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This work has explored the surface modification of SiC submicron- and nanoparticles, and its influence on the
particles’ chemical behaviour and deposition rate in the electroplating of composite Ni/SiC coatings. SiC par-
ticles with different sizes (50, 60, 300 and 500 nm) were codeposited in their “as-produced” state. The {-potential
measurements and alkaline titration for the “as-produced” particles showed differences in chemical behaviour for
particles of different sizes, reporting pH buffering effect, even though the particles were inert and chemically the
same (SiC). A surface treatment (ST) based on nitric acid was developed in an attempt to set a similar surface
state, therefore a similar chemical behaviour in all particles. The {-potential measurements and alkaline titration
of the “surface treated” particles showed similar results, independently of the size of particles. The pH buffering
effect also decreased considerably by the ST. The codeposition rate was modified by the ST differently for each
size compared to their as-produced state. The content of SiC50 and SiC500 was doubled (~2% and ~19%),
tripled for SiC300 (~7%) and more than halved for SiC60 (~2%). The microhardness of these composite deposits

was linked to the changes in the SiC codeposition.

1. Introduction

The electrodeposition of composites rests on the successful and
controlled incorporation of nanoparticles into the matrix during elec-
troplating [1]. The purpose of this technique is to obtain nanocomposite
coatings by a low-cost process with enhanced properties such as hard-
ness, wear resistance and corrosion resistance compared to the pure
metal [2,3] or composites with micro-size particles as reinforcer [4-6].

However, the production of nanocomposites is strongly dependent
and sensitive to minor changes in the process’ parameters [7,8], and can
also produce vastly different results based on the selection of the particle
[9]. Multiple studies [10-13] have pointed out how critical is the
interaction of the nano-particles with the constituents of the electrolyte,
and its role in the particles’ incorporation. The formulation of complex
electrolytes regularly includes different metallic salts, complexing
agents, supporting electrolytes and additives, which in some cases can
affect the behaviour of the particles in the electrolyte [14-16]. However,
even in additive-free electrolytes, particles with the same nominal size
also presented variations in the codeposition [17-20]. Furthermore,
under the same electroplating conditions deposits with different parti-
cles’ sizes resulted in significant variations in particles’ content [21-23].

* Corresponding author.

This suggests that differences in the particles’ chemical behaviour spe-
cific to each particle size or powder batch could influence their code-
position, leading to the inconsistencies in their content when the process
is replicated. Thus, decades-old of research shows often controversy on
the results.

(-potential measurements are often used to benchmark particles’
chemical behaviour and codeposition. However, it should be stressed
that {-potential values are strongly dependent on the electrolyte’s
chemistry, pH and ionic strength [10,24,25], and are often measured in
reference electrolytes or diluted versions of the working electrolyte
[26,27]. Therefore, it is difficult to draw a comparison between studies.
Thus, literature often shows contradictions between {-potential values
even in particles with the same chemical composition [10,28-30].

The focus of this work was the study of the chemical behaviour of SiC
particles different sizes (50, 60, 300 and 500 nm) and from different
suppliers under the same electroplating conditions in an additive-free Ni
Watt’s bath. The capability of a surface treatment based on nitric acid to
bring the particles independently of their size, batch, production route
to a similar chemical behaviour, and its influence in the particles’
codeposition rate was also studied. The particles’ surface treatment
presented in this work attempts for the first time to overcome the
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uncertainties often given by nanopowders. Moreover, to the best of the
authors’ knowledge, no similar procedure has been proposed before to
specifically tackle the differences in the particles’ chemical interaction
in the context of producing nanocomposite coatings by electroplating.

{-potentials measurements and alkaline titration were used to
examine the behaviour of as-produced SiC particles compared to the
surface-treated ones. Different composite coatings were electroplated
with the different particles, both in as-produced and surfaced-treated
condition. It was also studied the impact of the particles’ surface treat-
ment on the Ni matrix’s microstructure and particle content, relating the
effects to the coatings’ microhardness.

2. Experimental and characterisation details
2.1. Electrolyte composition and experimental set-up

The electrodeposition was performed, as listed in Table I, by a direct
current (DC) on low carbon sheet plates with an area of 0.15 dm2, ina
thermally controlled cell (45 °C) with 500 mL additive-free Watts bath
[31]. The cell geometry was the same in all experiments. The electrode
configuration was vertical and in parallel with an approximate distance
between cathode and anode of 7 cm, and 1.5 cm away from a cylindric-
shaped stirrer (0.7 cm diameter and 6 cm in length) placed at the bottom
of the cell. Before electroplating, the substrates were mechanically
ground with SiC grade #1000, cleaned ultrasonically in a diluted 5%
degreaser (TICKOPUR R 33; DR H STAMM GmbH) and activated by
pickling for 8 min in 2.5 M H3SO4. The pH of the plating electrolyte was
maintained at 3.0 by adding HSO4 or NaOH. The bath suspension was
continuously mechanically stirred with a magnet, and additionally, ul-
trasounds (US) were applied for 30 min before electroplating.

Four specimens for each size were produced by adding as-produced
(AP) 20 g L™ of SiC particles with different average particles size: SiC50
(gnm®© #8iC-110 spherical p-SiC 50 nm) presented in a previous study
[32], SiC60 (Iolitec GmbH #NC-0002 spherical $-SiC 60 nm) SiC300
(ESK-SiC GmbH. NF25 spherical $-SiC 300 nm), and SiC500 (gnm®©
#8SiC-110 irregular angular-shaped $-SiC 500 nm). Likewise, four spec-
imens were produced with surface treated (ST) particles (Table II) from
each size. The results from pure Ni coatings produced under the exact
parameters (Table I) from a previous study [32] are included here as
reference values.

The current efficiency (CE) was calculated as the ratio of the
deposited mass minus the particles’ mass (as measured by WDS) to the
theoretical deposited mass as predicted by Faraday’s law. The coating’s
thickness was approximated considering nickel’s density (8.91 g cm™>)
and deposited mass.

2.2. Particles surface treatment

The surface treatment, based on nitric acid and described in Table II,
was chosen to bring the particles to a similar oxidised surface state by
removing or limiting the impact of possible surface pollutants present on
the as-produced powders, e.g. partial oxidation, weakly adsorbed
byproducts, or silicon compounds. Kobayashi et al. [33] used a similar
surface treatment for thin film transistors, where SiOg layers were

Table I

Plating bath composition and parameters.
NiSO47H,0 240 gL! Current density DC; 4 Adm?
NiCl,-6H,0 45¢gL7! Deposition time 30 min
H3BO3 30gL! Deposits’ theoretical 24,5 pm

thickness
pH 3.00 Stirring speed 200 rpm
Temperature 45 °C Cathode area 15 cm?
Anode Ni sheet; 99.9% Particle concentration 20g Lt
purity SiC particle size 50, 60, 300,
500 nm
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Table II
Particles’ surface treatment (ST).

1st step — duration: 30 Preparation of particle suspension in water
min

Filtering

2nd step

3rd step - duration: 15
min

Filtering

4th step

Addition of 20 mL L' HNOs (65%)
Stirring at 200 rpm

Rinse and filter the suspension with distilled-H,O until the
pH reaches 6.0

achieved on Si or SiC by nitric acid oxidation.

The AP-SiC particles were added (20 g L_l) into 1 L of distilled water
and stirred (200 rpm) for 30 min in order to dissolve any water-soluble
residual substances from the manufacturing process. The suspension was
filtered by MUNKTELL® analytical filter paper (Quality 00H, ash con-
tent 0.007%) to wash out possible dissolved compounds, maintaining at
least 100 mL of suspension to avoid particle agglomeration. The sus-
pension was set to a volume of 1 L, and 20 mL L~ ! nitric acid (65%) was
added. Afterwards, the suspension was stirred (200 rpm) for 15 min to
allow a similar particles’ etching. The suspension was again filtered and
rinsed with distilled water until it reaches a pH of 6.0.

After the final rinsing step, the H3O-SiC(ST) suspension was
immersed immediately in the nickel bath (Table I) in order to avoid the
drying and agglomeration of the particles. The thus prepared bath was
ultrasound (US) for 1 h, and the pH adjusted to 3.0.

2.3. {-Potential and titration

The ¢-potential principle lies in measuring the potential at the up-
most layer of the ionic cloud that encloses the particle, which depends
on the adsorption degree of the different electrolyte’s constituents [10].
To guarantee {-potential values close to the electrodeposition condi-
tions, the {-potentials were determined with a Zetasizer Nano ZS (Mal-
vern Instruments, Herrenberg) in a diluted (25%) Watt’s electrolyte with
a concentration of 0.2 g L™! SiC at pH 3.0 and a temperature of 45 °C,
using the principle of electrophoresis estimated by laser Doppler
velocimetry.

The refraction index of the particle was set to 2.610 and the elec-
trolyte adsorption to 0.900. The pH value was adjusted by adding HoSO4
or NaOH, and the particles were kept in suspension by continuous
agitation and before measurements ultrasonicated for 5 min. The ¢-po-
tential was expressed as the average value of three different sets of ten
¢-potential measurements.

The pH is expected to increase during electrodeposition due to the
hydrogen reduction on the cathode surface [34]. Therefore, only an
alkaline titration with NaOH 0.01 M as titrator was performed. The AP-
particles (20 g L) were added to distilled water (60 mL), the pH was
measured and then adjusted to 3.0 by HCIL The titration for the ST-
particles was done directly on 60 mL of the Hy0O-SiC (ST) suspension.

2.4. Coating characterisation

Wavelength dispersive X-ray spectroscopy (WDS, EDAX-TSL) was
preferred here for quantifying the Si particles over energy-dispersive
spectroscopy (EDS), due to the higher resolution of light elements
when present in low content. The weight % of Si was calculated based on
Si pure standards. The analysis of the standard and each specimen was
performed using an acceleration voltage of 10 kV and beam current
ranging from 17.6 nA to 19.8 nA. The volume content of SiC was
calculated from Si weight % and considering the particles to be sto-
chiometric and with a density of 3.22 g cm~ at 25 °C. The results are
expressed as the average value of five different WDS area measurements
of two different specimens.

Cross-sections in the centre of the samples were prepared as for the
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electron backscattered diffraction (EBSD, EDAX-TSL) analysis, followed
by mechanical polishing. The measurements were performed at a
magnification of X6000 with a step size of 80 nm and with an electron
probe current of approximate 4.05 nA and acceleration voltage of 15 kV.
The EBSD maps were analysed in the growth direction by OIM 5™; all
data points with coefficient index (CI) <0.1 were disregarded. The un-
indexed phases were shown as black-coloured marks in the map, i.e.
grain boundaries and codeposited particles, confirmed by energy-
dispersive spectroscopy (EDS). The analysis was performed on two
samples for each condition where a grain was defined as a region con-
sisting of at least three similarly oriented connected points with a
misorientation <10°. The grain size was calculated by the number of
data points contained in this region and excluding twin boundaries from
the calculations. The grain size was measured in the first 15 pm thick-
ness of the deposit, measured from the substrate. The grain area average
was calculated by weighting the value of the area fraction of each grain,
and the grain diameter was extracted from the area by considering the
grain as a circle.

The microhardness of the coatings was measured on cross sections by
Vickers micro indenter (NanoTestTM Vantage) with an indentation load
of 100 mN and a dwell time of 10 s. Fifteen repetitions were done on
each of two specimens for each plating condition, and the hardness was
express as the average and standard deviation.

3. Results and discussion
3.1. Surface treatment and chemical behaviour

The residual water after first step filtration (Table II) was translucent
(Fig. 1a). The nitric acid was added, and the solution stirred. Soon after
turning off the agitation, the ST-particles flocculated and sedimented
(Fig. 1b) at a much faster rate, in less than a minute, compared to the AP-
particles in distilled water where it took more than an hour. After the
final rinsing and at pH 6.0, the flocculation and sedimentation of the ST-
particles took a longer time, approximately 30 min (Fig. 1c). There was
no noticeable loss of visible-sized particles in any of the rinse and
filtering steps.

The ¢-potential values of the as-produced particles were negative and
close to zero (Fig. 2) with a deviation of a few millivolts difference be-
tween sizes. Previous studies reported similar negative values in a
different electrolytic composition. The {-potential of nano-SiC particles
was also negative at pH 4.5 in an additive-free Watt’s-Co bath [15], at
pH 4 in a modified Watt’s bath [16], and pH 3 in NaCl 0.01 M [35].

\%e'
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<
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B As produced
O Surface treated

i

{-potential (mV)

AP | ST | AP ST | AP ST | AP ST
SiC 50 SiC 60 SiC 300 SiC 500

Fig. 2. {-potential of SiC particles (0.2 g LY in diluted (25%) Watt’s bath at
pH 3, before and after surface treatment.

Nonetheless, these values were in disagreement when compared to
studies reporting positive {-potential values [10,28,36] taken at the
same pH but likewise, in different electrolytes.

The discrepancies in the AP-SiC {-potential values could be due to
differences in their surface state, thus varying the type of surface
adsorption and the particles’ reaction to the medium. The 50 and 60 nm
particles were more affected by the ionic strength of the Ni electrolyte
leading to more unstable and closer to zero {-potential values. This was
due to the larger specific surface area compared to the submicron par-
ticles. The ST stabilised the {-potential values for all the particles within
the same range (Fig. 2). Therefore it seems that the ST established a
comparable oxidised surface state, hence a similar chemical interaction
with the electrolyte, independently of the particles size.

The titration showed significant differences in the chemical behav-
iour between as-produced particles (Fig. 3). This was evident immedi-
ately after being added to water, modifying the pH differently. The
initial water pH was 6.0, after the addition of SiC50, the pH increased to
7.9, while after adding SiC60 up to 6.5. Hovestad et al. [24] pointed to
an H' surface adsorption on the particles as a possible pH modifier.
Differences in the surface state between nanoparticles could result in
different adsorption intensity. The opposite effect was achieved with the

Fig. 1. The appearance of the suspension during surface treatment. (a) Immediately after the 1st filtering, (b) Immediately after HNO; etching and sedimentation,

and (c) Immediately after the final rinse at pH 6.0.
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Fig. 3. Titration curves (NaOH 0.01 M) on 60 mL volume of H,0 and 20 g ™!
SiC: Initial pH after addition before titration and curve of AP-particles.

addition of SiC300 and SiC500, decreasing the pH, respectively, to 5.2
and 3.1 (Fig. 3). The contradiction in the values revealed differences in
the particles’ surface state. Due to the high specific surface area and the
production methods, stabilisation and storage, particles surface may
adsorb different species. The character and origin of these contamina-
tions can also differ, i.e. weakly adsorbed ions or production byproducts,
surfactants, impurities, production residues, nonstoichiometric Si
(SiyCy_x or SiOy), could modify the stability of the suspension, their
codeposition and interaction with the electrolyte. This non-inert
behaviour was firstly noticed by the pH changes and buffer effect
(Fig. 4) in water.

A pH buffering capability was evident for all SiC particles. This could
be due to desorption of H' from the particles’ surface counteracting the
addition of OH™, slowing the pH change. Compared to water’s titration
curve, SiC60-AP a pH bulffer effect, reporting a pH change with a less
steep slope and no stabilisation plateau after the same addition of
titrator volume. SiC50-AP and SiC300-AP curves showed a stronger pH
buffer effect. The start of the curve slope was delayed compared to
SiC60-AP. However, after pH 6 (approximately 6 mL titrator volume),
the particles’ buffer capacity slightly decreased compared to SiC60-AP.
Both curves reached a higher pH for the same titrator volume. SiC500-
AP titration curve showed the strongest pH buffering, indicating a

12
——H,0
- — -SiC50-ST
104~ o= S|C60-ST
- -— - SiC300-ST
- — - SiC500-ST

NaOH Vol. (mL)

Fig. 4. Titration curves (NaOH 0.01 M) on 60 mL volume of H,O and 20 g Lt
SiC-Surface treated.
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stable pH even after the addition of 8 mL of the titrator.

The particles’ surface treatment modified the type of surface
adsorption-desorption, forcing a similar chemical interaction. The buffer
effect for all ST-particles decreased at a similar degree (Fig. 4). The
titration curves were shifted closer to water, and the slope change
occurred with less addition of NaOH. Furthermore, complementary to
the trend observed on {-potentials values, Fig. 4 shows that the surface
treatment successfully brings the SiC particles independently of their
size, batch, production route to a similar chemical behaviour and pH
interaction.

3.2. Coatings electrodeposition

The variation of pH during electrodeposition was calculated by
measuring it before and after the electroplating (Fig. 5). The pH
increased in all cases due to hydrogen evolution [34], especially in the
presence of particles compared to pure nickel. The addition of particles
encouraged side reactions, i.e. hydrogen reduction, leading to the loss of
the process’ current efficiency (CE). The CE of pure Ni was around 98%
resulting in an average thickness of ~24.1 pm. After particle addition,
the CE dropped to an average of almost 95% in all cases, leading to
thinner deposits with an averaged thickness of ~23.5 pm.

Pavlatou et al. [4] reported adsorption of H' on the surface of SiC
particles in an additive-free Watts bath, which in turn, induced specific
modifications in the Ni structure. The titration curves for AP-particles
(Fig. 3) showed a strong effect of particles’ size and the pH. A similar
H™ adsorption on the particles’ surface could be possible. When the SiC
particles were transported to the cathode’s vicinity, the hydrogen evo-
lution reaction would then be promoted.

The change in pH for SiC50-AP was the lowest (ApH =~ 0.09)
compared to the other particles. SiC60-AP’s pH change was slightly
higher (ApH ~ 0.13) while for SiC300-AP and SiC500-AP was around
0.2. The particles’ ST provoked a change in the particles’ influence over
the process’ side reactions. The variation in pH after the electrodepo-
sition of SiC50-ST slightly increased, while the pH variation in SiC60-ST,
SiC300-ST and SiC500-ST decreased to similar values.

As previously reported by the titration curves (Fig. 4), the ST
modified the surface adsorption-desorption bringing the particles to
similar chemical interactions. Therefore, also affecting the extent of H™
adsorption to similar values. Thus, promoting similar hydrogen evolu-
tion and as a result, similar pH changes.

The particles’ content is reported in Table III. SiC50-AP showed a
very low vol. content, close to 0.8 vol%. After ST, the codeposition rate
was improved more than doubling the SiC vol. content (up to 1.7%). The
EBSD map (Fig. 6b) showed that the increase in content was not due to

0.3
B As produced
O Surface treated
0.2 ‘
[
o
(=
<
: ; :
0.1 ]
2
0 T T T T T
> I\ ) ) )
\)&é ) \cf’ ] \OQ) .C;bs 0@0
Q ) ) S S

Fig. 5. pH variation after electrodeposition.
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Table III
Codeposited SiC weight and volume content (%) as determined by WDS.
SiC50 SiC60 SiC300 SiC500
AP ST AP ST AP ST AP ST
Vol% 0.78 £ 0.13 1.74 £ 0.35 4.53 + 1.54 2.21 +£0.31 1.78 + 1.06 7.41 + 1.65 11.18 + 1.15 19.32 + 4.00
Wt% 0.28 + 0.05 0.64 +£0.13 1.86 + 0.68 0.81 +£0.11 0.65 + 0.39 2.82 + 0.66 4.34 + 0.48 8.02 + 1.88
111

101
Growth direction

Fig. 6. Orientation map, colour-coded in relation to the electrodeposits’ growth direction, shown by an arrow in the legend with the corresponding inverse pole
figure, including the max texture intensity in units of multiplies of random distribution (mrd) as indicated by the colour bar. (a) SiC50-AP (b) SiC50-ST (c) SiC60-AP

(d) SiC60-ST (e) SiC300-AP (f) SiC300-ST (g) SiC500-AP (h) SiC500-ST.

particle agglomeration. Particles in suspension tend to form aggregates
due to van der Waals attraction forces [37], leading to a major increase
in their size. Therefore, if the agglomerates’ size is in the submicron
range, their presence would be exposed by the distinct black-coloured
unindexed phase, as seen in SiC300 and SiC500 (Fig. 6). SiC60-AP
codeposition rate was around 4.5 vol%. However, after ST, the con-
tent decreased, halving the value, reporting similar vol% to SiC50-ST.

SiC300-AP codeposition was less than 2 vol%. SiC300-ST reported a
content increase of more than three times compared to AP. Likewise, the
EBSD maps (Fig. 6f) did not show any sign of agglomeration in the
electrodeposits. SiC500-AP reported the highest SiC content (11.2%
vol.) compared to the rest of the AP-particles. The EBSD map (Fig. 6g) of
the composite showed dispersed particles in the matrix, with some ag-
glomerations and the incorporation of particles larger than the reported
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mean diameter (500 nm). The ST appeared to decrease some of the
agglomerations. However, the particle dispersion and incorporation of
large particles were maintained. The codeposition was further increased
to almost 20% vol.

After ST, the surface adsorption was similar, shown by similar
C-potential values. Therefore similar negatively charged particles with
similar size, ST-SiC 50 and 60 nm, reported similar codeposition. SiC60-
ST decreased in volume fraction compared to AP. In the case of the
submicron-particles, SiC300-ST and SiC500-ST, the ST reduced the
hydrogen evolution reaction (Fig. 5). A decrease in the release of Hy gas
would allow an increase in the particles’ residence time at the cathode’s
surface, easing their metal entrapment, thus promoting codeposition.

3.3. Microstructure

The average weighted grain size was calculated from the EBSD maps
(Fig. 6). The results are reported in Table IV. The Ni deposits with AP SiC
50 and 300 nm showed a columnar growth with large elongated grains.
Some grains grew uninterrupted from the substrate to surface with nano-
sized grains embedded between the larger grains (Figs. 6a and e). This
structure had similar characteristics to the microstructure of pure nickel
reported in previous studies [2,32,38,39]. Due to the higher content of
codeposited SiC60-AP, the columnar growth in these deposits was not
dominant. The higher number of nano-sized particles acted as nucle-
ation sites promoting an equiaxial-looking microstructure combined
with columnar-shaped grains. The lower number of large columnar
grain in SiC60-AP resulted in a more refined microstructure compared to
SiC50-AP and SiC300-AP.

As previously discussed, the ST affected the codeposition rate of the
particles differently. In the case of the SiC50-ST and SiC300-ST, the
codeposition rate increased. Thus, the number of nucleation sites
increased, promoting grain refinement. Although for SiC300-ST, this
effect was minimal. SiC60-ST reported a decrease in the content of
particles; therefore, compared to SiC60-AP, the grain size increased.
Both SiC50-ST and SiC60-ST reported similar SiC content, and thus
similar microstructure (Fig. 6b and d).

SiC500 with both AP and ST particles showed a very refined
microstructure with nano-sized grains arranged in a network similar to a
microstructure dominated by equiaxial growth (Fig. 6g and h). SiC500
AP and ST showed a wide particle size distribution, reporting a particles’
codeposition with sizes different than the reported averaged diameter.
Large particles or agglomerates, anchored on the metal surface, increase
the local cathodic current density around the non-conductive particle,
favouring metal nucleation rate over growth, leading to grain refine-
ment. The deposits’ inverted pole figures and the max texture intensity
values are reported in Fig. 6. In all cases, except in the composites with
SiC 500 nm, the (100) crystal orientation was preferred. This orientation
is typical in the uninhibited nickel crystal growth under an electric field
potential [34]. The max texture intensity of the (100) crystal orientation
was closely related to the deposits’ grain size. In deposits where the ST
caused an increase in the content of the particles, ensuing grain refine-
ment, e.g. SiC50 and SiC300, the max texture intensity decreased
(Fig. 6b and f). The increase in the number of nucleation sites prompted
by the particles led to the nucleation to take place on numerous atomic
planes creating more randomly oriented crystals. In the composites
containing SiC 60 nm, the opposite was observed. The ST decreased the
particle content, leading to larger grains, therefore, a more dominant

Table IV
Pure Ni and composites microstructure’s average grain area (GA - pm?).
Pure Ni SiC50 SiC60 SiC300 SiC500
As produced 9.69 + 7.91 + 5.93 + 5.92 + 1.37 £
0.49 0.45 0.52 0.85 0.15
Surface - 6.87 + 6.37 + 5.12 + 0.94 +
treated 0.33 0.44 0.93 0.16
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(100) crystal orientation.

The deposits containing SiC 500 nm showed a random crystal
orientation. The growth on SiC500-AP (Fig. 6g) was preferentially
random due to the combined effect of a refined structure and inhibiting
species, i.e. H, Haqs, NiOH, [34]. The electrocrystallisation of nano-size
grains prompted a randomly oriented microstructure. While the pres-
ence of growth inhibitors at the cathode surface also contributed to the
inhibition. As observed by the pH variation (Fig. 5), the codeposition of
SiC500-AP resulted in a higher increase in pH compared to other AP-
particles. Thus, promoting a higher hydrogen reduction (H") and
therefore also higher local alkalinisation leading to the formation of
NiOH,. Although the codeposition of ST-particles was increased, the
microstructure on SiC500-ST (Fig. 6h) was somewhat less random. The
codeposition of ST-particles decreased the pH variation (Fig. 5),
reducing the hydrogen evolution; thus limiting the effect of the inhib-
iting species on the growth. Therefore, the max texture intensity
partially increased.

3.4. Microhardness

Microhardness tests were performed to correlate the deposits’
microhardness to the particles’ content (Fig. 7) and grain refinement
(Fig. 8). Tables III and IV revealed a synergistic effect between code-
position and grain size.

As previously mentioned, grain refinement was promoted by particle
inclusion, due to the increase of nucleation rate over growth. The
decrease in grain size, i.e. increase of grain boundaries, reinforce the
metal by Hall-Petch strengthening. Moreover, the particles’ codeposi-
tion promote particles-strengthening. Therefore, the increase in parti-
cles inclusion was linked to a combined increase of grain-boundary and
particle-strengthening. Figs. 7 and 8 showed this relationship connected
to the deposits’ hardness increase, except for SiC60-AP and SiC500-AP
and ST, where particle dispersion and size influenced the final hard-
ness values.

The codeposition of SiC nano-particles on SiC50-AP was low.
Therefore, the role that the particles played in the resulting micro-
hardness was limited, and so their influence in microstructure refine-
ment, leading to similar values as pure Ni. The ST promoted an increase
in the codeposition rate, also ensuing microstructure refinement. How-
ever, in both cases, the increase was not substantial. Therefore, any
strengthening was limited, leading to a low rise in hardness (AHV ~ 16)
for SiC50-ST compared to AP.

The combined effect of high codeposition rate linked to the resultant
grain refinement led to a hardness of ~418 HV in the SiC60-AP deposits.
The resulting hardness value is more significant when compared to
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Fig. 7. Microhardness vs Codeposited SiC volume content (%) SiC before and
after surface treatment as determined by WDS, as well as pure nickel.
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Fig. 8. Microhardness vs Grain size (diameter — pm) relationship measured for
the electrodeposited composite with SiC before and after surface treatment, as
well as pure nickel.

SiC300-ST with similar codeposition rate (Fig. 7) or grain size (Fig. 8).
SiC60-AP hardness was higher, revealing the role of the particles’
dispersion in the composite’s strengthening. A higher number of
entrapped nanoparticles, compared to submicron-size particles for
similar volume content, could result in smaller interparticle spacing,
thus providing SiC60-AP with an additional dispersion-strengthening.

SiC60’s ST decreased the codeposition rate, thus the grain refine-
ment and number of entrapped nanoparticles, reducing their strength-
ening contribution. SiC60-ST reported a decrease in hardness compared
to AP, down to ~329 HV, similar to values reported in SiC50-ST (~332
HV), displaying ST’s potential in providing reproducible samples inde-
pendently of the powder provider, reporting similar codeposition rate,
thus comparable microstructure and hardness.

The notable increase of codeposited SiC 300 nm by ST was not
translated to a significant increase in deposits’ microhardness compared
to SiC300-AP (AHV = 20) evidencing the already known importance of
particle dispersion in the mechanical properties [40]. Particles’ inclu-
sion alone is not sufficient to further improve hardness. As previously
mentioned, SiC60-AP with lower codeposition and grain refinement
reported higher hardness values, due to the contribution of dispersion-
strengthening. SiC500-AP reported a microhardness of around 440 HV
(Fig. 7). The deposits benefited from the combined effect of high SiC
content, high grain refinement, and particle dispersion; achieving the
maximum hardness in the SiC-AP composites. The particles’ ST pro-
moted higher particle inclusion to almost 20% vol. content, further
increasing their particle-strengthening contribution, which combined
with a reduction in grain size, and particle dispersion (Fig. 6h) led to an
increase in hardness to nearly 700 HV (Fig. 7), reporting the highest
value among all samples.

4. Conclusions

The particles’ surface was considered as one of the multiple input
variables in a complex codeposition system that is often underestimated,
unknown and not under control. To avoid this problem and remove the
artefacts and uncertainties related to it, a surface treatment was pro-
posed for the particles. The pretreatment of the surface of particles
proved to be able to change the particles’ unknown initial surface states
to a consistent and reproducible one.

The {-potential measurements on AP-particles reported differences
between sizes, showing that the type and extent of surface adsorption, in
the same medium, could vary in particles with the same chemistry but
different sizes. The surface treatment brought the {-potential to a similar
value range, showing the capability of the pretreatment to bring the
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particles to a similar surface state, therefore similar surface adsorption.

The differences between AP-particles’ was evident when suspended
in water. After addition, the water’s pH was modified differently for
each particles’ size. The titration curves proved this disparity in the
chemical interaction. All AP-particles had some buffering capacity. The
presence of particles, compared to water, delayed the transition to an
alkaline pH. SiC500-AP showed the strongest pH buffering effect,
withholding any pH change after the addition of the titrator. After the
surface treatment of the particles, most of the buffering effect was
removed. The titration curves for the ST-particles were similar and
closer to the curve reported for water, displaying that the pretreatment
successfully brought the particles independently of their size to a similar
surface adsorption-desorption. Additionally, this similar behaviour was
also observed during electrodeposition, where the reported pH change
was alike in all ST-particles.

The pretreatment of the surface of particles proved to be beneficial in
some cases to the particles codeposition rate, e.g. SiC 50, 300 and 500
nm, where the content was doubled or tripled, but detrimental to the
content of codeposited SiC 60 nm, where it was halved. In the cases of
SiC300-ST and SiC500-ST, the reduction in hydrogen evolution pro-
moted particle inclusion. Most importantly, the particles’ surface
treatment allowed a controlled codeposition of nanoparticles with
similar size, SiC 50 and 60 nm, independently of production route fol-
lowed by the different suppliers. SiC50-ST and SiC60-ST reported
similar (-potential, titration curve, pH change, codeposition rate,
microstructure and microhardness.

The EBSD maps for the composites with ST-particles did not show
any particle agglomeration. Therefore, the changes in content were
attributed solely to the effects of the surface treatment, and not to an
increase in particles total volume.

The hardness increase progression, starting from pure Ni showed a
linear relationship linked to Hall-Petch and particle-strengthening
mechanisms, where SiC60-AP and SiC 500 nm showed hardness values
above the linear progression, evidencing further contribution by
dispersion-strengthening, not observed in the rest of the samples.

The pretreatment of the surface particles proved to be an important
step for removing an uncontrolled variable, making nano-SiC codepo-
sition more reproducible. This is an essential condition for further
considerations and studies on the process parameters and optimisation.
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