layer are inversely propor-
tional to the current density. These results lead to an interesting prediction concerning the system’s be-
havior under high polarization. In fact, increasing current density leads to an increase in nucleation rate

and an increase in current efficiency and rate of cathodic deposition.
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5.1.2 The effect of particle size on electrodeposition behavior and features of Ni layer

In order to show the effect of particle size on the electrodeposition behavior of Ni composite coatings,
alumina particles with nano- and submicron-size were chosen. Moreover, for the coating electrodeposit-
ed with submicron particles, it was obvious that the particles were mainly incorporated within a certain
gap from the Ni matrix and growth of nickel around the particle becoming rough. As it was seen in EDX
results, under the same conditions, the atomic percentage of Al for submicron particles is higher than the
coatings prepared with nanoparticles. In addition, in both cases, the incorporation value of particles rises
with increasing the loading of particles in the electrolyte. The reduction in grain size of the Ni crystal by
adding particles approves the compactness of the coatings as also confirmed by the results of the mor-
phology. The possibility of transferring Ni ions through the particles was higher at 5 g/l concentration
such as the value of the thickness at the given concentration is large, namely around 65 pum. Ni coating
exhibited a preferential growth on the crystal face (2 0 0), once nano-Al,O; was codeposited, the growth
orientation of the Ni/Al,O; composite coating was changed from crystal face (2 0 0) to (1 1 1) for nano-
particles and remains (2 0 0) for submicron particles, although the relative intensity of both directions
increases by adding more particles into Ni matrix. According to Martens test, it was seen that the addi-
tion of nanoparticles leads to a higher Martens hardness at each single concentration in contrast to the
addition of submicron particles. The Martens hardness can be controlled by dispersion hardening or the
amount of dispersed particles embedded in the layer based on the Orowan mechanism [153]. As it could
be seen, by increasing the concentration of particles in the electrolyte, the incorporation value for submi-
cron particles will be higher than that of nanoparticles, but, on the other hand, the number of incorpo-
rated particles in the case of applying nanoparticles is higher. This means that the possibility of hindering
the dislocations in the coating deposited by nanopatrticles is higher. Moreover, as it was already seen,
the grain size of the nickel matrix is smaller in the case of nanoparticles. This means that the grain size
of the matrix, based on the Hall-Petch effect [154], plays an important role in the hardening mechanism
of coatings.

According to impedance results, one possible mechanism to explain the codeposition behavior of parti-
cles here is the phenomenon proposed by Guglielmi [1]. At the concentration of 20 g/l, the usage of
submicron particles caused higher shrinkage in the semicircle of Nyquist spectrums compared to the
addition of nanopatrticles to the electrolyte. The value of the charge transfer resistance for submicron
particles is lower than that of the nanoparticles, and the double layer capacity for larger particles is mod-
erately higher compared to smaller particle sizes. This means that the thickness of the double layer on
the cathodic surface is less than that of nanoparticles in the case of adding submicron particles. The
deposition of nickel at the higher concentration of 20 g/l arises faster due to the higher charge transfer
and double layer capacity. The reason for the decline in the thickness of coatings or for the reduction of

the thickness of deposits at the higher particle concentration of 20 g/l, as it is seen in Figure 4.21 (b), can
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be partly related to the blocking of the active surface of the cathode due to the accumulation of particles

on the surface.

5.1.3 The effect of particle type on electrodeposition behavior and features of Ni layer

However, with the addition of all three particle types in the electrolytic, the boarders of the Ni grains be-
come fuzzy and more compact in comparison to pure Ni with no particle, in the case of adding Al,O3 the
morphology seems to be even more compact and homogenous compared to the coatings deposited with
SiC and TiO, under the same working conditions. Under the same working conditions, the incorporation
value for TiO, was much higher than Al,O; and SiC for the coatings, especially the incorporation value
for SiC despite of 20 g/l particle concentration in the electrolyte seemed to be very dispersed and negli-
gible. SiC particles with conductive nature had better opportunity for Ni crystals to grow rather than on
Al,Oz or TiO, particles with rather inert behavior. The highest incorporation value relates to the coatings
electrodeposited with TiO, particles. Adding SiC particles showed insignificant changes and also the
lowest amount of incorporation value compared to Al,O;and TiO,. Moreover, it was found that the coat-
ings deposited with Al,O; particles showed finer microstructure at each single concentration compared to
the coatings deposited by SiC and TiO,. Meanwhile, the relative intensity of (1 1 1) for the composite
coatings decreased almost to half of the value compare to Ni. Moreover, there is an improvement in the
direction of (2 2 0) observed by adding Al,Oz; and TiO, particles. The highest relative intensity among
these three particle types relates to alumina in (1 0 0) and after that TiO, and SiC respectively. Under the
same working conditions, adding 20 g/l TiO, particles reduces the stress to a minimum of approximately
230 N/mm? at 4 A/dm?® The grain size of nickel might be smaller with high Al,O5-particle content in the
electrolyte, so that residual stress of the first order cannot accumulate as much as with TiO,. According
to EBSD results, Al,Os influenced more intensely on the refining of Ni grains compared to SiC and TiO,.
Alumina nanoparticles are predominantly incorporated in the grain boundary zone. The different influ-
ence on crystal growth by codeposition of semiconducting particles like silicon carbide compared to non-
conductive particles like alumina is striking and should be estimated under the aspect of particle conduc-
tivity. Otherwise, the incorporation of SiC particles does not change the columnar growth of nickel.

The mechanism of Orowan and dispersion hardening plays a specific role for the coating with TiO, parti-
cles according to the number of particles and better distribution. On the other hand, accumulation of SiC
particles has a lower effect on the hindrance of dislocations. Moreover, the dominating mechanism of
strengthening in Ni-Al,O; composite coatings is mainly due to the Hall-Petch effect and grain refining
rather than particles incorporation and Orowan mechanism.

According to EIS results and correlation with layer characterization, two factors of particle type and con-

centration can influence on the behavior and value of charge transfer resistance.
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5.1.4 The electrodeposition behavior of Ni-P electrodeposited from Watts electrolyte containing
phosphorous source

Ni-P coatings electrodeposited from the modified Watts Electrolyte contain different concentration of so-
dium hypophosphate and different current densities. Increasing the phosphorous source and decreasing
the current density both caused higher phosphorous content in Ni-P deposits. According to XRD results,
only deposits with less than 5 g/l NaP,H,O, are crystalline containing 5.8 wt. % of phosphorus. The de-
posit without phosphorus presents a preferential orientation of the (2 0 0) plane parallel to the surface,
whereas the one with phosphorous favors the plane (1 1 1). The coatings deposited without phosphorus
showed pyramidal grains, characteristic of a crystalline structure whereas the deposit elaborated in the
presence of NaP,H,0, showed a globular morphology which would return rather to an amorphous struc-
ture. By increasing P content, the microstructure of deposits from crystalline inclined towards nanocrys-
talline and amorphous which can be corresponded to the impedance results. The effect of phosphorous
content on the charge transfer Impedance was mostly comparable at lower current density of 1 A/dm?.
The variations in the potential value as indicated in potential-time in Figure 4.6 can be due to the chang-
es in interfacial pH by time which finally leads to formation of lamellar layers as it was seen in Figure 4.7
a) or 4.8.

5.1.5 The effect of particle size on electrodeposition behavior and features of Ni-P layer

In general, it was found that adding alumina particles in the plating bath electrodeposited under current
density of 4 A/dm? leads to a reduction in crack phenomenon of Ni-P coatings surface while under the
same conditions Ni-P deposit cannot be crack-free. The presence of Al,O; in the Ni-P layer affects het-
erogeneity of the surface and increases the number of boundaries between Ni and other particles in the
matrix. It is observed that particles were dispersed homogeneously in the matrix and adding submicron
particles lead to higher value of incorporation compared to nanoparticle, while P content in the coating
with submicron particles decline more than the coating electrodeposited with nanopatrticles. Therefore, it
can be concluded that the presence of Al,O3 particles could reduce the P content in the deposit by re-
striction of phosphine production. Adding particles leads to reduction in P content and the microstructure
was shifted to more crystalline phase and there is more possibility for growth of the Ni grains. Therefore,
the thickness of layer was larger than the coating with higher P content and rather amorphous structure.
According to stress results after annealing, it was seen that adding particles in both cases leads to a
decline in internal stress. For submicron particles the internal stress is 5 times smaller than Ni-P without
particles. Despite of annealing and recrystallization, the size of incorporated particles is a lot larger than
the size of Ni or NizP grains, therefore there is no reliable evidence for crystallinity as confidence index
(CI) must be greater than 0.1. It can be concluded that the dispersion hardening plays almost no role on
the strengthening mechanism of Ni-P as-deposited coatings. However, the hardness of ceramic particles

itself as a hardening phase can intervene the strengthening of the deposit. Remarkably, the microhard-
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ness of the annealed composite coatings remains higher than Ni-P without particles but with higher
phosphorous content. This can be related to the particle incorporation in the matrix, which inhibits the
coarsening of the NisP crystals during annealing. Thus, the improved hardness of the composites is a
result of the nano-grained microstructure of the matrix accompanied by the high fraction of reinforcing
hard particles.

5.1.6 The effect of particle type on electrodeposition behavior and features of Ni-P layer

Adding each three types of particles — Al,Os, SiC and TiO, — into the Ni-P bath also conducted Ni-P
composite coatings without cracks. It was seen that Ni-P coating shows a cauliflower-like morphology
while embedded particles on the matrix of deposited shows homogeneous finer global structures. The
accumulation and incorporation of TiO, particles in electrodeposited Ni-P seems to be much higher than
Al,O3 or SiC particles under the same working condition. Adding all types of particles lead to a rather
decline in P content of deposits. The higher value of thickness relates to the Ni-P coating with TiO, parti-
cles and highest amount of incorporated value compared to Ni-P-Al,O3; and Ni-P-SiC with lower amount
of codeposited particles. It is seen that adding TiO, particles leads to an incredible decline in residual
stress of Ni-P coating after annealing, while by adding the same amount of Al,O3; or SiC into Ni-P elec-
trolyte, the internal stress did almost show no difference. This is in agreement with EDX data in which
the incorporated amount of TiO, particles was almost two times more than Al,O3 or SiC. In the mean-
time, adding different particle types lead to Ni-P coatings without crack formation. This relates to adsorp-
tion of the hydrogen ions around particles. The confidence of the pattern indexing is reduced and only
single large grains can be detected with a reasonable confidence. Such grains are shown in the Ni orien-
tation map filtered with a confidence index ClI > 0.1, commonly accepted for cubic structures. As it is ob-
served none of the three types of coatings show a specific preferred texture. Despite of annealing and
recrystallization, the size of incorporated particles is a lot larger than the size of Ni or NisP grains. There-
fore, it can be concluded that the dispersion hardening plays almost no role the strengthening mecha-
nism of Ni-P composite coatings. However, the hardness of ceramic particles itself as a hardening phase
can intervene the strengthening of the deposit. As it is seen when particles are added into the electrolyte
the Martens hardness decreased compared to Ni-P without particles. As already explained the phospho-
rous content is the main influence on the hardening and softening of the as-plated Ni-P composite ac-
cording to generally involved supersaturated solid solution strengthening and Hall-Petch mechanism.
Dispersion and precipitation hardening due to the formation of the NisP phase in the matrix determine the
properties of the annealed medium phosphorus composite coatings. Remarkably, the microhardness of
the annealed high-phosphorus composite coatings remains high, which is usually not observed in high
phosphorus Ni/NisP coatings. This can be related to the particle incorporation in the matrix, which inhibits
the coarsening of the NizP crystals during annealing. Thus, the improved hardness of the high-
phosphorus composites is a result of the nano-grained microstructure of the matrix accompanied by the

high fraction of reinforcing hard particles. The impedance data for Ni-P composite coatings with different
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size and type seems to comprise of a single capacitance loop in high and medium frequencies. It seems

that the change in Nyquist semicircle relates to the change in the phosphorous content of deposits rather

than particles existence. In other words, coatings with less P content show higher resistance or larger

Nyquist semicircles.

5.2 Achievements

The achievement of the work can be summarized as follow:

It is possible to correlate the effect of current density in Ni electrodeposition from Watts’s bath
with the layer characterization by the help of impedance spectroscopy.

The effect of the alumina particle size and concentration on the characteristics of the double layer
were determined. A descending trend in the impedance of the charge transfer as well as an as-
cending trend in the doubled-layer capacity was observed by increasing the Al,O3 particle con-
centration up to 20 g/l. The value of the charge transfer resistance for submicron particles is also
lower than that of nanoparticles, and the double layer capacity for larger particles is moderately
higher compared to smaller particle sizes.

For both coatings produced with submicron and nano Al,O; particles, at the middle concentration
of 5 g/l, the current efficiency is much higher and both of the coatings show an almost similar
strengthening performance, which relates to the simultaneous effect of Hall-Petch and the Oro-
wan mechanisms.

Despite the low incorporation value of Al,O3 nanoparticles compared to submicron patrticles, the
hardness ability of the deposited coating with nanoparticles is higher than of the coatings pre-
pared with submicron particles, which is due to the simultaneous effect of Hall-Petch and the Or-
owan mechanisms.

It is observed that the incorporation value of TiO, particles with the same particle size as Al,O;
and SiC under the same concentration in the electrolyte and same working conditions is much
higher. The incorporation value for SiC particles despite of 20 g/l concentration seems to be very
dispersed and negligible.

SiC particles with conductive nature provide better opportunity for Ni crystals to grow rather than
on Al,Ozor TiO, particles with rather inert behavior.

Despite of higher incorporation value of TiO, compared to Al,Os and SiC, under the same working
parameters, Al,O; shows smaller Ni grain size in each single concentration compared to TiO, and
SiC.

Adding particles into Ni Watts’s electrolyte reduces residual stress in the deposited composite
coatings, whereas under the same working conditions adding 20 g/l TiO, particles reduces the

stress, to a minimum of approximately 230 N/mm? at 4 A/dm?,
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According to EBSD/TKD results, fairly random TiO, distribution with particles located near the re-
constructed grain boundaries as well as incorporated in nickel crystals. It is seen that Al,O; and
SiC are preferentially incorporated in the vicinity of grain boundaries.

The mechanism of Orowan and dispersion hardening plays a specific role for the coating with
TiO, particles, while the dominating mechanism of strengthening in Ni-Al,Oz and Ni-SiC compo-
site coatings is mainly due to the Hall-Petch effect and grain refining rather than particles incorpo-
ration and Orowan mechanism.

Except the effect of particles concentration on the impedance results, intrinsic particle character-
istics for example differences in particle density and surface composition has a determining role
on the results.

Adding NaP,H,0, as phosphorous source into Watts’s electrolyte and also declining current den-
sity causes an increase in P content in Ni-P coating.

According to EIS results, there is a correlation between P content in Ni-P deposits and charge
transfer resistance. The higher the P content is the lower is the charge transfer resistance.

The lamellar layers in low and medium P content can be related to the variations of potential dur-
ing electrodeposition process.

It is generally possible to reduce crack formation and residual stress in Ni-P electrodeposited
coatings by adding particles into the electrolyte. Moreover, adding particles from each type or
grain size leads to lowering P content in Ni-P galvanic coatings.

Under the same working conditions, adding submicron Al,O; leads to higher amount of particle
incorporation into Ni-P deposit compared to nanopatrticles. Consequently the thickness of deposit
with submicron patrticles is also higher. In general, adding particles increases current efficiency of
Ni-P deposits.

The dominating strengthening mechanism in as-deposited Ni-P composite coatings is mainly sol-
id solution due to the existence of P content and dispersion hardening it has almost no effect on
strengthening, while after annealing incorporated particles it could hinder the NisP growth and in-
directly affect the strengthening of deposits.

The accumulation and incorporation of TiO, particles in electrodeposited Ni-P seems to be much
higher than Al,O; or SiC particles under the same working condition.

It is seen that adding TiO, particles leads to incredible decline in residual stress of Ni-P coating
after annealing, while by adding the same amount of Al,O; or SiC into Ni-P electrolyte, the inter-
nal stress did almost show no difference.

Adding each type of particle type leads to a decrease in hardening of Ni-P deposit due to the de-
cline in P content and, on the other hand, the hardening after annealing for the deposits with all

three types of particles were higher than Ni-P without particles.
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e The change in Nyquist semicircle is influenced strongly under the change of phosphorous content

in the deposits rather than the existence of particles.
5.3 Suggested future works

The electrodeposition mechanism of Ni-based electrodeposited composite coatings can be described by
EIS investigations. The effect of particle characteristics such as patrticle size and type of the behavior of
charge transfer and double-layer were indicated as influential parameters. It is believed that there would
be also a relationship between zeta-potential of particles in the electroplating bath with the results of im-
pedance during electrocodeposition in order to get a better insight about the mechanism of electrodepo-
sition in composite coatings.

One of the most critical aspects of using nanoparticles in plating baths with high ionic strengths is the
difficulty to keep them in suspension and to prevent the agglomeration, despite of using surfactant and
ultrasound. A surface treatment of the particles by grafting of polymer brushes can enable a combined
electrostatic and steric stabilization of the colloidal dispersion.

Another influential surface property of the nanoparticles is their hydrophilicity, i.e. the tendency of getting
solvated by water. Due to the formation of a hydration layer around the particles, they remain separated
from the electrode by a small gap which substantially affects the particle embedding by the growing met-
al matrix. The degree of hydration, i.e. the thickness of the hydration layer, can be influenced by a proper
selection of the operating conditions such as particle characteristics and electrolyte composition. Aque-
ous electrolytes are most commonly used for galvanic applications. A partial or complete substitution of
the water by organic solvents (e.g. methanol, ethanol, etc.) can affect the state of hydration and there-
fore influence the interaction between particle and electrode. Finally, the particle incorporation behavior
might change which can substantially alter the film properties.

Another suggested idea is to investigate the fatigue behavior of layers by performing tensile test with
dog-bone samples from deposited layers. Fatigue resistance plays a significant factor especially for mi-
cro-engines produced from Ni and especially Ni-P deposits by LIGA process.

Due to the nanoparticle incorporation, the structure and properties of the metal matrix was found to
change considerably. With reference to an industrial application a detailed characterization of the chemi-
cal, electrical, and mechanical film properties is required. Particularly, the effect of functional nanoparti-
cles, e.g. microcapsules, on the strengthening and corrosion mechanism of the metal matrix has to be
clarified in view of an optimization of the film properties.

For the purpose of scaling-up or industrialization of the ECD process, the use of experimental setups
with a practical orientation combined with bigger and complex shaped substrates is mandatory. Addi-
tionally, a plan of procedures for electrolyte monitoring, with special regard to a possible aging of the

electrolyte dispersions, should be developed.
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