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Abstract

The present study aims to codeposit mica into nickel matrix. The effects of mica concentration in the suspension, current density,
temperature and pH of the plating bath on mica inclusion into the deposit were studied. Hardness, wear resistance and corrosion behaviour
of the nickel–mica (Ni–mica) composite in 5% sodium chloride (NaCl) solution have been studied. Microstructure of the composite has
also been investigated and reported.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Compared to conventional electrodeposits, alloys and
electroforms, elctrodeposited metal matrix composites of-
fer dramatic improvement in deposit structure, mechanical
properties such as stiffness, high hardness and wear re-
sistance, specific strength and high temperature oxidation
resistance[1,2]. Applications of composite coating tech-
nology can now be found in general consumer products
and more applications are on the horizon. Many models
have been postulated that yields a quantitative description
of the process under well-defined experimental condition
[3]. Although expensive than conventional electrodeposits,
composite coatings provide performance characteristics
which out-weigh their higher production costs. The cost
effectiveness of composite coatings technology can be best
illustrated by the growing number of applications in marine,
nuclear, agriculture and automotive industry[4]. Nickel
electrocomposites assume ever most importance in engi-
neering applications. No other metal matrix composite has
found so widely differing applications as nickel matrix com-
posites. Nickel matrix composites containing particles like
oxides, carbides, nitrides or diamond have been developed
for their improved wear resistance and dispersion strength-
ening [5–7]. Sulfides and organic polymer particles such
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as PTFE codeposited nickel composites posses anti-friction
properties[8]. Production of heat- and oxidation-resistant
coatings by the interdiffusion of codeposited particles was
also reported[9–11].

The present study aims to codeposit mica into nickel ma-
trix. The effects of mica concentration in the suspension, cur-
rent density, temperature and pH of the plating bath on mica
inclusion into the deposit were studied. Hardness, wear re-
sistance and corrosion behaviour of nickel–mica (Ni–mica)
composite in 5% sodium chloride (NaCl) solution have been
studied. Microstructure of the composite has also been in-
vestigated and reported.

2. Experimental

2.1. Composite bath preparation

Table 1gives the composition of nickel–mica composite
plating bath. All electrolytes were prepared from reagent
grade chemicals using distilled water. By means of a me-
chanically controlled glass stirrer (Remi India), known
amounts of mica powder of average size 3�m were kept
in suspension in the bath. The particles were first blended
with 50 ml of plating electrolyte in a mortar and the result-
ing slurry was completely transferred to the plating bath.
The suspension was stirred at 800 rpm for 8–12 h and thus
uniform dispersion was obtained.
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Table 1
Plating bath and operating conditions

Nickel sulfate (g/l) 225
Nickel chloride (g/l) 25
Boric acid (g/l) 30
Sodium lauryl sulfate (g/l) 0.1
Mica (g/l) 10–70
Temperature (◦C) 30–60
Current density (A/dm2) 2–6
Anode to cathode ratio 1:1

2.2. Nickel–mica (Ni–mica) composite plating

The electrocodeposition was carried out in a 1 l Pyrex
glass cell. As anode, 5 mm thick unbagged nickel sheet was
used. Stainless steel specimens of 7.5 cm×5.0 cm×0.1 cm
served as cathodes, from which the composite deposits could
be easily stripped off for chemical analysis. The extent of
mica incorporation into the nickel matrix was studied with
respect to mica concentration between 10 and 70 g/l, cur-
rent density ranging from 2 to 6 A/dm2, bath pH from 2 to
5 and a bath temperature range of 30–60◦C. The amount
of nickel present in the Ni–mica composite was estimated
using atomic absorption spectroscopy with a high degree of
accuracy. As stainless steel also contains nickel that may get
dissolved during stripping off the nickel composite layer,
a blank calibration was made under identical experimental
conditions by immersing an equal area of unplated stain-
less steel in the stripping solution. The resultant solution
was analysed for nickel ions which was then subtracted
from the weight of nickel deposit. The mica contents of
the composites could thus be deduced from the differences
between the weight of the composite layer and the esti-
mated nickel therein. The weight percent of mica particles
were then obtained from the total weight of the compos-
ite and the weight of mica incorporated. Triplicate analy-
ses were made in each case and the average values were
reported.

2.3. Characterisation of Ni–mica composites

The Ni–mica electrocomposites were deposited on pol-
ished mild steel sheets and characterised for hardness, wear
resistance, corrosion resistance and surface structure. The
micro hardness of 50�m thick composite was measured by
an indentation technique at 50 gf load with a diamond pyra-
mid indentor. The abrasion wear resistance of 50�m thick
composite was determined with a Taber abraser using CS-10
calibrase wheel at 1000 gf load. The corrosion behaviour
of the composite (10�m) was studied in 5% sodium chlo-
ride solution using a three-electrode cell assembly employ-
ing potentiodynamic polarisation and impedance techniques
[12,13].

The surface structure and distribution of mica particles in
the nickel composite was examined using scanning electron
microscope at 5000×.

3. Results and discussion

3.1. Effect of mica dispersion and current density on
incorporation into nickel matrix

The weight percent (wt.%) incorporation of mica into
nickel matrix obtained at 10–70 g/l of mica particles in sus-
pension over the current density between 2 and 6 A/dm2

are shown inFig. 1. The pH was maintained at 4 and the
temperature at 50◦C. Irrespective of the current density, it
could be seen that the inclusion of mica into the nickel
matrix increases sharply with mica suspension and attains
a maximum value at 50 g/l. With further additions, a de-
creasing trend was observed. The extent of incorporation of
the finely suspended particles depends on effective collision
at the cathode surface and the mechanical entrapment of
charged particles between metal ions. The observed increas-
ing trend and maximum incorporation of mica into nickel
matrix suggested that during this stage a steady-state equi-
librium exists, whereby the fraction of the total amount of
codeposited particles equalled to that on the cathode surface.
With further additions of mica, a decreasing trend was ob-
served which suggesteda higher stirring to maintain all the
particles in suspension and lack of uniform dispersion[14].
FromFig. 1, it can also be observed that irrespective of the
mica particle concentration in the bath, maximum incorpo-
ration was found at 4 A/dm2. Below and above this current
density range, the extent of incorporation was less. Simi-
lar trends were reported for other metal matrix composites
[15–20]. Between 4 and 6 A/dm2, the codeposition process
seems to be charge transfer controlled and the rate of in-
corporation is determined by the formation of a real contact

Fig. 1. Effect of mica concentration and current density on mica incor-
poration into nickel matrix at pH 4 and 50◦C temperature: (�) 2 A/dm2;
(×) 3 A/dm2; (�) 4 A/dm2; (�) 5 A/dm2; (�) 6 A/dm2.
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Fig. 2. Effect of pH on mica incorporation into nickel matrix at 50◦C
temperature and 4 A/dm2 for 50 g/l mica suspension.

between the nickel ions adsorbed on mica particles and the
cathode surface. As reported earlier[21], below this critical
current density, the reduction of nickel ions was under dif-
fusion control and hence the extent of mica incorporation
showed a gradual decrease. The trend was observed irre-
spective of the particle concentration and current density.

3.2. Effect of pH and temperature on mica incorporation
into composite

The influence of pH and temperature on mica incorpora-
tion is shown inFigs. 2 and 3, respectively. A smooth, uni-
form and semi bright composite containing 16 wt.% mica

Fig. 3. Effect of temperature on mica incorporation into nickel matrix at
pH 4 and 4 A/dm2 for 50 g/l mica suspension.

Table 2
Hardness and wear resistance data of Ni–mica electrocomposites

Deposit
(thickness 50�m)

Hardness
(VHN50)

Wear resistance (TWI)
at 1000 gf load

Cycle I Cycle II Cycle III

Nickel 150 28.2 24.8 21.1
Ni–6% mica 200 23 17 16
Ni–13% mica 260 13 9.4 7.7
Ni–16% mica 300 8.5 7.5 5.3

was obtained at pH 4 for a mica concentration of 50 g/l in
the bath at 4 A/dm2 and 50◦C. The amount of incorporation
was seen to increase significantly with pH and temperature.
Above 60◦C and pH 5, the deposit was rough and gray in
appearance, which could be attributed to the formation and
occlusion of oxides and hydroxides of nickel in the compos-
ite [22].

3.3. Hardness and wear resistance

Table 2shows the hardness and wear resistance data for
Ni–mica composites. With incorporation of mica, the hard-
ness and wear resistance of the nickel increased significantly.
Ni–16% mica had about two times more hardness than that
of electrodeposited nickel. The greater hardness produced is
not entirely due to the result of the dispersion strengthening
effect of the mica particles, but also to the flaky structure
of the composite deposit obtained (Fig. 4). It could be seen
from the microphotograph of Ni–mica composite (Fig. 4)
that the dispersed mica particles obstruct the easy movement
of dislocation and resists plastic flow thereby resulting in a
significant improvement in hardness values.

The Taber wear index of the composites for three con-
secutive cycles of abrasion is shown inTable 2. Incorpora-
tion of mica was found to improve the wear resistance of
the nickel coatings significantly. For given mica incorpora-
tion, the wear index measured in consequence cycles had
decreased relative to the previous cycle and tended to attain
a steady value after few cycles of abrasion. The observed
higher values in first cycle was due to abrasion on the rough
surface of the composite produced by the protruding parti-
cles yet to be occluded by the nickel matrix.

3.4. Evaluation of corrosion

3.4.1. Potentiodynamic polarisation
Typical potentiodynamic polarisation curves for steel,

electrodeposited nickel and nickel–mica composites ob-
tained using 5% sodium chloride solution are shown in
Fig. 5. The linear segments of the polarisation curves were
extrapolated to obtain the corrosion current (icorr) and cor-
rosion potential (Ecorr). The corrosion data are compared
with mild steel and nickel and are given inTable 3.

Compared to mild steel, the corrosion potentials for
nickel and nickel–mica composites are shifted more towards
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Fig. 4. SEM photograph of Ni–mica composite (5000×): (a) Ni–6% mica; (b) Ni–13% mica; (c) Ni–16% mica.

anodic in NaCl solutions. With 16% mica incorporation
about 150 mV shift was observed. It suggested that the incor-
poration of mica prevents the dissolution of the composite
in neutral chloride solutions and protects the substrate steel.
The corrosion current also decreased with incorporation

Table 3
Corrosion and impedance data of Ni–mica electrocomposites in 5% NaCl
solutions

Specimen Potentiodynamic Impedance
Rt (� cm2)

icorr (�A/cm2) Ecorr (mv vs. SCE)

Mild steel 14 −690 200
Nickel 7 −575 240
Ni–6% mica 6 −536 290
Ni–13% mica 4 −531 980
Ni–16% mica 3 −497 1080

of mica into nickel matrix compared to steel. Increase in
mica content from 6 to 16% decreased the corrosion current
and offered about three to four times more protection to
steel substrate. Thus, the extent of corrosion current follows
in the order,

mild steel> nickel∼ Ni–6% mica> Ni–13% mica

∼ Ni–16% mica.

When mica is codeposited, the dispersed particles oriented
themselves in overlapping and inter levelling layers, which
are roughly parallel to the substrate (Fig. 4). This decreased
the permeability of the composite since the length of the path
along which corrosive electrolytes must pass to reach the
substrate was much greater than for an equally thick nickel
deposit. In addition, the mica flakes provide mechanical re-
inforcement to the nickel deposit and prevents the attack
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Fig. 5. Typical potentio dynamic polarisation behaviour in 5% sodium
chloride solution: (�) steel; (�) electrodeposited nickel; (×) Ni–6% mica;
(�) Ni–13% mica; (�) Ni–16% mica.

from external corrosive environments[23]. Thus, Ni–mica
composite hinders the diffusion of chloride ions through the
composite thereby enhancing the corrosion resistance.

3.4.2. Electrochemical impedance measurements
Fig. 6 shows the typical Bode-plots obtained from AC

impedance measurements for steel, nickel and nickel–mica
composites in 5% NaCl solutions. The charge transfer resis-
tance (Rt) and double layer capacitance (Cdl) were obtained
from their respective Bode-plots and given inTable 3. It was
found that the resistance of the nickel–mica deposits were
significantly higher compared with steel and nickel deposits.

Fig. 6. Typical Bode-plot in 5% sodium chloride solution: (�) steel;
(�) electrodeposited nickel; (×) Ni–6% mica; (�) Ni–13% mica; (�)
Ni–16% mica.

The incorporated mica particles act as barrier layer over steel
substrate and hinder the entrapment of chloride electrolytes
through the deposits thereby protecting the substrate. Since
Rt is inversely proportional toicorr, the corrosion resistance
of the composites andicorr follows the same trend as found
in potentio dynamic polarisation method. Thus, with mica
incorporation one can achieve a good corrosion resistant
nickel deposit.

4. Conclusions

1. Ni–mica (16%) composite was obtained by operating the
bath at 4 A/dm2 at pH 4 and 50◦C for a mica suspension
of 50 g/l.

2. The mica incorporation into nickel deposit increased with
mica concentration in suspension, current density, pH and
temperature of the bath.

3. The hardness and wear resistance of the composite in-
creased with mica incorporation into nickel deposit and
found to be 2–3 times more than that of electrodeposited
nickel.

4. The Ni–mica composites offer improved protection to
steel against corrosion in 5% NaCl solution.
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