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ABSTRACT 

The mechanism of codeposition of silicon carbide with electrolytic cobalt was studied. A theoretical model of codepo- 
sition is developed here which provides a more complete insight to the mechanism of electrolytic codeposition than 
Guglielmi's model. The model gives a more general expression relating weight percent of embedded particles to current 
density for different suspension particle concentration for the Co-SiC codeposition system which cannot be described by 
Guglielmi's model. 

Interest in electrodeposited composite coatings has in- 
creased rapidly 16 due to their expected new engineering 
applications. ~ Such coatings are produced by codeposition 
of fine inert particles in a metal matrix from electrolytic or 
electroless baths. For example, a cobalt coating in conjunc- 
tion with silicon carbide particles was developed and has 
been proven highly successful. 

Although the technique has been developed considerably 
from the practical point of view, the theoretical details on 
the codeposition mechanism are not well understood. Three 
mechanisms, namely, mechanical inclusion, electrophore- 
sis, and adsorption of inert particles onto the cathode, have 
been proposed to explain the observed codeposition. The 
relative importance of these three processes cannot be de- 
duced from published experimental work as some results 
are contradictory. Guglielmi 7 has proposed a mathematical 
model for the electrodeposition of inert particles which is 
based on two successive adsorption steps. In the first step a 
loose adsorption which has an essentially physical charac- 
ter results in a high degree of coverage of cathode by parti- 
cles which are in equilibrium with the particles in suspen- 
sion solution. The particles are still surrounded by 
adsorbed ions and solvent molecules. In the second step 
this screen is broken through so that a strong electrochem- 
ical adsorption of the particles on the cathode takes place, 
namely, strong adsorption. The inert particles are now per- 
manently bound to the cathode and consequently are em- 
bedded in the deposit. The formula so deduced is 

C~ Wi6 . exp (A - B)~. (I/K+ Cp) [1] 
- nFdvo 

Where Cp is the concentration of suspended particles, a is 
the volume fraction of particles in the deposit, F, W,, and d 
are the Faraday constant, atomic weight, and density of the 
electrodeposited metal, respectively. The parameters i0 and 
A are related to the metal deposition and are the constants 
in the Tafel equation. Similarly, the parameters v0 and B 
are related to the inert particle deposition. K is derived 
from the Langmuir adsorption isotherm and depends es- 
sentially on the intensity of the interaction between parti- 
cles and cathode. The validity of this model has been 
verified for different codeposition systems such as SiC and 
TiO2 with nickel from sulfamate baths, 7 a-A1203 with cop- 
per from acid copper sulfate baths, 8 A1203 with nickel from 
Watts bath, 9 and T iQ with copper from acidic copper sul- 
fate baths. ~~ However, some codeposition systems question 
the generality of the model, such as ~-Al~O3 with copper 
from acid copper sulfate baths ~ and A12Q with gold from 
cyanide baths. ~ Guglielmi's model cannot describe the 
weight percent of the particles in the deposit and the cur- 
rent density relationship shown in Fig. 1. A more general 
model for the codeposition system must be developed. 

Foster and Kariapper ~ have proposed a mathematical 
expression that could describe the effect of hydrodynamics. 
Cells et al. ~2 have proposed a mathematical model from a 
statistical approach of the incorporation of particles. Be- 
cause of the complex interrelationship between some of 

these factors (transition current density, limiting current 
density, amount of ions adsorbed on particles, diffusion 
layer thickness, interaction parameter between free and 
adsorbed ions due to current density effect, etc.), a limited 
amount of work was done to prove the validity of these two 
models. 

A more general model is proposed here to describe the 
mechanism of the electrolytic codeposition process and it is 
verified by experimental results of a silicon carbide-elec- 
trolytic cobalt system. 

Experimental 
Abrasive grade silicon carbide powers (Yakuri chemi- 

cals, (~-SiC) of 3 ~m were used for the investigation. The 
powders were thoroughly cleaned in an acetone solvent, 
and treated with hot dilute nitric acid to remove any or- 
ganic impurities, washed thoroughly in distilled water, and 
dried. All chemicals were of reagent grade and used with- 
out further purification. A cobalt sulfate bath was prepared 
by dissolving 100 g/dm 3 CoSQ �9 7H20, 15 g/din 3 CoC12 �9 
6H20, 10 g/dm 3 KC1, and 25 g/dm 3 H3BO3 in distilled water. 
The plating experiments were conducted in an acrylic reac- 
tor with two baffles (Fig. 2). The vertical brass cathodes 
were placed on the center of the designed reactor so that a 
good uniformity of the deposits could be obtained. The uni-  
fortuity of current density in the designed reactor was 
checked from the distribution of deposited particles by the 
optical microscopy. The results indicate that a good unifor- 
mity is obtained in the designed reactor. The concentration 
of silicon carbide powder used in suspension in the elec- 
trolyte was varied from 2-10 g/dm 3. The bath was operated 
at 30 _+ I~ the current density employed was in the range 
0.1 to 6 A/dm 2, pH was controlled at 4 and the total number 
of coulombs supplied was 310 C per batch. Sheets of elec- 
trolytic cobalt served as anodes while brass served as 
cathodes. The electrodes were pretreated in the usual way. 
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Fig. 1. Weight percent of particles on deposit against current den- 
sily at different rotation speeds. 1 
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Fig. 2. Details of the electrolytic reactor; (A) cathode; (B) anodes; (C) 
magnetic stirrer; and (D} baffles. 

A power supply served as the direct current source. The 
bath was agitated with a magnetically driven Teflon- 
coated stirring bar. The mixing rate was controlled at 
400 rpm. The total weight of the deposits was determined 
by microbalance. The weight percent of silicon carbide in 
the deposits was analyzed by x-ray fluorescent spectrome- 
try. Before this measurement, the prepared standards and 
deposits were ground and polished with i ~m diamond sus- 
pension at 150 rpm and 100 N for 20 s (Struers, Abramin). 

Theoretical Model 
Model description.--As shown in Fig. 3, an adsorbed 

layer of ionic species is created around the inert particles 
while the particles are added to the plating solution. 12. On 
its way from the bulk solution to deposit the inert particle 
must proceed through three stages; (i) the particles are 
transferred primarily by forced convection; (ii) the parti- 
cles with their adsorbed ionic cloud are adsorbed loosely at 
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Fig. 3. Reaction sequence of codeposition in the proposed model. 
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Fig. 4. Concentration profiles of the adsorbed H § and Co § ion on 
particle at different current densities. 

the cathode surfaceT; and (iii) the particles are incorpo- 
rated irreversibly into the metal matrix by the reduction of 
some of the adsorbed ions. The Co +2 ions in the bulk solu- 
tion diffuse through the diffusion layer and are deposited 
on the cathode surface to meet the demands of the reduc- 
tion process. The partial current is consumed to reduce H § 
ions which diffuse through the diffusion layer from the 
bulk solution. The adsorbed ions proposed are H + and Co 2§ 
ions. At steady state, a diffusion layer and concentration 
profile on the particle surface develop as shown in Fig. 4. 
When the applied current density is low, the adsorbed H § 
ions on the particle are reduced first. A concentration gra- 
dient of H § ions on the particle develops as shown in Fig. 4b. 
Increasing the current density, decreases the concentration 
of H + ion on the particle. The concentration of H + ions on 
the particle approaches zero at limiting case (Fig. 4c). If the 
current density increases further, both the concentrations 
of adsorbed H + and Co 2+ ions on the particle are reduced. 
The concentration gradients of H + and Co 2+ ions develop 
(Fig. 4d). The concentrations os both H + and Co 2+ ions on the 
particle surface approach zero (Fig. 4e). 

Model development--The weight percent of the embed- 
ded particles is determined by the deposition rate of the 
metal ions and particles. These two processes are discussed 
as follows. 

Metal deposition.--Although the metal ions may come 
from the plating solution or the adsorbed ionic cloud, they 
mainly come from the plating solution. Since the rate-de- 
termining step of the reduction of metal ions is the charge 
transfer reaction, the deposition rate of metal ions can be 
expressed as 

Vm = K ' .  i .  n* �9 (1 - e) [2] 

where Vm is the deposition rate of metal ions, g/min; K'  is 
the constant of the metal deposition rate expression; i is the 
current density, A/dm2; ~* is the current efficiency; and e is 
the strong adsorption coverage. 

Particle deposition.-- The deposition rate of particles is de- 
termined by the reduction of the adsorbed ions on the par- 
ticles loosely adsorbed. The concentration profiles of H + 
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ions and Co 2§ ions on the particle surface develop as shown 
in Fig. 4. 

(Case 1) When current density is low. According to 
Guglielmi's model for the deposition of inert particles, 7 the 
deposition rate of particles is equal to the strong adsorption 
rate of the particle. The particle deposition process can be 
considered as an electrochemical process with a Tafel ex- 
pression] The deposition rate of particles in Guglielmi's 
model was proposed as 

KC 
Vp = Vo exp (B~) ~ (1 - 0) [3] 

1 + KCp " 

where v0 is a constant for the particle deposition process. It 
is similar to a constant for an electrochemical process and 
is a function of concentration of reacting species./3 Since 
the deposit ionrate of particles is determined by the reduc- 
tion of the adsorbed ions on the particle, the constant is 
proportional to the concentration of adsorbed H § ions on 
the particle surface at low current density. The concentra- 
tion profiles of H + ions and Co s§ ions are shown in Fig. 4b. 
The deposition rate of particle can be expressed as 

Vp = k~ exp (B,~I)[H ]==o 1 + KCp (1 - 0) [4] 

where Vp is the deposition rate of particles, g/rain; k~ is the 
rate constant of particle deposition; [H+]x=0 is the concentra- 
tion of adsorbed H § ion on the particle surface; B 1 iS the 
constant in the Tafel equation; ~1 is the overpotential, V; K 
is the equilibrium constant of loose adsorption, and Cp is 
the particle content in suspension, g/dm 3. 

Equation 4 is the modification of the equation of strong 
adsorption in Guglielmi's model]  The concentration of H + 
ion on the particle surface is ~3 

v~_ 
[H+llx=o=(1- Vp,H+) [H+]* [51 

where [H +]* is the concentration of H + ion in the bulk solu- 
tion; and Vp,w is the limiting deposition rate of particle due 
to the reduction of adsorbed H § ion on the particle. Substi- 
tuting Eq. 5 into Eq. 4 yields 

Vp= k~ exp (B~q) (1 VV~ph +) +* KC~_ - , [ H ]  l + K C p ( 1 - O )  [ 6 ]  

When particle content in the bulk solution, Cp, is fixed, 
Eq. 6 can be expressed as 

Vp K C ~  (1 - 0)} + B~I [7] in (1 - Vp/Vp,m): In {kz[H+]* 1+ KCp 

(Case 2) When current density is high.--The deposition rate 
of particles is determined by the reduction of both the ad- 
sorbed H § ions and Co +2 ions on the particle. The concentra- 
tion profiles of H + and Co 2§ ions on the particle surface are 
shown in Fig. 4d. The deposition rate of particles can be 
expressed as 

KCp . 
Vp = Vp,w + ks exp (Bs~l)[Co§ 1 + gcp  (• - 0) [8] 

where ks is the rate constant of particle deposition; [Co+S]x= 0 
is the concentration of adsorbed Co § ion on the particle 
surface; and Bs is the constant in the Tafel equation. 

Similarly, Eq. 8 can be obtained as 

Vp -- Vp,w + ks exp (Bs~]) (1 
v. v.,.+] 

I 

Vp,co 2 / 

[ C o + S ] . ! ( 1  - e) [9] 
1 + KCp 

where [Co § is the concentration of Co § ions in the bulk 
solution; and Vp,co+~ is the limiting deposition rate of parti- 
cles due to the reduction of adsorbed Co § ions on the parti-  
cle. 

When particle content in the bulk solution, Cp, is fixed, 
Eq. 9 can be expressed as 

In(l VP - Vp)H+ / 
- ( v~  - Vp,~+)/Vp,oo~.  

(1-O)}+B2~] [10] = in {ks[Co*2] * 1 + KCp 

(Case 3) When the reduction of the adsorbed H § ions and 
Co § ions on the particle are both limited by diffusion.--In 
this case, the concentration profiles of H § ions and Co 2§ ions 
are shown in Fig. 4e. The particle deposition rate can be 
expressed as 

Vpl ~ O) [11] , =k31+KCp(1 -  

where Vp,1 is the particle deposition rate in the case of limit- 
ing current of the both adsorbed ions; and ks is a constant 
which depends on the concentrations and mass transfer 
coefficients of H + and Co s§ ions in the bulk solution. Equa- 
tion 11 can be rearranged as 

1 k 3 + ~ '  1 
= E [ 1 2 ]  

The weight percent of particle in the deposits can be ex- 
pressed as 

y~ 
= vp + vm [13] 

The model predictions for the weight percent of the embed- 
ded particle can be obtained by calculation of Eq. 13. 

Results and Discussion 
Effects of current density on the weight percent of the 

embedded particle at different particle content in solu- 
t ion.--The effect of current density on the weight percent 
of the embedded particle at different suspension concen- 
trations of particle-is shown in Fig. 5. At first the weight 
percent of silicon carbide in the deposits decreased, then 
increased by increasing the current density at the low cur- 
rent density region. The weight percent of silicon carbide in 
the deposits has a maximum at the high current density 
region. The higher the particle content in the suspension 
solution, the higher the weight percent of particle in the 
deposits (Fig. 5). The results shown in Fig. 5 are similar to 
those in Fig. 1. It indicated that Co-SiC and Au-AlsO3 code- 
position systems have similar behavior which cannot be 
described by the Guglielmi model. 

Effects of current density on the deposition rate of the 
particle at different particle content in solution.--The de- 
position rate of particle can be obtained from the product 
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Fig. 5. Effects of current density on the weight percent of particle on 
deposits at different particle contentin solution; operation conditions, 
pH 4.0; temperature = 30~ and stirring rate = 400 rpm. 
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Fig. 7. Effects of effective current density on the deposition rate of 
cobalt ions at different particle content in solution; operation condi- 
tions, pH 4.0; temperature = 30~ and stirring rate = 400 rpm. 

of the  to ta l  deposi t ion ra te  and the weight  percent  of em-  
bedded  part icle.  The to ta l  deposi t ion ra te  was de termined  
by microbalance.  The effect of current  densi ty  on the depo-  
sit ion rate  of par t ic le  at different  par t ic le  content  in solu- 
t ion is shown in Fig. 6. The results imply  tha t  the  deposi t ion 
ra te  of par t ic le  increased wi th  increas ing the current  den-  
sity and had  a l imi t ing  deposi t ion ra te  (Vp,H+) at  low current  
densi ty  (0.1-2 A/dm2). When the current  densi ty  is in the 
range  of 2 to 6 A / d m  2, the deposi t ion rate  of par t ic le  in-  
creased wi th  increasing the current  densi ty  again  and had  
another  l imi t ing deposi t ion ra te  (Vp,~). The more par t ic le  
content  in the solution, the h igher  the deposi t ion ra te  of 
part icle.  When current  densi ty  is low, the  deposi t ion ra te  of 
par t ic le  is de te rmined  by the reduct ion  of adsorbed H § ion 
on particles.  Since the reduct ion  of the adsorbed H + ion on 
par t ic les  has a l imi t ing current,  the deposi t ion ra te  of par-  
t icle has a l imi t ing deposi t ion rate  (Vp,H+), as shown in 
Fig. 6. When current  densi ty  is high, the deposi t ion ra te  of 
par t ic le  is de te rmined  by the  reduct ion  of adsorbed H § and 
Co +2 ions on the part icle.  The l imi t ing  deposi t ion ra te  of the 
par t ic le  is de te rmined  by the l imi t ing  current  of the ad-  
sorbed H * and Co § ions on the par t ic le  at h igh current  
density. The qua l i t a t ive  descript ions are consistent  wi th  
those in the  theore t ica l  considerat ions.  The l imi t ing  depo-  
si t ion ra te  cont r ibu ted  by the reduc t ion  of adsorbed Co .2 
ion on the par t ic le  (Vp.co+2) can be  obta ined  as 

vp,o<>+, = v~,~- v,>.~+ [14] 

where  Vp,~ and Vp,~+ are the l imi t ing  deposi t ion rates at h igh 
and low current  density, respectively. The values  of Vp,H§ 
Vp.~ and Vp,co+2 at different  par t ic le  content  of solut ion are 
shown in Table I. The h igher  the par t ic le  content  in solu- 
tion, the larger  the  values  of Vp,H§ Vp,l and Vp,co+2. 

Effects of effective current density on the deposition rate 
of cobalt ions at different particle content in solution.--The 
effective current  densi ty  can be obta ined  f rom the p roduc t  
of current  densi ty  and current  efficiency. The current  
efficiency is h igher  t han  90% in this codeposi t ion system. 

Table I. The limiting deposition rate of particles at different 
particle content in solution. 

% V~, V~l Vo co+~ 
(g/cm 3) (g/~in) (g/m'in) (gf~in) 

2 6.0 x 10 -5 32 • 10 -5 26 • 10 -5 
4 18 X 10 -5 45 • 10 -5 27 • 10 -5 
5 25 X 10 5 72 X 10 5 47 X 10 -5 

I0 - -  1 1 2  x i 0  -5 - -  

Cp, part icle content  in solution; Vp H+, l imit ing particle deposit ion 
rate  de termined by the  reduct ion  of ~dsorbed H § ion on the  particle;  
V. co+,, l imit ing part icle deposit ion rate de te rmined  by the  reduct ion 
of 'adsorbed Co § ion on the  particle; Vp,l, l imit ing particle deposi-  
t ion rate. 
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Fig. 8. Effect of particle content in solution on the polarization 
curves; operation conditions, pH 4.0; temperature = 30~ and stir- 
ring rate = 400 rpm. 

The deposi t ion ra te  of cobal t  ions can be  obta ined  from 
subt rac t ing  the deposi t ion ra te  of par t ic le  f rom the to ta l  
deposi t ion rate.  The effect of effective current  densi ty  on 
the deposi t ion ra te  of cobal t  ion at different  par t ic le  con- 
tent  of solut ion is shown in Fig. 7. The results  indicate  tha t  
the  par t ic le  conten t  of solut ion had  no influence on the  
deposition rate of cobalt ion. The deposition rate of cobalt 
ion against the effective current density gave a straight line 
which can be expressed as 

V= = 0.0033 �9 i �9 ~* [15] 

Compar ison of Eq.  15 and Eq. 2, showed that  the exper i -  
menta l  results  were consistent  wi th  the theoret ica l  equa-  
tions. The K '  (1 - 0) can be obta ined  as 0.0033. 
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Fig. 9. The plot of In { Vp/(1 - Vp/Vp,H+)} against overvoltage at low 
current density. 
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Table II. The parameters in the proposed kinetic model for the Co-SiC codepasifion system. 

983 

Cp K' (1 - O) A 1 B1 A2 B2 ka (1 - 0) K 

2 0.0033 e -184~ -11.93 e -27"~ -12.76 422 0.075 
4 e -I6'4~ -9.66 e -rim - 10.20 
5 e -~5'2~ -7.62 e -22"v~ -9.93 

A~, k,[H+]*{KCp/(1 + KCp)}(1 - 0); A~, ka[Co+2]*lKCp/(1 + KCp)}(1 - 6). 

Plot  o / I n  [VJ(1 - Vp/Vp,~O} against  overvoltage at low 
current  dens i t y . - -The  overvol tages  can be  obta ined  f rom 
the  po la r iza t ion  curves at different  par t ic le  content  in solu- 
t ion as shown in Fig. 8. I t  indicates  tha t  the par t ic le  content  
in solut ion has no significant  effect on the polar iza t ion  
curve. The plot  of in {VJ(1 - Vp/Vp,H+)} against  overvol tage  
at low current  densi ty  is shown in Fig. 9. The s t ra ight  l ines 
at  different  par t ic le  content  of solut ion are obtained.  The 
results corre la te  wel l  wi th  Eq. 7 in the theore t ica l  consider-  
ation. Compare  the  resul ts  in Fig. 9 and Eq. 7, the intercepts  
and slopes of Eq. 7 can be obta ined  at d i f ferent  par t ic le  
content  in solut ion and are  shown in Table  II. 

Plot  of  In [(Vp - Vp,H+)/(1 -- (Vp - Vp, H+)/Vp, co+2)] against  
overvoltage at high current  dens i t y . - -The  plot  of in {(Vp - 
Vp,m)/(1 - (Vp - Vp,H+)/Vp.co+2)} against  overvol tage  at h igh 
current  densi ty  is shown in Fig. 10. The s t ra ight  lines at 
different  par t ic le  content  of solut ion are obtained.  The re-  
sults are consis tent  wi th  Eq. 10 in the theoret ica l  consider-  
ation. Compare  the results  in Fig. 10 and Eq. 10, the in ter-  
cepts and slopes of Eq. 10 can be obta ined  at different  
par t ic le  content  in solut ion and are shown in Table II. 

Plot  of  1/Vp, z against  1/Cp.--The plot  of 1/Vp, 1 against  1/Cp 
is shown in Fig. 11 and given a s t ra ight  line. The results are 
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Fig. 10. The plot of In {(Vp - Vp,N+)/(1 - ( l ip - Vp, , . l /Vp,co+2)}  
against overvoltage at high current density. 
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Fig. 11. The plot of 1 / V p ,  i against 1 / C p .  
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consis tent  wi th  Eq.  12 in the theore t ica l  considerat ion.  
F rom the  in tercept  and slope of the  s t ra ight  l ine and Eq. 12, 
the  pa ramete r s  ka (1 - O) and K can be obta ined  as shown 
in Table II. 

Comparison of the exper imenta l  and theoretical re- 
su l t s . - -The  par t ic le  deposi t ion rates can be obta ined  at dif-  
ferent  cases. At  low current  density, Eq. 5 can be rear-  
ranged  and be given as 

where  

Vp = D] / (1  + D]/Vp,H.) [18] 

T C ~  
D1 = k] exp (BI~])[H]* ~ (1 - 0) [17] 

At  high current  density, Eq. 11 can be rea r ranged  as 

V p = { V p , m + D 2 ( l + ~ l l / { l + D 2 / V p c o + a }  [18] 
V p,Co+2/J 

where  

D= = k= exp (B2~1)[Co+2] * ~ (1 - 8) [19] 
1 + KCp 

The mode l  predict ions  for the weigh t  percent  of embedded  
par t ic les  can be  ca lcula ted  by Eq. 13 where  Vm and Vp can 
be obta ined  f rom Eq. 15-18. The paramete rs  in Eq. 15-18 
can be obta ined  f rom Table II. Compar ison of the exper i -  
menta l  and theore t i ca l  model  results  is shown in Fig. 12 
which  indicates  that  the exper imenta l  results  correlate  
well  wi th  the theoret ica l  model  results. The proposed  
model  can descr ibe the mechan ism of codeposi t ion of Co- 
SiC system well. 

Conclusion 
The mechan i sm of codeposi t ion of si l icon carbide  wi th  

the  electrolyt ic  cobal t  was  proposed.  The expe r imen ta l  re-,  
suits can be  descr ibed qua l i t a t ive ly  and  quan t i t a t ive ly  by 
the proposed  model.  The par t ic le  deposi t ion  ra tes  are  deter-  
mined  by  the  reduct ion  of the  adsorbed H § and Co § ions on 
the part icle.  At low current  density, the par t ic le  deposi t ion 
rates are de termined  main ly  by the reduc t ion  of adsorbed 

1 0  I I i I I I I I I 
oooo 2glt  exp. 
. . . .  2g/[ model 

81 ~ uuuo Z,g/[ exp. - 
1t s,,,,,~ 4 g/[ model - 
~ Azxz~& 6 ~ Jt ~ + ~  5g / I  exp. _ 

5g / l  modet . 

2 _*'x, = _ ~ ~ . . . ~ '  @ ~ , 4 D / O  | 

00  I f ~ I I ~ I 1 I 
1 2 3 4 5 6 7 8 9 0 

Cur ren t  Densi ty (A /sq .d rn )  

Fig. 12. Comparison of the experimental results and theoretical 
model calculations. 
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H + ion on the particle. At high current density, the reduc- 
tion of both ions are important to the deposition rate of the 
particle. The parameters in the theoretical model were ob- 
tained by comparison with the experimental results. The 
experimental results were predicted well with the model 
simulation. 

Acknowledgment 
The support of the National Science Council (NSC 79- 

0410-E011-02) and National Taiwan Institute of Technol- 
ogy of the Republic of China are acknowledged. 

Manuscript submitted Jan. 14, 1992; revised manuscript 
received Jan. 4, 1993. 

The National Science Council of the Republic of China 
assisted in meeting the publication costs of this article. 

LIST OF SYMBOLS 
A constant in the Tale] equation relating to the 

metal deposition 
A~ constant in the Tafel equation relating to the 

particle deposition at low current density 
A2 constant in the Tafel equation relating to the par- 

ticle deposition at high current density 
B constant in the Tafel equation relating to the.par- 

ticle deposition 
B1 constant in the Tafel equation relating to the par- 

tiele deposition at low current density 
B2 constant in the Tafel equation relating to the par- 

ticle deposition at high current density 
[Co*2]==0 concentration of adsorbed Co +2 ion on the particle 

surface 
[Co+2] * concentration of Co +2 ion in bulk solution 
Cp particle concentration in solution, g/dm 3 
d density of the deposited metal, g/din 3 
D~ defined in Eq. 16 
D2 defined in Eq. 18 
F Faraday constant 
[H§ concentration of adsorbed H § ion on the particle 

surface 
[H +]* concentration of H + ion in bulk solution 
k~ rate constant of particle deposition expression 
ks rate constant of particle deposition expression 
k3 constant in Eq. 11 
K equilibrium constant of loose adsorption 
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g I 

i 
i0 

n 
v0 

y~ 

~p,H + 

gp,co + 

Vp.~ 

W 

Greek 

Ct 

@ 

constant of metal deposition rate expression 
applied current density, A/din 2 
constant in the Tafel equation relating to metal 
deposition 
no. of electron transfer 
constant in the Tafel equation relating to particle 
deposition 
deposition rate of metal ions, g/rain 
deposition rate of particles, g/min 
limiting deposition rate due to the reduction of ad- 
sorbed H + ion on the particle 
limiting deposition rate due to the reduction of ad- 
sorbed Co+~ion on the particle 
particle deposition rate in the case of limiting cur- 
rent of the adsorbed ions 
atomic weight, g/tool 

overpotential, V 
volume fraction of particle in the deposits 
weight percent of the embedded particle 
current efficiency 
strong adsorption coverage 
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Thermodynamics of Adsorption of Brighteners on 
Polarized Nickel from Wafts Bath Solution 

T. Mimani and S. M. Mayanna 
Department of Chemistry, Central College, Bangalore University, Bangalore 560 001, India 

ABSTRACT 

The adsorption of coumarin, nitrocoumarin, and p-toluene sulfonamide on nickel from Watts bath solution has been 
studied using a polarization technique. The exchange current densities (to) with and without additives were evaluated using 
a Tafel relation. The addition agents inhibited the deposition process. Surface coverages calculated from the io values were 
fit into the Langmuir adsorption isotherm. Thermodynamic parameters (AG2, AH:, and ASa) for the adsorption of the 
addition agents have been evaluated using the Bockris-Swinkles adsorption isotherm. The values of AG2 are negative 
indicating the strong interaction and reactive inhibition of the deposition process by these additives. The electrodeposition 
interaction is discussed from the viewpoint of the adsorption of the additive molecules on the metal solution interface. 

In recent years, electroplating technology has gained 
considerable importance because of its widespread appli- 
cations in metal finishing industries. Trace levels of addi- 
tives are used in the electroplating baths to impart tailor- 
made properties to the electrodeposits. These additives act 
as inhibitors in the electrodeposition process. However, 
they participate so decisively 1 that understanding the inhi- 
bition action requires a knowledge of the adsorption of the 
inhibitor at the electrode solution interface. ~ Adsorption of 

inhibi~ors during metallic corrosion ~-5 and electrodeposi- 
tion 6 have been studied earlier. 

Nickel coatings find extensive applications in the auto- 
motive, electronics, and telecommunication industries. 
Nickel is typically electroplated from a Watts bath contain- 
ing aromatic sulfones or sulfonamides and coumarin as ef- 
fective brighteners. The behavior of coumarin at a rotating 
nickel disk electrode 7 and at the interface between mercury 
and the electrolyte solution 8 has been studied. The extent of 
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