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Composite coatings suitable for protection against wear were prepared by electrodeposition from a 
nickel Watts solution containing silicon carbide particles maintained in suspension. To obtain a better 
understanding of  hydrodynamic  effects on the codeposition process a rotating disc electrode, 
immersed in a vertical rising flow, was used. The local concentrat ion of  embedded SiC along the radius 
of  the disc electrode was studied as a function of  suspension concentration, rotation rate and the 
particle mean diameter. The effect of  a rheoactive polymer was also examined. Although it is generally 
admit ted that the particle incorporat ion rate is governed by a two-step adsorption process, the experi- 
mental  results show that it is also dependent  on the spatial distribution of  the wall fluid flow. The nor- 
mal component  of  the fluid velocity promotes particle impingement,  whereas the parallel component  
tends to eject the loosely fixed particles. The competit ion between the forces which tend to maintain 
particles at tached to the surface and the shear force which tends to remove them, depends on several 
parameters,  in particular the surface chemistry and the size of  the particles, the flow rate and the cur- 
rent density. 

List of symbols r/ overpotential (V) 
i current density (A dm -2) 

A, B Tafel coefficients according to metal K Langmuir coefficient (g-1 dm 3) 
and particle deposition, respectively T constant coefficient in Equation 2 

~v volume ratio of the amount of code- Vr, Vz radial and normal component of the 
posited particles (vol %) fluid velocity (cm s -1) 

c~ w weight ratio of the amount of code- f~ rotation rate of the disc electrode 
posited particles (vol %) (rpm) 

C concentration of the particles in sus- f~c critical rotation rate (rpm) 
pension in the bath (g dm -3) 

fadh, fstagn, forces exerted on particles (adhesion, 
fshear, ffric stagnation, ejection, friction) 

1. Introduction 

Composite coatings can be prepared by electro- 
deposition from an electrolytic solution containing a 
suspension of insoluble particles [1]. Interesting appli- 
cations have been developed for purposes of wear 
resistance [2, 3], dry lubrication [4, 5], anticorrosion 
[6, 7] and dispersion hardening [8, 9]. 

Many systems were studied, including metals such 
as copper [10-13, 32], nickel [2, 3, 8, 9, 14], silver 
[5], cobalt [15, 16], lead [17] and gold [18, 35]. A great 
variety of particles was also used, including inert 
materials such as diamond [19], ceramic materials 
such as silicon carbide [2, 5, 20-23], titanium carbide 
[17], chromium carbide [6], alumina [8 to 11, 25], 
titania [9, 20], chromium oxide [16], lubricant materi- 
als such as PTFE [26], graphite [27] or molybdenium 
sulfide [4, 5] and also metallic materials such as 

chromium [28, 29]. Because of their excellent tribolo- 
gical properties nickel/silicon carbide coatings were 
first developed to protect the NSU-Wankel rotary 
engine [23] against wear and are used as substitutes 
for hard chromium coatings in four-stroke or two- 
stroke aluminium engines [3, 31]. 

According to the literature, the rate of particle 
entrapment depends on many factors either related 
to the particles (size, density, composition, zeta 
potential [11, 25, 30, 39], conductivity [40]) or to the 
electrolytic solution (composition, pH, temperature, 
presence of additives [21, 30, 32]). Agitation of the 
bath appears to be an important factor but its effects 
are somewhat ambiguous. In most cases particle sizes 
are larger than 0.1 #m and therefore vigorous stirring 
of the electrolyte is necessary to obtain a homo- 
geneous suspension. Various stirring techniques 
have been employed [1, 16]. In some industrial 
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processes, several of these techniques are employed 
simultaneously [15, 26]. However, it has sometimes 
been observed that increase in fluid velocity results 
in a decrease in the incorporation rate of  solid 
particles [30, 33]. 

The cause of  the incorporation of  inert particles 
into the deposit has been attributed to a simple 
mechanical entrapment [34] or to electrophoretic 
forces acting on the electrically charged particles 
[25]. In 1972, Guglielmi proposed a simple two-step 
model [20]. The particles are assumed to be covered 

2+ by adsorbed metal ions Mad s. In the first step, particles 
are loosely adsorbed at the cathodic interface. The 
surface coverage, a, is expressed by a slightly modified 
Langmuir adsorption isotherm: 

KC 
c~-- I + K ~ ( 1 - O )  (1) 

where Kis  the adsorption coefficient, C the concentra- 
tion of  the particles in the electrolyte and O the sur- 
face coverage by particles which are still definitively 
attached to the coating. Effectively, in many experi- 
mental investigations a v tends to an asymptotic limit 
for increasing values of  suspension concentration. 
During the second step, the loosely adsorbed particles 
are definitively attached to the deposit by the electro- 

2+ lytic reduction of the adsorbed ions Mad s. By assum- 
ing, that both M 2+ and M]d + reduction rates obey 
Tafel laws the following equation was derived: 

C Te(B_A)~(1 + C) (2) 
O@ 

where the symbols are explained at the start of this 
paper. 

According to Equation 2, plots of C/c~v against C 
for various constant overpotentials (or current densi- 
ties) are straight lines converging at a common point 
Co = -1 /K on the C axis. Guglielmi obtained experi- 
mental results which were in good agreement with his 
own predictions. In particular he observed that o~ v was 
an increasing function of i in the case of  Ni/SiC code- 
position, whereas it was a decreasing function in the 
case of Ni/TiO 2 codeposition [20]. 

It is important  to note that hydrodynamics does not 
play any role in this model. Furthermore,  the Tafel 
relation used in Equation 2 is valid only in the case 
of a reaction rate limitation and can not be used 
when the current density or the particle flow is limited 
by mass transport. 

Celis et al. [11, 18, 30, 35-37] studied the codeposi- 
tion of copper or gold with alumina on a rotating disc 
electrode and derived a mathematical model where it 
was assumed that free and adsorbed metallic ions 
are equal with respect to transport and to reduction 
processes and that a particle would be attached to 
the metal if a given amount  of  adsorbed ions was 
reduced during its residence time in the vicinity of 
the cathodic interface [36, 37]. C~v increases with cur- 
rent density as long as the deposition rate is under 
charge transfer control and decreases when the cur- 
rent is limited by mass transport of  ionic species. It 
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Fig. 1. Scheme of the experimental setup used for the electrodeposi- 
tion of composite coatings. 

was also experimentally observed that electrolyte stir- 
ring modifies the c~ v against i relationship even for 
metals for which the deposition rate is not limited 
by mass transport of  ionic species. For  example, in 
the Ni/SiC system, Kariapper and Foster [38] 
observed than an increase in the bath agitation can 
completely reverse the relationshi p between oL v and 
the current density. 

The aim of  the present study is to obtain a better 
understanding of  the effects of fluid flow on the incor- 
poration rate of inert particles with the electro- 
deposited metal. Nickel/SiC composite coatings were 
deposited onto a rotating disc electrode which has 
the advantage of  uniform accessibility to mass trans- 
port. The radial distribution of the local volume frac- 
tion of  embedded particles was studied as a function 
of  the rotation rate, the particle concentration, the 
particle size and the current density. The hydro- 
dynamic conditions were also modified by adding a 
rheoactive polymer to the electrolyte. 

2. Experimental details 

2.1. Experimental setup 

The plating cell was a cylindrical glass vessel with a 
conical bot tom (Fig. 1). The electrolyte, which con- 
tained SiC powder in suspension, ascended from the 
bottom of the cell and spilled over the rim into a con- 
centric compartment; it was recirculated by means of 
a centrifugal pump. The pumping rate was adjusted to 
ensure a very slow ascension velocity of  the particle 
suspension, just sufficient to avoid sedimentation. 
Working electrodes were 12 to 20 mm diameter discs 
immersed in the stagnation region of the ascending 
flow. They were made of polished titanium or nickel. 
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Table 1. Main characteristics of the various silicon carbide powders used for the preparation of the composite coatings plating baths 

SiC powder Mean diameter BET area Main bulk impurities Surface composition Crystal structure 
/#m /m 2 g-1 /wt % 

Lonza 
UF 05 2.8 4.57 
UF 10 1.8 10 
UF 15 0.8 15.6 
UF 32 0.1 ~ 32 

Wolters 4 2.55 

Ibidens 10 0.9 

Fe0.95% 
SiO c~(m) and/3 

P 0.7% 

N 0.13% SiC -~ E SiO (~(III) -- o~(II) 
Fe 0.5% 

Total < 1% SiO + SiC /3 

By using a ferri/ferro-cyanide redox couple, and by 
measuring the limiting current, it was verified that in 
the vicinity of  the electrode, the fluid flow is governed 
by the disc rotat ion and not by electrolyte recircula- 
tion at rotat ion speed > 200 rpm. 

For  nickel electrodeposition the plating solution 
was a Watts bath (NiSO4.7H20 300gdm-3;  NiC12 
30gdm-3 ;  H3BO3 40gdm-3) .  The p H  was adjusted 
to 4.5 and the temperature was maintained at 
(50.0 • 0.5)°C. In a limited number  of  experiments, 
small quantities of  xanthan gum, which is a long chain 
rheoactive polymer,  were added to the electrolyte to 
test its effect on particle incorporation. Electrodeposi- 
tion was performed potentiostatically or galvanostati- 
cally. Electrode potential was measured against a 
saturated calomel reference electrode (SCE). A large 
pure nickel sheet was used as soluble anode. 

2.2. S iC  powder characterization 

Silicon carbide powders f rom various manufacturers  
(Lonza, Wolters and Ibiden) were used. Particle sizes 
were measured by means of a Sedigraph apparatus  
and morphology was observed by scanning electron 
microscopy. SiC composit ion was analysed by atomic 
absorption and surface concentration profiles were 
determined by SIMS. The crystal structure of  SiC is 
generally a mixture of  several cubic and hexagonal 
phases which were identified by X-ray powder diffrac- 
tion. The main data are summarized in Table 1. It  is 
worth noting that the superficial layer of  the Lonza 
silicon carbide contains a much greater quantity of  
oxygen than of the other SiC powders. 

According to SEM observation, Lonza and Wolters 
particles exhibited very irregular shapes and often 
appeared like platelets with sharp edges resulting 
f rom cleavage along dense lattice planes during the 
grinding of  the bulk material. Conversely, Ibiden-S 
particles, which were prepared by a different techni- 
que, were more or less round shaped. Most  experi- 
ments presented in this paper  were carried out with 
Lonza SiC powders because five grains sizes of  the 
same material quality were available. 

2.3. Composite  coating analysis 

Composite coatings were separated f rom their 

t i tanium substrate; they were calcined and the result- 
ing CO2 was determined by infrared absorption 
spectroscopy. By using this method, the mean concen- 
tration of embedded SiC was evaluated. The measure- 
ment error on the mean SiC percentage is about  
±0.2%.  

The local SiC concentration, C~L, was evaluated by 
EDX analysis by measuring the ratio between the 
intensities of  a silicon peak and a nickel peak, and 
by comparing with a homogeneous standard. To 
determine the radial distribution c~ L against r of  
incorporated SiC in a disc electrode, several sets of  
measurements were performed every few millimetres 
along a radius of  the disc. The domain of  analysis 
was a 100 #m x 100 #m square, small enough to char- 
acterize the local concentration but sufficiently large 
to obtain reasonable precision (±0.5%).  

3. Results 

3.1. Mean  f rac t ion  o f  incorporated S iC  

Figure 2 shows the mean weight fraction, O~w, of sili- 
con carbide incorporated in 50#m thick composite 
layers deposited on a 12ram electrode against the 
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Fig. 2. Mean weight concentration c~ w of incorporated SiC within 
nickel electrocoating against UF05 SiC concentration in the bath 
for various rotations velocities (i ~ 5 A dm -2, electrode diameter: 
12mm). 
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Fig. 3. Same experimental results as for Fig. 2 plotted in a C/c~ v 
against  C Guglielmi coordinates system. 

UF  05 powder concentration in the plating bath, for a 
constant current density (5 A dm -2) and for several 
rotation velocities. The results are apparently in 
good agreement with the Guglielmi model. Effec- 
tively, aw against C curves have the general shape of 
an adsorption isotherm; the asymptotic value of c~ w 
is approximately 10% by weight (or ~ 25% by 
volume). The same experimental results were also 
plotted as C/a against C as proposed by Guglielmi 
(Fig. 3). The curves are straight lines in agreement 
with Equation 2. The adsorption coefficients, K, 
deduced from these curves are given in Table 2. These 
data clearly show that the first step in the codeposition 
process is strongly dependent on fluid flow. K varies 
with rotation velocity and the relationship is not 
monotonic; the highest values are obtained for 
intermediate velocities. This appears to contradict 
the fact that an adsorption coefficient is normally 
expected to be independent of  the system 
hydrodynamics. 
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Fig. 4. Mean  weight concentration of  incorporated U F  05 SiC 
against current densit~ for three rotation velocities (particle concen- 
tration C = 20 g dm -~, electrode diameter: 12ram) 

Table 2. Adsorption coefficients K for various rotation velocities 
deduced from Fig. 3 according to the Guglirlmi model. (UF 05 SiC: 
i = 5 A dm -2) 

~/rpm 200 700 1500 

K/ lO-3g 1 dm 3 10.6 22.2 7.9 

To examine the influence of  fluid flow on the second 
step of  the codeposition process, o~ w was measured 
and plotted against current density between 0.5 and 
20 A dm -2 for a constant suspension concentration 
(C = 20 g dm 3; UF 05) and for several rotation rates. 
When ~ is greater than 400 rpm, C~w is a monotonic 
and decreasing function of the current. On a log/log 
plot the curve is a straight line with a negative slope, 
the value of which depends on the rotation velocity. 
When ~ is less than 400 rpm, ~w becomes small, 
increases with i, passes through a maximum and 
finally decreases for higher current intensities (Fig. 
4). In the same way, the ratio B/A deduced from 
Equation 2 can be lower or larger than 1 depending 
on the rotation rate. 

Another effect of rotation rate is illustrated by Fig. 
5 where the mean weight fraction is plotted against ~2 
for a constant current density, for two electrode dia- 
meters and for two suspension concentrations. Two 
regimes are evident: at low rotation velocities, increase 
in ~ has a beneficial effect on the particle incorpora- 
tion. This can be attributed to the larger convective 
flow towards the disc electrode. Conversely, at high 
rotation velocity, the incorporation tends to decrease 
with ~. In this last case, the intense radial flow ejects 
loosely attached particles. Figure 5 also illustrates 
the dependence of c~ w on the electrode radius. At 
high rotation rate, the mean incorporated weight frac- 
tion is lower for a 20ram disc than for a 12mm one, 
although the suspension concentration was 
40 g dm -3 in the first case and only 20 g dm -3 in the 
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Fig. 5. Mean  weight concentration of  incorporated U F 0 5  SiC 
against  rotation velocity (i = 5 A dm-2). ((3): C = 20 g din-3; elec- 
trode diam: 12 mm; (+): C = 40 g dm 3; electrode diam: 20 mm.  
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Fig. 6. Radial distribution of the local concentration c~L of UF 10 
SiC in a 20mm disc electrode for various rotation velocities: (A) 
300 rpm, (+) 500 rpm, (rq) 700 rpm and (O) 1500 rpm. 

second. This supports the hypothesis of an ejection 
effect, the importance of which increases with the 
wall fluid velocity and, therefore, with the radial 
distance. 

3.2. Local fraction of incorporated SiC 

The local concentration ct L was measured along a disc 
radius for composite coatings prepared over a large 
range of experimental conditions [42, 43]. The 
influence of rotation velocity, £Z, is illustrated in Fig. 
6. Two regimes occur: in the low velocity regime, the 
local concentration is weak and practically constant 
over the entire electrode. In the high velocity regime, 
above a critical velocity (f~c = 400 rpm in the present 

case), the local concentration measured at the centre 
is much larger and is nearly independent of  f~. How- 
ever, away from the centre, c~ L decreases as the radial 
distance r increases. This effect increases with the rota- 
tion rate. For  example, at 1500 rpm, c~i~ is three times 
lower near the electrode rim than in the centre. This 
explains why, in the previous results, the mean con- 
centration was lower on a large disc than on a small 
one (Fig. 5). In some cases, near the centre, a small 
secondary minimum was observed; this was probably 
due to slight eccentricity of  the rotation. 

The radial distribution of  SiC content results not 
only from a reduction in the number of  entrapped par- 
ticles at increasing radial distances but also from the 
decrease of the particle size. At long radial distances, 
only very small particles are detected by SEM. It 
can therefore be concluded that the biggest particles 
are preferentially ejected by the radial component ,of 
the fluid flow. It was also observed that, in most cases, 
the emerging SiC platelets are not fixed to the nickel 
along their large flat cleavage faces but stand verti- 
cally. This phenomenon is probably due to the aniso- 
tropic properties of  SiC crystals. 

The radial distribution of  incorporated SiC also 
depends on the concentration of  the particle suspen- 
sion. Two sets of curves are presented in Fig. 7. 
They correspond to two values of  C and to two rota- 
tion rates. In the low velocity regime, ct L is practically 
independent of  r, but increases with C. In the high 
velocity regime, c~i~ is practically constant near the 
disc centre, whereas it decreases with r more slowly 
for a larger concentration, C. The Guglielmi assump- 
tion of  a saturation of the incorporation rate is con- 
firmed in the central region of the electrode. 
Moreover, for fZ > f~c, it appears that the suspension 
concentration on one hand, the electrode radius al~td 
the rotation velocity on the other, have opposite 
effects on the codeposition rate. This is illustrated by 
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Fig. 7. Radial distribution of the local concentration aL of UF 10 
SiC for two particle concentrations and two rotation velocities. 

10Adm-% C = 40gdm-3: (0) 300rpm and ( I )  1500rpm; 
20gdm 3: (O) 300rpm and ([5]) 1500rpm. 
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Fig. 8. Local concentration of UK l0 SiC against the reduced vari- 
able (rfZC -1) for particle two concentrations and two rotation velo- 
cities. C = 4 0 g d m  -3: (O) 500rpm and (Fl) 1500rpm; 
C = 20gdm 3: (A) 500rpm and ( I )  1500rpm. 
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Fig. 9. Radial distribution of  the local concentration cq~ of  U F  15 
SiC in a 20ram disc electrode for various rotation velocities. 
(C = 20gdm-3;  i = 5 A d m  a). (+) 500rpm, (D) 700rpm and (©) 
1500 rpm. 

plotting c~i~ against the reduced variable rf~C -1 for the 
high velocity regime only (Fig. 8). 

3.3. Effects of the powder characteristics 

The percentage of SiC particles embedded in the 
nickel electrodeposit strongly depends on the particle 
size. For diameters smaller than approx. 5 #m, it was 
observed that the incorporation generally tends to 
increase with the mean diameter [43]. For example 
the radial distributions of a UF 15 SiC powder for 
several rotation velocities are presented on Fig. 9. 
These curves have to be compared with Fig. 6, which 
corresponds to a UF 10 powder with a larger grain 
size. Two results are emphasized: (i) the incorporated 
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Fig. 10. Mean weight concentration of  four kinds of  Lonza SiC 
powders against current density. (C = 20 g dm-3; electrode diam: 
20mm, fl = 500rpm). ( t )  UF05,  (A) UF10,  ([~) UF15  and (©) 
UF32.  
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Fig. 11. Mean concentration of  incorporated particles against cur- 
rent density for silicon carbide powders of various origins. 
(C = 20gdm-3;  i = 10Adm-2;  f~ = 500rpm). (ll) Lonza UF05; 
( I )  Wolters; (A) Ibiden S; (1) experimental results of  Guglielmi 
[201. 

fraction of UF 15 is less than in the case of UF 10 (and 
even less than UF05), and (ii) the critical velocity 
which corresponds to the transition between the low 
velocity regime and the high velocity regime is higher 
than 700 rpm, whereas it was about 400 rpm for a 
UF 10 SiC powder. 

In the case of very fine SiC powders, such as UF 32, 
the local weight concentration was always very low 
(less than 0.7%), (close to the detection threshold of 
the EDX analysis technique), and was practically 
independent of r over the entire rotation rate range. 
This indicates that the critical rotation velocity, f~c, 
was never reached. 

The mean fraction of incorporated SiC was also 
measured against the current density for four kinds 
of Lonza SiC powders (Fig. 10) at a 500 rpm rotation 
velocity 500 rpm. For the biggest particles (UF 05 and 
UF 10) c~ w was very important and decreased with the 
current density. For smaller particles, (UF 15 and 
UF 32) ~w was smaller but tended to increase with 
increase in current density. It is worth noting that 
the c~ w against i curve obtained at 300 rpm with a 
UF 05 powder (Fig. 4) is very similar to that obtained 
at 500rpm with a UF 15 powder (Fig. 10). This sug- 
gests that the partition between the low velocity 
regime and the high velocity regime is a function of 
the particle size. The smaller the particle diameter, 
the higher the critical rotation velocity becomes. 

A limited number of similar investigations were 
carried out with silicon carbide powders from other 
origins (Table 1). Some typical experimental data, 
plotted as o~ w against i curves, are summarized in 
Fig. 11. For the sake of comparison, we also report 
on the same figure the results published by Guglielmi 
[20]. It appears that Guglielmi's data and the curve 
obtained with Wolters SiC belong to the low rotation 
velocity regime (as for Lonza UF 15 and UF32 
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Fig. 12. Effect of xanthan gum on the radial distribution of the local 
concentration of UF 10 SiC. (C = 20 g dm 3, i 10 Adm-2). With- 
out additive: (e) [1 = 700rpm; with 1 gdm 3 of RhodopolTM: (©) 
300 rpm; (A) 700 rpm; (A) 1500 rpm. 

powders on Fig. 9). Neither the characteristics of the 
SiC powder nor the stirring conditions used by 
Guglielmi are known. Nevertheless, it is worth noting 
that the incorporation fraction for the Wolters pow- 
der is very low, although their mean particle diameter 
is much larger (about 4 #m) than the Lonza powders. 
In the case of Ibiden-S powder, in spite of an even lar- 
ger size (about 10#m) the incorporated fraction is 
small. In this particular case, it is possible that the ver- 
tical motion of these very big particles toward the disc 
electrode is impeded by gravity. These comparative 
data suggest that the physico-chemical properties of 
SiC particles and, in particular, their surface composi- 
tion also play a prominent role in the codeposition 
process. 

3.4. Influence of xanthan gum 

To avoid sedimentation of  the particle suspension in 
the plating tank, Foissy and Desbois [44] proposed 
the incorporation of  small quantities of a rheologic 
agent in a Ni/SiC composite coating plating bath. 
They used Rhodopol  TM, which is the commercial 
name of  xantham gum produced by Rhone-Poulenc  
Company. This compound is made of long chain 
polysaccharid molecules; it is commonly used for sta- 
bilizing and thickening emulsions and suspensions. 
These authors found that this additive significantly 
increased the SiC content of the composite coating. 
A set of  experiments was performed in a similar way 
as above after adding 1 g dm -3 Rhodopof f  M in the 
plating bath. Rhodopol  T M  has a spectacular effect: 
the mean concentration of incorporated SiC increased 
by a factor 2 for a 20 mm electrode and even more for 
smaller electrodes. In most of the experimental 
domain, the variations of o~ w against i or against f~ 
became characteristic of the high velocity regime. 
Figure 12 shows how the radial distribution of SiC 

Fig. 13. SEM micrograph of the central part of Ni/SiC composite 
coating prepared in the presence of Rhodopoff M. (UF 10 SiC: 
C = 20gdm 3, f~ = 700rpm; i = 10Adm-2). 

content is also strongly affected. Near the centre of 
the disc, the local SiC concentration may reach values 
as high as 13% by weight instead of about 4% in the 
absence of  the additive. Conversely, away from the 
centre, the SiC concentration is dramatically dimin- 
ished and may be lower than that without additive, 
especially for high rotation rates. It is worth noting 
that, in the presence of Rhodopol  TM, the radial distri- 
bution curves obtained with a very fine SiC powder 
(Lonza UF  32) [43] have the same form as those 
obtained with UF 10 (Fig. 12). In the central part of 
a composite coating prepared in the presence of 
Rhodopof f  M (Fig. 13) the concentration of  attached 
particles is very high and, as mentioned above, most 
of the crystallites stand vertically. In addition, a very 
smooth nickel surface with the presence of cracks 
was observed on the SEM images. This shows that 
xanthan gum behaves as a brightening agent for nickel 
electrodeposition but the incorporation of organic  
species induces internal stresses in the nickel matrix 
which may affect the mechanical and the protective 
qualities of the coating. 

4. Discussion and conclusion 

Use of a rotating disc electrode, has shown that both 
steps of the nickel/particle codeposition process is 
affected by hydrodynamics in spite of the fact that 
this factor is not considered in the Guglielmi model 
[42, 43, 47]. For  example, the apparent adsorption 
coefficient is very sensitive to bath agitation and 
depends on it in a complex way (Table 2). 

Recently, Fransaer et al. [45, 46] derived a new 
codeposition model based on detailed analysis of par- 
ticle trajectories by taking into account all particle- 
electrode interaction forces, as well as hydrodynamic 
forces. Particles are subjected to gravitational force, 
Fg, which, in our setup (Fig. 14(a)) was balanced by 
the vertical force, Fe, resulting from the liquid circula- 
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Fig. 14. Schematic diagram representing forces acting: (a) on parti- 
cles approaching the rotating disc electrode. (b) on a particle 
attached to the surface (enlarged view). 

tion by the external pumping circuit and to the forces 
exerted by the convective flow of  the rotating disc elec- 
trode and, eventually, to attractive forces from the 
electrode surface if the particle approaches sufficiently 
close. For  non-Brownian particles, the model shows 
that small particles tend to follow the fluid streamlines 
while the big particles tend to leave the streamlines 
when close to the wall. Particles which are attached 
to the surface are submitted to adhesion forces, Fadh, 
and frictional forces, Ffric, by the electrode surface 
and to a stagnation force, Fstagn, and a shear force, 
Fshea r, by the fluid flow (Fig. 14(b)). 

In the 'perfect sink' hypothesis, any colliding 
particle is permanently captured and a homogeneous 
radial distribution is therefore expected on a uni- 
formly accessible electrode. This case corresponds to 
our experimental results obtained in the low velocity 
regime with a fine SiC powder below the critical rota- 
tion rate (Figs 6 and 9). Under these conditions, the 
concentration of  entrapped SiC increases with the 
rotation rate. For  bigger particles, and larger flow 
rates, i.e. in the high velocity regime, the perfect sink 
hypothesis no longer holds. It is necessary to take 
into account the effect of the shear force exerted by 
the fluid flow parallel to the wall on the attached par- 
ticles, which tends to remove them before they become 
definitively entrapped in the metal layer. In the Fran- 
saer model, a simple criterion was defined: an attached 
particle will be ejected if Fshea r is larger than the sum of  
the adhesion force, fadh, and the stagnation force, 
Fstagn, which both tend to maintain the particle in con- 
tact with the electrode. Thus, on a RDE one may 
expect a sudden drop of the incorporation rate as 
soon as the radial distance becomes larger than a 
critical value, r c, where Fshea r becomes greater than 
(Fshea r -~- fadh). In fact, Fad h has a distribution due to 
local surface physical imperfections and to the surface 
roughness. The size distribution of  particles enhances 

this effect: only the small diameter fraction of the par- 
ticulate can be captured at large radial distances. 
Finally, the ae  against r curve looks like a sigmo~d 
(Figs 6, 7 and 9). The mean quantity of  incorporated 
SiC can be deduced by integrating this curve over the 
entire electrode radius. As such, the decrease in the 
mean quantity of embedded particles with the elec- 
trode radius can be understood (Fig. 5). The critical 
radius, which corresponds to a local fraction aL equal 
to 50% of Ctmax, measured at the centre is a function of 
the particle diameter, the rotation rate, the fluid visc- 
osity and the adhesion forces [47]. 

The adhesion forces are complex. In the low velo- 
city range, the presence of a maximum in the aw 
against i curves indicates that the probability of parti- 
cle capture increases with cathodic polarization. For  
the A1203/Cu system it has been advanced that the 
adhesion force is maximum at the point of  zero charge 
(PZC) of copper [46]. The strong influence of  the 
potential on the particle codeposition rate observed 
in the case of  very thin ~'-A1203 powder with nickel 
[48] was ascribed to a field assisted attraction of the 
particles to the surface. But for high current densities, 
the particle codeposition rate was limited by mass 
transport, and maximum codeposition occurred at 
the current density corresponding to the transition 
between the two regimes. Moreover, the nickel deposi- 
tion efficiency decreased because of the presence of  
attached particles. We did not observe similar pertur- 
bations of the nickel electrodeposition process, prob- 
ably because the size of  the SiC particles used was 
several orders of  magnitude larger, and so, for a given 
quantity of  matter, the interfacial double layer was 
much less affected. Recently Yeh and Wan [49] proved 
that the SiC surface is covered by a silica layer termi- 
nated by silanol groups with a PZC of 2.2. At pH > 
PZC, SiC particles adsorb nickel ions in the form of 
SiO Ni 2+, which can be reduced at the interface to 
a form of  SiONiads at a different rate than for Ni 2+ 
or Nia+ds. The significant differences in incorporation 
rates observed in the present work with the various 
kinds of SiC powders (Fig. 11) seems to result mainly 
from the oxygen content of the particle surfaces 
(Table 1). In particular, the highest particle concentra- 
tions were obtained with Lonza powders, which exhi- 
bit the largest superficial oxygen content according to 
SIMS analysis. The crystal structure of silicon carbide 
may be another factor. The vertical position of  SiC 
platelets (Fig. 13) may result from an anisotropy of 
superficial chemical bonds with respect to the crystal 
orientations of the various faces of the polyhedral 
particles. 

Xanthan gum has a beneficial effect by maintaining 
particles in homogeneous suspension in the electrolyte 
volume but the strong augmentation of  the mean con- 
centration of  incorporated SiC is mainly due to an 
increase in the electrolyte viscosity and, to a lower 
extent, to an increase in adhesion forces. The addition 
of  1 g dm -3 of  Rhodopol  ® to a nickel plating bath 
increases its kinematic viscosity by two orders of mag- 
nitude and the hydrodynamic forces applied on 
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attached particles are enhanced in the same propor-  
tion. As a consequence, the local SiC concentration 
can be increased by a factor of 3 at the center of the 
disc electrode, but conversely oz L decreases very 
rapidly with radial distance because of the strong ejec- 
tion force, fshear, especially at high rotation rates. 

In conclusion, in spite of the recent work which 
strongly suggests that particle to electrode adhesion 
is potential assisted and also that the reduction of  
adsorbed cations is involved in the mechanism of 
SiC particle attachment, the Guglielmi model is 
unable to explain experimental results as soon as 
hydrodynamic conditions are modified. The present 
results are in full agreement with the Fransaer model 
which takes into consideration the effect of hydrody- 
namic forces on the approach and the ejection of par- 
ticles. From a practical point of view, it appears 
necessary to control the hydrodynamic conditions to 
get a homogeneous and dense codeposit. In particu- 
lar, it seems advantageous to maintain the fluid velo- 
city gradient along the cathode at the level corre- 
sponding to the upper limit of the low velocity regime. 
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