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Introduction
The recently increased research interest on metal matrix composite 
coatings has been driven by the demand of relatively low cost coat-
ings suitable to replace hard chromium exhibiting high wear and 
corrosion resistance. The composite electroplating is the most widely 
used method to produce metal matrix coatings. In this field the Ni/
SiC system has been widely studied due to the high wear and corro-
sion resistance of the matrix, further improvable by the incorporation 
of hard either micro- or nano-particles [1-3]. Both microstructure 
and performances of the obtained deposits are strongly affected by 
the plating bath chemical composition, the deposition parameters 
and both type and dimensions of the codeposited particles.  
The mechanical properties of nickel matrix composites have been 
widely studied. Different research groups demonstrated that the 
incorporation of sub/micrometric or nanometric SiC particles may 
improve the hardness, ductility and wear resistance.  
Zimmerman et al. [4] incorporated sub-micrometric SiC particles in 
nanocrystalline Ni matrix. The microhardness values of the compos-
ite deposits were more than four times those of conventional poly-
crystalline nickel deposits and the tensile strength of the composites 
was four times greater than that of the conventional polycrystalline 

nickel. Moreover the composite nanocrystalline Ni-SiC deposits, for 
SiC contents lower than 2%vol, revealed an increase of ductility over 
that of pure nanocrystalline Ni of comparable grain size.
It was also proved that the incorporation of sub-micrometric SiC par-
ticles in nickel matrix increases the wear resistance of the deposits. 
The wear resistance of the composites increases by increasing the 
SiC vol% in the deposit layer [5] and the SiC content in the metallic 
layer is increasing by increasing the %vol of SiC in the electrolyte. 
Aal et al [6] co-deposited micrometric SiC particles in nickel matrix 
from electrolytes containing different amounts of particles. They 
demonstrated that the SiC amount in the metal matrix increases to a 
maximum of 80%vol when the concentration of the particles in the 
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plating bath is 60g/l. a further increase of the SiC content in the plat-
ing bath leads to a decrease of the SiC content in the metal matrix. 
Both hardness and wear resistance of the composite deposits pre-
sented the highest values for the deposits with the highest amount 
of incorporated SiC micro-particles. 
According to other studies [7], the wear resistance of the composite 
deposits does not depend only on the amount of incorporated SiC, 
but is strictly correlated on the microstructure of the deposits. Param-
eters such as the particles size (micro or nano), the type of current 
used for the deposition (direct or pulse), the particles codeposition 
percentage, the microstructural modifications induced by the co-
deposition and the plating conditions strongly influence the wear 
resistance of composite deposits.
Due to their high wear resistance the Ni/SiC composite deposits 
should be a possible alternative to hard chromium in industrial fields 
like automotive (pistons or cylinders), energetic (well-head valves) 
or steel making plants (copper moulds). In all the above mentioned 
uses, thick deposits with high wear resistance at high temperatures 
and under high loads are required. In particular the vapour in the 
well-head valves has a temperature of about 300oC, while the cop-
per moulds suffer from intensive wear at about 10-40 cm distance 
from the liquid metal meniscus where the temperature is about 300-
350oC[8-9].
To this aim pure Ni and composite Ni matrix deposits containing 
either micro- or nano- particles of SiC have been tested in a previous 
work regarding their wear resistance under high load at both room 
temperature and 300oC. As far the wear test performed at room 
temperature, the micro-composite deposit presents a wear rate simi-
lar to the one of the pure nickel. On the other hand, the introduction 
of the nano-SiC particles lead to a 70% decrease of the wear rate 
with respect to the previous coatings. The tests performed at 300oC 
even better highlighted the differences between the three different 
coatings. All deposits present a higher wear rate in comparison with 
the tests performed at room temperature because the temperature 
lowers the mechanical strength and increases the matrix ductility. 
The codeposition of micro-SiC lead to a 63% decrease of the wear 
rate and the codeposition of nano-SiC particles to a 88% decrease 
in comparison with the pure nickel deposits [10].
On the other hand the coatings used to protect the valves on geo-
thermal sites suffer from severe corrosion. These components have 
usually a short life time due to the presence of sulphides and chlo-
rides ions in the geothermal gases. Indeed, failure usually occurs due 
to the sulphide corrosion combined with stress corrosion [11-12].  
The composite coatings protective properties are strictly related to 
the particles dispersion into the metal matrix and thus to the con-
sequent microstructural modifications. The nano-particles incorpora-
tion into the metal matrix usually causes a noticeable grain refine-
ment and thus an increase to the corrosion resistance [13-15]. The 
corrosion resistance increase is correlated not only to the nano-par-
ticles amount in the metal matrix but also to the particles dispersion 
and the used current type. For this reason the use of pulse current to 
interrupt the columnar growth of the nickel grains[15-18] have been 
studied in order to produce more compact and thus more corrosion 
resistant coatings.
The aim of this work was the production of pure Ni, micro-composite 

Ni/SiC and nano-composite Ni/SiC deposits under both direct and 
pulse current condition at different frequencies on a ASTM 387 
grade 22 steel substrate as well as their characterization regarding 
the microstructure and corrosion resistance to two different environ-
ments: one containing NaCl and one contining H2S as well as the 
study of the corrosion attack morphology.  

Experimental
Three different groups of samples have been prepared and tested. 
Samples coated with: pure nickel, Ni+μSiC and Ni+nSiC deposits. 
The electroplating bath used for the deposition of nickel matrix coat-
ings was a nickel sulphamate bat, having the following composition: 
500g/l Ni(SO3NH2)2

.4H2O, 20g/l NiCl2
.6H2O, 25g/l H3BO3, 1.5g/l of 

CH3(CH)11OSO3Na. The bath temperature was maintained at 50°C. 
For the production of the composite coatings 20g/l of micro- or 
nano- powders were added into the electroplating bath, dispersed 
using ultrasounds (200W, 24kHz) for 30min and then maintained in 
suspension under continuous mechanical stirring during the electro-
deposition. The used micro-particles have a mean dimension of 2 μm 
and a very irregular and sharp shape, while the nano-particles have a 
mean diameter of 45 nm and a triangular or round shape[12]. 
An ASTM 387 grade 22 steel has been used as substrate. Prior to 
the electrodeposition the steel panels have been degreased in an 
ultrasounds bath, and pickled in an acid solution. 
Pure nickel spheres have been used as anode. The galvanostatic de-
position was carried out under both direct (DC) at 4 A/dm2 and pulse 
current (PC) conditions in order to produce a further grain refine-
ment. The pulse current used had a square wave form, a duty cycle 
of 50% and frequencies of 0.01, 0.1, 1, 10Hz. The minimum current 
density was 0 while the maximum current density was maintained at 
4 A/dm2 in order to obtain a better comparison of these specimens 
with those produced under direct current. The coatings thickness 
was about 70 μm.
The microstructure of the deposits was examined by Scanning Elec-
tron Microscopy (EVO 40 Zeiss) The specimens have been observed 
at both top surface and cross-section after metallographic etching 
(50% acetic acid - 50% nitric acid). 
For the evaluation of the SiC content image analysis of the micro-
graphs in cross section was used for the micro-composite deposits 
and Glow Discharge Optical Emission Spectroscopy (GDOES) for the 
nano-composite ones. The GDOES analyses were carried out using a 
JY RF-GD PROFILER HR instrument, manufactured by Horiba Jobin-
Yvon, Longjumeau, France. The instrument is equipped with a stan-
dard 4 mm diameter anode, a polychromathor with 28 acquiring 
channels and a Quantum XP software. The source conditions were 
Ar pressure of 650 Pa and 35W applied power. These conditions 
are necessary to obtain a flat crater in order to increase the depth 
resolution. All results shown were obtained with the same source 
conditions and with the same calibration method. The calibration 
was performed with 21 samples selected among SUS and CRM’s. 
The results are presented as an average value of five measurements 
on two different specimens. 
The protective properties of the different deposits have been evalu-
ated by the study of potentiodynamic curves in two different envi-
ronments:
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1)	 3.5% wt. NaCl solution at room temperature
2)	 An H2S containing solution produced starting from a aqueous 

solution of: 3,5wt% of NaCl and 135ppm of Na2S. The electro-
lyte was heated until 50°C and then 3,5ml/l of HCl (3.65% wt.) 
have been injected in order to produce H2S. The measurments 
have been performed at 50oC

The measurements have been carried out in a three electrodes system 
using an Avesta cell in order to avoid crevice corrosion. The potential 
scanning ranged from -300mV vs. OCP to 1.1V vs. Ag/AgCl/KCl 3M 
and the scan rate was 0.2mV/s. Three potentiodynamic curves for 
each type of deposit have been obtained on different specimens. 
After the electrochemical measurements representative samples of 
each type have been observed at SEM both on top surface and on 
cross section in order to evaluate the morphology and the type of 
the corrosion attack.

Results and discussion
Microstructure
Representative SEM micrographs of the samples cross section after 
metallographic etching produced both under DC and PC at different 
frequencies are reported in figure 1. 
As can be observed the pure nickel produced under DC presents a 
pseudocolumnar structure with columns oriented along the direc-
tion of the electrical field. The introduction of the SiC micro-particles 
modifies slightly the orientation of the columns while the codeposi-
tion of the SiC nano-particles leads to a noticeable grain refinement. 
As mentioned before, the nano-particles act as nucleation points for 
the nickel deposit and thus the nano-composite deposit produced 
under DC presents narrower columns not oriented along the direc-
tion of the electrical field.

Fig. 1 - SEM micrographs of the cross section after metallographic etching of (a) pure Ni (b) Ni/μSiC and (c) Ni/nSiC 
produced under DC; (d) pure Ni (e) Ni/μSiC and (f) Ni/nSiC produced under PC at 0.01Hz; (g) pure Ni (h) Ni/μSiC and (i) 
Ni/nSiC produced under PC at 0.1Hz; (j) pure Ni (k) Ni/μSiC and (l) Ni/nSiC produced under PC at 1Hz; (m) pure Ni (n) 

Ni/μSiC and (o) Ni/nSiC produced under PC at 10Hz 
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All the deposits produced under PC still present the pseudo-
columnar structure of the deposits produced under DC. At low 
magnifications the influence of the ceramic particles codeposi-
tion seems to be more intense than the influence of the use of 
PC during deposition. Nevertheless, by observing the deposits 
produced under PC at the lower frequency (0.01Hz) at higher 

magnification (fig. 2) it is shown that the pseudocolumns consist 
of Ni nanocrystals which form lamellas oriented perpendicular to 
the direction of the electrical field. The thickness of each lamella 
is the thickness of the deposited Ni during every single pulse. By 
increasing the frequency the lamellas become much more thin 
and thus are not observable by SEM. 

Fig. 2 - SEM micrographs of the cross section after metallographic etching of 
(a) Ni/μSiC and (b) Ni/nSiC produced under PC at 0.01Hz 

SiC content
As mentioned before the SiC content of the nano-composite de-
posits has been evaluated by GDOES measurements along the 
whole deposit thickness. On the other hand, in the case of mi-
cro-composite deposits, this kind of analysis do not give reliable 

results because of selective plasma sputtering [19]. For this rea-
son, the SiC content of the micro-composite deposits has been 
evaluated by image analysis in cross section micrographs. The 
SiC contents, calculated as mean values of five measurements on 
two different samples, are summarized in table 1.

Tab. 1 -  SiC content

Deposit Deposition current conditions SiC content %wt. 

Ni + μSiC

DC 0.8 ± 0,2

PC 0.01Hz 2.9 ± 0,2

PC 0.1Hz 3.1 ± 0,3

PC 1Hz 3.7 ± 0,5

PC 10Hz 2.3 ± 0,2

Ni +nSiC

DC 0.06 ± 0,02

PC 0.01Hz 0.04 ± 0,01

PC 0.1Hz 0.04 ± 0,02

PC 1Hz 0.04 ± 0,01

PC 10Hz 0,03 ± 0,01
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From table 1 it can be seen that the micro-composite depos-
its present a higher amount of SiC in comparison to the nano-
composite ones. The use of pulse current increases the amount of 
micro-particles embedded into the nickel matrix with a maximum 
for the frequency of 1Hz. This could be attributed to the restric-
tion of the diffusion layer which facilitates the codeposition. In 
the case of the nano-composite deposits the amount of code-
posited SiC is very low but enough to cause the grain refinement 
that was observed. The use of the pulse current for the deposition 
of these coatings does not influence in a significant way the SiC 
content.

Electrochemical characterization
NaCl solution
Representative potentiodynamic curves obtained in a 3.5% wt. 
NaCl electrolyte for the three different types of coatings pro-
duced under DC are reported in fig. 3 
All deposits present a passive behaviour with similar values of 
breakdown potential while the nano-composite deposits seem to 
have the lowest passive current density and thus a more stable 
passive film. 

Fig. 3 - Representative potentiodynamic curves for Pure Ni, Ni/μSiC and Ni/nSiC deposits produced under DC at 3.5% NaCl electrolyte 

Representative potentiodynamic curves obtained for all types of deposits produced under PC at different frequencies in a NaCl 3.5%wt. 
electrolyte are reported in figure 4. 

Fig. 4 - Representative potentiodynamic curves in 3.5% NaCl for (a) pure Ni deposits, (b) Ni/μSiC deposits and (c) Ni/nSiC deposits 
produced under PC at different frequencies 

The use of the pulse current did not influence in a significant way 
the corrosion resistance of the nickel matrix deposits. The micro-
composite deposits present generally lower breakdown poten-
tial in comparison with the two other types of deposits while 

the nano-composite deposits present slightly higher breakdown 
potential and lower passive current density. The mean values of 
these parameters are reported in table 2.
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Tab. 2 - Passive current density and breakdown potential for pure ni, Ni/μSiC ans Ni/nSiC deposits tested in 3.5% wt. NaCl solution

Specimens ip (A/cm2) Eb (V) vs. Ag/AgCl

Pure Ni 2.6.10-6 0.08 ± 0.03

Ni/μSiC 3.5.10-6 0.02 ± 0.02

Ni/nSiC 9.10-7 0.11 ± 0.06

By observing the top surface of the tested deposits after the 
electrochemical test it was noticed that the surface of the micro-
composite deposits was interested by a higher number of pits in 
comparison to the other two types of deposits. SEM Micrographs 
of the observed pits both on top surface and cross section are 
reported in fig. 5. 

As can be observed from fig. 5 on all deposits there is the forma-
tion of pits which reach the substrate. As soon as the substrate is 
reached, the corrosion process proceeds undermining.

Fig. 5 - SEM micrographs on top view pits formed on a) pure Ni, b) Ni/μSiC and c) Ni/nSiC deposits and SEM micrographs in cross 
section after metallographic etching of pits formed on d) pure Ni, e) Ni/μSiC and f) Ni/nSiC deposits 

Moreover, inside the pits formed on the surface of the micro-
composite deposits there is a high amount of SiC micro-particles. 
By observing the pits in cross section (fig. 5d-5f) it can be no-
ticed that in the pure Ni coating the corrosion attack follows 
the Ni matrix grain borders and also the interface Ni/SiC borders 
in the case of the micro-composite deposits. On the other hand 
the nano-composite deposits having a finer microstructure form 
shallower and more rounded pits.

H2S solution
Representative potentiodynamic curves obtained in a H2S elec-
trolyte for the three different types of coatings produced under 
DC are reported in fig. 6 
All deposits have a barrier effect to the substrate and present an 
active behaviour due to the affinity of Ni with S but with rela-
tively low corrosion current densities. 
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Fig. 6 - Representative potentiodynamic curves for bare steel, Pure Ni, Ni/μSiC and Ni/nSiC deposits produced under DC at H2S electrolyte 

The micro-composite deposit present slightly lower corrosion po-
tential values and slightly higher corrosion current densities in 
comparison to the other two types of deposits. 

Representative potentiodynamic curves obtained for all types 
of deposits produced under PC at different frequencies in a H2S 
electrolyte are reported in figure 7. 

Fig. 7 - Representative potentiodynamic curves in H2S for (a) pure Ni deposits, 
(b) Ni/μSiC deposits and (c) Ni/nSiC deposits produced under PC at different frequencies 

As can be observed from fig. 7, the pulse current does not influ-
ence in a significant way the corrosion resistance of the tested 
deposits. The mean values of the electrochemical parameters cal-

culated from the potentiodynamic curves for all types of tested 
deposits, independently from the use of DC or PC are reported 
in table 3.

Tab. 3 - Corrosion potential and corrosion current density and for pure Ni, Ni/μSiC ans Ni/nSiC deposits tested in H2S solution

Specimens Ecor (V) vs. Ag/AgCl icor (A/cm2)

Pure Ni -0,31 ± 0,11 10-5

Ni/μSiC -0,37± 0,05 2 x 10-5

Ni/nSiC -0,31 ± 0,09 10-5

The codeposition of SiC micro-particles lead to a slight increase 
of the corrosion current density and a slight decrease of the cor-
rosion potential while the codeposition of SiC nano-particles did 
not modify the corrosion resistance of the Ni deposits.
By observing the top surface of the tested deposits after the elec-
trochemical test it was noticed that the surface of the pure Ni 

deposits was completely covered by a thick layer of black corro-
sion products. The same layer seems to cover also the other two 
types of deposits but is slightly lighter. Moreover, the surface of 
the micro-composite deposits seems to be interested also by a 
localized attack. In fig. 8, SEM micrographs of the tested deposits 
at both top surface and cross section are reported. 
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Fig. 8 - Top surface SEM micrographs  a)pure Ni, b)Ni/μSiC and c)Ni/nSiC deposits – cross section SEM micrographs of d)pure Ni, 
e)Ni/μSiC and f)Ni/nSiC deposits after the potentiodynamic curves in H2S 

As can be observed also from the SEM micrographs both pure 
Ni and Ni/nSic deposits underwent uniform corrosion with the 
formation of a film of corrosion products on the top surface. This 
film is thicker in the case of the pure Ni deposit (fig. 8d) than 
in the case of the nano-composite deposit (fig. 8f). The micro-
composite deposits underwent also uniform corrosion and are 
covered by the same film but there is also a localized attack (fig. 
8b). The formed pits are large and shallow and do not reach 
the substrate. Inside the pits there was the presence of a high 
amount of SiC micro-particles. This leads to the hypothesis that 
the SiC micro-particles  act as preferential points for the initia-
tion of a localized corrosion attack which is overlapped to the 
uniform corrosion of the Ni matrix in this environment leading 
to slightly lower corrosion potential and slightly higher corrosion 
current density.
  
Conclusions
The pure nickel coating produced under DC present a pseudoco-
lumnar structure in cross section with columns oriented to the di-
rection of the electrical field and a cauliflower morphology on the 
top surface. The incorporation of the SiC micro-particles leads to an 
increase of the surface roughness as the nickel grains tend to cover 
the relatively large particles and interrupt the columnar growth in 
cross section.  The SiC nano-particles acting as nucleation points 
decrease the pesudocolumns dimensions and decrease the surface 
roughness. The nickel columns of the nano-composite coatings do 
not present a preferential orientation. All the deposits produced 
under pulse current present also a pseudocolumnar structure but 
inside the columns the nickel grains form lamellas perpendicular to 
the growth direction of the columns. The thickness of these lamel-
las depend on the used frequency.

The use of pulse current increases the amount of codeposited SiC 
micro-particles as the interrupted electrical field decreases the 
thickness of the diffusion layer. The SiC particles can be trans-
ferred more easily to the cathode surface and thus embedded 
into the nickel matrix. In the case of the nano-composite coating 
the use of pulse current does not influence the amount of code-
posited ceramic particles. This amount is relatively low but high 
enough to induce microstructural modifications.  
The pure nickel deposits offer a barrier protection to the steel 
substrate in the selected corrosive environments. 
All deposits exhibit a passive behaviour in the NaCl solution up 
to the breakdown. The use of the pulse current did not influence 
in a significant way the corrosion resistance of the nickel matrix 
deposits. The micro-composite deposits present generally a lower 
breakdown potential as compared to the pure Ni coating while 
the nano-composite deposits present slightly higher breakdown 
potential and lower passive current density. All deposits under-
went pitting corrosion the morphology of the formed pits being 
correlated to the microstructure of the deposits. 
All deposits exhibit an active behaviour in the H2S solution. What-
ever the deposition technique (DC or PC) the codeposition of SiC 
micro-particles lead to a slight increase of the corrosion current 
density and a slight decrease of the corrosion potential. This was 
due to a localized attack with the formation of large and shallow 
pits starting at the interface Ni-SiC which is overlapped on the 
uniform corrosion which interests the Ni matrix. The codeposition 
of SiC nano-particles did not modify the corrosion resistance of 
the Ni deposits. The use of the pulse current did not influence in 
a significant way the corrosion resistance. 
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