


















































































































































































Chapter 3 Effect of Different Shaped Current 

Waveforms on Electrodeposition of Ni-SiC 

Composites 

3.1 Introduction  

Technological development in the field of composite materials has proved 

that the embedding of inert solid particles, such as SiO2, Al2O3, SiC, WC etc. 

[169~171], in metallic matrices can significantly improve their mechanical, 

tribological, anti-corrosion and anti-oxidation properties [43, 54, 172]. In particular, 

during recent years, Ni-SiC composites have been widely investigated and 

successfully commercialized in the automotive and aerospace industry as a result of 

their improved mechanical and tribological properties. Recently, the codeposition of 

ultrafine or nanosized particles with metals has attracted much research interest [44, 

56, 57, 173], as they do not only have enhanced mechanical properties, but also have 

potential applications in microelectrical mechanical systems. It has been 

demonstrated that the ultrafine Ni-SiC has a smoother surface and better bonding 

between SiC and Ni than that of coarse Ni-SiC composite. It is well known that the 

main parameters affecting the structure and properties of electrocodeposited 

composites include the solution electrolysis condition, and the current condition. A 

number of additives or surfactants such as Na3Co(NO2)6 and 

cetltrimethylammonuim bromide, have been successfully used either to promote the 

codeposition process or to enhance the distribution of the particles [14]. Relatively 

less research work has been done to examine the effect of current condition [143 
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~146], in particular, waveform on the codeposition behaviour of the composite, 

though previous investigations of the authors have shown that the ramp and 

triangular shaped waveforms, both with relaxation time, have a higher quality of 

surface roughness than rectangular and ramp and triangular sawtooth waveforms, 

while the highest hardness value and the finest grain size were obtained using a 

ramp-down waveform with relaxation time. 

Although the codeposition process has been developed for a long time [13, 

21, 41, 174], the codeposition mechanisms are still not fully understood. Among the 

theoretical models for the composite electrocodeposition process, Guglielmi is the 

first to propose a successive two-step adsorption mechanism, and to explain the 

relationship between the volume fraction of codeposited particles and the volume 

percentage of particles suspended in the plating bath. The model has been verified by 

experiments in codeposition of Ni-SiC composites [19, 92]. Recently, it has been 

further reported by Wang and Wei [110] that the two-step codeposition mechanism 

is valid in the ultrafine Ni-SiC composite plating. In this part, an ultrafine Ni-SiC 

composite will be codeposited under different shaped waveforms, and the deposition 

behaviour of the composite will be theoretically analyzed based on Guglielmi’s 

model.  

3.2 Theoretical Consideration 

3.2.1 The Classic Guglielmi’s model 

 
Guglielmi’s model proposed that the adsorbed charge, which is manifested 

by the zeta potential, is the principal factor in determining the feasibility of the 

codeposition. The model is based on two consecutive adsorption steps, the first step, 
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being the transport of a layer of loosely adsorbed particles with a rather high 

coverage to the Helmholtz’s double layer by mechanical agitation. The second step 

is the transport of particles charged in the high potential gradient to the cathode 

surface by electrophoretic attraction and the subsequent adsorption of the particles to 

the cathode surface by the Coulomb force which exists between particles and 

adsorbed anions to produce a strong adsorption of the particles onto the electrode.  

Based on Langmuir’s adsorption isotherm theory and Faraday’s laws; 

Guglielmi deduced the following codeposition model: 
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Guglielmi has plotted C
α

 to C, and noted they are in a linear relationship at a 

given overpotential. The slope of the straight line (with an angle of φ ) is given by 
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When a high voltage is applied to the electrolyte, the surface overpotential 

can be described by the Tafel equation, such that: 0
Ai i e η≈ . Eq. (3.2) can be 

rewritten as 

( )0

0

log log 1 log
B AWi Btg iAnFd

φ
υ

= + −                                                                         (3.3) 

From these equations, the parameters W, , n, F, d, A and i can be 

determined by the process of metal deposition; B and k are related to the particle 

deposition. As for the SiC particles, 1/k is equal to 0.12, B=1.51A [174]. The 

percentage of particle embedded in the deposit is related to the value of 

0i

0υ , which is 

dependent on the rate of reduction of ions adsorbed on the inert particles. 
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3.2.2 Current Waveforms 

 
Figure 3.1 shows the four simple shaped waveforms to be investigated in the 

part. The parameters related to the deposition are on-time, ton and off-time (or 

relaxation time),  tof f. If , the cycle T=toff ont m t= ⋅ on+toff=(m+1)ton.  The current is a 

function of t, as  

                                                               (3.4) 

For a duty cycle, T, a Fourier series can be used to represent a waveform  
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                                                                  (3.5) 

It is obvious to note that the value of average current density Iaver is related to 

the duty cycle. When ton<<toff, a0=0, Iaver=0. When m=1, ton=toff, Iaver is half of the 

peak current density ip. 
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Figure 3.1 Different types of shaped waveform: (a) rectangular waveform with 

relaxation time; (b) ramp-up waveform with relaxation time; (c) ramp-down 

waveform with relaxation time; (d) triangular waveform with relaxation time 

 

The four simple waveforms: rectangular waveform with relaxation time (Irec); 

ramp-up waveform with relaxation time (Irup); ramp-down waveform with relaxation 

time (Irdn); triangular waveform with relaxation time (Itri) can be described using the 

Fourier series as follows: 
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and are illustrated in Figure 3.2 for a ip of 5Adm-2

 

Figure 3.2 The simulation of different waveforms ( pi =5 Adm-2) 

 

3.2.3 Theoretical Volume Fraction of Particles 

 
Eq. (3.3) is applicable only when the current remains constant during 

electrolysis. In order to apply the same to waveforms with arbitrary shape, it is now 

assumed that a waveform consists of an infinite number of very short rectangular 

pulse currents as shown in Figure 3.3, where the currents i1, i2, i3, corresponding to 
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1α , 2α , 3α , etc., act successively. 1α  is obtained from t=0 to t=t1, 2α  is obtained 

from t1 to t2, and 3α  is obtained from t2 to t3, etc. 

 

Figure 3.3 Schematic diagram of integration of the ramp-up waveform with 

relaxation time  

 

Generally, in the period of 1j jt t− t< < , the volume fraction of SiC particle 

deposited in the substrate is 

( 10

01
B Ap

j B A

dV dt KC nFd i
dV dt KC Wi

υα )
j

−= = ⋅ ⋅
+

                                                                 (3.10) 

The SiC volume fraction increases with current density. If the difference 

between any two successive constant currents is infinitely small, and the number of 

short rectangular pulse currents is infinite, the volume fraction of SiC becomes a 

differential, and summation with respect to the end of a duty becomes integration. 

Then the whole volume fraction of SiC in one duty cycle can be calculated as: 
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The volume fraction of SiC produced by a rectangular waveform with 

relaxation time in a period of t becomes: 
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Similarly, for the ramp-up, ramp-down and triangular waveforms with 

relaxation time, the volume fractions of SiC in the period of t are: 
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Assuming B=1.51A [174], the volume fraction of SiC between the ramp-up 

and the rectangular waveform, with peak current of ip., becomes 
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Since the volume fraction is the same for the ramp-up, ramp-down and 

triangular waveform, at the same peak current density the rate (= rup

rec

α
α

) is 0.662, and 

at the same average current density, the rate is 0.9427. 
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3.3 Experimental  

In the electroforming experiments, the composition of the bath solution was 

nickel sulphamate 330g/l, nickel chloride 15g/l, boric acid 30g/l and saccharin 1g/l. 

An amount of 20g/l SiC ( β  SiC) with a diameter of about 100  was added.  The 

electrolyte was agitated by a mechanical stirrer with 400rpm, while the temperature 

was kept at 50℃, and the initial pH of the electrolyte was 4.2, which is a typical 

value used in electroforming. The cathode mandrel was made of stainless steel with 

dimensions of 30mm× 30mm 1mm, and ground finished on grade 240 emery papers. 

After electroforming, the surface morphology of each specimen was examined by 

SEM (Scanning Electron Microscopy). 

nm

×

The waveforms as shown in Figure 3.1 were introduced in the 

electrodeposition. The frequency is 100Hz and the duty cycle is 50%. In order to 

compare the effect of different shaped current waveforms with the conventional 

pulse current with regard to the deposition behaviour, the same average current 

densities were used in the experiments. 

The Ni-SiC films were then weighed on a high precision electronic balance 

in air and in distilled water respectively. The weight in air and in water can be 

expressed as [55]: 

air sample

air water water

air
sample water

air water

W Vg

W W Vg
W

W W

ρ

ρ

ρ ρ

=

− =

=
−

                                                                                     (3.17) 

where V is the volume of the sample, the density of the sample can be calculated 

from the weight in air and in water. The volume fraction of SiC particles (x) in the 

Ni-SiC film can then be calculated from the measured sample density by 
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(1 )sample SiC Nix xρ ρ ρ= ⋅ + ⋅ −                                                                                  (3.18) 

The density of nickel is 8.902gcm-3; the density of silicon carbide is 

3.217gcm-3.  

3.4 Results and Discussion 

3.4.1 Volume Content of SiC particles  

 
Figure 3.4 is the volume fraction obtained by different waveforms. It can be 

seen that the volume fraction of SiC increases with increasing current density for all 

waveforms, but when the latter exceeds 10Adm-2, the rate of increase in volume 

fraction decreases significantly. The rectangular waveform with relaxation time 

produces the largest amount of SiC, whereas the other waveforms yield similar SiC 

content in the deposit. 
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Figure 3.4 The volume fraction of SiC under different current waveforms 
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Figure 3.5 shows the simulated volume fractions of SiC produced by 

different shaped current waveforms. The volume fraction is found to increase with 

increasing current density for all the four waveforms, and the rectangular waveform 

with relaxation time has the largest amount of SiC in the deposit, while the ramp-up, 

ramp-down, triangular waveforms with relaxation time have similar volume 

fractions. 

These results are consistent with the experimental findings as shown in 

Figure 3.4. It is interesting to note that at low peak current densities, the rate of 

increase (as indicated by the slope of / piα ) is very high, but it levels off when the 

peak current density increases. A similar trend has also been reported by other 

researchers [19, 76, 174]. 
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Figure 3.5 Predicted volume fractions of SiC particles under different waveforms 

 

 77



3.4.2 Morphology of Electrodeposited Composite 

 
Although Guglielmi’s model is useful for explaining the kinetics of the 

codeposition process, it is unable to describe the second stage of the metal deposition 

process which involves the incorporation of adatoms into the periphery of a newly 

formed or already present monatomic layer. Figures 3.6&3.7 show the surface 

morphology of the electrodeposited composite obtained under different waveforms. 

It is found that the deposit produced by the four waveforms, both with relaxation 

time, have different grain sizes. The trend for producing the finest grain size is of the 

order: . recrdntrirup >>>

 

 
 

(a) Ramp-up waveform with relaxation time 
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(b) Ramp-down waveform with relaxation time 
 

 
 

(c) Triangular waveform with relaxation time 
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(d) Rectangular waveform with relaxation time 
 

Figure 3.6 SEM photos showing the surface morphology of the deposit obtained at a 

fixed electrocodeposition thickness condition under an average current density of 

0.5Adm-2

 

(a) Ramp-up waveform with relaxation time 
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(b) Ramp-down waveform with relaxation time 

 

(c) Triangular waveform with relaxation time 
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(d) Rectangular waveform with relaxation time 

 

Figure 3.7 SEM photos showing the surface morphology of the deposit obtained at a 

fixed electrocodeposition thickness condition under an average current density of 

1Adm-2

 

The conventional nucleation rate considers the free energy (ΔGc) of new 

interface and the growth of new grains. In the present study, SiC particles are found 

to have no ion-reaction in the process, and its effect on the deposition area is 

relatively insignificant as the volume percentage of SiC embedded in the deposit is 

very small. Thus the nucleation rate can be described as 

2 2
1 11exp( ) exp( ) exp( log )cG h M P h MJ K K K 0i

RT nFRT nFRT
π σ π σ
ρ η ρ

Δ
= − = − ⋅ = − ⋅

i
              (3.19) 

It can be deduced from this equation that overpotential is the main parameter 

to determine the nucleation rate. Assuming that the deposition behaviour follows the 

ideal layer-by-layer growth such that the surface deposition area will quickly be 
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covered by another layer, the grain size of each deposit layer will be reduced at a 

higher overpotential value. For a rectangular waveform, the nucleation rate becomes, 
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Similarly, the nucleation rate of the ramp-up waveform (Jrup), ramp-down 

waveform (Jrdn), and the triangular waveform (Jtri) can be found. As nucleation rate 

varies with time, an average nucleation rate (Javer) is given by 
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⎛ ⎞
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⎝ ⎠
0

⎟                                                               (3.21) 

The iaver for the four waveforms are similar, and the average nucleation rates 

of the four waveforms are also found to be similar.  

In the present study, it is interesting to note that under the average current 

densities of 0.5Adm-2 and 1Adm-2, the ramp-up waveform with relaxation time 

produces the smallest grain size, while the rectangular waveform with relaxation 

time has the largest gain size. The equations that derived from conventional 

nucleation rate are not capable of explaining the phenomenon, and the analysis of the 

four waveforms with average current densities will be discussed in details in Chapter 

4. Moreover, the analytic equation is not capable of comparing the shape-induced 

effect of different current waveforms. There is a need, therefore, to develop a more 

precise model to take into account the shape effect in the electrodeposition behaviour 

of Ni-SiC composites. 
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3.5 Conclusions 

The effect of different types of waveform on the electrocodeposition 

behaviour of Ni-SiC composite has been experimentally and theoretically 

investigated. According to the experimental findings, at a constant pulse period and a 

fixed electrodeposition thickness, the largest amount of SiC embedded in the deposit 

was obtained when a rectangular waveform was used. Guglielmi’s model was 

successfully applied to predict the volume fraction of SiC embedded in the nickel 

matrix under different waveforms. 

The findings of this Chapter are also of significance as it may be also 

possible to control the microstructures and to enhance the deposit quality of the 

electro-composite by manipulating different shaped current waveform during the 

electrocodeposition process. However, the conventional analytic equation for 

nucleation rate derived from the average current density cannot precisely reflect the 

effect of shaped current waveforms, so an in-depth analysis should be done to 

investigate the shape-induced effect and also the electrocodeposition behaviour. 
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Chapter 4 Equivalent Circuit Modeling of 

Electrodeposition of Ni-SiC Composites 

4.1 Introduction 

Pulse current and different current waveforms are able to produce deposits 

with more uniform particle distribution and better surface morphology than those 

obtained under direct current [56, 174]. It is generally believed that a higher 

instantaneous peak current in pulse and current waveform will lead to a more 

homogeneous surface morphology, a higher nucleation rate, and finer grains [80, 

175]. Some researchers investigated the influence of pulse current on the double 

layer between the electrolyte and the solution. It was discovered that in the charging 

and discharging of a pulse, especially for short pulses, the double layer distorts the 

pulse current [176], and affects the overpotential response acting on the electrolyte 

[177]. In past decades, the electrodeposition of Ni-SiC composite attracted much 

research attention due to its potential application in the aerospace and automotive 

industries, in manufacturing and its use in medical devices [178]. Although pulse 

current was proved to result in better morphology, excellent wear resistance, and a 

more uniform particle distribution in the metal matrix than those attained by direct 

current techniques [56, 80]. There is a need to develop an in-depth simulation to 

investigate the electrocodeposition behaviour and also the shape-induced effects. 

Electrochemical impedance spectroscopy (EIS) and description in terms of 

an equivalent circuit are common techniques for analyzing complicated processes 

involving surface and solution reactions. The EIS technique has been widely used to 

investigate the mechanism of nickel electrodeposition. Watson and Walters [52, 179] 
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have observed two inductive loops in the impedance Nyquist plots. Yeh and Wan 

[12] reported two semicircles in the Nyquist plots, which showed two consecutive 

electron transfer reactions to occur during the reduction. Nowak et al [169] have 

revealed that a capacitive loop exists in the high frequency range, and at low 

frequency, there exists a sharp change from a capacitive to an inductive behaviour in 

a relatively narrow potential range. Benea et al [49] have found that the two 

inductance loops in the impedance diagram are converted to a single inductance loop 

upon the addition of nanosized SiC particles. Preliminary work has been done on the 

improvements of Ni-SiC composites obtained under a triangular waveform [180, 

181]. Similar trends are believed to be applicable for the comparison between 

different shaped waveforms and direct current. The peak current density and average 

current density are common factors to be considered on the electrodeposition system, 

but the shape of different current waveforms is less investigated. The application of 

an equivalent circuit model can give an alternative and analytical method to describe 

and compare the shape-induced phenomenon under different current waveforms.  

In this chapter, based on the equivalent circuit model, the electrodeposition 

behaviour of Ni-SiC composites is to be examined under four different waveforms. 

The electrochemical codeposition process was then transformed into an RC circuit, 

whereby the complicated electrolyte reactions were resolved as an electrical and 

mathematical problem. 

4.2 Experimental 

A three-electrode glass cell was used. The working cathode mandrel was 

made of stainless steel with dimensions of 30mm × 30mm × 1mm, and ground 

finished on grade 240 emery papers. A saturated calomel reference electrode (SCE) 
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and a counter electrode of pure nickel were used. Electrochemical impedance spectra 

were acquired in the frequency range of 30kHz to 5mHz with a 10mV amplitude 

sine wave generated by a frequency response analyzer. Current-voltage curves were 

recorded at a sweep rate of 20mV/s. 

The composition of the bath was 330g/l nickel sulphamate, 15g/l nickel 

chloride, 30g/l boric acid and 1g/l sodium dodecylsulfate (SDS). An amount of 20g/l 

SiC ( β  SiC) of the diameter about 100nm was added.  Figure 4.1 shows the 

morphology of the as-received silicon carbide powders, illustrating that they are of 

relatively spherical shape. The electrodeposition conditions are same as that 

described in Chapter 3. 

 

 

Figure 4.1 SEM image showing morphology of as-received SiC particles with 

diameter of about 100  nm
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After electroforming, scanning electron microscopy (SEM, Leica Steroscan 

440) was used to study the surface morphology of the composite and the X-Ray 

energy dispersion spectroscopy (EDX) system was utilized to determine its 

composition. The grain size of the composite was measured by transmission electron 

microscopy (TEM, JEOL 2010). The amounts of particles are also measured by the 

Archimedes method. Rectangular, triangular, ramp-up and ramp-down current 

waveforms were introduced to drive electrodeposition. The pulse parameters used 

were: f=100Hz and ton=toff, where ton is the deposition time and toff is the relaxation 

time, and T=ton+toff. Figure 3.1 is the schematic diagram of the waveforms. Vickers 

microhardness of the composites was conducted under a load of 25 grams on a cross 

section of the composites. The load and testing surfaces were selected to avoid any 

subtract effect on the measurement of microhardness. 

4.3 Theoretical Consideration 

The Ni-SiC impedance behaviour in nickel sulphamate is studied. As a weak 

amplitude sine-shaped potential perturbation is superimposed on the steady-state 

potential value, sine-shaped modulations of θ  and I  are produced. The Nyquist 

plots of EIS measurements are shown in Figure 4.2. The diagram is composed of a 

high-frequency capacitive loop followed by a low frequency inductive loop. 
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Figure 4.2 Comparison between experimental and simulated Nyquist plots in 

the Ni-SiC electrodeposition system at -750mV vs reference electrode (SCE) under a 

rotation rate of 400rpm 

 

The high-frequency capacitive loop represents the reduction mechanism in 

the nickel sulphamate bath, and it includes the double layer capacitance and the 

charge transfer resistance. 

The reduction of pure nickel in a Watts bath has been described in details by 

other mechanisms. Epelboin and Wiart [137] proposed a model using a chemical 

impedance procedure. The authors consider that the reaction mechanism involving 

an intermediate species, , plays an important role in the rate-determining 

step. The addition of silicon carbide particles influenced the reactions in three main 

ways: 

+
ads(NiOH)

 89



(1) Offering more nucleation sites that are detrimental to crystal growth; 

(2) Nanoparticles will enhance the ionic transport, and also activate the nickel 

reduction [49]; 

(3) The presence of SiC particles in the solution results in an increase in 

surface roughness, and blocks off part of the electrode surface [169]. 

In the present bath composition, the nickel ions are firstly adsorbed on the 

electrode and incorporated with mono-hydroxide ions, as described by Eq. (4.1), and 

reduced to nickel adatoms in two steps, represented by Eqs. (4.2) and (4.3). The 

nickel adatoms will then enter kink sites and produce a film on the deposit.  

+−+ →+ )(2 OHNiOHNi                                                                                         (4.1) 

++ → adsOHNiOHNi )()(                                                                                            (4.2) 

−−+ +→+ OHNieOHNi ads 2)(                                                                                 (4.3) 

Although the addition of SiC particles in the bath has a significant effect on 

the electrodeposition behaviour, Eqs. (4.2) and (4.3) are still considered to be the 

rate-determining steps, and will be used in formulating the equivalent circuit model 

for the composites. 

The inductive loop was also observed by many researchers, and it was 

believed that it represented the presence of the intermediate. Some researchers 

represented the inductive loops as the surface coverage of the adsorbed intermediate 

[52, 179], whereas, other researchers considered that the loop was relating to the 

adsorption/desorption process of intermediates at/from the cathode surface [12, 49]. 

Epelboin et al also reported that an intermediate, Niads
+, was involved in the 

electrocodeposition process of Ni-SiC [137].  

A number of researchers [12, 49, 52] have applied an inductive circuit to 

describe the electrodeposition behaviour, but Franceschetti and Macdonald [183] 
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pointed out that it is only an apparent inductance since real inductance requires the 

storage of energy in a magnetic field and there is no appreciable ac magnetic field 

energy present in low current impedance spectrum measurements. They proposed a 

circuit that involves both a negative capacitor and a negative resistor. Macdonald 

[184] suggested that an RC element with negative capacitance and resistance (which 

will yield a positive RC time constant) provides a more physical representation of 

processes leading to inductive features. In this Chapter, the equivalent circuit shown 

as Figure 4.3 is applied to represent the electrochemical response during the 

electrodeposition of Ni-SiC composite coatings.  

 

 

Figure 4.3 An equivalent circuit describing the electrochemical response during the 

electrodeposition of Ni-SiC composite coatings 

 
In the circuit, sR  is the solution resistance between the reference and the 

working electrodes, which represents the resistance of the ions in the electrolyte that 

are transferred to the electrode.  is the double layer capacitance of interface 

between the electrode and the electrolyte, and 

dlC

ctR  is the charge transfer resistance of 

reactions in the electrolyte. Cads the pseudocapacitance from the adsorbed 
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intermediates and Rads desorption resistance. Cads and Rads are used to account for the 

surface coverage of adsorbed intermediates and the rate for desorption [12, 49, 52].  

The current applied on the equivalent circuit can be divided into two 

components, the capacitive current, I1, and the Faradic current, I2+I3, and their 

relation is as follows: 

1 2 3 ( )I I I I t+ + =                                                                                         
(4.4)

The capacitive current is related to the potential: 

1
1 dl

dUI C
dt

= ⋅                                                                                                        

(4.5)

where U1 is the potential drop and Cdl is the capacitance of the double layer, which is 

independent of U1.  

The pseudo-capacitive current can be expressed by 

3
3 ads

dUI C
dt

=                                                                                       

(4.6)

Current I2 is consistent with Ohm’s law 

2
2

ads

UI
R

=                                                                                                                   

(4.7)

The potentials applied on the double layer, U1, on the charge transfer, U2, and 

on the inductive layer, U3, are given by  

2 2 adsU I R U= × = 3

2

                                                                                                
(4.8)

1 2 3( ) ctU I I R U= + +                                                                                             
(4.9)

According to Eqs. (4.4) ~ (4.9), we obtain: 
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2
2

1 2 (dl ads ct ads dl ct dl ads
d I dII C C R R C R C R
dt dt

= + + 2)                                                      (4.10) 

2
3 ads ads

dII C R
dt

=                                                                                                      (4.11) 

2
1 2( )ct ads ads ct ads

dIU R R I C R R
dt

= + +                                                                        (4.12) 

Substituting Eqs. (4.5) ~ (4.11) into Eq. (4.4), the following is obtained: 

2
2 2

22 ( )dl ads ct ads dl ct dl ads ads ads
d I dIC C R R C R C R C R I I t
dt dt

+ + + + = ( )                            

(4.13)

Upon substitution of the waveform function into Eq. (4.11), I2 can be 

calculated, while the voltages can be obtained from Eqs. (4.8) and (4.12). 

Based on the above equations, the currents and voltages of the circuit can be 

obtained for the first pulse. In order to determine the performance of the circuit in a 

stationary state, its currents and voltages are also determined for successive pulses, 

and it is assumed that during the on-time or off-time period, the initial potential of 

the capacitor equals the potential at the end of the last pulse period.  

4.4 Modeling of the Effect of Different Shaped Current 

Waveforms 

4.4.1 Dependence of Current Waveform 

Figures 3.6&7 compare the Ni-SiC surface coatings obtained from 

rectangular, triangular, ramp-down and ramp-up waveforms with relaxation time. 

The composite coatings develop a pyramid-like structure. The SiC particles are 

found to be homogeneously incorporated in the nickel matrix, and the shape of 

current waveforms significantly influences the surface morphologies of the 
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composites. It is shown that the grain size is greatly influenced by the shaped current 

waveform. The largest grain size is obtained by the rectangular waveform while the 

ramp-up waveform results in the finest grain size.  

Figure 4.4(b) is the line-scanning result of a white region of the surface 

shown in Figure 4.4(a). The result shows that particles consist of high silicon and 

low nickel content, as shown in Figure 4.4(b), representing the presence of SiC 

particles. Spot scanning result on the same surface (coated with gold) also showed 

that the white region consists of SiC particles, as shown in Figure 4.5. 

 

 

 

 

 

 

 

(a) 

 

3μm 

 

 

 

 

(b) 
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Figure 4.4 EDX line scan (b) of region of Ni-SiC composite coating indicated in (a) 

obtained at an average current density of 0.3Adm-2 under the ramp-down waveform 

 

Figure 4.5 EDX spot scan of Ni-SiC composite coating obtained at an average 

current density of 0.3Adm-2 under the ramp-up waveform 

4.4.2 Charge Transfer Simulation 

The limiting current density of the process was also obtained from the 

current-voltage curves, as shown in Figure 4.6. The diffusion limiting current density 

is about 13Adm-2 for the electrodeposition with or without dispersed particles. But 

the addition of silicon carbide nanoparticles has shifted the curve and it is attributed 

to an increase in the active surface area due to the adsorbed particles on the cathode 

[52, 179]. As the applied average current density (1Adm-2) is much less than the 

limit current density, the mass transport effect can be assumed to be negligible, and 

the current waveform is mainly controlled by the charge transfer effect. The 

equivalent circuit described in Figure 4.3 can be applied to describe the process. By 

fitting the model to the experimental data, the parameters of the circuit are obtained 
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and are shown in Table 1. Figure 4.2 shows the experimental and simulated Nyquist 

plots. The model reasonably fits the data and the Chi-squared value is about 

3.412×10-3. The RC time constants of the circuit τH(CdlRct) and  τL(CadsRads) are 

found to be ~0.052ms and ~0.378ms respectively, indicating that the reaction of 

intermediates is the rate determining step during nickel electrodeposition. 
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Figure 4.6 Cathodic potentiodynamic diagrams for codeposition of nickel and 

SiC particles (20g/l SiC in the electrolyte) and pure nickel electrodeposition at a 

sweep rate 20mV/s. 
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Table 4.1 Impedance parameters of the Ni-SiC electrodeposition system 

sR  11.62Ω-cm2

ctR  33.52Ω-cm2

adsR  -3.829Ω-cm2

dlC  36.64μF 

adsC  -0.3096F 

 

The ramp-up, ramp-down, triangular, and rectangular waveforms with 

relaxation time can be transferred to an electrical and mathematical problem. During 

on-time and off-time periods, the currents passing through the charge transfer 

resistor under the two waveforms are shown in Tables 4.2~4.5 and Figure 4.7. At 

T=0.01, the applied peak current equals 0.1A. It is shown that the four waveforms 

can accumulate electrical energy in the on-time period, then discharge the energy in 

the off-time period, thus giving an instantaneous peak current for charge transfer. At 

the same average current density, iaver, the ramp-up waveform with relaxation time 

provides an instantaneous peak current for charge transfer which is 63.2% higher 

than that of the rectangular waveform, both with relaxation time. The 

electrodeposition process is well known as a competition between nucleation and 

grain growth. A high instantaneous peak current of the ramp-up waveform is 

detrimental to crystal growth, for it facilitates the creation of new nuclei and 

suppresses grain growth. Thus the morphology of Ni-SiC coating should definitely 

be improved and the hardness will be greater than that under the ramp-down 

waveform. Meanwhile, the nickel ions also have higher velocity to move towards the 

cathode under higher instantaneous peak current, leading to an increase of the nickel 
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ions concentration on the surface of the deposit, which is favorable to the cathodic 

electrodeposition. 
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Figure 4.7 Simulation of charge transfer current in a stationary state 

 

Table 4.2 Current passing through the resistor for charge transfer under the ramp-

down waveform 

 Faradic Current 

On-time 

811 0.844
2 3 0.12 20 0.123 0.002899t tI I t e e− −+ = − − × + ×

Ramp-down Waveform 

Off-time 
811 8 0.844

2 3 0.02092 4.048 10t tI I e e− −+ = × + × × −  
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Table 4.3 Current passing through the resistor for charge transfer under the ramp-up 

waveform 

 Faradic Current 

On-time 

811 0.844
2 3 0.02 20 0.02438 0.002887t tI I t e e− −+ = − + + × − ×

Off-time 
Ramp-up Waveform 

811 8 0.844
2 3 0.0774 2.345 10t tI I e e− −+ = × − × × −  

 

Table 4.4 Current passing through the resistor for charge transfer under the 

rectangular waveform 

 Faradic Current 

On-time 

tt eeII 844.0811
32 0000606.004915.005.0 −− +−=+  

Off-time 
Rectangular Waveform 

tt eeII 844.08811
32 10135.504915.0 −−− ⋅×−=+  
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Table 4.5 Current passing through the resistor for charge transfer under the 

triangular waveform and DC 

Up-time 

tt eetII 844.0811
32 005774.004608.04004.0 −− −++−=+

Down-time 

tt eetII 844.0811
32 005786.008581.04014.0 −− +−−=+  

Off-time 

Triangular Waveform 

tt eeII 844.0811
32 0002514.003320.0 −− +=+  

tt eeII 844.0811
32 00556.000805.025.0 −− ++=+  Direct Current 

 

4.4.3 Capacitive Current Simulation 

The capacitive current is also important in the equivalent circuit. The current 

accumulated in the capacitor will be released in the off-time period and maintains 

the charge transfer current. Tables 4.6~4.9 and Figure 4.8 show the charging and 

discharging process of the capacitor. The simulation results clearly show that the 

shape of the current waveform has an important effect on the capacitive current as 

well as the electrodeposition behaviour. For the ramp-up and triangular waveforms, 

the capacitor will be charged during its on-time period since the applied I(t) 

increases from zero. However, the ramp-down and rectangular waveforms have high 

electricity at the beginning of its on-time period because of the high applied I(t). 

After that, the capacitor under the ramp-down and rectangular waveforms will 

gradually discharge electricity because the applied I(t) decreases with time, and the 

capacitor under the ramp-up and triangular waveforms will charge electricity during 
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the on-time period as the applied current increases with time. During the relaxation 

time, as shown in the simulation result, the discharge current under the ramp-up 

waveform, which is helpful for the charge transfer, is higher than the other three 

waveforms. Although these four current waveforms have the same average current, 

the shape of waveform influences the electrodeposition process significantly, and the 

capacitive current, 1 2( ( ) ( )3 )I I t I I= − + , is directly related to the charge transfer 

current (I2+I3) for a fixed applied current. 
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Figure 4.8 Simulation of capacitive current in a stationary state 

 

 101



Table 4.6 Current passing through the capacitor under the ramp-down waveform  

 Capacitive Current 

On-time 

811 0.844
1 0.02176 0.123 0.002899t tI e− −= − + × − × e  

Off-time 
Ramp-down Waveform 

811 8 0.844
1 0.02092 4.048 10t tI e− −= − × − × × e−  

 

Table 4.7 Current passing through the capacitor under the ramp-up waveform 

 Capacitive Current 

On-time 

811 0.844
1 0.02176 0.02438 0.002887t tI e− −= − × + × e  

Off-time 
Ramp-up Waveform 

811 8 0.844
1 0.0774 2.345 10t tI e− −= − × + × × e−  

 

Table 4.8 Current passing through the capacitor under the rectangular waveform 

 Capacitive Current 

On-time 

tt eeI 844.0811
1 0000606.004915.0 −− −=  

Off-time 
Rectangular Waveform 

tt eeI 844.08811
1 10135.504915.0 −−− ⋅×−=  
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Table 4.9 Current passing through the capacitor under the triangular waveform and 

DC 

 Capacitive Current 

Up-time 

tt eeI 844.0811
1 005774.004608.004352.0 −− +−=  

Down-time 

tt eeI 844.0811
1 005786.008581.004352.0 −− ++−=  

Off-time 

Triangular Waveform 

tt eeI 844.0811
1 0002514.003320.0 −− +−=  

Direct Current 0 

 

4.4.4 Dependence of Current Density 

Figure 4.9 shows the Ni-SiC surface coatings obtained by the triangular 

waveform with relaxation time. A nodular-like structure is observed under high 

current densities. Agglomerations of SiC particles are observed on the composite 

produced at low average density. A cross section of the composite obtained  at 

3Adm-2 under the triangular waveform is also examined to illustrate the 

incorporation of particles into the matrix, as shown in Figure 4.10. 
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(b) 3Adm-2

 

(c) 4Adm-2

Figure 4.9 SEM morphology of Ni-SiC deposits under a triangular waveform with 

increasing average current density 
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Figure 4.10 The cross section of the composite produced under the triangular 

waveform with relaxation time at a current density of 3Adm-2

 

The Ni grain size is found to decrease as the average current density 

increases. Figure 4.9(a) shows that at an average current density of 2Adm-2, the 

largest grain size of about 5 mμ  is obtained. And the TEM photos shown in Figure 

4.11 also illustrate the grain sizes under different current densities. These results are 

in good agreement with the theory of nucleation and growth of electrodeposits, 

which predicts a larger nucleation rate at a high average current density, while more 

extensive growth of nuclei is expected to take place at low average current densities 

[179]. The grain size is also affected by the distribution and the volume percentage 

of SiC particles [56, 174, 177]. At a low average current density, the presence of 

particles near the cathode further suppresses the reduction of metal ions which is not 

beneficial to nucleation. But at a high average current density, the effect of particles 

on the deposition of metal ions becomes less significant [12, 49]. The SEM 

 105



micrograph of the composite also shows that the SiC particles agglomerate 

significantly at low current density.  At high current density, nickel ions dissolved 

from the anode transported faster, and the repulsive forces among nickel ions with 

SiC particles adsorbed on the surface is stronger than those under low current 

density conditions, thus SiC particles can be more dispersive on the deposits, and 

SiC agglomerations can hardly be produced. 
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(a) 

 

(b) 

Figure 4.11 TEM brightfield micrograph of the Ni-SiC composites under average 

current densities of 4Adm-2(a) and 3Adm-2(b) 
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The effect of cathodic potential and particles on the EIS curves is also 

examined. Figure 4.12 shows that the change in cathodic potential does not 

significantly affect the shape of the curves, as they all comprise of a frequency 

capacitive loop followed by a low frequency inductive loop. But, the loop size is 

found to increase with increasing cathodic potential. Without the addition of 

particles, the EIS curve at a cathode potential of -750mV is also obtained. It is found 

that without the particles, the size of the EIS curve is increased, while its shape is 

maintained.  
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Figure 4.12 EIS curves of a Ni-SiC deposition system under different cathodic 

potentials, and a pure nickel electrodeposition system at a cathode potential of           

-750mV. 
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Figure 4.13 Simulated charge transfer current at different current densities under the 

triangular waveform 

 

Based on the EIS curves of Figure 4.12, the faradaic current at different 

cathodic potentials under the triangular waveform is also simulated. Figure 4.13 

shows that a higher instantaneous peak current for charge transfer under the 

triangular waveform is obtained when the applied cathodic potential increases.  

4.4.5 Microhardness Results 

The hardness is also found to decrease with decreasing average current 

density. Figure 4.14 shows the variation of Vickers micro-hardness of the Ni-SiC 

deposit with average current density under the four waveforms. The hardness of the 

Ni-SiC composite under the ramp-up waveform is greater than other waveforms, 

which is in accordance with the predictions of the EC model. The maximum 
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hardness can reach to about HV450, which is significantly higher than those under 

the direct current, which normally has a hardness of around HV250. Hardness of 

composites is known to be related to matrix grain size as well as the volume fraction 

of reinforcement phases. It is obvious that as particles are of greater hardness and 

strength, they will inhibit the plastic flow of the soft nickel matrix and, hence, 

increase the hardness of nickel composite coatings [43]. Previous work has been 

done to examine the variation of SiC volume fraction under different shaped 

waveforms [181]. It is found that the two waveforms produced similar volume 

fractions and the volume fraction increases with increasing current density, which 

can explain the relationship between hardness and current density. 
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Figure 4.14 Vickers micro-hardness of Ni-SiC deposit at different average current 

densities under ramp-up and ramp-down waveforms 
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4.4.6 Conclusions 

In this part, an equivalent circuit model (EC) deriving from the 

electrochemical impedance spectra was developed to describe the deposition 

behaviour of Ni–SiC composites under the four waveforms with relaxation time. 

Experimental results show that the ramp-up waveform results in finer grain size and 

enhanced hardness. The equivalent circuit model predicts the capacitive and faradaic 

currents of the process, which cannot be illustrated by the conventional nucleation 

rate as mentioned in Chapter 3. At the same average current densities, the ramp-up 

waveform has higher instantaneous peak current for charge transfer than that of 

rectangular waveform, and results in an improvement in the microstructure of the 

composite. 
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4.5 Effect of Pulse Parameters on Electrodeposition 

4.5.1 Introduction 

Pulse plating has received a considerable amount of interest in recent decades 

as its advantages include its availability of additional adjustable operating parameters 

(pulse frequency, duty cycle and pulse current density), and its possibility of 

achieving higher instantaneous current densities at the cathode [185~187]. Compared 

to direct current plating, pulse plating can produce fine grained and smooth 

electrodeposits, as well as decreasing the hydrogen content in the deposits [124, 188]. 

Moreover, pulse current changes the local current density compared with direct 

current for the same amount of charge [120]. Over the past years, the effect of pulse 

parameters on morphology, composition, structure, porosity, current efficiency and 

the properties of deposits has been investigated quite extensively [123, 124, 189]. The 

parameter of duty cycle was reported to affect the preferential orientation of CdSe 

alloy [126], the grain size of copper [128, 129], alloy composition [122, 190], and 

current efficiency [124, 125]. The effects of duty cycle are partly due to its influence 

on the diffusion and mass transfer behaviour. The parameter of pulse frequency is 

generally reported to be related to the stationary state. A higher pulse frequency 

should be avoided for a certain amount of time is needed to charge and discharge the 

electrical double layer at the electrode, and a too low pulse frequency will make the 

pulse current become a direct current. Although pulse parameters have significant 

influences on pure metals and alloys, relatively few investigations have been done on 

composites. In this Chapter, the electro-codeposition behaviour of Ni-SiC composites 

will be examined. 
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The findings in this thesis have proved, both theoretically and experimentally, 

that the different types of shaped current waveforms affect the morphology and 

microhardness of Ni-SiC composites. Although charging and discharging processes 

for the different shaped current waveforms are different, the duty cycle and frequency 

has insignificant effect on the shaped current waveforms. In this Chapter, modeling of 

the effect of duty cycle and frequency will be conducted for both the rectangular and 

the ramp-down waveforms, and their charging and discharging processes, coupled 

with the effects on the SiC incorporation, will also be discussed in details. 

4.5.2 Experimental 

The adopted parameters were: duty cycles /( )on on offt t t+  varied from 25% to 

75%, while the pulse frequencies ranged from 10Hz to1000Hz. The average current 

density was fixed at 1Adm-2. Figure 4.15 is the schematic diagram of the pulse 

currents, and Figure 4.16 is the schematic diagram of the ramp-down waveform with 

relaxation time. After electrodeposition, scanning electron microscopy (SEM, Leica 

Steroscan 440) was used to study the surface morphology of the composites and the 

X-Ray energy dispersion spectroscopy (EDX) system was utilized to determine the 

composition of the composite coating. The Vickers microhardness test was conducted 

under a load of 25g on a cross section of the composite. The load and testing surfaces 

were selected to avoid any substrate effect on the measurement of microhardness. A 

nanoindentor (Hysitron) was also employed to examine the mechanical properties of 

the Ni-SiC composite using a diamond Berkovich triangular pyramidal tip at a load of 

8000μN.  
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Figure 4.15 The pulse current with different duty cycles (from 25% to 75%) 

 

 

Figure 4.16 The ramp-down waveform with different duty cycles (from 25% to 

75%) 
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4.5.3 Current Waveforms under Duty Cycles and 

Frequencies 

The charge transfer current in one stationary cycle at different duty cycles 

from 25% to 75% was plotted in Figure 4.17, and the charge transfer current at 

different pulse frequencies from 0.1Hz to 10000Hz was shown in Figure 4.18. They 

reveal that both parameters have significant influence on the instantaneous peak 

current. With the increasing of duty cycle, the instantaneous peak current decreases, 

and with the increasing of frequency, the peak current value also decreases. The 

highest instantaneous peak current is obtained at a duty cycle of 25% and frequencies 

below 10Hz. At high pulse frequencies, the charging and discharging period becomes 

very short and the pulse current acts as a direct current. It is interesting to note that at 

low frequencies, the charge transfer current of the two currents behaves like the 

applied current, with instant charge and discharge processes. 

The frequency and duty cycle have similar influences on the two currents. It 

significantly affects the charging and discharging processes, but not the shape of the 

current waveform. In the following study, different pulse frequencies and duty cycles 

will be applied on the electrodeposition of Ni-SiC composites to analyze the effects of 

the pulse parameters. 
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Figure 4.17 The comparison of charge transfer current under different duty cycles 

between the ramp-down waveform and the rectangular waveform, both with 

relaxation time 
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Figure 4.18 The comparison of charge transfer current under different pulse 

frequencies between the ramp-down waveform and the rectangular waveform, both 

with relaxation time 

 

 117



4.5.3 The Effect of Duty Cycle 

4.5.3.1 Surface Morphology 

Figure 4.19 shows the surface morphology of the deposits under different duty 

cycles. A typical pyramid microstructure, with embedded inert particles of SiC, is 

observed. With increasing duty cycle, the crystalline size of the nickel matrix 

increases, and the relationship between grain size and duty cycle is shown in Figure 

4.20. For pulse electrodeposition, as duty cycle increases, the process approaches to 

direct current plating. But when the duty cycle decreases, there is an increase in peak 

current due to the increase of off-time, when the average current density is kept 

constant [130]. The high peak current results in a higher population of adatoms on the 

surface during deposition, which favours the formation of fine grains, as the 

nucleation rate increases exponentially with the value of overpotential. Moreover, the 

long off-time provides more time for nickel ions and other charged particles to settle 

down on the cathode. The increased amount of the ions and particles increases the 

number of nucleation sites, which favours the nucleation rate and results in fine 

grained deposits [126].  
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(a) duty cycle 25% 

 

(b) duty cycle 50% 
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(c) duty cycle 75% 

Figure 4.19 SEM surface morphology of Ni-SiC composite coating obtained at 

different duty cycles 
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Figure 4.20 The grain size of the nickel matrix as a function of the duty cycle 
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Figure 4.21 The simulation results of charge transfer current under different duty 

cycles 

 

The influence of pulse duty cycle was reported to be related to the band gap 

value of a composite CdSe [126], and the duty cycle also affects the electrochemical 

reaction behaviour [118]. It is known that in pulse electrodeposition, the capacitive 

effect will affect the current efficiency and the charge transfer current. The equivalent 

circuit model simulated the charge transfer current under different duty cycles. 

Figures 4.17 and 4.21 show the simulation results of the charge transfer 

current for different duty cycles with frequencies of 10, 100 and 1000Hz. It shows that 

the charge transfer current reaches the maximum value at the duty cycle of 25%, and 

the duty cycle of 75% yields the lowest charge transfer current. The simulation results 

considered the capacitive effect of the electrical double layer on the 

electrocodeposition behaviour and found that it requires a certain amount of time to 

charge and discharge, which depends on the current density and the physico-chemical 
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parameters of the system. At different frequencies, the peak currents of charge transfer 

decrease with increasing frequency. At the frequency of 10Hz, the charge transfer 

current for Ni-SiC electrodeposition resembles the applied pulse current. It illustrates 

that the charging and discharging times are short as compared to the on-time and 

off-time periods. It also shows that at this frequency, the highest charge transfer 

current is obtained at the duty cycle of 25%. When the frequency increases to 1000Hz, 

the peak charge transfer current (less than 10Adm-2 for the duty cycle of 50%) 

becomes much lower than the applied peak current density (20Adm-2 at the same duty 

cycle). It is because the charging and discharging times of the double layer are much 

longer than the on-time and off-time of the pulse, respectively, and the pulse current is 

virtually a direct current, losing the potential benefits of pulse plating. It is worth 

noting that at the frequency of 100Hz, the peak charge transfer current is about 

19Adm-2 for a duty cycle of 50%, which is close to the applied peak current density of 

20Adm-2, which may result in a high current efficiency. 

4.5.3.2 The SiC Incorporation 

The SiC volume fractions in the deposits as a function of the duty cycle are 

measured by X-Ray energy dispersion spectroscopy (EDX), as represented in Figure 

4.22. It reveals that the SiC content increases with increasing pulse duty cycle. It is 

known that the deposition of SiC particles is due to the electrophoretic attraction, by 

which inert particles (absorbed by nickel ions) are driven to the cathode surface by the 

Coulomb force, and the SiC volume fraction is related to the current density, particle 

loadings in the electrolyte, and other deposition parameters. The main difference 

between pulse plating and direct current plating is the existence of two distinct 

cathodic diffusion layers. In the immediate vicinity of the cathode, the concentration 
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pulsates with the frequency of the pulsating current, whereas in the outer diffusion 

layer, cations are supplied towards the cathode during the off-time [174]. As a result, 

the pulse on-time reflects the adsorption process, and the pulse off-time represents the 

diffusion process and hydrogen evolution reaction. Assuming the electrodeposition of 

Ni-SiC composites is a charge transfer controlled process and the influence of 

off-time is less significant, the SiC volume fraction can be predicted by the Eq. (3.12) 

as given in Chapter 3.  

One of the parameters in the equation is the current density, I(t) which can be 

represented by 
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where m is the ratio of off-time and on-time. With increasing duty cycle, the m value 

and the peak current density will decrease. Under the same average current density, 

the current density at different duty cycles can be given by:  
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where I13(t), I12(t), I11(t), I21(t), and I31(t) are the current density at a duty cycle 

of 25%, 33%, 50%, 67% and 75% respectively. Substituting the current function into 

Eq. (1), the SiC volume fractions are calculated and the simulation results are shown 

in Figure 4.22. 
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Figure 4.22 The volume fraction of nanosized SiC particles as a function of the duty 

cycle 

4.5.3.3 The Microhardness 

The Vickers microhardness of Ni-SiC composites at different duty cycles is 

shown in Figure 4.23. A maximum hardness value is obtained at the duty cycle of 50%. 

This can be attributed to the decreased nickel grain size and the increased SiC particle 

content. Smaller grain sizes will lead to an increased hardness value of the composite 

according to the Hall-Patch relationship [191]  

0

1/ 2
v vH H Kd −= +                                                             (4.16) 

where H is the microhardness, K is a constant, and d is the mean grain size. As the duty 

cycle increases, the grain size of nickel matrix increases, which is detrimental to the 

hardness. Conversely, the increased amount of embedded SiC particles due to the 
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increase in duty cycle will increase the hardness of the composite according to the 

equation 

, ,%v v SiC v NiH H SiC H Ni= × + × %                                             (4.17) 

Grain size and the SiC content are two competing factors and in the present 

study, a maximum hardness value of 290HV is obtained at the duty cycle of 50%. 

Figure 4.24 further illustrates the load-displacement curves obtained by 

nanoindentation tests for the composite obtained at different duty cycles. The 

hardness value and the Young’s modulus at different duty cycles are also plotted in 

Figure 4.25. Both the Young’s modulus and the hardness achieve their maximum 

values at a duty cycle of 50% (a maximum hardness value of 2.25GPa and a maximum 

value for the Young’s modulus being 49.03GPa). These findings are in line with the 

results of microhardness.  
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Figure 4.23 Vickers microhardness of Ni-SiC composites under different duty cycles 
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Figure 4.24 Nanoindentation load-depth curves for Ni-SiC composites obtained at 

different duty cycles 
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Figure 4.25 The effect of duty cycle on Young’s modulus and hardness of Ni-SiC 

composites 

 127



 

4.5.4 The Effect of Pulse Frequency 

4.5.4.1 Microstructural Analysis 

Figure 4.26 compares the nickel grain size of the Ni-SiC composite obtained at 

10Adm-2 and at pulse frequencies of 10, 100 and 1000Hz. The grain size is found to 

increase with increasing pulse frequency, and the smallest grain size is obtained at the 

frequency of 10Hz. According to the findings of the equivalent circuit, a high 

instantaneous current is obtained at high pulse frequencies, and it is well known that 

high peak currents promote nucleation and fine grains, which can explain the 

dependence of pulse frequency on grain size. 

 

 

Frequency =10Hz 
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Frequency =100Hz 

 

Frequency =1000Hz 

Figure 4.26 Effect of pulse frequency on grain size of the Ni-SiC composite 

 

The results of X-Ray energy dispersion spectroscopy (EDX) show that the 

silicon contents are 2.55%, 2.31%, and 2.43% for the composites obtained at pulse 
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frequencies of 10, 100 and 1000 Hz respectively. It revealed that the pulse frequency 

has relatively insignificant effect on the volume fraction of SiC.  

The volume fraction can also be theoretically simulated by the Eq. (3.12). 

According to the equation, the SiC volume fraction is related to the current density I(t). 

As the peak current density, the average current density and the deposition time of the 

electrodeposition system are the same under different pulse frequencies, the 

theoretical volume fraction of SiC is independent of pulse frequency. 

4.5.4.2 Micro-hardness and Nanoindentation Results 

The microhardness values of the Ni-SiC composites are found to increase from 

220HV to 280HV when the frequency decreases from 1000Hz to 100Hz, and it 

slightly increases to 300HV when frequency further decreases to 10Hz. It is well 

known that the hardness of a composite is related to its microstructure and the 

presence of second phase [174]. With the same volume fraction of SiC, the increase in 

hardness of the composite is due to the decrease in grain size. Figure 4.27 further 

shows the load-displacement curves obtained by the nanoindentation tests for the 

composites under different pulse frequencies. Based on the indentation depth and the 

slope of the unloading curves, the hardness and the elastic modulus of the composite 

can be determined [192~194]. Figure 4.28 shows that both the hardness and elastic 

modulus increase with decreasing frequency. A high hardness value of 2.25GPa and a 

high elastic modulus of 49.03GPa are observed in the Ni-SiC composites under the 

frequency of 10Hz, which is significantly larger than that at a frequency of 1000Hz 

(with a hardness of 1.69GPa and an elastic modulus of 26.34GPa). This phenomenon 

is also related to the change in grain size and charge transfer current.  
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Figure 4.27 Load-displacement curve for the Ni-SiC composite obtained at different 

pulse frequencies 
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Figure 4.28 Hardness and elastic modulus of the Ni-SiC composite at different pulse 

frequencies 
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4.5.5 Conclusions 

By varying the duty cycle from 25% to 75%, and pulse frequency from 10Hz 

to 1000Hz, their effects on morphology, nickel matrix grain size, SiC volume fraction 

in the deposits, and microhardness were examined and the following conclusions 

drawn. 

(a) Both pulse frequency and duty cycle are shown to have significant 

influence on both grain size and the mechanical properties of the electrocodeposited 

Ni-SiC composites, but the volume fraction of SiC is relatively independent of pulse 

frequency.  

(b) The nickel grain size is found to increase with increasing pulse frequency 

and duty cycle, resulting in a change in microhardness.  

(c) An analytical model is applied to examine the effect of pulse parameters on 

SiC volume fraction. The trend of the prediction is consistent with the experimental 

findings.  

(d) The charge transfer current obtained by the equivalent circuit model 

reveals that the peak current increases with decreasing pulse frequency and duty cycle. 

A high peak current favors nucleation and small grain size. The findings are consistent 

with the experimental observations. 
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6. Overall Conclusions 
 

The effect of different shaped current waveforms on the electrocodeposition 

behaviour of Ni-SiC composite has been experimentally and theoretically investigated. 

According to the experimental findings, the largest amount of SiC embedded in the 

deposit was obtained when a rectangular waveform was used. Guglielmi’s model was 

successfully applied to predict the volume fraction of SiC embedded in the nickel 

matrix under different waveforms by proposing that a waveform of arbitrary shape 

can be represented by a Fourier series and that it consists of an infinite number of very 

short rectangular pulses. The nickel grain size was found to relate to different shaped 

current waveforms, which cannot be explained by the conventional nucleation rate. 

An equivalent circuit model based on the electrochemical impedance spectroscopy 

results can successfully explain the deposition behaviour of the electro-composites 

under different processing conditions. The simulated instantaneous current passing 

through the charge transfer resistor is much higher than that of direct current. The 

double layer in direct current electrodeposition makes no contribution to the charge 

transfer reactions. While under different shaped current waveforms, it can discharge 

current in the time-off period, and thus continue the charge transfer reactions. The 

equivalent circuit model also predicts the capacitive and faradaic currents of the 

process, and with the same average current densities, the ramp-up waveform has the 

highest instantaneous peak current for charge transfer and the rectangular waveform 

produces the lowest instantaneous peak current. 
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By varying the duty cycle from 25% to 75% and the frequency from 10Hz to 

1000Hz, the effect on morphology, nickel matrix grain size, SiC volume fraction in 

the deposits, and microhardness were examined. Experimental results show that pulse 

frequency and duty cycle have a significant influence on both grain size and 

mechanical properties of the co-electrodeposited Ni-SiC composites, but its volume 

fraction of SiC is relatively independent of pulse frequency. The charge transfer 

current obtained by the equivalent circuit model reveals that the peak current density 

increases with decreasing duty cycle and frequency. And the SiC volume fraction 

increases with an increase in the duty cycle. As a result, a higher hardness value of 

290HV is obtained at a duty cycle of 50% and a frequency of 100Hz. The results of the 

nanoindentation test further confirm the influence of pulse parameters on hardness 

and elastic modulus of the composite.  

The effect of magnetic field on electrodeposition behaviour and 

microstructure of Ni-SiC composites was studied. Based on the impedance analysis, 

the magnetohydrodynamic effect is shown to be significant in improving the mass 

transport process and accelerating the charge transfer rate, It was found that the 

surface morphology and grain orientation of the composites are modified by the 

magnetic field. A significant increase of SiC content is also observed in the 

composites with the magnetic field, and it is attributed to the improvements of the 

convection and charge transfer process. The study presents a novel alternative method 

to modify the microstructures of the composites and enhance the content of embedded 

particles.  
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The findings of the paper are of significance as it may also be also possible to 

control the microstructures and to enhance the deposit quality of the electro-composite 

by manipulating the current waveform and magnetic field during the 

electro-deposition process. 
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7. Future Work  

After the completion of this body of work, there are still some concerns of 

electrodeposition that need to be addressed. 

  

7.1 Complex Waveforms 

It was shown in Chapters 4&5 of this thesis that the shape of current 

waveform has great influence on the electrodeposition behaviour of Ni-SiC 

composites. It will be of significant interest to further examine the effects of other 

complex waveforms (such as the spike current, the sine shaped waveform, square-

wave pulse current) in the electrodeposition process. This will further enhanced the 

understanding of the electrodeposition mechanisms of Ni-SiC composites.  

 

7.2 Magnetic Field  

The magnetic field has been demonstrated in Chapter 5 to have a significant 

effect on electrodeposition behaviour. The magnetic fields are able to control the 

magneto-hydrodynamic conditions to get different microstructures and SiC 

incorporation. Research effort is currently underway on low magnetic fields in a 

position parallel to the cathode surface. It will be of great interest to study the 

electro-codeposition behaviour under higher magnetic fields, and also different 

positions in relation to the cathode surface. 

 

7.3 Tailored Microstructure with Enhanced Properties 

There have been a number of attempts to produce gradient composites by 

electrodeposition through manipulation of current density and particle loading in the 

 153



bath. Based on the findings of the above investigations, further attempts can be made 

to produce tailored microstructures for enhanced mechanical properties and deposit 

quality using two additional process variables: magnetic field and current waveform 

in a single or multiple step deposition process. It is intended not to adjust additives, 

bath composition or volume percentage of particles continuously during the process 

in order to minimize environmental problems.  

Although recent studies indicate that the Ni-SiC composites can lead to 

significant enhancement of hardness, and further improvement in the hardness can 

be achieved by incorporation of inert particles. However, there are very few studies 

on the other properties, such as wear resistance and anti-corrosion. Therefore, more 

work should be done to address the influence of particles on mechanical properties. 
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8. Statement of Originality and Contribution to 

Knowledge 

Electro-composites that consist of inert particles and a metal have 

demonstrated that they possess many enhanced properties compared to metals or 

alloys. A significant amount of research has been conducted to improve the deposit 

quality of electroforms. Most of them have attempted to adjust the bath composition 

and pulse currents. The present study is the first to apply shaped current waveforms 

on electrocodeposition of nickel matrix composites. As compared to the 

conventional pulse current technique, the shaped current waveforms are shown to 

result in an improvement in morphology and hardness of composites. The results of 

this thesis have shown that the finest grain size and the highest hardness are found 

by using a ramp-up waveform, as compared to those obtained under rectangular, 

triangular, and ramp-down waveforms with relaxation time. This can be explained 

by the fact that the ramp-up waveform produces the highest instantaneous peak 

current for charge transfer. An analytical model is proposed to predict the volume 

fraction of SiC particles in the electro-codeposition process under waveforms with 

arbitrary shape, and the trend of the prediction is in agreement with the experimental 

results. 

The present study is also the first to establish an equivalent circuit model to 

explain the effect of shaped current waveforms on the deposition behaviour of 

composites. The use of the equivalent circuit model is shown to be useful in 

describing the deposition behaviour, through which the process kinetics, as charge 

transfer reactions and adsorption and desorption processes, can be represented. 
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The magnetic field was shown to be great influence on electrodeposition of 

metals and alloys, and the present study is the first to apply the magnetic field to the 

electrocodeposition system. It is found that the magnetic field is an alternative tool to 

get different microstructures and SiC incorporation in the nickel matrix by 

controlling the magnetohydrodynamic conditions.  
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