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Abstract.

The co-deposition of silicon carbide nanoparticles (505 nm diameter) in an electrodeposited
metallic cobalt matrix has been investigated under pulse reverse plating (PRP) conditions with
the inclusion of an anionic surfactant. The effect of variable anionic surfactant content in the
plating solution with a particle content of 5 g L™ was evaluated using both direct current (DC)
plating and PRP. The particle content of the coatings was investigated by varying the cathodic
cycle during PRP by varying the cathodic cycle time between 30 to 240 seconds per pulse
whilst maintaining a fixed anodic charge. The coatings were assessed by SEM and EDX in
cross section to determine the effect of PRP parameters and anionic surfactant content on the
particle content of. With no anionic surfactant, all coatings produced contained a similar
particle content. Addition of anionic surfactant affected the SiC content of DC and PRP
coatings. PRP combined with anionic surfactant to produce an electrophoretic nanoparticle
delivery mechanism increasing the SiC content of coatings compared to DC coatings. Higher

SiC content was observed at shorter cathodic cycle times.

Keywords: Electrodeposition, nanoparticles, pulse reverse plating codeposition mechanisms,

pulse reverse plating, surfactants.
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1 Introduction
1.1 Nanocomposite coatings

In recent years there has been a growing interest in the production of electrodeposited nano-
composite coatings. There have been a number of reviews [1-4] on the subject and these give a
good overview of the diversity of techniques, chemistry and success achieved by researchers in
what continues to be an energetic field of research. Such is the interest in this topic that the
more recent reviews have tended to focus on specific regions within it; Ni composites [5-11],
Ni-Fe alloy composites [12, 13], Ni-Co alloy composites [14, 15], Ni-P composites [16], Ni-B
composites [17], Co composites [18] as well as a raft of other papers covering Cu, Zn and Sn
which are too numerous to detail here. Electrodeposited metal matrix nanocomposites
(MMNCs) have been shown to display improved properties over metal or alloy coatings [19-
24] particularly in the areas of tribology [4, 25-29] and corrosion resistance [30-32]. Further to
this, models have been published describing the transport and loose adsorption of particles to
the working electrode followed by strong adsorption and encapsulation by the growing coating
[3, 33-39]. These models have been reviewed fully in literature elsewhere [2] and have
highlighted their “failure to quantitatively describe the effect of operational variables, such as
current density and electrolyte flow, on deposit particle loading”. Due to the lack of complete
understanding of the mechanisms utilised, there is currently a significant absence of generic
rules and ‘standard operating procedures’ to design and build a plating bath to allow the
deposition of a nanocomposite coating with controllable composition and dispersion, despite

the vast amount of research previously done.
1.2 Bath Composition and Parameters

Successful co-electrodeposition of nanoparticles in a metallic matrix is not trivial and is
influenced by the plating bath chemistry (particularly the bath additions such as surfactants,

levellers and brighteners), the characteristics of the nanoparticles being incorporated, agitation
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and operating conditions (including current density and form). Particle composition and size
have been shown to have a large effect on codeposition, as this has a direct effect on the ability
to make and sustain a good dispersion of particles throughout the electrolyte during deposition.
It is widely regarded that particles must possess a sufficiently high zeta potential to maintain a
dispersion and prevent agglomeration [20, 21, 40, 41]. This may be significantly affected by
addition of a suitable surfactant [21]. A surfactant possessing a charge will surround a
nanoparticle, with the hydrophobic carbon-chain tail adsorbing to the particle surface and the
hydrophilic charged head facing outwards into solution. Investigators have shown that the
addition of a cationic surfactant can help attract particles to the working electrode during DC
plating and aid codeposition [21]. In previous work [42], the author established the beneficial
effect of combining a cationic surfactant with ultrasonic agitation to produce well dispersed Co-
WS: nanocomposite coatings, but recognised that cationic surfactants can hinder the cobalt
reduction process resulting in codeposition of significant quantities of oxide/hydroxide and a
brittle, weakly bonded coating. In the same work, it was shown that a combination of anionic
surfactant with a modulated PRP current allowed production and control over particle content
within well dispersed nanocomposite coatings. PRP itself is not a new phenomenon, however
the method explored here employs long pulses of anodic and cathodic current in the tens of
seconds. This low frequency regime of PRP has only been sporadically investigated[43-46].
The ability of PRP to produce high particle content coatings by PRP has been observed by
others[43, 46] who claimed the increase in particle density was due to retention of adsorbed
particles in the anodic step which were then reincorporated in the matrix during the cathodic
cycle. An anodic-electrophoretic component was not recognised. In Weston’s work[42] the
principle of and anodic-electrophoretic contribution to particle incorporation was founded but

not explored in depth.

The technique works by attracting negatively charged nanoparticles to the working electrode

during the anodic phase, concentrating the near-electrode region with particles and metal ions
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from anodic dissolution. Following this, during the cathodic phase these particles are entrapped
within the metal matrix. Particle contents of 4.7-18 vol.% WS2 were achieved depending on the
PRP conditions utilised compared to < 1 vol.% achieved under DC conditions. It was suggested
that the technique may be generic, allowing codeposition of a range of nanoparticles from a
range of plating baths. If this is the case then a question is raised concerning the role of the
anionic surfactant: can the number of particles attracted to the near electrode region be increased
in the anodic step (therefore incorporating more nanoparticles in the coating) by increasing the
concentration of the surfactant and therefore making the nanoparticles increasingly negatively

charged?
1.3 Aims

The main aim of the current work is to demonstrate control of the nSiC content within Co-nSiC
coatings produced by PRP by varying the anionic surfactant content of a Co-nSiC plating bath.
The change in particle compared to the previous work serves two purposes. Firstly, to
investigate the flexibility of the technique by adapting PRP to a new particle material. Secondly,
SiC nanoparticles have been proven to disperse readily in the chosen Co-gluconate plating bath,
whereas WS2 do not, hence the effect of anionic surfactant on particle content of coatings

produced by PRP can be compared to a baseline series of coatings produced without surfactant.

A further aim of this work is to make uniform coatings which possess enhanced characteristics
due to the inclusion of well-dispersed nanoparticles. To investigate this, SEM, EDX and

hardness tests were performed to compare the coatings produced by DC plating and PRP.

The PRP technique requires both cathodic and anodic current steps. During anodic steps,
insoluble metal hydroxides can form at the electrode surface causing layering and poor
adhesion, therefore the speciation of the bath is also of great interest, particularly the likelihood

of hydroxide formation. Hence, a final aim of this work is to use speciation models for the bath,
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calculated using speciation simulation software, with the aim of establishing a working region

of pH where hydroxide formation can be avoided.
2. Experimental Details
2.1 Bath Composition for Deposition Experiments

The composition of baths which have been investigated are given in table 1. The bath chemistry
has been used extensively by the authors and characterisation of its behaviour in terms of
efficiency and coating characteristics can be seen elsewhere to avoid repetition [42, 47, 48]. For
this reason, this paper is concerned with the effect of PRP and anionic surfactant on the
composition of coatings produced. All baths were prepared by combining all chemicals in a
volumetric flask and adding deionised water from an Elga Purelab Option water purifier to
make up one litre of solution. All chemicals were ACS grade supplied by Alfa Aesar and baths
were adjusted to pH 6 by correcting with 1M sodium hydroxide. All baths contained 0.25 M
cobalt sulphate heptahydrate with sodium D-gluconate (0.5 M) added as a complexant for the
cobalt. Sodium chloride was added to enhance conductivity and boric acid was present as a
buffer. The bath was split into 100 mL aliquots and to a series of these an anionic surfactant,
sodium dodecyl sulphate (SDS), was added to produce baths with 0, 0.2, 0.4, 0.6,0.8 and 1.0 g
L SDS. Finally, the silicon carbide nanoparticles (50+5 nm in diameter) supplied by Alfa
Aesar were introduced at a concentration of 5 g L™ into each bath and then the ultrasonic probe
(Fisher 20 kHz Sonicator CL-334 Ultrasound Probe) operating at 20 W was used to break down
the agglomerated particles to form an effective dispersion in solution. The dispersions were

stirred with a magnetic follower at 200 rpm during ultrasonic processing.
2.2 Electrodeposition of Coatings

From each bath a series of electrodeposited coatings was produced using direct current (DC)
and the pulse reverse plating (PRP) technique. In all cases the working electrode was a 5 x 10

mm mild steel shim cut from Hull cell panels sourced from Schloetter and spot welded to a 0.5
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mm diameter NiCr wire. Prior to plating the working electrodes were etched in concentrated
nitric acid for 5 s and washed in 10% (w/v) hydrochloric acid and deionised water prior to
deposition. In all experiments a cobalt counter electrode of similar dimensions was employed.
The reference electrode was a Ag/AgCI sat. KCI. All experiments employed an Autolab
potentiostat (Metrohm) running NOVA 2.1 software. The DC sample was plated at 4 A dm
for 3600 s with bath agitation by an electromagnetic stirrer and the ultrasonic probe continued
to operate at 20 W to maintain the dispersion. Pulse reverse (PRP) deposition experiments were
conducted upon all baths. In these experiments, the anodic pulse time, ta, was 10 s, the anodic
current density, ia, was 8 A dm and the cathodic current density, ic, was 4 A dm. The cathodic
pulse times, tc, were 30, 40, 60, 90 120 and 240 s and the number of cycles in each experiment
were 120, 90, 60 40 30 and 15 respectively. Thus, the total time of held cathodic current
amounted to 3600 s in each experiment. Throughout PRP, bath agitation was carried out by an
electromagnetic stirrer and the ultrasonic (US) probe which continued to operate at 20 W to
maintain the dispersion. In all experiments the temperature was controlled at 80 + 1 °C by use
of a water bath. The surface tension of baths with and without SDS and particles was measured

using the Wilhelmy plate method with a Kriiss K9 force tensiometer.
2.3 Characterisation

Samples were cut in half and mounted in cross section in Conducto-mount conductive resin
(MetPrep) before grinding polishing to a 1 um diamond finish. All grinding and polishing
operations were lubricated with methylated spirits to avoid corrosion. All coatings were
examined in cross section in a Philips XL30 scanning electron microscope fitted with a field
emission gun (ESEM FEG) and energy dispersive X-Ray (EDX) analyser. EDX was performed
for Si(K) and Co(K) across the cross sections on areas measuring 100 pum in length and as wide
as allowed by the thickness of the coating. From the EDX results, the volume percent of SiC
was calculated from density. Five readings were taken and an average value calculated. The

outside edge of each sample was significantly thicker than the centre due to edge effects.
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Consequently, the outside 1mm of each sample was ignored as unrepresentative during EDX.
Coatings were also subjected microhardness measurements with a LECO-400 Knoop indenter
under a 10 gf load for 10 s. Eight measurements were made on each of the deposits in cross

section and an average reported.
2.4 Speciation Modelling

The speciation plots were calculated using HYSS 2009 software using similar data to Rudnik

[49] compiled from similar sources.
3. Results
3.1 Bath Speciation

A plot of speciation for the bath chemistry is shown in figure 1. The graph shows that Co(OH):
IS unstable at pH below 7.6. The plot shows that at pH 6 the main species in the bath are the
aqueous CoSO4 ([CoSO4(H20)s]) and a CoH-1glucs®* ([Coglucs]®) species. At higher pH the
CoH-2glucs® ([Coglucs]®) dominates, however as pH increases from approximately pH 7.5
Co(OH)2 begins to form and layering would occur. It is important to keep the solution mildly
acidic to prevent hydroxide production, however if the pH is too low the anionic surfactant is
protonated by the excess of H* ions present, neutralising the charge on the surfactant and thus
“turning off” the electrophoretic effect. The speciation of this bath therefore shows that pH 6 is

an optimal working pH for this work.
3.2 Coating appearance

In all plating baths the particles dispersed well with the application of stirring and ultrasonic
agitation. All coatings produced were of a matt grey appearance. Some coatings had whiskers
forming at the edge of the sample due to current edge effects therefore the edges were not

included in characterisation.

3.3 Scanning Electron Microscopy
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SEM images of all DC coating cross sections in back-scattered electron (BSE) mode are shown
in figure 2. All coatings contain a dispersion of nanoparticles however the particle content of
each coating varies according to SDS content. The nanoparticles are well dispersed in all
coatings with 0-0.8 g Lt SDS, however all show larger more intensely dark black spots and this
is particularly noticeable at 0 SDS indicating clusters of nanoparticles. There appears to be an
increase in particle content at 0.2 and 0.4 g L™ SDS compared to 0 SDS, however the samples
with 0.6, 0.8 and 1.0 g L contain progressively fewer particles. The coatings are progressively
thinner from 0-0.8 g L-1 SDS but at 1.0 g L™ this is reversed. This corresponds with a change
in appearance with vertical cracks opening in the growth direction at high SDS content > 0.8 g
L. These cracks appear to be filled with clusters of nanoparticles. Cross sections of coatings
produced by PRP with tc = 60s and variable SDS content are shown in figure 3. Here, similar
trends in particle content, thickness and appearance to that seen in DC coating was noted. The
difference here is particle content appears to increase with increased SDS content up to 0.6 g
L and decrease thereafter. Some clusters of nanoparticles still occur. Figure 4 shows Scanning
Electron Micrographs in BSE mode of coatings produced from bath containing 0.6 gl** SDS by
PRP with variable cathodic time. Coatings appear to be thinner and contain more particles at
lower tc. Also at tc < 90 s, interfacial adhesion is poor attributed to pitting of the mild steel in
early anodic cycles. Figure 5a shows a low magnification SEM/BSE image of the coating
produced from a bath containing 0.4 g L™* SDS under PRP conditions with a cathodic time tc =
60 s. Figures 5b-d show a higher magnification image of the same sample in the centre of the
coating at different accelerating voltages. These images are of a typical coating and are
presented so that the reader may observe how the nanoparticles are distributed in the coating.
While it is not very clear, there is a possibility that there is evidence of layering of particles
occurring. In all cases except 0 g L™ SDS, the particle content appears higher at low tc. The SiC
volume fraction expressed as a percentage was calculated from EDX results and is shown in

Figure 6a and 6b plotted against tc for the baths with different SDS content. Figure 6a shows
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particle content of coatings from baths with 0-0.6 g L-1 plotted against cathodic time. With 0
SDS the particle content of the coating is similar, 6-7 vol.% at all values of tc. Addition of SDS
to the bath at 0.2 g L™ increases the particle content of the coating with higher particle content
at lower tc. The general trend is that increasing the SDS content up to 0.6 g L™ gives increased
particle content and higher particle contents are strongly associated with shorter cathodic time
tc, 1.e. @ higher pulse frequency gives more nano particles when SDS is present. Addition of
more SDS to 0.8 and 1.0 g L decreases the fraction of particles in the coating however shorter
tc still gives an increased particle content over the bath with 0 SDS. At 1.0 g L™* SDS the particle

content of the coating is lower than the 0 SDS bath at tc > 60 s.
3.4 Hardness

The Knoop hardness results are seen in figure 7 plotted against particle content of the coatings.
There is no obvious relationship between hardness and particle content however there does

appear to be a maximum hardness of around 600 kgf mm2 at around 9 vol.% SiC.
4. Discussion

4.1 Speciation

The pulse reverse plating technique is based on 2 bath design principles:

1. The particles possess a negative { potential which is conferred by an anionic
surfactant.
2. The bath chemistry is designed so that formed metal ions do not form hydroxides in

the anodic step.

These are key to producing a coating which does not exhibit layering, where insoluble
hydroxide is formed during the anodic step, forming a barrier between consecutive layers of
metal deposited in the cathodic step. Hence for PRP to work we need to produce a bath
chemistry which destabilises cobalt hydroxide at the pH utilised. Figure 1 shows that cobalt

hydroxide is predicted to be unstable at the bath operating pH 6 this is confirmed by the
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chemicals used in preparation of the bath readily dissolving on preparation and subsequent pH
adjustments to pH 6 by addition of 1 M sodium hydroxide solution. These models are not perfect
and to check the validity the bath pH was adjusted to 13 by incremental edition of sodium
hydroxide without any visible sign of precipitation i.e. the predicted formation of cobalt

hydroxide above pH 7.6 was not observed.
4.2 The Effect of SDS Content on Particle Codeposition

The cross sections of coatings made under DC conditions shown in figure 2 reveal that the
addition of SDS reduces the thickness of the coating from 0.2-0.8 g L* SDS which is attributed

to a drop in cathode efficiency however at 1.0 g L™ SDS a thicker coating is deposited.

The n-SiC particle content of the DC coatings is shown in figure 8 which is a plot of particle
content versus SDS content for coatings produced under DC and PRP conditions. Of interest
here is the increase in n-SiC content with 0.2 g L™t SDS compared to 0 SDS. With subsequent
addition of 0.4-1.0 g L-1 SDS the particle content decreases steadily. Under DC conditions, the
initial increase in n-SiC content with addition of SDS is attributed to a better dispersion of
nanoparticles in the plating path during the deposition process. The subsequent decrease below
0 SDS levels, in n-SiC content from 0.6-1.0 g L™ SDS can be attributed to the saturation of the
available particle surface area with SDS molecules and subsequent micelle formation in the
bath which then caused particles to agglomerate. This argument may be supported by a simple
calculation comparing the molecular area covered by different concentrations of SDS and
comparing that with the surface area of the nano particles. The 50 nm n-SiC nanoparticles are
approximately spherical and have a total surface area of ~190 m? at 5 g L. Table 2 shows the
total surface area covered at different SDS concentrations assuming SDS has a molecular area
of 0.40 x 10 "*® m? [50]. The areas are of a similar order. The SDS in the bath is in equilibrium
between three states: free molecules, micelles and molecules adsorbed to nanoparticles. Other

surfaces are also covered but are trivially small in comparison to the nanoparticles surface area.

Weston et al 11



Figure 9 shows the surface tension of the bath with and without particles. All concentrations of
SDS in the range 0.1-1.0 g L™ are above critical micelle concentrations. The three-way
equilibrium proposed for the nanoparticle bath is reasonable and given the similarity in area of
coverage with total particle surface area, it is reasonable to conclude that SDS molecules titrate
onto the surface of particles until the surface is saturated at which point the micelle formation

dominates.

Figure 8 also shows the effect of SDS content on coatings produced by PRP. Here data is
presented with similar cathodic time. In each case, adding SDS increases particle content of the
coating up to 0.6 g L and thereafter decreases. The initial increase in particle content is
attributed to the titration of SDS onto the particle surface which increases the negative (
potential on the particles. Similar effects have been shown by other workers [40]. The effect of
increasing hexadecylpyridinium bromide (HPB) surfactant on Ni-Al203 coatings was explored
by Zhang [40]. They showed an increase in negative { potential followed by a levelling off
which was accompanied by a similar pattern in particle content of the coatings. We assume that
this behaviour is caused by a similar saturation of the surface of the nano particles with adsorbed
surfactant. Other researchers have seen similar effects such as Mohajeri et al [51]. The increase
in particle content with increased SDS content in PRP is of some significance. It was observed
that this increase in SDS did have a small increase on particle content in the DC case which
was attributed to an improved dispersion of nanoparticles in the plating bath with more negative
{ potential. When PRP is employed the particle content of coatings with SDS is significantly
increased as seen in figure 3 and plotted in figures 6 and 8. This implies that increasing SDS
increases the negative { potential of nano particles which attracts more nano particles to the
working electrode during the anodic step and increases the probability of particle adsorption
and subsequent encapsulation in the cathodic step. Once the surface area of the nano particles
has saturated with adsorbed SDS molecules subsequent SDS additions serve to increase micelle

formation. Since these are effectively high charge density nanoparticles they will compete with
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SiC nano particles at the working electrode surface and hence fewer of these particles are
encapsulated in the cathodic step. The result of this is that there is an optimum SDS content of
the bath which promotes particle codeposition by PRP. in our previous work [47] we saw
similar effects for SDS on Al203 of similar diameter in the same bath chemistry. In that case
the optimum SDS content was 0.4 g L whereas here it is 0.6 g L. Furthermore, the
effectiveness of SDS and PRP is far higher for SiC then for Al2O3 which we attribute to differing
{ potentials of the different particles. In previous work, we established a model which describes
the whole PRP process. The current work expands on our theoretical model and is explored

here so that we might move towards a generic technique which may be applied to other systems.

4.3 The Pulse Reverse Plating Codeposition Mechanism

During the anodic step increased SDS content gives more negative ( potential and leads to more
particles being adsorbed and increased particle encapsulation. PRP combined with SDS is

therefore a delivery mechanism of nanoparticles to the working electrode in the anodic step.

This delivery mechanism is responsive to increases in SDS content until such point that the
surface area of the nanoparticles is saturated. After this point the micelles compete with
nanoparticles at the surface of the working electrode so fewer particles are encapsulated. The
use of variable SDS content in this work shows the significant effect of SDS and { potential on
the electrophoretic attraction of particles to the working electrode, their adsorption and
subsequent encapsulation. The whole process is described schematically in figure 10. Figure
10a shows particles dispersed in the electrolyte surrounded by an associated cloud of adsorbed
ions. This is similar to the ideas proposed by Buelens et al [34]. The anodic working electrode
attracts these particles towards it. At the same time Co?* ions are produced and pass into solution
increasing their concentration close to the electrode surface. Over the course of the anodic pulse

the concentration of particles at and near the surface will increase. The force attracting the
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particle to the working electrode will be proportional to the charge on the particle and hence
directly related to the concentration of SDS in the plating bath. This is limited by the finite
surface area of the particles. As the particle and associated ion cloud come into close proximity
to the anode, figure 10b, the cloud is likely to undergo change as local chemistry and charge
effects occur. The presence of adsorbed Co?" ions may increase due to increased Co?*
concentration close to the anode. The ionic cloud of the particle also contains SDS molecules
and these are strongly attracted to the anode, hence the particle is drawn into a region close to
the electrode which is rich in Co?" ions and SDS, figure 10c. During the anodic step, the nature

of the working electrode surface is a place of great interest.

The interaction of SDS with the surface is dependent on the concentration. The model proposed
by Arnebrant [52] for SDS on chromium consists of a low concentration adsorption consisting
of well dispersed SDS molecules adsorbed by either the hydrophilic head and or the
hydrophobic tail, an intermediate concentration region in which a broken monolayer of SDS
molecules are adsorbed on the Cr surface via the anionic head with aligned hydrophobic tails,
and a high concentration region which occurs above critical micelle concentration (CMC) and
consists of a bilayer of highly ordered SDS molecules. Our measurement of surface tension
indicated that all our baths were above CMC, however we must also take into account that we
have a large surface area of nano particles present and that may have some effect on the
reliability of a neat bilayer model. Factors also disrupting the absorbed SDS layer are the
constant production of Co?* ions and the ultrasonic agitation employed during the plating
process. The concentration of SDS in this work varies from ~0.7-3.5 mM which is low
compared to the CMC of SDS in water, 8.25 mM [52, 53]. However, CMC is greatly reduced
in the presence of high ionic concentration [53, 54] and particularly in the presence of Co?*
ions. Given the combination of factors affecting the surface of the working electrode it is
reasonable to assume a single disrupted monolayer such as Arnebrant described as an

intermediate case. This is shown schematically in figure 10a-c. Lokar [55] proposed a

Weston et al 14



thermodynamic model for the strength of adhesion between a particle in aqueous surfactant
solution and a flat solid. The model describes an energy minimum with the particle in close
proximity to the surface, while maintaining a very thin film of surfactant between the two. In
the anodic step the inter surface region between nanoparticle and working electrode is also filled
with Co?* ions. Some of these may be considered to be part of the cloud of ions surrounding
the nanoparticle. As Paria [56] noted, an electrolyte that “salts out” a surfactant will promote
adsorption. The presence of continuous Co?* at the anode may therefore promote selective
adsorption of SDS at the anode. These effects combined to produce an ideal situation for
promoting particle and encapsulation on switching to cathodic mode. At the beginning of the

cathodic phase, two effects occur immediately:
1. Co?* ions associated with the ionic cloud are reduced.
2. SDS is repelled from the surface of the cathode.

These effects are depicted in figure 10d. As the cathodic cycle progresses, the concentration of
nano particles at the surface will decrease due to encapsulation and diffusion while an
equilibrium flux of particles to and from the surface similar to that in DC is attained. At some
point another anodic pulse is required to increase particle concentration and adsorption. The
higher the pulse frequency, the more particles will be incorporated into the growing coating.
The model described predicts a controllable system for delivery and capture of nanoparticles at
a growing electrodeposited metallic matrix. Each anodic pulse provides a boost to nanoparticle
content in the coating. It has been shown that the bath efficiency varies with shorter tc giving
higher efficiency. Figure 10e shows a schematic of the anodic process at high SDS
concentration. The particles now compete at the electrode surface with micelles and excess SDS
molecules adsorbed on the anode surface. This suppresses adsorption and encapsulation of

nanoparticles.

4.4 The PRP/SDS Boost
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The work presented shows that adding SDS to the plating bath and applying PRP improves
significantly the quantity and dispersion of nanoparticles in the coatings produced. During DC
deposition all baths produced a nanocomposite coating. This is assumed to be due to random
collisions of particles with the cathode and subsequent entrapment in the growing coating.
Figure 8 shows the addition of SDS improves the chances of encapsulation in DC conditions,
up to 0.6 g L™ but thereafter it decreases. Figure 8 also shows that introducing PRP increases
the particle content of coatings, and that the higher the pulse frequency, the higher the particle
uptake. The question arises; how many particles are captured per pulse? How do we analyse

the effectiveness of pulses in the ability to capture nanoparticles?

To do this, we need to know how the particles are captured throughout cathodic pulse. With 0
g L SDS we have seen the particle content of the coating is the same regardless of PRP
conditions hence we need to be able to measure the rate of particle capture as the coating grows.
This is achieved by expressing the number of particles captured per cycle expressed as a
fractional area of coverage of the electrode and plotting that against the thickness of coating

deposited per cycle expressed in particle diameters. The resulting graph is shown in Figure 11a.

It is useful to add some points of reference to this graph to give context. If the nanoparticles are
considered to be spheres, then the maximum packing density would give a value of 6 = 0.9069
to be achieved at a normalised coating thickness of 1. This value is extremely unlikely however,
and a more reasonable figure to take might be hcp close packing density of 0.74, however this
seems extremely unlikely as there are no bonding forces between particles. In a chaotic, random
accumulation of particles at the surface and subsequent capture, an upper maximum of 0.64
seems an appropriate maximum which might be aspired to since it represents the approximate
packing density of an amorphous metal. Again, without inter particle bonding this seems an
extreme value, but one that helps guide examination of the data. Hence the black solid line in
Figure 11a represents this value. The black dotted line with a gradient of 0.64 shows the

maximum attainable packing value with growth. Plotting the data for 0 g L* SDS produces a
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straight-line relationship with a line of best fit passing close to the origin which is consistent
with the theory that pulsing confers no benefit. With 0 g L™t SDS, a normalised coating thickness
of 7.5 is required to achieve 6 = 0.64, the line having a gradient of 0.106. The effect of adding
SDS on particle capture is that at short tc, the gradient of each plot shifts towards the ideal
gradient. In physical terms, at the beginning of the cathodic pulse, the population of
nanoparticles at the surface is high as a consequence of the previous anodic pulse attracting the
negatively charged particles. From 0.2-0.6 g L™ SDS this effect is increasingly pronounced. At
longer tc the lines adopt a gradient parallel to the 0 g L™ SDS, and this represents the depletion
of nanoparticles close to working electrode, i.e. with longer tc the boost effect of the previous
pulse is lost and the coating comes to resemble a DC produced coating. With higher SDS
content 0.8-1.0 g L™* we have already seen that the DC coatings contain fewer particles, hence,
although there is a boost in particle content at low tc, the subsequent transition to DC type
behaviour at longer pulses results in fewer particles being captured compared to the 0 g L™t SDS
case. Hence, the gradient of these data at higher tc are much lower. It can now be seen that the
pulse increases particle content up to approximately 5 particle diameters before levelling off
giving a maximum useful tc pulse length. It is interesting that all baths with SDS appear to attain
a fractional coverage of approximately 6 = 0.33 within 2 to 2.5 coating diameters. This indicates
that a particle at the surface at the beginning of the cathodic step has approximately 20 to 25%
chance of becoming captured by the growing coating. This looks a very good rate of capture to

the authors.

Another way to look at the effectiveness of the boost caused by the pulse is to plot the same
data but subtract out the DC value for area coverage from each SDS content. Hence 0 g L™* SDS
now approximates to a flat line in Figure 11b. Adding 0.2 g L™ SDS gives a boost in the first
five diameters, 0.4 g L™ in the first 20 and 0.6 g L™ gives a permanent post over DC under the
same conditions. Whatever the SDS content, PRP always gives an improved particle content

due to increased particle concentrations near the working electrode during the anodic step
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leading to increased probability of adsorption and capture in the cathodic step. Finally, in figure
12 we compare the particle content of the coatings produced with 0.2 g L SDS. Here we are
starting to see that similar patterns of behaviour are produced from the same bath conditions
with different particle size and chemistry. We believe this shows the potential offered by the
PRP technique to produce nanocomposite coatings from any bath in which the anodic behaviour

is controlled to avoid layering.
4.5 Bath Efficiency.

The efficiency of similar baths were reported previously [47]. In that work the efficiency at DC
was 60-75% which improved with shorter tc. While there is no problem with layering due to
Co(OH)2 formation in this or previous work, there remains the possibility that pH can increase
near the working electrode during the cathodic step due to the reduction of H* ions and that this
could lead to layering. Therefore, the effect of complexing agent can have both a positive and
negative effect on coatings produced by PRP and a balance between the ability to destabilise
the solid hydroxide and the decrease in efficiency, leading to increased pH must be found in

future work.
4.6 Effect of pH

We have discussed that increasing pH during PRP is best avoided as it can give layering. A low
pH is likely to have a strong effect on { potential and compete at the surface of nanoparticles
with the anionic surfactant. This predicts an operating pH window which must be explored

further for this and other potential systems.
5. Conclusions

In DC plating conditions, adding SDS to a Co-nSiC plating bath up to 0.4 g L™ increases the n-
SiC content of coatings, as the more negative potential improves dispersion of the nanoparticles

in the plating bath. In additions of more than 0.4 g L, a decrease in particle content of
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electrodeposited coatings is observed as the surface area of the nanoparticles becomes saturated

and the dispersion is destabilised by excessive micelle formation.

In PRP, the use of an anionic surfactant in concentrations of up to 0.6 g L™ promotes particles
inclusion when compared to DC plating, due to the electrophoretic attraction of particles to the
working electrode in the anodic phase. At SDS content of greater than 0.6 g L™, the particle
content of coatings in decreases as the surface area of the nanoparticles again becomes saturated
and the dispersion is destabilised by excessive micelle formation. Without SDS there is no
increase in particle content due to PRP. It is clear that the { potential of the particles in the bath

is of great importance. This should be considered more fully in future work.

The use of shorter cathodic times (tc) in the period of tens of seconds produces coatings with
higher particle content. By varying tc and SDS content, the particle content of coatings is
controllable. By demonstrating these relationships, the combination of PRP with anionic
surfactant shows the generic nature of the technique in the chosen cobalt electrolyte. Where
previous work hasn’t utilised the anodic step to aid nanoparticle inclusion, the method discussed
here creates a mechanism for delivering nanoparticles to the working electrode during the

anodic phase, which are then encapsulated during the cathodic phase.

In order to develop a generic technique, the bath chemistry to allow electrodeposition of
common coatings e.g. Ni or Zn, should be modelled based on similar principles to those
presented here, and optimised so that efficiency is maximised and oxide/hydroxides

destabilised.
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Table 1. Bath composition

Chemical

Concentration M

Concentration g L!

Cobalt sulfate heptahydrate | 0.25 80
Boric acid 0.6 40
Sodium chloride 0.5 30
Sodium D-Gluconate 0.55 110

Weston et al

25




Figure 1: Cobalt plating bath speciation plot, calculated by HYSS software, using data from

Rudnik [47] [colour print]
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Figure 2: Scanning Electron Micrographs in BSE mode of coatings produced by DC plating
from baths with variable SDS contenta) 0.0g L%, b)0.2gL?% c)04gL? d)0.6gL?e)0.8

gLandf)1.0g L™
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Figure 3: Scanning Electron Micrographs in BSE mode of coatings produced by PRP with tc
=60 s plating from baths with variable SDS contenta) 0.0 g L?, b)0.2g L%, ¢)0.4gL%, d)

06gL%e)08gLYandf)1.0gL™
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Figure 4: Scanning Electron Micrographs in BSE mode of coatings produced from bath
containing 0.6 g L SDS by Pulse Reverse Plating (PRP) with variable cathodic time, tc = a)

30s,b)40s,¢)60s,d)90s,e) 120 sand f) 240 s.
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Figure 5: Scanning Electron Micrographs in BSE mode of a coating produced from a bath
containing 0.4 g L™* SDS under PRP conditions with a cathodic time tc = 60 s. a) low
magnification b), c) and d) higher magnification images at different accelerating voltage b) 10

kV, c) 15 kV and d) 20 kV. More particles are visible with higher accelerating voltage.

(b)
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Figure 6: Graphs of particle content in coating versus cathodic time, (tc) for PRP coatings with
SDS content of &) 0, 0.2, 0.4 and 0.6 g L%, b) depicts coatings with 0.6, 0.8 and 1.0 g L™* SDS.

Two graphs are presented for clarity. [colour print]
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Figure 7: Graph showing Knoop microhardness of Co-SiC coatings with changing SiC

nanoparticle content dependent on concentration of SDS used. [colour print]

700 [

l
T
,_4
|

Ay

¢

b

i
o

o
Tiﬁ<

Microhardness(Knoop 10gf)

400
m 09/l SDS
300 A ® 0.29/I SDS
] 0.4 g/l SDS
200 v 0.6 RF g/l SDS
0.6 JC g/l SDS
0.8 g/l SDS
1004 1.0 g/l SDS
0 T T T T T T T T ' T T T T T T T
0 2 4 6 8 10 12 14 16

SiC Vol%

Weston et al 32



Figure 8: Graph showing the concentration of SiC particles in the cobalt coatings with changing

SDS bath concentration, as cathodic time, tc is varied. [colour print]
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Figure 9: Plating bath surface tension measured with varying SDS content; with and without

SiC nanoparticles. [colour print]
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Figure 10(a-d): Schematic diagram showing a) SiC nanoparticle and ion cloud attracted from
bulk by electrophoretic force, F, to anodic working electrode, WE, which exhibits a partial layer
of adsorbed SDS molecules b) the SiC particle moves close to the anode and its cloud of ions
interacts with the surface, ¢) magnification of region between SiC particle and anodic WE
showing presence of H* and Co?* ions and DS ions adsorbed on both particle and WE, d)
cathodic WE reduces H* and Co?* ions and particle becomes adsorbed and encapsulated. SDS

are repelled from surface [colour print]
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Figure 10(e): Schematic of particles attracted to anodic WE in presence of excess SDS (> 0.6

g L) [colour print]
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Table 2: Area of coverage by SDS

sDS/gl? SDS / mM Area / m?
0.2 0.69 166
0.4 1.39 332
0.6 2.08 499
0.8 2.78 665
1.0 3.47 831
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Figure 11: Plot of fractional area of coverage of working electrode surface by a) total

nanoparticles plotted against the coating thickness per cycle normalised to particle diameter and

b) nanoparticles present purely due to anodic pulse, plotted against the coating thickness

normalised to coating diameter. [colour print]
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Figure 12: Graph showing the nanoparticle content of coatings against coating thickness from

current Co-SiC

[colour print]
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Highlights

Electrodeposited nanocomposite coatings with controllable particle content
Particle content controlled by adjusting pulse reverse plating parameters
Bath composition is designed to avoid oxide/hydroxide formation

Pulse-Reverse-Plating provides a particle delivery mechanism to working electrode
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