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In this research, submicrometer silicon-carbide (SiC) (APS = 200 nm) ceramic particles were co-deposited with chromium metal
(Cr) via an electrodeposition system to fabricate Cr-SiC metal-matrix composite films. Phase identifications of the fabricated
composite coatings were performed with an X-ray diffractometer (XRD) and surface morphologies were investigated using a
scanning electron microscope (SEM) with an energy dispersive X-ray spectroscopy (EDS) system attachment. Mechanical
properties of the coatings such as hardness were determined under an applied load of 980.7 mN using a micro-hardness tester. It
was concluded that SiC ceramic particles were physically adsorbed on the cathode surface forming a composite film structure
with Cr metal and that a co-deposition of the sub-micron-sized ceramic particles with metals via an electrodeposition system
was successful. In addition, in comparison with the reference coatings, the hardness of the SiC-reinforced composite coatings
was increased by up to 50 %. The frequency, being a parameter of pulse current, is determined as an effective parameter in a
co-deposition of ceramic particles with metals.
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V tej raziskavi so bili za izdelavo kompozitne tanke plasti Cr-SiC s kovinsko matrico sonaneseni mikrometrski kerami~ni delci
silicijevega karbida (SiC) (APS = 200 nm) z elektronanosom kovinskega kroma (Cr). Identifikacija faz v izdelani kompozitni
prevleki je bila narejena z rentgenskim difraktometrom (XRD), morfologija povr{ine pa je bila preiskana z vrsti~nim
elektronskim mikroskopom (SEM) z dodano energijsko disperzijsko spektroskopijo (EDS). Mehanske lastnosti prevleke, kot je
trdota, so bile ugotovljene z merilnikom mikro-trdote z obte`bo 980,7 mN. Ugotovljeno je bilo, da so kerami~ni delci SiC
fizikalno adsorbirani na povr{ini katode in da je z elektronanosom mogo~ uspe{en nastanek kompozitne plasti s strukturo iz
kovinskega Cr in sonanosom kerami~nih delcev, manj{ih od mikrometra. Glede na referen~no prevleko s SiC oja~ena
kompozitna prevleka izkazuje do 50-odstotno pove~anje velikosti trdote. Ugotovljeno je, da je frekvenca kot parameter
pulzirajo~ega toka u~inkovit parameter pri sonana{anju kerami~nih delcev in kovin.

Klju~ne besede: tehnika sonana{anja, pulzirajo~ tok (PC), kompozitna prevleka, mikrotrdota

1 INTRODUCTION

Electrodeposition is a surface finishing technique that
has been used to improve the properties such as hard-
ness, wear and corrosion resistance compared to the
parent (substrate) metals for decades. This technique
involves only pure metal1,2 or alloy3–5 depositions on the
substrates. However, a promising technique called the
co-deposition (electrolytic co-deposition) involves a
deposition of fine ceramic particles with metals on the
metal substrates. There are not many alternatives to
obtaining the materials with both improved corrosive and
mechanical properties. It is known that "combining the
best properties of two different materials to obtain one
material with excellent properties" is the main idea of
fabricating composites. Based on this idea, several
research groups focused on the co-deposition of metal-
ceramic pairs such as: Ni-SiC,6–8 Zn-Al2O3,9–11

Ni-Al2O3,10,11 Cr-Al2O3
12,13 to improve the mechanical

and/or corrosive properties of the coatings. Within this
scope, a production of less studied Cr-SiC composite
films12,14 was performed, new systems were designed
replacing the traditional electrodeposition cells, and
coatings were fabricated within these systems using
different electrodeposition parameters such as the pulse
current (PC) and its sub-parameters (pulse-current fre-
quency) that directly affect the co-deposition.

2 EXPERIMENTAL DETAILS

In the present study, we draw attention to the micro-
structural and mechanical properties of the composite
coatings formed on steel substrates with an electro-
codeposition process. Low-carbon steel cylinders with
13 mm diameters were used as the cathode and a Pb-7 %
Sn alloy was used as the anode. Prior to electroplating,
the substrates were mechanically ground with SiC
abrasive paper to achieve the final surface quality of
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2400 grit and then ultrasonically cleaned in trichloro-
ethylene for 10 min to remove the contamination. After
that, etching at 20–30 A/dm2 in a volume fraction 60 %
H2SO4 solution was performed for 1–2 min.

For the experimental studies two different electro-
lytes (baths) were prepared: a bath without SiC and a
bath with a 4g/(100 ml) SiC (APS = 200 nm) addition
defined as Bath-Ref and Bath-S, respectively. The com-
position of Bath-Ref and electrodeposition conditions for
all the processes are listed in Table 1. The bath codes
relating to their ceramic contents and the sample codes
derived for different deposition parameters are given in
Table 2. To avoid a precipitation of the ceramic content
in the electrolyte, the baths were circulated with both a
magnetic stirrer and air ventilators during the process.

Table 1: Composition of the electrolytes and electrodeposition
conditions

Tabela 1: Sestava elektrolita in parametri elektronana{anja

Bath composition:
Chromium oxide (CrO3) 300 g/L
Catalyst* 30 g/L
Sulfuric acid (H2SO4) 2.18 ml/L
Gas-reducer additive** 6.5 ml/L
Bath conditions:
Temperature 40–50 °C
Current density 60 A/dm2

Agitation type Magnetic stirring & air ventilation

Catalyst* (AK 3651 D AKROM) and gas-reducer additive** (AK
3301 FS) are the registered trademarks of ATILIM CHEMICALS
COMPANY, ISTANBUL

Table 2: Bath codes and sample codes (R, S1, S2, and S3) according
to their ceramic contents and pulse-frequency conditions

Tabela 2: Oznaka kopeli in vzorcev (R, S1, S2 in S3) glede na vseb-
nost keramike in frekvenco pulza

Bath codes
(Electrolyte

codes)

Ceramic-particle
content and type

(g/(100 ml))

Pulse-frequency conditions of
the samples (Hz)

10 25 50
Bath-Ref. – – R -

Bath-S 4-SiC S1 S2 S3

Table 3: Pulse-current parameters for the electrodeposition

Tabela 3: Parametri pulza toka pri elektronana{anju

Frequency
(Hz)

Pulse-base time (ms)
Work time (%)

Current density
(A/dm2)

Ton Toff Peak (Ip) Average (Iavr.)
10 80 20 0.80 75 60
25 20 20 0.50 120 60
50 15 5 0.75 80 60

Using some of the optimization sets reported in our
previous study,14 the optimum parameters were found to
be 60 A/dm2, simultaneous air ventilation and magnetic
stirring, and PC (pulse current) for the current density,
agitation type and current type, respectively. In addition
to this, a set of samples was fabricated for three different
frequency conditions in the pulse current to compare the

current type and pulse-frequency effect on the properties.
These parameters applied to all the sets are given in
Table 3.

In order to determine the acidic and basic characte-
ristics of electrolytes, the pH values of the prepared
solutions were measured using a standard pH meter with
a Mettler Tolede electrode. X-ray diffraction (XRD)
patterns of the electrodeposited composite coatings were
determined by means of a multipurpose RIGAKU-
D/Max-2200/PC model diffractometer with a Cu-K�

radiation using a multipurpose thin-film attachment. The
surface morphologies of the coatings were examined
with a scanning electron microscope (JEOL-JSM 6060
SEM) with an energy-dispersive x-ray spectroscopy
(IXRF System EDS) system attachment. An accelerating
voltage of 20 kV was used for SEM imaging and
SEM/EDX analyses. Weight percentage distributions and
an elemental mapping of the elements were determined
with EDS. A SHIMADZU-HMV-2 model micro-hard-
ness tester was used for the hardness tests. In this study,
all the hardness tests were handled under an applied load
of 980.7 mN (HV0.1).

3 RESULTS AND DISCUSSION

The anti-corrosion coatings fabricated with the elec-
trodeposition have been widely investigated in the
literature.15,16 With the development of nanoceramic
particles, the nanocomposite electrodeposition has
attracted more attention due to its potential applications
in improving the corrosion resistance.17–19 Benea et al.17

reported that SiC nanoparticles in a Ni-SiC composite
coating decreased both the electrochemical corrosion and
the wear corrosion, compared with the pure-nickel coat-
ing. Zn-Ni alloys have been widely applied as highly
corrosion-resistant coatings, especially in the automobile
industry.20,21 Al2O3/SiC/WC possesses an excellent
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Figure 1: XRD patterns of: a) pure-Cr and b) SiC-reinforced compo-
site coatings produced with the electrodeposition system
Slika 1: Rentgenska posnetka: a) ~isti Cr in b) s SiC oja~ana kom-
pozitna prevleka, izdelana z elektronanosom



chemical stability and good mechanical properties, such
as high microhardness and wear resistance. It has been
used extensively in the metal-matrix composite coat-
ings.22–25 In our present work, the method of fabricating
hard, wear-resistant Cr-SiC coatings has been deter-
mined. The objective of the present study is to reveal the
coating process, analyze the co-deposited products and
investigate the mechanical behavior.

The phase identifications of the coatings were per-
formed with the XRD technique for all the Cr-matrix

composite coatings. Figure 1 denotes the XRD patterns
of the pure Cr coating and the samples chosen from the
SiC-reinforced composite coatings.

As it is seen in Figure 1a, the coating fabricated in
the reference chromium bath contains only the metallic
Cr-phase structure. On the other hand, from the patterns
belonging to the coatings fabricated in the SiC (contain-
ing) bath, it is clear that the co-deposition process was
successful having no chemical interaction (alloying,
intermetallic-phase formation, etc.) between the electro-
lyte and the particles (Figure 1b for details).

SEM images are part of a systematic study being
interpreted on the basis of the particle addition and
pulse-frequency effect on the coating structures. Figure
2 presents the SEM images according to the increased
frequency values (10, 25 and 50) Hz. Once the images
are compared with each other, a small decrease in the
grain size with an increased frequency is observed. As
known theoretically, a decrease in the grain size gives the
material advanced mechanical properties such as high
hardness.

The X-ray mapping results in Figure 3 indicate that
the sub-micron-sized SiC ceramic particles were suc-
cessfully co-deposited with chromium metal. Even
though it was thought that the surface morphologies
were homogenous, when all the coated surfaces were
inspected, it became clear from the mapping results that
there are also non-homogenous local parts on the
surfaces.

Micro-Vickers hardness tests were performed for the
Cr-matrix composite coatings. But as seen from the
figures, the ceramic-reinforced composite coatings,
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Figure 4: Comparable hardness results for the R- and S-coded
samples
Slika 4: Primerjava trdote vzorcev z oznako R in S

Table 4: Hardness (HV0.1); results of the R- and S-coded samples
Tabela 4: Trdota (HV0,1); rezultati za vzorce z oznako R in S

R1 S1 S2 S3
1. indentation 561 680 739 785
2. indentation 592 693 745 937
3. indentation 672 811 910 961
Average value 608 728 798 894

Figure 2: SEM images of: a) R1, b) S1, c) S2 and d) S3 samples
(embedded and metal-coated agglomerates of the ceramic particles at
2000x magnification)
Slika 2: SEM-posnetki, ki pripadajo vzorcem z oznakami: a) R1, b)
S1, c) S2 in d) S3 (vlo`eni kerami~ni delci in aglomerat prevleke pri
2000-kratni pove~avi)

Figure 3: X-ray mapping results for the SiC-reinforced Cr-composite
coatings
Slika 3: Rentgenski posnetek razporeditve elementov v kompozitni
Cr-prevleki, oja~eni s SiC



whose grains were coarser than those of the reference
sample, showed better performances during the micro-
Vickers tests. The main reason for this result is thought
to be the effect of the ceramic particles with high hard-
ness values embedded into the metal matrix. In other
words, it was proven that the SiC-addition characteristics
dominated over the grain-size effect. The obtained hard-
ness results given in Table 4 and Figure 4 schematically
show an increase in the hardness values for the compo-
site coatings with the ceramic additions depending on an
increase in the pulse frequency.

4 CONCLUSIONS

In summary, a co-deposition of the sub-micron-sized
SiC ceramic particles with Cr metal via an electrodepo-
sition system was successfully carried out. The general
results obtained during this process are as follows:

It was seen that the pulse current is an alternative and
optimum method for co-depositing the metals with cera-
mic particles such as Cr-SiC pairs. The obtained phase
results proved that the SiC particles were physically
adsorbed on the cathode surface and made a composite
structure with Cr metal. For the sets containing the sub-
micron-sized ceramic particles, the obtained mapping
results show particle-dense regions; however, they gene-
rally show homogenous behavior. The extreme hardness
results obtained for these sets are thought to be the
hardness results for these dense regions. However, the
mapping results support the XRD analysis. When the
coatings were compared (the coatings with no reinforce-
ment and the SiC-reinforced ones), it was seen that the
hardness values for the ceramic-particle-reinforced
composite coatings were increased. With respect to the
reference coatings, the performance of the SiC-com-
posite coatings is increased by up to 50 %. Frequency,
being a parameter of the pulse current, is determined as a
parameter affecting the co-deposition of the ceramic
particles with metals, and when the frequency increases
the co-deposition performance increases as well.
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