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ABSTRACT

This study analysed the influence of the codeposition of SiC particles with
different sizes: 50 nm, 500 nm and 5 pm, and the type of bath agitation (stirring
or ultrasonic) on the electrocrystallisation of nickel coatings. The composites
matrix microstructure was analysed by means of SEM, EBSD and XRD, to
evaluate the grain size, crystal orientation, and internal stresses and was
benchmarked against pure nickel samples electrodeposited in equivalent con-
ditions. The codeposition of nano- and microsize particles with an approximate
content of 0.8 and 4 vol.%, respectively, caused only a minor grain refinement
and did not vary the dominant < 100 > crystal orientation observed in pure Ni.
The internal stress was, however, increased by particles codeposition, up to
104 MPa by nanoparticles and 57 MPa by microparticles, compared to the val-
ues observed in pure nickel (41 MPa). The higher codeposition rate (11 vol.%)
obtained by the addition of submicron-size particles caused a change in the
grain growth from columnar to equiaxial, resulting in deposits with a fully
random crystal orientation and pronounced grain refinement. The internal stress
was also increased by 800% compared to pure nickel. The ultrasound (US)
agitation during the deposition caused grain refinement and a selective particle
inclusion prompting a decrease in the content of the particles with the larger
particles. The deposits produced under US agitation showed an increase in the
internal stresses, with double values compared to stirring. The increase in the
deposits microhardness, from 280 HV in pure Ni to 560 HV in Ni/SiC submi-
cron-US, was linked to the microstructural changes and particles content.
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Introduction

The protection of the surface provided by electrode-
posited composite coatings against wear or corrosion
is directly dependent on the characteristics of the
matrix and the reinforcer phase but also by the
deposition parameters. Typically the second phase is
in the form of particles, which are themselves highly
influenced by the production process [1, 2]. Com-
posite layers can be controlled by the deposition
parameters, e.g. electric current, bath chemistry, and
cell geometry, particles load. In choosing the com-
posite, metals with high corrosion resistance, such as
nickel or nickel alloys, are desired as the matrix
material, whereas hard particles are opted as the
reinforcer phase, enhancing the composites’ wear
resistance [3, 4].

The role of the input parameters and their influ-
ence on the electrocrystallisation of pure metals,
therefore on their microstructure and mechanical
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properties, is well established [5]. However, there is a
gap of knowledge obtained with pure metal systems
to those with particles. The interactions between
input variables might be modified due to the addition
of particles to the electrolyte, causing complex and
not well-understood interlinked effects between
parameters [6], resulting in unpredictable changes in
the electrodeposition of composites and their prop-
erties. Furthermore, the incorporation of particles
into the deposit can also be affected, leading to a lack
of process control.

In order to develop a production process where the
properties of the composite coating are predictable, it
is necessary to both understand the mechanisms of
particles codeposition, which has been extensively
studied in the last decades, and also understand how
particles codeposition affects the matrix microstruc-
ture. The size, content, and distribution of particles
codeposited within the matrix are the commonly the
studied output in composites coatings research, but
the mechanical performance of the composite
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material is also dependant on the resulting metal
microstructure, which might be affected by the
incorporation of particles [7-10]. Thus, it is critical to
understand the synergistic effect between metal
electrocrystallisation and particles codeposition in
order to link the grain size and the dispersion
strengthening.

Multiple studies have been carried out where the
influence of particles was examined, showing, for
instance, that indeed their incorporation changed the
characteristics of the microstructure, i.e. changing the
deposits texture, grain size or internal stresses parti-
cles [11-14]. However, the high dependency between
parameters and sensitivity to changes in the opera-
tion parameters [15] hinder extracting common ele-
ments between studies and limits the possibility of
highlighting the synergies between particle codepo-
sition and metal microstructure explicitly.

The present study aimed to identify the changes in
the nickel matrix microstructure due to the codepo-
sition of SiC particles. The microstructure of the Ni
matrix was analysed when deposited in the presence
of SiC particles with different sizes: 50 nm, 500 nm
and 5 pm, and benchmarked against pure nickel
samples produced under exact conditions. The agi-
tation of the bath was done under stirring with a
rotating magnet or under ultrasounds (US). The latter
was used for better particles dispersion [16]. The
electrodeposition was carried out in an additive-free
Watts bath [17] with a particles load of 20 g L™".
Amblard et al. [18] and Reddy [19] stressed the
importance of bath chemistry in the development of
inhibiting species on the cathode surface that pro-
motes specific crystal growth directions changing the
nickel electrocrystallisation. Therefore, the bath
chemistry was kept additive-free, to avoid any pos-
sible impact from surfactants [20, 21]. This allowed a
systematic investigation of the resulting microstruc-
ture, including internal stress, grain size, and texture
as indicators of the electrocrystallisation conditions
under the presence of SiC particles alone, and cor-
relate their effect to the microhardness analysis of the
deposits. Also, cathodic polarisation tests carried out
in a solution without metal ions were used to assess
the particles’ influence in the hydrogen evolution
reaction.
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Experimental and characterisation details

Electrolyte composition and experimental
set-up

Four specimens for each condition were electrode-
posited by direct current (DC) at 4 A dm™? for 30 min
(~24.5 pm thickness) from an additive-free Watts
bath on low carbon steel plates, with a cathodic area
of 3 cm by 5 cm. The electrolyte composition and
process parameters are listed in Table 1. An external
power source was used to provide the required
conditions for the deposition process. The electrode-
position was performed in a thermally controlled cell
(45 °C) with 500 mL bath volume and with parallel
vertical electrodes configuration with a distance
between electrodes of cathode and anode of 7 cm.
Before electroplating, the steel substrate was
mechanically ground with SiC grade #1000, cleaned
ultrasonically in an alkaline soap and activated by
pickling for 8 min in 2.5 M H,SO,. The pH of the
electrolyte was set at pH 3.0 before deposition, and
the pH was remeasured after producing each sample
and adjusted by adding sulphuric acid or sodium
hydroxide.

Composite coatings were produced adding 20 g
L' of SiC powder with different average size: SiC
powder of nano- (gnm®© #SiC-110 spherical B-SiC
50 nm), submicron- (gnm®© #5iC-110 irregular angu-
lar-shaped B-SiC 500 nm), and microsize (H.C. Star-
ck© SiC grade UF-05 irregular angular-shaped a-SiC
5 pm). In all conditions, the bath suspension was
stirred for 12 h and agitated with ultrasound (US) for
30 min before electroplating. The stirring was applied
continuously to maintain the powder in suspension.
The electroplating was performed under two differ-
ent agitation conditions: stirring at 200 rpm by a
cylindrical-shaped magnetic rotator (0.7 cm diameter
and 6 cm in length) placed at the bottom of the cell,
or by an ultrasonic (US) probe (2 cm diameter and
5.5 cm in length) immersed 3 cm in the electrolyte
and positioned vertically between the electrodes
(Hielscher, 24 kHz, 0.087 W cm™®). In order to
address the heating effect of the ultrasounds, a ther-
mocouple was placed on the substrate, and the bath
temperature was adjusted accordingly to maintain
the substrate temperature constant and comparable
to the stirred condition (45 °C).

The data of pure Ni deposited using stirring [22]
from a previous study were included as a
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Table 1 Plating bath

J Mater Sci (2021) 56:18463-18476

composition and parameters NiSO,-7H,0 240 g L™
NiCl-6H,0 45 gL'
H;BO3 30gL7!
pH 3.0
Temperature 45 °C
Anode Ni sheet;

Particle concentration 20gL™!

SiC particle size 50 nm, 500 nm, 5 pm
Current DC; 4 A dm™2
Deposition time 30 min

Stirring speed 200 rpm

Ultrasonic agitation 24 kHz; 0.087 W cm™>

benchmark. The data from Ni/SiC50 and Ni/SiC500
under magnetic stirring were also extracted from a
previous study [23]. All samples were produced
under the exact conditions as described in Table 1.

The current efficiency (CE) of the process was cal-
culated by comparing the theoretical deposited mass
calculated by Faraday’s law of electrolysis to the
experimental deposited metallic mass minus the
particles’ mass (as measured by WDS).

Polarisation test

The hydrogen evolution reactions (HER) were anal-
ysed by potentiodynamic polarisation curves gener-
ated in a solution with similar conditions: pH,
temperature, conductivity and geometry as the elec-
trodeposition bath. The composition of the solution is
the same as the deposition bath but without the metal
salts to permit the analysis of the influence of parti-
cles in the HER. The pH of the solution was adjusted
to 3.0 and polarisation was applied from OCP to
cathodic overvoltage equivalent to a current density
of 5A dm 2 An Ag/AgCl 3M KCl) reference
electrode and a platinum electrode were used as
reference and counter electrode, while the working
electrode was the same steel substrate as for the
deposition. An IVIUM Vertex potentiostat was used
for the electrochemical measurements, and the sweep
rate was 2 mV s~ .

Coating characterisation

The characterisation of the coatings was carried out
in the same area for all samples, thus minimising
possible differences resulting from the fluid dynam-
ics or current distribution. The analyses were done in
the centre of the sample in order to avoid an edge
effect resulting from the current density distribution.
Furthermore, the area of interest was distanced
1.5 cm away from the rotating magnet and about
4 cm away from the US probe’s tip to avoid a
shielding effect during electrodeposition.

@ Springer

The quantification of Si was performed by wave-
length-dispersive X-ray spectroscopy (WDS, EDAX-
TSL) due to the better resolution in the measurement
of light elements at low content compared to energy-
dispersive spectroscopy (EDS). The content of SiC in
the composites was calculated based on Si pure
standards and under the assumption that the SiC
powders have a stoichiometric composition. The
analysis of weight% for the standard and each sam-
ple was performed using an acceleration voltage of
10 kV and beam current ranging from 14.5 to 18 nA.
The volume content of SiC was expressed as the
average value of five different WDS area measure-
ments considering a density of 3.22 g cm™> at 25 °C.

The surface morphology was observed by scanning
electron microscopy (SEM, JEOL 7001F). Phase anal-
ysis was performed using X-ray diffraction (XRD) on
a Panalytical X'pert diffractometer using a Cu X-ray
tube, a Bragg-Brentano HD optics with a 1/2°
divergence slit and a 1/2° anti-scatter slit on the
incident side, and a 5 mm anti-scatter slit and an
X'celerator detector in scanning line mode on the
secondary side.

Samples were prepared in cross section by
mechanical polishing and analysed by electron
backscattered diffraction (EBSD, EDAX-TSL). The
analysis was performed on two samples for each
condition with an electron probe current of 4.4 nA at
an acceleration voltage of 15 kV. A step size of 80 nm
was used to build the EBSD maps, and the analysis
was carried out in the growth direction by the OIM
5™, disregarding all data points with coefficient
index (CI) <0.1. A grain was defined as a region
consisting of at least three similarly oriented con-
nected points with a less than 10° misorientation and
the grain size by the number of points in the region.
The grain area average was calculated by weighting
the value of the area fraction of each grain, and the
grain diameter was calculated from the averaged
grain area and considering it a circle. Twin bound-
aries were excluded from the calculations of the grain
size.
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The microhardness of the deposits was measured
on cross section by Vickers indenter (NanoTestTM
Vantage) with an indentation load of 100 mN and a
dwell time of 10 s. Thirty repetitions were done on
two samples of each condition, and the hardness was
expressed as the average.

Internal stress measurements were performed
using the sin®y-technique using a five-axis cradle on
a Panalytical Empyrean diffractometer. The diffrac-
tometer was used in a parallel beam configuration
with a point-focused copper anode source (Cu Ko,
/ = 0.154 nm), operating at 45 kV and 40 mA. The
primary beam was conditioned by an X-ray lens and
2 x 2 mm? crossed-slits, and in the secondary beam
path, a 0.27° parallel plate collimator was used.
A PIXcel detector was used in 0D mode for the data
acquisition. 6-20 measurements were performed in a
range of 4° around the 400 reflections of Ni for dif-
ferent tilt angles |, with sin®} in the range of 0-0.9.
The d-spacing was calculated and plotted as a func-
tion of sin®y, and the residual stress was calculated
from the slope wusing Young’s modulus
(E = 225.13 GPa) and Poisson’s ratio (v = 0.2956) for
Ni. The internal stress analysis was performed using
Panalyticals X'Pert Stress software.
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Figure 1 pH variation (ApH) after electrodeposition and current
efficiency (%) of the process, both displayed as averages of four
experiments for each condition.
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Results and discussion
Electrodeposition

The increase in pH after electrodeposition (Fig. 1)
showed that the metal reduction was accompanied
by hydrogen evolution reactions (HER) [18]. The
faradaic current was partially used in the side reac-
tion, decreasing also the current efficiency (CE) of the
process. The presence of particles prompted a slight
increase in the hydrogen reduction, observed by the
changes of pH after electrodeposition, causing a
minor loss of CE in all composites compared to pure
Ni. The US agitation also further increased hydrogen
evolution, increasing the pH deviation (ApH) com-
pared to stirring. During the cathodic reaction, H" is
consumed along with the Ni ions at the cathode
surface. The US promoted a continuous replenish-
ment of these ions due to the more vigorous agitation
than stirring, encouraging hydrogen evolution. Fur-
thermore, Coleman et al. [24] observed variations in
the electrode potential, in addition to the increase in
mass transfer of ions, after immersing a US horn
directly into the bath for agitation. Therefore, a shift
in the reduction potential resulting from ultrasounds
might have prompted hydrogen reduction instead of
Ni**, causing a decrease in CE for all processes under
US agitation, where CE loss was more evident in the
deposition of Ni/SiC500. For instance, the CE was
around 95% under stirring, while using US agitation,
the CE dropped down to about 90%. Nevertheless,
the CE of the processes was in agreement with the
literature, as the cathode efficiency for Watts baths
generally remains between 90 and 97% [25].

The polarisation curves of particles in suspension
(Fig. 2) also confirmed the influence of the particles
on the reduction in H*. The curve of the solution
without particles (black-coloured) showed an initial
current plateau, which corresponded to the HER of
the H" available in the solution at pH 3, the water
hydrolysis coincided with the curve at lower poten-
tial values after the plateau. The addition of particles
promoted an initial shift in the current density to
reduce the free H', thus encouraging a higher
reduction rate. The shift was more pronounced in the
solution with SiC500. The part of the curve that rep-
resented the water hydrolysis for the solutions with
5iC50 and SiC5 was comparable to the solution
(water at pH 3.0) at plating condition. In the solution
with SiC500 the curve was displaced, showing the
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Figure 2 Polarisation curves of a solution without Ni ions at pH
3.0 with and without particles.

influence of the particle over the HER. A previous
study [23] showed the buffering capability of these
particles by titrating a solution with particles, starting
from pH 3.0, with NaOH as titrator. The solution
(water, pH = 3.0) without particles showed a shift in
pH as the titrator was added, whereas in the solution
with particles, the pH change was slower or did not
occur, in the case of the SiC500. It was presumed that
the additional effect in the H™ reduction caused by
the presence of non-inert SiC particles was recorded
by the polarisation tests.

The Ni/SiC composites were produced from the
solution as listed in Table 1. The codeposition rate of
SiC particles is reported in Table 2. The codeposition
fraction varied between the particle sizes. As often
reported in the literature, the codeposition of
nanoparticles was low, close to 1vol.% content
[8, 26-28], in comparison to larger sizes
[26, 27, 29, 30], while in the case of the submicron
(5iC500) and microparticles (SiC5k) the inclusion rate
value was around 11 vol.% and 4 vol.%, respectively.

Under US agitation, the codeposition of SiC50 was
increased from ~ 0.8 to ~ 2.6 vol.%. Similar effects
were reported in previous studies with nanoparticles
[31, 32], where their content was increased. US agi-
tation kept more effectively the nanosize particles in a

Table 2 Codeposited SiC

J Mater Sci (2021) 56:18463-18476

closer range to the cathode surface than the stirring,
thus increasing their chance to be embedded by the
metal growth, thereby increasing the codeposition
rate. However, the codeposition of SiC500 and SiC5
was decreased by about 60% and 70%, respectively,
compared to stirring. This was due to the high energy
of the ultrasonic waves, as well as cavitation near the
cathode, which affected the codeposition of larger
particles negatively. Due to the system set-up with
the US probe immersed in the cell, the high energy
was directly released in the electrolytic bath. The
surface cathode remains unshielded and exposed to
cavitation. This may have caused the larger particles
to collide and "bounce’ away from the electrode or be
removed from the surface by the cavitation before
being anchored by the growing metal [33]. Figure 3a,
c shows a broad particle size distribution in SiC500,
ranging from smaller than 500 nm to microsizes. The
particle entrapment happened as clusters of particles
within the matrix. Under US agitation, the dispersion
was improved, and particles were entrapped almost
entirely across the metal (Fig. 3b). However, SiC500
particle size distribution seemed to have narrowed,
and codeposited particles appear to be smaller than
500 nm in size (Fig. 3d). Essentially, US agitation
promoted a selective entrapment encouraging only
the codeposition of the smaller and more dispersed
particles. As a consequence of repelling the larger
particles, which would represent a sizeable fraction
of the total volume, the codeposition of SiC was
decreased by the US agitation (Table 2). Compared to
stirring (Fig. 3a), US agitation might have increased
the total number of particles (Fig. 3b).

Microstructure and internal stresses

The XRD spectra showed six visible diffraction peaks
for all conditions: (111), (200), (220), (311), (222) and
(400). The relative texture coefficient, RTC, was cal-
culated [34] for the texture quantification of the
deposits using these six crystal planes. The relative
texture coefficient for a (hkl) crystal plane was
defined as:

weight and volume content SiC50 SiC500 SiC5k

(%) as determined by WDS Sil uUs Sil Us sil Us
Vol% 0.78 £0.13 281 £0.58 11.18 £ 1.15 456 £0.17 3.84+0.25 1.09 +0.17
Wt.% 028 £0.05 1.04 £0.16 434 £ 048 1.70 £0.07 1424+ 0.10 0.39 £ 0.06

@ Springer



Figure 3 SEM cross section image of Ni/SiC 500 composites
produced using a stirring and b US, and high magnification
images of the particles using c stirring and d US.
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Figure 4 RTC ) determined for the different orientations related
to the crystal planes observed in electrodeposited coatings under
different agitations. The RTC values for (200) and (400) as well as
(111) and (222) are shown as a single hkl value.

d hki/ ( hkl),P

i
PO Tiniay,p

where Iy is the intensity of the reflection for the
(hkl) crystal plane in the analysed sample and I, p
is the intensity of the reflection for the same crystal
plane in a standard Ni powder sample with random
orientation.

RTC(hkl)(%) =100 x (1)
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Figure 4 shows the RTC ) of the deposits, where
the linearly dependent lattice planes, e.g. (200) and
(400), and (111) and (222), are shown as a single hkl-
value. Pure nickel, Ni/SiC50 and Ni/SiC5k showed
textured microstructures with (200) crystal plane
preference, typical of the so-called free mode crystal
growth under the potential electrical field [18]. In the
Ni/SiC5k deposits, the intensity of the (200) crystal
plane was higher than in the pure Ni deposits
(Fig. 4), presumably due to the larger grains of the
matrix, observable in Ni/SiC5k (Fig. 5g, h) compared
to pure Ni (Fig. 5a, b). These observations were
supported by the larger crystallite sizes measured in
Ni/SiC5k, 612 A (stirring) and 602 A (US), compared
to pure Ni, 487 A and 480 A, respectively.

The codeposition of SiC500 under stirring caused a
change in the nickel electrocrystallisation. The
deposit RTCgy showed a decrease in the (200)
intensity and enhanced quality in the rest of the
directions, while under US agitation, the RTC ) of
5iC500 showed a decrease in the (220) plane and an
increase in the (311). A mix < 100 + 211 > preferred
orientation was apparent in the SiC500 deposits
independently of the agitation type, as evidenced by
the intensity of the (200) crystal plane and the
enhancement of (111) and (311), attributed to a dis-
persed < 211 > orientation [13]. Similar changes in
nickel crystals were observed in previous studies
[13, 27, 35], where the enhancement of the < 211 >
mode of crystal growth was associated with the
presence of particles. An adsorption—-desorption
phenomenon of HT on the particles surface
[23, 27, 36] could have altered the pH in the vicinity
of the cathode, prompting the <211 > crystal
growth, which is associated with the presence of
nickel hydroxide in the electrodeposition of nickel
[18]. Tudela et al. [37] also observed in additive-free
nickel deposits a more dominant < 211 > orientation
as the result of an increased inhibition effect by
Ni(OH),, identifying as well an inverse relationship
where the “free’ (100) growth mode was reduced in
favour of the <211 > intensity. In essence, such
inhibition effect on the free (100) growth mode
reduces its intensity while (111) and (311) crystal
planes, i.e. <211 >, are promoted, and thus modi-
fying the preferred orientation of the deposit, as
suggested by the data in Fig. 4. Furthermore, the
accompanying changes in pH as the result of US
agitation (Fig. 1) might have caused a further
encouragement of the <211 >mode of crystal
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Figure 5 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 Ni Sil b Ni :

US ¢ Ni/SiC50 Sil d Ni/SiC50 -

US e Ni/SiC500 Sil f Ni/

SiC500 US g Ni/SiC5k Sil ,

h Ni/SiC5k US. w
001 5

growth, as observed by the increase in the intensity in
the (311) direction, visible in Ni/SiC500-US (Fig. 4).

The results obtained by the electron backscatter
diffraction (EBSD) were in agreement with the XRD
line profile analysis and gave an insight into the
anisotropy of the grains that tend to grow as
columnar structures perpendicular to the surface.
Figure 5 shows the EBSD maps of cross sections and
the corresponding inverse pole figures for each
deposition conditions. The inverse pole figures con-
firmed the preferred < 100 > crystal direction, except
for Ni/SiC500 (Fig. 5e, f), where a random texture
was observed. As previously discussed, the increase
in inhibition by US agitation or SiC codeposition
slightly decreased the max texture intensity of
the < 100 > by promoting growth inhibition.

From the EBSD maps, a grain size distribution in
relation to the area fraction and the weighted grain
size average were calculated and are reported in

@ Springer
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|

Fig. 6. Pure nickel (Fig. 5a) and Ni/SiC5k (Fig. 5g)
showed a comparable columnar growth; however, it
is of interest to note that the grain sizes deduced by
the EBSD data were in slight disagreement with the
crystallite sizes estimated by XRD. In the case of the
latter, the data showed that Ni/SiC5k had larger
grains compared to pure Ni, while from the EBSD
data, the microstructure of both was equivalent
(Fig. 6). Lampke et al. [38] also observed similarities
between the microstructure of pure Ni and Ni/SiC5k;
in their study, similar intercept values: normal to
growth and in growth direction were observed
despite the addition of 5 pm particles (0.49 &+ 0.47
and 0.68 & 0.73 in pure Ni and 0.51 £ 0.26 and
0.66 £ 0.92 in Ni/SiC5k). The columnar growth was
preserved, and the grain size distribution was virtu-
ally unaltered by the US agitation in both pure Ni
and Ni/SiC5k, although it was possible to notice a
slight increase in the fraction of smaller grains.
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Tudela et al. [37] also reported an increase in smaller
grains in between the larger columnar crystal under
uUs.

The addition of SiC50, when using stirring or US
agitation, induced some changes in the microstruc-
ture, without affecting the columnar growth. The
addition of particles modified the electrocrystallisa-
tion, effectively reducing grains with an area higher
than 10 umz (Fig. 6b), favouring an increase in
smaller grains. The codeposition of SiC50 revealed a
relationship between content, grain size, and nucle-
ation rate. The particles promoted nucleation over
growth, promoting grain refinement. Nevertheless,
due to the low content of particles, this effect in the
Ni/SiC50 wusing stirring was diminished. The
increase in codeposition by US agitation, from =~
0.8 vol.% using stirring up to 2.8 vol.%, promoted
further grain refinement (x 6.7 um?), in addition to
the refinement initiated by the US agitation itself, as
observed in pure Ni.

The effect on the metal electrocrystallisation was
evident in Ni/SiC500 samples with no major differ-
ences between the two types of agitation. The
increased nucleation due to the codeposition of SiC
particles resulted in a pronounced grain refinement
(Fig. 6¢). In both agitation modes, the grain area with
less than 1 um” represented most of the total area.
Furthermore, the grain morphology changed from
columnar to equiaxial (Fig. 5e, f), with a higher
number of randomly oriented grains. Therefore,
combined with the increase in HER, Ni/SiC500
deposits were randomly oriented as previously
discussed.

Figure 7 shows the surface topography of pure Ni
and Ni/SiC500 both using stirring and US agitation.
A pyramidal-shaped surface topography was
observed for pure Ni using stirring (Fig. 7a). Under
US agitation, the pyramidal shape was maintained
with a negligible change in size (Fig. 7b). In Ni/
5iC500 (Fig. 7c), the surface topography was
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Figure 7 SEM image of surface topography: a Pure Ni—stirring
b Pure Ni—US ¢ Ni/SiC500—stirring d Ni/SiC500—US.

modified to globular-shaped structures. The size of
the surface globularity was reduced (Fig. 7d), thus
showing the effect of grain refinement. In previous
studies, refinement was also observed under US
agitation [16, 31, 32, 39]. Winand [40] extended the
concept of inhibited growth in the analysis of elec-
trodeposited microstructure. Columnar growth,
bidimensional nucleation is substituted by tridimen-
sional nucleation, globular growth, at higher inhibi-
tion. Similar to the structures reported in this study,
Pavlatou et al. [27] also observed pyramidal-shaped
surface structures dominated by (100) texture, in
uninhibited, nickel deposits, while nickel deposits
dominated by the (111) crystal orientation, resulted in
globular-shaped surface structures.

800 O Ni-Silent ® Ni-Us
+ A Ni/SIC50-Sil A Ni/SIC50 - US
O Ni/SiC500-Sil ® Ni/SiC500 - US
& Ni/SiC5k-Sil @ Ni/SiC5k - US
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Grain size (d) (um)

Internal Stress (MPa)

Figure 8 Internal stress (MPa) versus grain size diameter (pm)
measured for the electrodeposits under agitation by stirring and
US.
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The internal stresses extracted from the XRD pro-
files are correlated to the deposits grain size in Fig. 8.
In agreement with Godon et al. [41], the higher stress
values were associated with smaller grain sizes. Two
mechanisms modified the electrocrystallisation of the
metal, causing grain refinement: particle codeposition
and US agitation. Codeposition of nanosize and
submicron particles caused an increase in internal
stresses. Ni/SiC5k showed similar internal stress
values compared to pure Ni, although SiC content
was around 4 vol.%, proving that only the smaller-
sized particles modify the metal
electrocrystallisation.

US agitation also promoted grain refinement.
However, in all deposits under US, the internal stress
values were doubled compared to stirring, even if the
grain sizes were not affected. Prasad et al. [42]
observed the opposite effect. However, the authors
reported a change in the hydrogen evolution with pH
4 as plating condition, a reduction in incorporation of
atomic hydrogen in the deposit led to lower internal
stresses. Nevertheless, in the present study US agi-
tation promoted in all cases, an increase in HER at a
lower plating pH. The inverse pole figures (Fig. 5)
showed a decrease in the maximum of intensity, thus
indicating inhibition. Consequently, the internal
stresses were increased by the changes in the elec-
trocrystallisation, i.e. grain refinement and texture,
leading to the competition of fitting different
than < 100 > growth directions within the metal
deposit. Also, in the samples under magnetic stirring,
where the microstructure was more random, the
internal stresses were also higher. Godon et al. [41]
also observed a relationship between lower internal
stresses in deposits with larger grain sizes dominated
by <100 > crystal domain, and higher internal
stresses in deposits with smaller grain sizes and
dominated by random crystal orientations.

Microhardness

Microhardness tests revealed a relationship between
microstructural changes (Fig. 9) and codeposition
(Fig. 10), linked to the strengthening of the deposits.
The changes in the metal electrocrystallisation, pro-
moted by particles codeposition and US agitation,
resulted in grain refinement, increased internal
stresses, and changes in the crystalline orientation.
Therefore, the total hardness of the composite resul-
ted in a combination and contribution of different
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Figure 9 Microhardness (HV) versus internal stresses (MPa)
measured for the electrodeposits under agitation by stirring (silent)
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Figure 10 Microhardness (HV) versus codeposited SiC volume
content (%) as determined by WDS, as well as pure nickel, under
agitation by stirring (silent) and ultrasound (US).

strengthening effects. For instance, the decrease in
grain size, ie. the increase in grain boundaries,
reinforced the metal by Hall-Petch strengthening
mechanism [43], while particles deposition further
strengthened the material by dispersion strengthen-
ing [43, 44]. Additionally, the material was also
strengthened by the rise in internal stresses [41].
Furthermore, as demonstrated by Spanou and
Pavlatou [45], the changes in the crystallographic
orientation might have also influenced the final
hardness of the deposits.

The pure nickel deposited by stirring had a hard-
ness about 280 HV. US agitation did not introduce
major changes in grain size, nor in internal stress.
Therefore, the microhardness values were compara-
ble between the two agitations modes (Fig. 9). In Ni/
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SiC5k samples, only minor changes in the electro-
crystallisation were observed of the metal by adding
micro-size particles under stirring. Thus the increase
in hardness values, compared to pure Ni, was due
only to particle dispersion strengthening (Fig. 9).
Although US agitation reduced the particle content,
the hardness values remained somewhat similar to
stirring. This was due to the changes in the electro-
crystallisation by US, where the internal stresses
increased. Therefore, the final hardness in Ni/SiC5k
under the two agitation modes resulted in similar
hardness values, where the higher internal stresses
induced by the US agitation compensated for the loss
of particle content.

Figure 9 shows a linear increase relationship
between the increase in internal stress and micro-
hardness. Even though the codeposition of SiC50
using stirring was minimal (0.8%), the slight changes
in the metal electrocrystallisation, i.e. grain size and
internal stress, caused an increase in hardness com-
pared to pure Ni. Furthermore, the hardness value of
Ni/SiC50 was somewhat similar to Ni/SiC5k, despite
the higher micro-SiC content of the latter, due to the
presence of larger grains and a more domi-
nant < 100 > texture. Spanou and Pavlatou [45] also
observed a lower microhardness in Ni/nano-TiO,
deposits with < 100 > texture compared to a Ni
matrix with < 110 > texture, regardless of particles
incorporation rate, highlighting the importance of
considering the effects of a given preferred orienta-
tion in hardness. The use of US agitation promoted an
increase in SiC50 content (2.8 vol.%), internal stress
and grain refinement. However, this was not trans-
lated into a significant change in microhardness
compared to Ni/SiC50 using stirring, showing simi-
lar hardness values (Fig. 10).

The highest hardness in the samples produced by
stirring was attained in the codeposition of SiC500
(440 HV), and US agitation led to a further increase
(564 HV). Under the two agitation modes, Ni/SiC500
exhibited the synergies of a stronger grain refinement
(Fig. 6), higher content of particles (Table 2), and an
increase in the internal stresses compared to the other
deposits (Fig. 9). The major changes in the Ni elec-
trocrystallisation because of SiC500 codeposition led
to changes in texture and microstructure, promoting
changes in the grain morphology from columnar to
somewhat equiaxial resulting in grain refinement, i.e.
Hall-Petch strengthening. Which, combined with the
increase in the internal stresses and dispersion
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strengthening, improved the final hardness of the
deposit (Fig. 10).

Ni/SiC500 under US agitation illustrates the
importance of selecting a suitable production method.
Although particle content was more than halved, and
the grain size was comparable between the two agi-
tation modes, an appropriate agitation method
improved the dispersion of the particles (Fig. 3).
Therefore, it favoured a further increase in hardness,
albeit the lower particle volume content (Fig. 10).

Conclusions

The electrocrystallisation of the Ni matrix was influ-
enced to different extents by particle codeposition
and bath agitation mode. Multiple factors linked to
the microstructural changes and particles reinforce-
ment contributed to the hardness. This work proved
that particle codeposition itself induces crystallisation
changes evidencing that in the hardness of composite
coatings, not only the particles content but also their
synergistic effect over the electrocrystallisation pro-
cess contribute to hardening.

The ultrasonic agitation promoted hydrogen evo-
lution during deposition. The rise in the reduction in
hydrogen was accompanied by a decrease in current
efficiency and an increase in nickel growth inhibitors.
Although the ultrasonic agitation had a minor impact
on the deposits grain size, all samples under ultra-
sounds showed an increase in internal stress linked to
the increase in hydrogen evolution.

Micro-size particles had a minor impact in the
metal matrix microstructure showing similarities, e.g.
grain size, texture and internal stress values to the
pure nickel samples regardless of the type of agita-
tion. Therefore, the improvement in hardness of the
Ni/SiC5k deposits compared to pure Ni was due to
particle strengthening by codeposited microparticles.

The changes induced by nanoparticles in the nickel
microstructure: grain refinement, increase in internal
stresses and changes in the crystallographic orienta-
tion, were sufficient to provoke hardening in Ni/
SiC50 matching Ni/SiC5k microhardness values,
albeit the low content of nanoSiC (x 0.8 vol.%)
compared to micro (= 3.4 vol.%).

The synergistic effect between electrocrystallisation
and SiC codeposition was more evident in Ni/SiC500
samples regardless of the agitation mode. The parti-
cle codeposition promoted significant changes in the
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microstructure: high grain refinement and equiaxial-
dominated nickel growth. Consequently, the internal
stresses were increased, more than in other compos-
ites. Ni/SiC500 exhibited the synergies of more sub-
stantial grain refinement, higher content of particles
and an increase in the internal stresses compared to
the other deposits, resulting in deposits with high
hardnesses.

Furthermore, the study of Ni/SiC500 under ultra-
sonic agitation revealed the more significant contri-
bution to the hardness of the deposit caused by
particle distribution than the one caused by the vol-
ume content. Although under ultrasounds, the par-
ticle content in Ni/SiC500 was more than halved
compared to magnetic stirring, the combined effects
of Hall-Petch strengthening, internal stress, particle-
strengthening and better particle dispersion resulted
in deposits with the highest hardness.
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