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Abstract Silicon nitride particles were incorporated to
electrolytic copper by co-electrodeposition in acidic sulfate
bath, aiming the improvement of its mechanical resistance.
Smooth deposits containing well-distributed silicon nitride
particles were obtained. The current density did not show
significant influence on incorporated particle volume frac-
tion, whereas the variation of particle concentration in the
bath had a more pronounced effect. The microhardness of
the composite layers was higher than that of pure copper
deposits obtained under the same conditions and increased
with the increase of incorporated particle volume fraction.
The microhardness of composites also increased with the
increase of current density due to copper matrix grain
refining. The composite coatings were slightly more cor-
rosion resistant than pure copper deposits in 3.5% NaCl
solutions.
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1 Introduction

Electrodeposition is widely used for the production of
metallic coatings, such as copper, nickel, tin, chromium,
and noble metals electroplates. This is a cheap technique
that does not require sophisticated equipments. In order to
improve some properties of these metallic coatings (for
example, hardness, wear resistance, and corrosion
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resistance), researches were developed incorporating par-
ticles of ceramic, metallic, and polymeric materials to the
electrodeposits [1, 2]. The co-electrodeposition consists in
electrolyzing a solution containing the metallic salts and
the particles in suspension. The main factors that influ-
ence the amount of incorporated particles, and conse-
quently the properties of the composite coatings, are the
electrolysis parameters (composition of the bath, pH,
temperature, cathodic current density, stirring rate) and
the parameters related to particles (type, concentration
and mean size).

The copper electroplates are widely used in engineering
applications due to the high electrical and thermal con-
ductivity of copper, good ductility, and good corrosion
resistance. Nevertheless, these coatings show low
mechanical and wear resistance. Aiming to modify the
properties of electrolytic copper, particles of ceramic
materials, Al,O3 [3-8], TiO, [9, 10], ZrO, [11], SiC and
MoS, [6], metallic materials or intermetallics, Cr [12] and
ZrB, [13, 14], polymeric materials, poliacrilonitrile (PAN)
[15] and also graphite [6], carbon nanofibers [16], and
microcapsules containing lubricants [17] were incorporated
to copper. The effect of particle incorporation on the
copper coating properties was shown to be positive or
negative depending on the electrolysis parameters
employed and the type and characteristics of particles.

The objective of this study was the production of
copper-silicon nitride electrocomposites from acidic sul-
fate bath and their characterization. The influence of
cathodic current density and particle concentration in the
bath on the incorporated particle volume fraction and
characteristics of the coatings (roughness, microstructure
and microhardness) was analysed. The corrosion behavior
of the copper—silicon nitride composites was evaluated in
NaCl solutions.
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2 Experimental procedure

The Cu-SizN, composite coatings were prepared in acidic
sulfate bath (pH = 1.6) containing 150 g L™' CuSO, and
30 g L' H,SO, at room temperature. The Si3N, particles
were maintained suspended in the solution by magnetic
stirring at 400 rpm. The particles employed had a 1.7 um
mean size and their concentration in the bath was 20 and
40g L'

Sheets of AISI 1020 carbon steel with 100 mm x 6 mm
x 1 mm dimensions were used as cathodes. These were
previously ground to a 600 grit finish, degreased and dried.
The cathode was placed at the center of a cylindrical elec-
trolytic copper anode of 40 mm diameter, previously etched
in dilute HNOj;. Cathodic current densities of 10, 20, 30, and
40 mA cm™? were applied for 7 h 40 min, 3 h 50 min, 2 h
33 min and 1 h 55 min, respectively, in order to obtain
deposits of approximately 100 pm thickness. The effect of
current density and particle concentration on the volume
fraction of incorporated particles, roughness, texture, and
microhardness was investigated.

The morphology of the coatings and the distribution of
particles were examined by scanning electron microscopy
(SEM; LEO VP-1450) and the crystalline orientation was
analysed by X-ray diffractometry (XRD; SIEFERT-DE-
BYEFLEX 1001, Cu—Ko).

The roughness of the composite coatings was measured
using a surface roughness measuring instrument MITU-
TOYO SJ 201.

The percentage of embedded particles in the deposits was
determined from polished cross-section photomicrographs
using the Image Tool 2.0 free software. The image analysis
operations were performed at 2,000 times magnification on
at least 20 fields of view for each coating and the mean
volume fraction of incorporated particles was calculated.

The microindentation hardness of the composite coat-
ings was measured on polished cross-sections using a
Vickers microhardness tester (MICROMET 2004). A
100 g load was applied for 30 s.

The corrosion behavior of composite coatings was
evaluated in naturally aerated 3.5% NaCl solutions at room
temperature by potentiodynamic polarization using a typ-
ical three-electrodes corrosion cell (working electrode:
composite coating; counter electrode: platinum; reference
electrode: saturated calomel electrode—SCE). The coat-
ings were immersed for 1 h in the solutions before polar-
ization. Polarization measurements were carried out
potentiodynamically at 1 mV s™' sweep rate using an
AUTOLAB 30 potentiostat controlled with a personal
computer through GPES specific software.

Pure copper electrocoatings were also produced and
characterized in the same way as the composite deposits,
for comparison purpose.
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3 Results and discussion
3.1 Coatings morphology, texture and particle content

The X-ray diffractograms of all the deposits obtained in
solutions containing suspended Si;N, particles presented
the SizN, phase characteristic peaks at low angles, proving
the incorporation of SizN, to copper (Fig. 1). All com-
posite coatings obtained under the experimental conditions
investigated were well crystallized.

Using the same current density the composites showed a
finer surface morphology than the pure copper deposits
(Fig. 2). The Si3;N, particles inhibited the growth of the
copper crystallites and the composite coatings have a
copper matrix with smaller crystal sizes comparatively to
the pure copper deposits. This was also observed for other
copper composites, such as Cu-ZrO, [11], Cu-ZrB, [13],
and Cu-Al,Oj3 [18].

On the other hand, copper grain size in both pure copper
and composite coatings was finer when the current density
increased, due to a higher crystal nucleation rate (Fig. 2).

Figure 3 shows the surface roughness of pure copper
and Cu—Si3;N, composite coatings as a function of cathodic
current density. All coatings presented low roughness but
the composites exhibited the greatest smoothness, with
roughness in the 0.6 to 1.5 pum range that decreased with
increasing current density. Since both copper and com-
posite coatings are smooth, it is expected that the lower
roughness could be related to the lower grain size. This is
the case in the present study and this behavior was also
reported for other pure metal and composite electrocoa-
tings [19, 20]. The roughness of pure copper deposits tends
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Fig. 1 Typical X-ray pattern at low angles of Cu-Si;N, composite
coatings



J Appl Electrochem (2010) 40:507-513

Fig. 2 Surface morphology of
pure copper and Cu-Si3Ny
composite coatings as a function
of current density: a, b pure
copper using 20 and

40 mA cm™?, respectively;

¢, d composite using 20 and
40 mA cm_z, respectively, and
20 g L™ particle concentration
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Fig. 3 Ra mean surface roughness of pure copper and Cu-Si3;Ny
composite coatings as a function of cathodic current density

to increase with the increase in current density due to
dendritic growth.

The X-ray diffractograms of pure copper and Cu—SizNy
composite are shown in Fig. 4a and b, respectively. The
peaks associated to copper phase were indexed using
JCPDS data [21]. The peaks relative to SizN,4 phase are not
visible in Fig. 4b due to their low intensity. The intensity of
peaks associated to copper depended on the cathodic cur-
rent density for both coatings (Fig. 4a, b). The higher
intensity of copper diffraction peaks for the composites
when compared to pure copper suggests a higher order-
ing of the copper crystalline planes in composite matrix.
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Fig. 4 X-ray diffractograms of a pure copper and b Cu-Si;Ny
composite coatings as a function of cathodic current density
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It would be expected the opposite effect, i.e., disturbed
copper crystallization due to particle incorporation. This
point would need more investigation.

The orientation index of the (111), (200), (220), (311)
and (222) planes of copper was calculated for each
cathodic current density from the Eq. 1:

Orientation index = (Ihkl/ZIhkl)/(IASTM hkl/ZIASTM hkl)
(1)

where [I;,;; and Iastm i are the intensities of (hkl) peaks
related to copper phase in the coatings and to copper of
random orientation [21], respectively.

The copper phase was clearly textured in the [110]
direction for both coatings obtained using 10 and
20 mA cm > current densities (Fig. 5a, b), which means
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Fig. 5 Orientation index of the (111), (200), (220), (311), and (222)

planes of copper phase in a pure copper and b Cu-Siz;N, composite
coatings as a function of cathodic current density
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that most copper crystals were oriented with their (220)
planes parallel to the surface of the substrate. For both
copper and composite coatings this preferential orientation
tended to change to a random orientation when current
density was increased to 30 and 40 mA cm 2. Thus, the
incorporation of SizN, particles to copper did not affect the
orientation of copper grains. In other cases, such as TiO, in
copper [9] and both WC and Nb in nickel [22, 23], the
incorporation of particles to the metallic electrocoating was
shown to change the orientation of the matrix crystals.

Figure 6 shows a typical SEM micrograph of the cross-
section of composite coatings. The SizN, particles appear
as dark spots in the lighter copper matrix. The distribution
of the Si;N, particles was homogeneous for all composite
coatings but the incorporated particle volume fraction was
dependent on experimental conditions. The incorporated
particle volume fraction measured by image analysis of
Fig. 6 was 7.3%.

The influence of cathodic current density and SizNy
particle concentration in the bath on the incorporated par-
ticle volume fraction in composite coatings was shown in
Fig. 7. The incorporated particle fraction was not influ-
enced by the current density. In the other hand, the increase
of particle concentration in the bath from 20 to 40 g L™'
decreased the incorporated particle volume fraction.

The comparison of the effect of current density and
particle concentration on the incorporated SizN, particle
volume fraction with published results is a hard task since
it was verified that the evolution of the amount of incor-
porated particles to copper is highly dependent on the
electrolysis conditions (current density and stirring rate),
and type, size, and concentration of particles. For example,
Zhu [24] observed an increase in SiC particle content when
the current density increased from 20 to 50 mA cm ™~ but a
decrease for densities higher than 50 mA cm 2. In the
other hand, Hayashi [5] showed that the incorporated
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Fig. 6 SEM micrograph (backscattered mode) of cross-section of a
Cu-Si3N, composite coating obtained in a bath containing 20 g L™
SizN, particles using 20 mA cm™> current density
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Fig. 7 Incorporated particle volume fraction in Cu-Si;N4 composite
coatings as a function of cathodic current density and particle
concentration in the bath

Al,Oj particle fraction diminished when the current density
increased from 10 to 70 mA cm 2. The relative indepen-
dence of the current density on the incorporated particle
fraction under our experimental conditions could be related
to the diffusion control of the metallic ions deposition.

In relation to particle concentration effect, Zhu [24]
showed an increase of incorporated SiC particle fraction
when the particle concentration increased from 15 to
35 g L' but a decrease between 35 and 45 g L™'. Dif-
ferently, Stankovic and Gojo [6] evidenced an increase of
both Al,O5; and SiC particle contents when their concen-
tration in the bath increased from 20 to 125 g L™, In our
case the decrease of the incorporated particle volume
fraction with increasing concentration of particles from 20
to 40 g L™ could be due to collision factor. The chance of
collisions between particles increases with increasing par-
ticle concentration, which could lead to the decrease of the
incorporated particle volume fraction.

3.2 Microhardness

The microhardness of Cu—Si3;N, composite and pure cop-
per coatings increases with increasing cathodic current
density and the evolutions of microhardness are very
similar for both materials (Fig. 8). Nevertheless, the mi-
crohardness of the composites was higher than that of pure
copper.

The increase in microhardness of pure copper electro-
deposits with increasing current density has been attributed
to copper grain refining [25] and this effect of current
density was verified comparing Fig. 2a, b. Since the
incorporated particle volume fraction in composites was
shown not to depend significantly on cathodic current
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Fig. 8 Microhardness of pure copper and Cu-Si3N4 composite
coatings as a function of cathodic current density

density (Fig. 7), the increase in composite microhardness
with the increase of current density was mainly due to the
reduction of copper matrix grain size, as observed com-
paring Fig. 2c, d.

The microhardness versus incorporated particle volume
fraction for the composites obtained under the investigated
experimental conditions is presented in Fig. 9. For a given
current density a clear tendency of increasing in microh-
ardness with the increase of incorporated SizN, particle
content is observed. The higher microhardness of copper-
particle composite coatings when compared to that of pure
copper was also observed for the incorporation of other
types of particles to copper, such as SiC [6, 24], Al,O3
[6, 7], and ZrB, [14].
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Fig. 9 Microhardness of Cu-Si3N, composites as a function of
incorporated particle volume fraction and cathodic current density
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The increase in microhardness with SizN, particle
incorporation can be explained by two reasons: (i) disper-
sion-strengthening and (ii) grain refining. Dispersion-
strengthening is associated to the incorporation of fine
particles and volume fraction lower than 15% [24] which
corresponds to our conditions (SizNy particle size lower
than 2 pm and 7.8% highest incorporated particle volume
fraction). In this case, the matrix carries the load and the
small particles hinder dislocation motion. Since a reduction
of the copper matrix grain size with SisNy particle incor-
poration was also observed for a given deposition current
density (Fig. 2), grain refining can also explain the higher
hardness of the composites.

Particle-strengthening was also proposed to justify
hardening of composite coatings [26]. In this case, the load
is carried by both the matrix and the particles and
strengthening is achieved because the particles restrain the
matrix deformation. This mechanism is generally related to
the incorporation of hard particles with volume fraction
above 20%, which cannot be applied to our case since the
highest incorporated Si3N, particle volume fraction was
7.8%.

3.3 Corrosion behavior

The corrosion potentials of pure copper and composite
electrocoatings (obtained using 10 and 30 mA cm™>
deposition current density) measured after 1 h immersion
in 3.5% NaCl solution are the same (Table 1) and are close
to the value measured for wrought copper in the same
solution, i.e., —0.248 V/SCE [27]. The shapes of the
polarization curves of both pure copper and composite
coatings (Fig. 10) are also very similar which shows that
the anodic and cathodic reactions occurring on both sur-
faces are identical. The corrosion current densities of pure
copper coatings measured using Tafel extrapolation
method are also close to the value obtained for wrought
copper in the same solution, i.e., 11.9 pA cm ™2 [27], but
the values determined for the composites are slightly lower
(Table 1). The incorporation of particles to copper
decreases the copper metallic matrix exposed area, which
should lead to a decrease in corrosion current density. On
the other hand, the incorporation of particles leads to a
decrease of copper grain size, which should lead to a
decrease in corrosion resistance [28]. Thus, the slightly

Table 1 Corrosion potential and corrosion current density of pure
copper and Cu-SizN, composite coatings (obtained using 10 and
30 mA cm™>) in 3.5% NaCl at room temperature

Cul0 Cu30  Cu-SisN, 10  Cu-SizN, 30
E.o/VISCE ~ —0235 —0233 —0.234 —0.237
icon/ A cm™>  10.5 12.2 6.9 9.6
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Fig. 10 Polarization curves of pure copper and Cu—Si3;N, composite
coatings obtained using 10 and 30 mA cm ™2 current density in 3.5%
NaCl solution (for composites 40 g L~! SisN, concentration)

higher resistance of the composite coatings when compared
to pure copper layers (for a given deposition current den-
sity) suggests that the effect of reduction in metallic
exposed area on corrosion resistance of composites is
predominant.

It is also observed that for both materials, higher cor-
rosion current density was measured for the coatings
obtained using 30 mA cm ™2 deposition current density.
This can be attributed to the increase of copper grain
boundaries since the increase in deposition current density
was shown to reduce the copper grain size for both pure
copper and composite coatings. The corrosion resistance of
electrodeposits usually decreases as the grain size decrea-
ses [28].

4 Conclusions

Smooth Cu-SizN, composite electrocoatings with uniform
particle distribution were obtained on carbon steel by
electrolysis of acid sulfate bath containing suspended SisNy
particles.

The incorporation of SizNy4 particles to copper did not
influence the orientation of copper matrix grains but
decreased the copper grain size. Both pure copper and Cu-—
SizN, composite electrocoatings showed a preferential
growth of copper grains in the [110] direction for 10 and
20 mA cm™2 and randomly oriented copper grains for 30
and 40 mA cm ™2,

The incorporated particle volume fraction was not
influenced by the current density but an increase in particle
concentration in the bath from 20 to 40 g L' led to a
decrease in the incorporated particle volume fraction.

The microhardness of the composite coatings was higher
than that of pure copper due to dispersion-strengthening
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and copper matrix grain refining and increased with the
increase of incorporated Si;N4 particle content.

The microhardness of both pure copper and composite
coatings increased with an increase in cathodic current
density due to copper matrix refining.

The composite coatings are slightly more corrosion
resistant than pure copper deposits in 3.5% NaCl
solutions.
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