AStudy of SIC/Ni Composite

Plating in the Waits Bath

By SH. Yeh &C.C. Wan

Codeposition behavior of SiC powders with Ni under
various conditions was studied. In the low-current-den-
sity region, codeposition follows the two successive a

sorption steps first proposed by Guglielmi. On the other|

hand, codeposition is a function of powder transfer con
trol in the high-current-density region. These predictions
were verified experimentally. In addition, the effect of stir
on the volume fraction of SiC powders in the deposit wa
also investigated.

Composite coatingg were obtained by plating in an electr
lyte having suspended inert powders, such as oxides,

bides, borides, or nitrides, etc. These coatings usually

good corrosion, oxidation and wear resistance, and they

been widely used in self-lubricatihgnd dispersion-harden

ing applicationg:!* Because the quantity and distribution
powders in a deposit determine the physical properties
composite coating, it is necessary to understand the mé

nisms of codeposition in order to control the process mot

effectively.

A well-known adsorption model was postulated
Guglielmi !t in which a two-step successive adsorption v
proposed as follows:
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where C is the volume fraction of powders in the electrol
n is the volume fraction of powders in the deposit, n is
valence of the electrodeposited metal, M is its atomic wei
d is its density, A B, V_  and K are constants, is the
exchange current density, amd the cathodic overpotentia
Guglielmi studied TigNi and SiC/Ni systems and foun
that there was a linear relationship betweenayd C, which
was derived from Eg. (1). According to Guglielmi’s mod
the powders were first loosely adsorbed on the surface g
cathode, then entrapped in the deposit as a result of s
adsorption behavior by the subsequently applied elect
Eﬂ?it
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Substrate

Fig. 1—SEM photograph of cross section of composite layer of Si

field. This model was later verified by Celis and R&assing
an ALO,/Cu system, by Masuko and Mushi&kesing an

0-AlLO,/Ni system, and by Totlani and Athavéteysing a
TiO,/Cu system.

In addition, Celis, Roos and Bueléraso derived a model
based on a statistical approach to the incorporation behavior
of powders. A basic hypothesis of this model was that an

5 adsorbed layer of ionic species was formed around the
surface of the inert powders. The adsorbed ions were reduced
to metal as part of the matrix for the incorporation of powders
oduring reduction. This model could be translated into the
d¢allowing expression,
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I Fig. 2—Effect of current density on volume fraction of SiC powder in
ddeposit with different powder contents at stir rate 100 rpti):@.32% (v/
0); (0J) 0.63% (v/0); ) 1.25% (v/0); (X) 2.48% (v/0).
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C/Rig. 3—Relationship between dCand C, according to Eq. (1) at low

produced in Watts bath with 0.63% SiC; 18 m&ilcm

54

current density: {7) 18 mA/cr ([J) 54 mA/cra
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where W is the weight of powder (kg), Ns the amount o
powder crossing the diffusion layer at the working electr
per unit time and surface area (%&€), P is the probability
of the incorporation of powder at current densiy/_ is the
mass of metal matrix deposited per unit time and surface
(kg?sech).

Suzuki and Aséi'’ studied the deposition mechanism
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h Fig. 5—Relationship betweer(1 - a) and C, according to Eq. (8) at stir

rate of 100 rpm.[[7) 108 mA/crfy (L) 180 mA/crh

optical microscope was employed to check the dispersion of
the suspension. The cathode was Nifoil of 99.9 percent purity
and was masked on one side. The anode was a pure Ni plate.
The quantities of SiC in the deposit were determined by the

f gravimetric method. The composite coatings were first dis-

od®lved in 50-percent nitric acid, then the solution was filtered.
The SiC powders left behind were weighed after firing at 600
°C.

area

OResults and Discussion

Al O/Ag from silver thiocyanate solution for different par-Figure 1 shows a typical cross section of SiC/Ni composite

ticle sizes, fluid velocities, and cathodic overvoltages. T
found that AlO, particles in the deposit would suppress
electrodeposition of silver, but that thorough stir near
electrode surface promoted deposition. In addition, the
sorption energy of AD, on the electrode surface was a
calculated.

Although the two-step adsorption model has been ver
by many researchet$'*the model does not take into acco
the effect of hydrodynamic conditions. Eq. (2) does incl
the effect of convection, but it is quite difficult to measur
calculate these parameters. The main objective of thi
search, therefore, was to propose a new mechanism f
SIC/Ni system, which can include the effect of pow
transfer by fluid flow.

Experimental  Procedure

The composite coatings of nickel with SiC powders W
obtained from the Watts bath. The basic composition
electrolyte and plating conditions were:

NiSO, [(6H,0 350 g/L

NiCl,[BH,0 45 g/L

H,BO, 35g/L

a-SiC powders 10 ¢/ID 80 g/L

pH 4.0£0.2

Temperature 51 °C

Current density 18 mA/cfri1 180 mA/cm
Stir rate 75 rpmid 300 rpm

All chemicals used were EP grade. The SiC powders hal
average particle size of about ufs in diameter and densi
about 3.21.

The electrolyte with SiC powders was stored in a 500
beaker and was stirred for at least one day prior to platin
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heyating examined by SEM. In the photograph, the small dark
theots with different shapes and sizes in the deposit are SiC
thgowder. Itis clear that the distribution of SiC powder is quite
> aglren. To count the volume fraction of SiC powder in the
Isdeposit, nitric acid was used to dissolve the deposit, and the
. rgsidual SiC powder was separated.
ifie
UnEffect  of Plaing Current Density
udsigure 2 shows the relationship between the volume fraction
e @f SiC powder in the depositif and the current density for
S tfferent powder content in the electrolyte (C). It seems that
Dr ¢ghidcreases with increasing C at the same current density. In
desddition,a increases initially with the current density, |, and
reaches a maximum af |, then decreases. A similar result
was also found by White and Forstewith an ALO,/Cu
system. Itis apparent from Fig. 2 that the maximum appears
e | = 81 mA/cni in all cases except when the volume
s féction “C” is 0.32 percent (v/0). In that casg, is 54 mA/
cn?. The codeposition behavior of SiC/Ni, therefore, can be
divided into two regions—one when the current density is
less than | (low-current-density region). The other region
is for current density larger thap,] (high-current-density
region).
Codeposition of SiC/Ni at current density less thawas
different from that at current density greater thap |
Accordingly, Fig. 2 was reorganized into Figs. 3 and 4 by
choosing ] as a dividing current density. When the current
density is less than, |, the relationship betweendCand C
is a linear, as shown in Fig. 3. When the current density is
vegaBater than |, Cla vs. C is no longer a linear, as shown in
Yy Fig.4. Therefore, if the current density is less thap the
codeposition behavior of SiC/Ni matches Guglielmi’s two-
rMitep adsorption moddlé.,powders are adsorbed loosely on
). e electrode surface initially, then the loose adsorption
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Fig. 6—Relationship betweeri(1 - a) and w, according to Eq. (9), with
1.25% SiC powder:[{) 108 mA/crfy (LJ) 180 mA/cra
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Fig. 7—Effect of current density on the volume fraction of SiC powdg
deposit for different stir ratesZ{) 100 rpm; (J) 150 rpm; (1) 300 rpm.
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Fig. 8—Polarization curves of the Watts bath with different SiC pow
content: (—) no SIiC; (- - -) with 0.63% (v/0); (-- -9 with 1.25% (v/0).

progresses to strong adsorption under the influence o
applied electric field). Moreover, the higleappeared at the
lower plating current density, 18 mA/énshown in Fig. 3.
This is also consistent with Guglielmi’s findings.

When the current density is greater thap,|the
codeposition of SiC/Ni does not follow Guglielmi’'s modsg

be adsorbed loosely on the surface of the electrode at high
current density. Codeposition of SiC/Ni in this case cannot be
adequately described by an adsorption control model. It is
necessary, therefore, to derive a new model for the
codeposition of SiC/Ni in the high-current-density region.

First, a relationship between the stir rate and the transfer
rate of the electrolyte can be represented as follows,

®3)

where v is the transfer rate of the electrolyte (cm/sec), fis a
transfer factor to convert the magnetic stir rate into the
transfer rate of the electrolyte, and w is the stir rate of the
magnetic stirrer (rpm). The volume of powder transferred to
the electrode per unit time may be expressed as follows,

v = fw

Volume of powder near the electrode = VAC = fwAC (4)

where A is the apparent area of the electrode.
The concentration of SiC powder in the deposit can now be
expressed as

\Y

ag=—))—
VNi+Vp

(5)

where \{; is the volume occupied by Niin the deposit, apd V
is the volume occupied by SiC powders in the deposit.

The volume of Ni deposited per second can be deduced
from Faraday’s Law,

_ EIMA
nFd

\Y,

Ni

(6)

whereg is the current efficiency and | is the current density.

By substituting Eq. (6) into Eq. (5), and we obtain

rin
ZIMA
nFd

a
1-a

a
1-a

Vo=V, (7)

Assuming that the powder transferred to the electrode is
totally incorporated into the Ni matrix, we can make a
transient mass balance for the powder during electrodeposi-
tion. In this case, Eq. (4) should be equal to Eq. (7), which can
be rearranged in the following form:

a nFdfw
C

£IM

(8)

1-a

Physically, this means that the ratio of¥,; is proportional
to the powder concentration in the electrolyte at a constant
current density and magnetic stir rate.
Figure 5 is the reorganized result of Fig. 2 at 108 mA/cm
deind 180 mA/crfy which confirms the validity of Eq. (8). The
relationship between 1@3(1 -a) and Cis linear. In addition,
at lower current density, 108 mA/énthe system has a
tireater slope (about 1.67) than the other system (about 1.38)
2 at higher current density, 180 mA/&énThe difference of
slope mainly results from difference &f as shown by Eq.
(8).
Consequently, Eqg. (8) could describe the system very well
2lin the high-current-density region, and the codeposition

This is because the SiC powder does not have enough ti
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miggbavior of SiC/Ni is controlled by the transfer rate of the
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powder in this case. The growth of the nickel coating is \
quick, so that the powder would be entrapped in the groy

deposit quickly; there is not enough contact time for
transferred powder to be adsorbed loosely on the elec
surface.

Effect of Sir Rate

To check the codeposition of SiC/Ni again in the hi
current-density region under different stir rates, Eq. (8)
be rearranged:

a nFdfC
w

£IM

(9)

1-a

The relationship between 181 -a) and wis shown in Fig
6. The quantitya/(1 - a) increases linearly with stir rate
until the rate reaches 150 rpm, then decreases with th
rate. The codeposition behavior of SiC/Ni is appare

controlled by powder transfer when the stir rate is sma

than 150 rpm. The reason tld{1 - a) decreases with ver

rapid stir is a result of the collision factor. When the quan
of the transferred powder is too great to be comple

entrapped by the growing matrix, the free powder parti
from the electrode collide with the oncoming particles. T
collision factor results, therefore, in the decrease a$ well
as ofa/(1 - a). In fact, Leé® also found that content @
alumina powder in a Cu deposit reached a maximum a
flow rate was increased to 5 cm/sec, then decreased if the
rate was further increased.

Previously, the effect of rotation speed on the quantit
powder in the deposit was discussed, using a rotating éis
or electrodé! They found that the powder in the depo
decreased with increasing rotation speed, but did not fi
maximum with respect to rotation speed. The seeming di

ence from our results could be attributed to: (1) the rotatingcO

electrode would increase the collision frequency of pow
particles with the electrode, which decreases the depos
of powder in the deposit as the rotation speed is increase
if the codeposition of powder is a function of adsorpt
control at the applied current density. The freshly transfe
powder could not be effectively adsorbed on the elect
when the rotation speed was too high.

Figure 7 shows that 1@0also exhibits a maximum valu
with respect to the current density, I. Codeposition of Si
should be under adsorption control before d@8aches the
maximum value and, in this case, the SiC powder is adsg
loosely on the electrode. Its quantity should decrease be

Current Efficency  with Different  SiC Contents
At High Current Density
Vol. Fraction Efficiency
% %
108 mA/cnt 180 mA/cnt
0 94.4 92.0
0.32 93.5 91.5
0.63 92.6 92.5
1.25 94.2 91.0

enfincreased transfer by the electrolyte. This accounts for the
vidgcrease afi as the stir rate increases from 100 to 300 rpm.
the When the current density is greater than however, the
reglstem becomes powder-transfer-controlled. A higher stir
rate could increase the powder transfer rate, but at very high
stir rates €.9.,300 rpm), excessively rapid powder transfer
adversely affects deposit composition because of the colli-
ylsion factor, as previously discussed.

can

Effect of Cument Efficiency

The polarization behavior of the Ni/SiC system was mea-
sured and is shown in Fig. 8, which represents two consecu-
tive reduction reactions: *+Hand Ni?, reduced to Hand Ni.

This phenomenon was also noticed by Hdatee further
found that the reduction of'tvould occur more quickly than

the reduction of N? with an increasing reduction potential.

| Generally, both reactions would occur in a Watts bath, and
; ﬁrogen evolution results in decrease of current efficiency.
Jaigure 8 also shows that there is little difference as SiC
8 wder was added in the Watts bath. This means that the
’;i owder would not significantly affect the electrochemical
d yact|on of nickel ions. .

" The table reports the effect of SiC powder on current
N ﬁiciency, which seems weakly influenced by the powder,
nsistent with the results shown in Fig. 8. Therefore, the
value of&l in Eq. (8) can be taken as a constant at a given
%a;ing current density and the equation could satisfactorily

<
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: Scribe the codeposition behavior of SIC/Ni in the high-
rent-density region.

y of

K Symbols

it A Apparent area of electrode

d A, Constant

h‘er?x Volume fraction of powders in the deposit

Constant
Volume fraction of powders in the electrolyte

ﬁi%rd Density of the deposition metal -
i (g) A transfer factor to convert the magnetic stir rate
O’n into ;he transfer rate _of the electrolyte
rre4 Applied current density
oddo Exchange current density
& Constant
o M  Atomic weight of the deposited metal
/Nin Amount of powder crossing the diffusion layer at
the working electrode per unit time and surface
rbe (sec'm?) .
auﬁ Valence of the electrodeposited metal
=2 Probability of the incorporation of powder at cur-
rent density |
V, Constant
V. Volume occupied by Ni in the deposit
V,  Volume occupied by SiC powders in the deposit
% Transfer rate of the electrolyte (c)s
W, Weight of powder (kg)
W., Mass of metal matrix deposited per unit time and
surface area (kigec')
w Stir rate of magnetic stirrer
n Cathodic overpotential
3 Current efficiency
Summary

In the low-current-density region, codeposition of SiC with
Ni in a Watts bath falls within adsorption control, and it

March 1997

matches the Guglielmi two-step adsorption model. Higher
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powder content in the electrolyte increases adsorption
sulting in a higher volume fraction of powder in the dep
after plating. Moreover, high stir rate and high pow
transfer rate adversely affect the adsorbed powder an
crease its volume fraction in the deposit.

At high current density, there is not enough time for

» 18 M.K. Tolani and S.N. Athavald,. Electrochem. Soc.,
DSit 134, 102 (1987).
dars. J.P. Celis, J.R. Roos and C. Buelengldctrochem.
0 de-Soc.,134 1402 (1987).

16. Y. Suzuki, M. Wajima and O. Asdi,Electrochem. Soc.,
the 133 259 (1986).

transferred SiC powder to be adsorbed on the electrade Y. Suzuki and O. Asal, Electrochem. Socl34, 1905

during plating. The codeposition behavior becomes pow
transfer-controlled. The volume fraction of powder increg
as the powder transfer rate increases, but a high stir rate

der- (1987).
S€8. C. White and J. FosteFrans. Inst. Met. Fin.59, 8
tendg1981).

to decrease the volume fraction of powder, because of fitg C.C. Lee and C.C. Wah,Electrochem. Sod.35 1930

collision factor.

Editor’'s note: Manuscript received, December 1993; re
sion received, December 1996.
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Test Your Plating

“Test Your Plating 1.Q.,” a popular series of short quizzeary certification exam (which is
first published in 1968 in the Society’s official journalisually offered at the conclusion
(Plating, now known adPlating and Surface Finishin

was the brainchild of Fred Pearlstein, CEF, PhiladelphiaFred contributed quizzes to
Branch. Fred was very involved in the Society’s edUcR&SF for more than 20 years. A

tional programs and served as a Society training coufew years ago, the job was taken =

instructor and as an instructor at Temple University |faver by John Lauriliard, CEF.

many years. It was his idea that almost everyone enjoydNow you can have the com- :'::;

quizzes, especially when the answers are handy. Overplete collection of 1Q quizzes
years, the quizzes have provided some easily digegtifftem 1968 through 1996).

bits of information on electroplating and surface finishing

topics.

Quizzes 1 through 170 were published by the then-
in booklet format in 1983. Those taking training courses
found that the quiz booklet was helpful in testing theifo order call
knowledge in preparation for taking the Society’s volurat 1-800/334-2052.

1Q—
of Quizzes for Finishers—1968-1996
Test Your
of the four-day course). Plating LO.
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