Electroless deposition of Ni-P composite
coatings containing kaolin nanoparticles

K. N. Srinivasan* and PR. Thangavelu

The ability to codeposit particulate matter in a matrix of electroless nickel has led to a new
generation of composite coatings with unique properties, such as high hardness wear, abrasion,
corrosion and high temperature oxidation resistance. In this paper, the authors report on the
development of electroless Ni-P—kaolin composite coating, and the characteristic properties of
the selected deposits were evaluated by scanning electron microscopy, energy dispersive X-ray
and X-ray diffraction techniques. A good rate of deposition of 12 um h™' was observed for the
optimised concentration of 6 g L™ of kaolin in the bath. For the optimised bath composition and
operating conditions, the composite deposit was found to contain 81-7%Ni, 9-8%P and
10-5%kaolin. Heat treatment at 400°C for 1 h results in an increase in the hardness and wear
resistance of the composite coating. The corrosion resistance is also highly enhanced by the
incorporation of kaolin in the nickel-phosphorus matrix. The crystallite size of the composite

coating is 20 nm, and the codeposition of kaolin follows the Langmuir adsorption isotherm.
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Introduction

Surface properties such as hardness, wear resistance and
corrosion resistance can be improved using various
methods, e.g. electroplating, electroless plating, physical
vapour deposition, etc. Electroless plating is defined as the
autocatalytic deposition of metal ions such as nickel and
copper in the presence of reducing agents such as
hypophosphite, borohydride, amino borane, etc. Electro-
less nickel (EN) plating is utilised by the aerospace,
automotive, chemical and electrical industries mainly due
to its uniformity of deposition over complex geometries,
excellent solderability, lubricity, high hardness and high
wear and abrasion resistances. Codeposition of various
second phase particles leads to the formation of electroless
composite coatings. The incorporation of finely sized
particles within Ni-P autocatalytic coatings has been
found to greatly enhance the mechanical properties
(hardness and wear resistance) and corrosion resistance
relative to pure metal. In some cases, embedding particles
in electroless deposited metals added entirely new features
to the performance of the coatings, which increased their
use in different industries with applications such as tips for
earth moving equipment, moulds, cutting tools and engine
parts. Commercially, a number of systems have been
described for producing electroless deposited composites.
They represent a range of coatings based on dispersed
particles of oxides of silicon,”™ aluminium'* and
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zirconium, nitrides of boron and silicon
carbides of tungsten,**  chromium,* boron,
PTFE,* ™" MoS,,>"? diamond,”>® titania,”® > etc.
Such coatings provide resistance to wear, erosion, corro-
sion, lubrication, oxidation and fretting, particularly at high
temperatures. Light emitting composite EN coatings® are a
recent and exciting development in the field. These coatings
have all the inherent benefits of EN, but when viewed under
UV light, they emit a distinct light that can be valuable in
authenticating original equipment manufacturer parts in
the aircraft industry. Around 335°C phase transformation
occurred for both plain Ni-P and composite coatings. By
scanning through the available literature on composite
coatings, little information seems to be available on high
phosphorus EN composite coatings containing submicro-
metre kaolin particles. Given the benefits afforded by a
second phase present in a nickel-phosphorus matrix noted
above, systematic studies have been carried out by the
authors to prepare Ni-P-kaolin composite coatings by
electroless deposition. Plain Ni-P coatings were also
prepared for comparison. Deposits were characterised for
their structure, morphology, phase transformation beha-
viour and microhardness at heat treatment temperatures.
Grain size has also been calculated for the as deposited and
heat treated coatings at crystallisation temperatures. This
study examines the effect of deposition time, pH and
temperature on the rate of deposition in nickel composite
bath. The effect of kaolin content on hardness, wear
resistance and corrosion resistance has also been investi-
gated. Structural investigations were carried out using SEM
and X-ray diffraction. The improvement in surface proper-
ties offered by such composite coatings will have a
significant impact on numerous industrial applications,
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and in the future, they are likely to secure a more prominent
place in the surface engineering of metals and alloys.

Experimental

Electrode preparation

Copper, mild steel and stainless steel electrodes of size
5x 5 cm were used. The electrodes were mechanically
polished, and the polished specimens were degreased
using trichloroethylene. Mild steel panels were used for
corrosion studies. Copper panels and stainless steel
panels, cut to size where necessary, were used for
rate measurement and phosphorus content analysis
respectively.

Bath used

The following bath reported elsewhere® was used for
the studies:
(i) nickel sulphate: 25 g L™!
(ii) sodium citrate: 50 g L™
(iii) sodium hypophosphite: 20 g L™
(iv) ammonia to adjust pH: 4-10
(v) kaolin: 1-8 g L.

Bath preparation and purification

The required amounts of chemicals were weighed and
dissolved in distilled water (3/4 of the total volume
required), and then the solution was filtered through a
G.4 crucible and made up to the required volume using
distilled water. The pH of the solution was adjusted
electrometrically by a pH meter (Elico Pvt. Ltd,
Hyderabad) using ammonia. The submicrometre kaolin
particles used for the study were 99-9% pure, spherical in
nature. Kaolinite is a clay mineral, part of the group of
industrial minerals, with the chemical composition
AlSi,05(OH),. It is a layered silicate mineral with one
tetrahedral sheet linked through oxygen atoms to one
octahedral sheet of alumina octahedra. Rocks that are
rich in kaolinite are known as china clay, white clay or
kaolin. The required amount of kaolin powder was
cleaned with trichloroethylene washed with water, then
treated with 5% sulphuric acid and washed well with
water and finally with DI water.

Bath maintenance and control

The temperature of the bath was maintained to within
+2°C using constant temperature equipment, and the pH
of the solution was continuously monitored using a
digital pH meter and by appropriate additions of
sulphuric acid or ammonia. Bath ingredients nickel
sulphate and sodium hypophosphite were analysed
regularly and replenished when required. After proper
pretreatment, test panels to be EN plated were simply
immersed in the bath at the operating temperature.
Mechanical agitation at a constant speed of 300 rev min~"
was used to achieve uniform suspension of particles in the
solution and to prevent agglomeration of the particles. In
order to avoid the decomposition of the bath during
operation, 2 ppm lead nitrate was added to the bath as a
stabiliser.

Effect of bath variables on rate of deposition
Effect of temperature on rate of deposition

Copper panels were mechanically polished, degreased
with trichloroethylene, washed, dried and weighed.
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These copper panels were activated in palladium
chloride solution and placed in a 250 mL beaker
containing the electroless bath solution (pH 6) with
6 g L™! kaolin particles at different temperatures (40,
50, 60, 70, 80 and 90°C) for 30 min. These panels were
then removed, washed, dried and weighed. From the
difference in weight, the nickel deposited was calculated.
From the weight of nickel deposited, area of copper
panel and density of the deposit, the rate of deposition
was calculated. Here, it was assumed that the mass
contribution of kaolin to the total is negligible given the
lower density and the low fraction in the deposit
compared to Ni-P

Rate of deposition (um h~—1)=

Weight of Ni deposit (g) x 10*
Area of panel (cm?) x density of nickel

Effect of time and pH on rate of deposition

The effect of plating time on the rate of deposition was
studied at constant pH of 6 and bath temperature of
90°C. The plating time was varied from 10 to 90 min.
Activated copper panels were placed in the electroless
bath containing 6 g L™ ! kaolin at pH values of 4, 4-5, 5,
6, 7, 8 and 10 at 90°C for 30 min. Then, these panels
were removed, washed, dried and weighed. From the
weight of the deposit, the rate of deposition was
calculated, as above.

Microhardness measurements

In general, electroless codeposition processes of second
phase particles take place at low temperature, and the
chemical interaction between the particles and the
matrix is not favoured. The particles are only physically
entrapped in the Ni-P matrix. Thus, heat treatment of
these coatings is necessary in order to promote phase
transitions that will enhance their properties. Hence,
the EN coated specimens were heat treated at 400°C.
Hardness measurements for all the as plated specimens
and the heat treated samples were made on 35 pum
thickness deposits using a Vickers’s hardness tester with
a load of 50 g.

Abrasion resistance measurements

The abrasion resistances of the specimens were mea-
sured using Taber Abraser (model AB-5130; Paul n.
Gardner Company, Inc.) in both as plated and heat
treated conditions. For this test, specimens of size
10 x 10 cm were used. The abrading wheels were allowed
to rotate on the coatings of 35 pum thickness at a load of
1 kg. Before the start of the experiment, the specimens
were accurately weighed. Then, the wheels were allowed
to rotate against the deposit for 1000 cycles with the
above load. After that, the specimens were removed and
weighed again. The experiment was repeated for another
1000 cycles. The average weight loss was taken as the
Taber wear index or abrasion resistance
Taber wear index=Weight loss (mg) for 1000 cycles

X-ray diffraction measurements

X-ray diffraction patterns (Make-Analytical, USA
Instruments) for the electroless deposited composite
nickel specimens were made in both as plated and heat
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treated (400°C) conditions to determine the amorphous
or crystalline nature of the deposits.

Scanning electron microscopic studies

The morphology of the electroless deposits with and
without kaolin was examined under high magnification
(x 1000) to assess the grain size, deposit nature, hetero-
geneities and pores present in the deposits using a
scanning electron microscope (model S-3000H; Hitachi).
The scanning electron microscope, which makes use of
reflected primary electrons and secondary electrons,
enables one to obtain information from regions that
cannot be examined by others. The EN plated specimens
were cut into 1x1cm size, mounted suitably and
examined under the microscope. Nickel, phosphorus
and kaolin contents present in the coating were evaluated
using energy dispersive X-ray (EDX) studies.

Impedance measurements

The ac impedance spectrum was obtained for the EN
deposits with and without kaolin. Impedance measure-
ments were carried out using a three-electrode cell
assembly (IM6 Electrochemical Impedance Analyser). A
frequency range of 100 kHz to 10 mHz was impressed
on the system. In this experiment, the ac voltage is
superimposed on the rest potential on an electroless
deposited electrode immersed in 5%NaCl. Using the
Nyquist plot, the charge transfer resistance and double
layer capacitance values were calculated.

Results and discussion

Effect of temperature on rate of deposition

Table 1 shows the influence of temperature on the rate
of deposition in the presence of 6 g L' kaolin. From
the table, we infer that the rate of deposition increases
with an increase in temperature. When the temperature
is >90°C, the bath decomposed, resulting in the
formation of a powdery deposit. Hence, 90°C was fixed

Table 1 Effect of temperature on rate of deposition from
bath (pH of 6-0) with 6 g L' of kaolin

Sample no. Temperature/°C  Rate of deposit/um h™!

1 50 2:3

2 60 29

3 70 6:2

4 80 80

5 90 12:3

Table 2 Effect of time on rate of deposition from bath
(temperature of 90°C; pH 6) with 6 g L' of kaolin

Sample Deposition Deposit Deposition
no. time/min thickness/um rate/um h™’
1 10 53 318

2 15 69 276

3 20 77 231

4 25 84 20-2

5 30 88 17-6

6 45 93 12:4

7 60 98 98

8 90 12:3 82

as the operating temperature for carrying out further
studies.

Effect plating time on rate of deposition

Table 2 shows the variation in rate of deposition with
time in the basic electroless bath. It shows that a very
high rate was observed initially, and this reduces with
deposition time. This may be due to the ready deposition
of EN on freshly activated mild steel surface. With time,
reduction in the deposition rate takes place as the
surface becomes covered with freshly deposited nickel
surface.

Effect of pH on rate of deposition

Table 3 shows the change in rate of deposition with pH.
The pH of the solution was varied from 4 to 8 while
keeping other parameters constant. It is seen from the
table that increasing the bath pH increases the rate of
deposition and has a considerable effect on the rate of
deposition. In electroless deposition of nickel with
hypophosphite reducer, two simultaneous reactions,
i.e. reduction and oxidation processes, are taking place
on the catalytic surface. In the reduction processes, two
competing reactions nickel ion and hydrogen ion
reduction are taking place. Reduction of nickel ion
occurs through electrons produced in the process of
interaction of hypophosphite with water

H,PO; +H,0—-H,PO; +2H" +2e
Ni?* 4+2e—->Ni’

2H™* +2e—H>

With the increase in acidity of the solution, the
probability of interaction of protons with electrons is
increased, leading to the reduction of the coefficient of
utilisation of hypophosphite together with reduction of
nickel ions. Thus, the rate of hydrogen evolution
becomes favoured over nickel ion reduction in high
hydrogen ion concentration (low pH). Hydrogen ion
present in the electrolyte favours the phosphorus
formation

H,PO; +e—P+20H"

Effect of kaolin on hardness of deposits

Table 4 shows the effect of the presence of kaolin on the
hardness of Ni-P coatings with and without heat
treatment. It is observed from the table that the hardness
is increased as the kaolin content in the bath is increased
due to the incorporation of more hard kaolin particles in
the deposit. After heat treatment at 400°C, the kaolin

Table 3 Effect of pH on rate of deposition (bath
temperature 90°C) with 6 g L™ of kaolin in bath

Sample no. pH Rate of deposition/um h™'
1 4 6-0
2 4-5 69
3 50 76
4 6-0 12:3
5 7-0 157
6 80 18:3
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particles may get sintered, leaving larger kaolin films on
the surface of the deposit accounting for the higher
hardness of this composite coating.

Effect of kaolin on wear resistance of deposits

Table 5 gives the values of wear resistance taken by Taber
Abraser at a load of 1 kg for 1000 cycles on the plated as
well as heat treated deposits. It is seen from the table that
the wear resistance is greater for the coatings containing
kaolin particles than with Ni-P alloy in both as plated
and heat treated conditions. Heat treatment enhances the
wear resistance of the composite coatings. It is to be also
noted from Table 6 that as the concentration of kaolin in
the bath increases, its content in the deposit also increases
at the cost of nickel and phosphorus up to 6 g L™ ! and
thereafter appears to attain a steady state, remaining at a
constant deposited level.

Surface topography

Figures 1 and 2 show the SEM photographs of the Ni-P
coatings with and without kaolin present in the matrix in
the as deposited conditions. It seems evident from the
figures that there is a uniform dispersion of kaolin
particles in the deposit. Figure 3 shows the cross-sectional
view of the composite coating. It is seen from this that
there is a uniform distribution of particles in the Ni—P
matrix. X-ray diffraction measurements (Figs. 4 and 5)
also confirm the presence of kaolin particles in the Ni-P
matrix. It is seen from these scans that the peaks obtained
for nickel-phosphorus with and without kaolin are
amorphous in nature, and the crystallite size calculated
using the Scherrer equation is shown to be 25 and 20 nm
respectively. The EDX spectrum of the composite coating

Table 4 Effect of concentration of kaolin particles in bath
on hardness of coating

Concentration  yjcyers hardness (load 50 g)

Sample of kaolin in

no. the bath/g L' as plated heat treated
1 0 550 799

2 1 567 820

3 4 600 930

4 6 650 990

5 8 656 996

Electroless deposition of Ni-P composite coatings containing kaolin nanoparticles

1 Image (SEM) of Ni-P

(Fig. 6) obtained from the bath containing 6 g L' of
kaolin confirms the presence of kaolin particles in the
composite coating.

Effect of kaolin on corrosion resistance of
deposits

Table 7 shows the corrosion resistance of the composite
coating with and without heat treatment. Figures 7 and 8
show the impedance spectra obtained for the composite
coating with and without heat treatment. Using Nyquist
plots, the charge transfer resistance values of the above
reaction are calculated as the x intercept of the semicircle,
where the x axis represents the real part of the impedance.
Perfect semicircles are encountered in the case where the
electrochemical reaction of interest is under charge
transfer control. Where the reactions are partially under
charge transfer and mass transport control, there is a drag
noted in the semicircular plot. When the reaction is under
diffusion control, a rising portion is noted in the low
frequency end of the plot. In addition, any looping at the
tail end of the plot is attributed to the contribution of the
Warburg impedance.

In most of the impedance plots, the semicircles are not
complete, particularly at the low frequency end, and
they need to be estimated by extrapolation of a best
fitted half circle for the experimental values. The

Table 5 Effect of concentration of kaolin particles in bath on wear resistance of coating (load 1 kg)

Wear (as plated)/mg

Wear (after heat treatment)/mg

Sample no. Kaolin/g L™ (1000 cycles) (1000 cycles)
1 0 0-0259 0-0212
2 1 0-0232 0-0200
3 4 0-0221 0-0123
4 6 0-0212 0-0120
5 8 0-0182 0-0150

Table 6 Effect of concentration of kaolin particles in bath on weight percentage of Ni, P and kaolin in deposit

Composition of the deposit/wt-%

Concentration of

Sample no. kaolin in the bath/g L™’ Ni P Kaolin
1 0 89:32 11-60

2 1 82:50 10-16 7-45

3 4 8048 10-90 862

4 6 81-71 9:82 10-47

5 8 79-62 9-36 11-02
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2 Image (SEM) of Ni-P—kaolin

corrosion resistance of the deposits with kaolin is higher
in both as plated and heat treated conditions than
without kaolin content. The high corrosion resistance of
the deposit may be due to the hard nature of the kaolin
particles and their uniform distribution in the Ni—P
matrix, as evidenced from the cross-sectional study of
the composite coatings.

Mechanism of incorporation of kaolin in nickel-
phosphorus matrix

The incorporation of kaolin particles seems to be mainly
due to mechanical effects and little due to the electro-
phoretic effects of the hydrophobic particles. As the
particles strike the surface, they are included in the nickel
alloy being deposited and become a part of the cermet.
There is no molecular bond between the particles and the
metal matrix.®>* The codeposition of particles is governed
by a two-step adsorption mechanism. In the first step, the
dispersed particles in the bath are transported to the
surface of the electrode by mechanical action and are
physically adsorbed due to the fluidal action. In the second
step, these physically adsorbed particles dehydrate because

Y

Counts

3 Cross-sectional view of Ni-P-kaolin composite

of the strong electric field of the Helmholtz layer at the
electrode, and a strong irreversible chemical adsorption of
the particles on the electrode takes place. The adsorbed
particles are embedded by reduced metal or alloys. The
physical adsorption is Langmuir adsorption.** Langmuir
adsorption studies have been carried out and assessed in
the present study. The values of fractional surface coverage
0 were obtained using values of rates of deposition in the
presence and absence of kaolin particles r, from the weight
gain method. The fractional surface coverage is written as

0=1—(ro/ro)

Suppose that the adsorption of all the kaolin particles on
the metal surface follows the Langmuir isotherm, then, the
fractional surface coverage is given by

9=KC()/1 +KCy

where C, denotes the bulk concentrations of the additives,
and K is the adsorption constant. The above two equations
can be combined and rearranged to give

(1/r)=(/ro)+(K/ro)Co

Table 8 shows the effect of the rate of deposition on the
concentration of kaolin particles in the bath. It is seen from
the table that there is an increase in the rate of deposition

Y

0 L

R LR LR B

50 60 70 80 90

Position [*2Theta] (Copper (Cu))

4 X-ray diffraction pattern for Ni-P—kaolin coating as deposited
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5 X-ray diffraction pattern for Ni-P—kaolin coating after heat treatment
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6 Spectrum (EDX) of Ni-P—kaolin (6% in bath)

with concentration of kaolin particles in the bath. The
increase in the rate may be due to the higher incorporation
of inert particles in the nickel-phosphorus matrix. The
Langmuir isotherm was also tested by plotting 1/r, versus
C,, where C, denotes the bulk concentrations of kaolin,
and rq is the rate of deposition. A straight line relationship

keV

was obtained (Fig. 9) in the presence of kaolin, thereby
confirming that the adsorption process obeys the
Langmuir adsorption isotherm.

The relationship between the rate of reaction and
temperature in EN plating can be expressed through the
Arrhenius equation

Table 7 Corrosion resistance of composite coating obtained by impedance spectra

Sample no. Concentration of kaolin in the bath/g L' As plated R./Q cm? After heat treatment Ro/Q cm?
1 0 2:126 5-391

2 6 3-193 8-221

Transactions of the Institute of Metal Finishing 2012 voL 90 NO 2
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8 Impedance spectra for composite coating after heat
treatment

v=Ae E/RT

log v=1log A—E,/RT

From the slope of the log v versus 1/7 straight line plot,
the activation energy E, can be calculated

E,=Slope x2:303 x R

where R is the gas constant. Figures 10 and 11 represent
the Arrhenius plots for the EN process in the presence
and absence of kaolin at their optimum concentration.
The values of E, calculated from the figures are —59-16
and —78-66 kJ mol ™' respectively. From the results, it is
evident that the presence of kaolin will be able to reduce
the activation energy of the EN process when compared

Table 8 Effect of concentration of kaolin in bath on rate
of deposition (bath temperature 90°C and bath

pH 6)
Concentration

Sample of kaolin in Rate of
no. the bath/g L™’ deposition/pm h™’
1 1 83
2 4 10-0
3 6 1224
4 8 16
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10 log v versus 1/T curves of EN in absence of kaolin

to the bath without kaolin. In the present case, the
adsorption of the compounds on the metal surface is
found to obey the Langmuir adsorption, and this leads
to a decrease in activation energy values of the plating
process on the metal surface.

Conclusions

A new bath formulation has been developed for
producing nanocomposite coatings of Ni-P-kaolin,
and given below is the optimum concentration and
operating conditions.

Nickel sulphate: 25 g L™ .

Sodium citrate: 50 g L.

Sodium hypophosphite: 20 g L™".

pH (adjust by ammonia): 6-0.

Kaolin: 6 g L™

Lead nitrate: 2 ppm L™,

. Temperature: 90°C.

At this concentration, the deposit was found to contain
81-7 wt-%Ni, 9-8 wt-%P and 10-5 wt-% kaolin. Nickel-
phosphorus deposits with and without kaolin are
amorphous in nature, and the crystallite size calculated
using the Scherrer equation is 25 and 20 nm respectively.
The codeposition of kaolin follows the Langmuir
adsorption isotherm. There is an increase in hardness
with the incorporation of kaolin due to the hard nature
of the kaolin particles. Wear resistance and corrosion

Nk L=
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resistance are very much improved in the presence of
kaolin particles after heat treatment. Hence, the coating
seems suitable for engineering applications where high
wear resistance and hardness are required.
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