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Abstract The aim of this work is the production and

characterization of composite nickel matrix electrodepos-

its. Pure nickel and composite nickel matrix deposits

containing either micro- or nano-particles of silicon carbide

were prepared using a Watts type bath. The electrodepos-

ition was carried out under both direct and pulse current

conditions at different frequencies. With the same quantity

of powder in the bath, the embedded micro-powder content

is about 25–30%w while the nano-powder content is

always less than 1%w. The mechanical properties of the

nano-composites increases despite the low ceramic content.

SEM micrographs of the microstructure and XRD-line

profile analysis show that the presence of ceramic powder

in both baths changes the crystallisation process leading to

enhanced mechanical properties even at ceramic contents

less than 1%, as in the nano-composite case. The presence

of the ceramic phase and changes in the microstructure

both decrease the mass loss during abrasion by up to 70%

for micro-composites and 45% for nano-composites.

Keywords SiC � Nano-particles � Codeposition �
Nickel � Pulse current

1 Introduction

Composite coatings consist of a metal or alloy matrix

containing a dispersion of second phase particles. These

particles are generally oxide or carbide powders such as

Al2O3, SiC, TiO2, SiO2 and diamond, or solid lubricants

like PTFE, graphite and MoS2 to improve wear resistance

or reduce friction [1–4]. The electrocodeposition of cera-

mic particles for the production of metal matrix composite

coatings is a research domain of wide interest as these

coating can be used for a large field of industrial applica-

tions especially in cases where high abrasive and protective

properties are required. Micro-sized particles are particu-

larly used in order to increase wear-abrasion resistance.

Ni–SiC composites have been studied extensively [3–10]

and commercialised successfully for the protection of

mechanical parts under friction, due to their higher wear

resistance. The use of micro-particles in composite gal-

vanic coatings gives well-known improvement in the

features of the surface layers. However, they also introduce

some negative aspects which might be overcome by the use

of nano-particles [11].

The use of nano-particles should reduce the problem of

defect creation, such as voids among the particle–matrix

interface. Furthermore the codeposition of a sufficient

amount of non-agglomerated particles should lead to pro-

duction of harder and more resistant coatings [4–6, 8–12].

Nano-composite coatings have been studied increasingly in

the last 10 years, but the results are often contradictory and

inconsistent and they are therefore difficult to compare

with micro-composites [13, 14]. Moreover, studies have

focused more on microstructural changes than on changes

in properties that the nano-powders induce. Most research

groups have studied either the mechanical or the protective

properties of the composite coatings and not both aspects

[5, 15]. Therefore it is important to carry out a complete

characterization of composite coatings, testing both elec-

trochemical and mechanical behaviour in order to quantify

in a consistent way both wear and corrosion resistance.

The aim of this work is the codeposition of micro- and

nano-SiC particles from nickel Watts baths using the same
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process parameters and the study of the influence of cera-

mic powder particle size on the electrodeposit properties.

2 Experimental

Three main groups of samples were prepared: samples

coated with pure nickel deposits, samples coated with

micro- and nano-Ni–SiC composite deposits. The plating

solution used was a slightly modified Watts type nickel

bath in which 20 g l-1 of SiC particles with a mean

diameter of either 5 lm or 20 nm were added in order to

produce the composite coatings. The composition of the

plating bath and the electrodeposition parameters are given

in Table 1.

In order to create stable suspensions of the ceramic

powders the baths were treated by ultrasound for 30 min

and mechanically stirred for 24 h before use. Furthermore,

the bath was maintained under mechanical stirring during

deposition (200 rpm). The substrate was 25 cm2 low car-

bon steel plates. Galvanostatic deposition was carried out

under both direct (DC) and pulse current (PC) conditions.

The pulse current condition was used in order to produce

more compact deposits [16]; it had a square form and a

duty cycle of 50% and the frequencies used were 0.01, 0.1

and 1 Hz. The minimum current density was 0 while the

maximum current density was maintained at 2 A dm-1 in

order to better compare the specimens with those produced

under direct current.

The coating thickness of all types of Ni-matrix deposits

was 20 lm except the ones used for the abrasion resistance

test. For this test specimens with 60 lm deposit were

produced.

The surface morphology and microstructure of the

deposits was examined by Low Vacuum Scanning Electron

Microscopy (LV–SEM) and the amount of codeposited SiC

particles was calculated from EDXS spectra by means of

an average value of five measurements on two different

specimens. The samples were also observed in cross-sec-

tion after polishing and etching with a solution based on

lactic acid for 4 min in order to study by LV–SEM the

vertical growth of deposits grains.

X-ray diffraction and Line Profile Analysis (LPA) using

the Williamson–Hall model [16] were performed to eval-

uate the mean crystal domain size by the Scherrer equation

[17].

Microhardness measurements were carried out on three

different samples for each type of deposit using a Vickers

microhardness tester and applying a load of 0.1 N for 10 s

on the cross-section to avoid the influence of the substrate.

The abrasion resistance of the coatings was determined

by a Taber Abraser (model 5131); the wheels used were

CS10 type with an additional weight of 1 kg on each

wheel. Every 500 cycles the test was interrupted the wheels

were cleaned and the specimens weighed. The abrasion

resistance is expressed by the mass loss.

The protective properties of the coating were evaluated

by the study of potentiodynamic curves in sulphuric acid

solution at pH 2.5. The measurements were carried out in a

three-electrode system: the potential scanning ranged from

-200 mV vs. Open Circuit Potential (OCP) to 1.1 V vs.

Ag/AgCl and the scan rate was 0.2 mV s-1. Three poten-

tiodynamic curves for each type of deposit were obtained

on different specimens.

3 Results and discussion

3.1 Microstructure and SiC content

The microstructure of the deposits was studied both on the

surface and across a cross-section by LV–SEM. Repre-

sentative surface micrographs of pure, micro- and nano-

composites 20 lm thick are presented in Figs. 1–3. The

surfaces of all pure nickel specimens show pyramidal

grains. The application of pulse current leads to a slight

grain refinement. The surface of the deposits produced

under PC shows smaller pyramidal grains which form

round aggregates.

The micro-composite deposits produced both under DC

and PC present a very rough surface due to the high amount

of partially embedded particles.

By increasing the deposits thickness (60 lm) (Fig. 4)

the surface of the micro-composite coatings is almost

particle-free and therefore a comparison between the dif-

ferent coatings is possible. In the pure nickel coatings the

main grain size increases with increase in deposit thickness

(Fig. 4a) maintaining a regular pyramidal structure. The

micro-composite coatings have a finer microstructure

Table 1 Plating bath composition and deposition parameters

Concentration (g l-1)

Plating solution composition

NiSO4 240

NiCl2 45

H3BO3 30

CH3(CH2)11OSO3Na 2

SiC powder 20

Electrodeposition parameters

pH 4.5

Temperature 45 �C

Current density 2 A dm-2

Anode Pure nickel

Substrate Low carbon steel
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compared to pure nickel only. Regarding the nano-com-

posite coatings, the microstructure is very fine in both 20

and 60 lm thick samples. The grains size does not increase

with increasing layer thickness and is finer as compared to

pure and micro-composite nickel under both DC and PC

conditions.

Fig. 1 Pure nickel obtained

under direct current (a) and

pulse current at 1 Hz (b)

Fig 2 Micro-composite nickel

obtained under direct current (a)

and pulse current at 1 Hz (b)

Fig. 3 Nano-composite nickel

obtained under direct current (a)

and pulse current at 1 Hz (b)

Fig. 4 Microstructure of coatings deposited under pulse current at 1 Hz with 60 lm thickness, (a) pure nickel, (b) micro-composite nickel, (c)

nano-composite nickel
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The samples produced under PC at 1 Hz (Figs. 3b and

4c) show the finest microstructure. The grains are smaller

than 1 lm and some globular grain-agglomerates are vis-

ible on the surface.

The observation of the etched cross-section of the speci-

mens clearly shows the influence of PC application on the

vertical growth of the grains. Pure nickel samples under

direct current conditions (Fig. 5a) show a vertical columnar

growth typical for these deposits. The columns are 2–4 lm

width and the length depends on the layer thickness. The

application of a pulse current decreases both the width and

the length of the columns and some very small grains are

visible between columns. In the case of micro-composite

deposits the metallographic etchants preferentially attack the

interface between the micro-particles and the matrix leading

to their detachment. The nano-composite samples (Fig. 6a)

deposited under direct current conditions also show vertical

columnar grains, but the columns are narrower compared to

pure nickel structure and their length is about 10 lm. The

specimens produced with pulse current at 1 Hz (Fig. 6b) do

not show any vertical growth. The microstructure is formed

by globular grains with a mean dimension of about 1 lm.

These observations show that the presence of a ceramic

powder limits the grain growth leading to a finer micro-

structure. The use of PC (more evident at 1 Hz) and the

codeposition of nano-powder lead to further grain refine-

ment and thus to a drastic change in microstructure. As a

consequence, better electrochemical and mechanical prop-

erties of the nano-composite coating are expected.

Using an EDXS probe during SEM observation it was

possible to evaluate the fraction of codeposited SiC. The

results are summarized in Table 2.

The content of codeposited SiC nano-particles is very

low, close to the resolution limit of this analysis. No

comparison is therefore possible between different coat-

ings, even if at 1 Hz a slight increase in SiC content is

observed. Conversely, when a micro-powder of SiC is

added the amount of ceramic incorporation is high and

depends on the deposition parameters. The use of a pulse

current increases the ceramic content from 21 to a maxi-

mum of 36% w for specimens deposited at 0.1 Hz.

3.2 LPA of X-ray diffraction

Line profile analyses of X-ray diffraction spectra were

performed using the Williamson–Hall model and the

Scherrer equation was applied to peak broadening in order

to correlate them to crystal domain size. The results are

reported in Table 3. It is clear that the presence of a

Fig. 5 Etched cross-section

microstructure of pure nickel

coatings deposited under direct

current (a) and pulse current at

1 Hz (b) with 60 lm thickness

Fig. 6 Etched cross-section

microstructure of nano-

composite nickel coatings

deposited under direct current

(a) and pulse current at 1 Hz (b)

with 60 lm thickness

Table 2 SiC weight fraction in composite coatings

SiC %w Micro-composite

coatings

Nano-composite

coatings

Direct current 21 ± 2 0.6

0.01 Hz 26 ± 3 0.5

0.1 Hz 36 ± 2 0.5

1 Hz 24 ± 4 0.9
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ceramic phase decreases the crystal domain size from about

100 to 60 nm. The crystal domain size determined by this

analysis is different to the grain size observed by LV–SEM.

Crystal domains are limited by crystal defects and internal

stresses and therefore a single grain can contain more

crystal domains. Parameters like current condition and

ceramic particle dimension do not affect the crystal domain

size but have a strong effect on the grain size.

3.3 Microhardness

The results obtained measuring microhardness in the cross-

sections of samples are reported in Fig. 7. The hardness of

pure nickel coatings is about 280 HV and is not noticeably

influenced by current condition. The micro-composite

coatings present the highest microhardness due to the high

amount of codeposited ceramic powder; the error bar in

this case is very large and this is due to the heterogeneity of

the layer which contains particles comparable in size to the

indenter. Therefore the variations in the obtained values

could not be correlated to the codeposited SiC amount. The

presence of the nano-particles at the grain boundaries as

well as the increase in number grain boundaries causes

slight modification to the microhardness due to the strain

hardening effect. Indeed the nano-composite deposit pro-

duced under PC at 1 Hz which present the finest

microstructure (Fig. 6b) also has a microhardness value

comparable to those of micro-composites.

3.4 Abrasion resistance

The abrasion resistance presented in Fig. 8 is expressed by

the mass loss calculated by weighing the samples every

500 cycles. In this test 60 lm thick deposits were used.

The pure nickel coatings lose about 0.45 g after 20,000

cycles and no big differences are visible between samples

produced under different current conditions. The curves of

mass loss indeed overlap up to 10,000 cycles and only

small differences are visible after 20,000 cycles. These

differences are due to the experimental error. Therefore

deposition under pulse current does not improve the abra-

sion resistance of the nickel coatings. It is evident that both

nano- and micro-composite coatings offer better resistance

to abrasion than pure nickel coatings.

Regarding micro-composite deposits, the current con-

dition has a major effect on the abrasion resistance. The

curves corresponding to the deposits produced under DC

and PC at 0.01 Hz are almost overlapped. The specimens

produced under PC at 0.1 and 1 Hz show a decrease in

mass loss after 20,000 cycles of 40 and 20% respectively.

The abrasion resistance of micro-composite is strongly

related to the amount of codeposited SiC. The deposit with

the higher abrasion resistant is the one with the major

quantity of codeposited hard phase. This fact is not in

complete agreement with the values presented in the

Table 2 as the result of EDXS analysis is a surface analysis

and does not correspond to the whole depth of the deposit.

In the case of nano-composite coatings, the application

of PC at 0.01 Hz and 1 Hz gives slightly lower mass loss at

the end of the test in comparison to the samples produced

under DC and PC at 0.1 Hz. However this difference is

comparable to the accuracy of measurement and therefore

cannot be correlated to the deposition parameters.

The abrasion resistance is strongly dependent on the size

of embedded particles and much less on the applied current

Table 3 Evaluation using the Williamson–Hall model of crystal size

(nm) of different coatings

Pure nickel Micro-composite

nickel

Nano-composite

nickel

Direct current 94 ± 3 58 ± 6 59 ± 3

0.01 Hz 100 ± 16 56 ± 6 59 ± 4

0.1 Hz 92 ± 4 56 ± 6 61 ± 1

1 Hz 80 ± 9 62 ± 6 51 ± 4
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Fig. 7 Vickers 001 microhardness values
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Fig. 8 Mass loss during abrasion test
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condition. The micro-composite deposits present the

highest abrasion resistance while the nano-composite ones

have an intermediate behaviour. It is noticeable that the

nano-composite deposits produced under PC at 1 Hz have a

similar abrasion resistance as the micro-composite deposits

under DC and PC at 0.01 Hz even though they contain a

much lower amount of SiC. Thus the microstructure

modification produced by the incorporation of nano-parti-

cles leads to a drastic increase in abrasion resistance.

3.5 Potentiodynamic curves

Potentiodynamic curves were obtained from a sulphuric

acid solution at pH 2.5 and room temperature in order to

evaluate the active–passive transition of nickel based

coatings and their resistance to uniform corrosion.

All specimens showed passive behaviour even though,

according to the Pourbaix diagram, nickel should not

passivate at pH 2.5. The transition from active to passive

behaviour is evident in all potentiodynamic curves in

Figs. 9 and 10. The pure nickel deposits produced under

DC show lower critical current density and lower passive

current density and a more stable and wider passive zone.

The deposits produced under PC have lower tendency to

form a stable passive region and higher passive current

densities. This behaviour may be attributed to the micro-

structural changes that the use of OC causes on the

deposits. Indeed, the deposits having the finest micro-

structure and, as a consequence, more extended grain

boundaries present have less tendency to create a stable

passive oxide film. The grain boundaries present prefer-

ential points for corrosion attack from the acidic solution.

Concerning micro-composite coatings (Fig. 10a) there

are no substantial differences between the deposits. The

corrosion potential and current densities, as well as the

passive current density, are equal. The differences between

the nano-composite deposits (Fig. 10b) are even less evi-

dent. The active parts of the curves completely overlap and

there are some differences corresponding to the formation

of the passive film. The passive zone is stable and all

specimens have the same passive current density and the

same passive range. Indeed, the differences in the micro-

structure on the surface of these deposits were not as

prominent as in the case of the pure and micro-composite

deposits.

In Fig. 11 the curves of the tree types of deposit pro-

duced under the same current condition are reported in

order to better understand the effect of particle incorpora-

tion on the corrosion resistance in acidic environment. The

specimens coated with the micro-composite deposit under

Fig. 9 Potentiodynamic curves of pure nickel coatings obtained

under different current conditions

Fig. 10 Comparison between

potentiodynamic curves of

micro- (a) and nano- (b)

composite coatings deposited

under different current

conditions
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each current condition have a lower corrosion potential and

a higher corrosion current density as well as the highest

passive current density. Pure and nano-composite deposits

have similar corrosion potential and corrosion current

densities in all cases.

4 Conclusion

The aim of this work was to study the influence of the

codeposition of micro- and nano-particles of SiC in nickel

matrix deposits under both direct and pulse current on

microstructure and mechanical and electrochemical

properties.

The use of pulse conditions in pure nickel deposits leads

to a slight refinement of the microstructure but not to any

significant change in the final properties of the coatings.

The codeposition of the SiC micro-particles leads to a

crystal domain size decrease and to grain refinement. The

high amount of codeposited ceramic powder causes a sig-

nificant increase in the mechanical properties; the

microhardness is 100 HV higher and the abrasion resis-

tance increases by 50–70% compared to pure nickel. The

incorporation of the micro-powder causes a decrease in

corrosion potential as well as an increase in corrosion and

passive current density due to the weakness of the interface

between matrix and particles.

The codeposition of the SiC nano-particles under both

DC and PC current condition leads to a drastic grain

refinement more evident at a frequency of 1 Hz. The

deposits produced at this frequency have small unoriented

grains. The columnar growth is inhibited by the synergism

of both the interrupted electric field and the codeposition of

nano-particles limiting their dimension. Therefore a slight

increase in microhardness is observed for the deposits

produced under DC and PC up to 0.1 Hz, while the

deposits obtained at 1 Hz show a significant increase in

microhardness. The nano-composite deposits produced

under PC at 1 Hz show a similar abrasion resistance to the

micro-composite deposits under DC and PC at 0.01 Hz

even though they contain a much lower amount of SiC. The

potentiodynamic curves show that nano-composite films

have the same corrosion potential as well as corrosion

current density as pure nickel coatings and also the pas-

sivity region is similar. The increase in the mechanical

properties of micro-composites coating is due to the pres-

ence of a hard ceramic phase, while the nano-composite

films owe their mechanical improvement mainly to the

large microstructure changes.
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