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Abstract:Electroless Nickel-phosphorus (EN) coatings provide high performance in various industrial fields due to
their unique properties such as excellent corrosion and wear resistance. This paper aims to study the effect of ZnO
nano-particles addition on corrosion behavior of EN coatings. Various amounts of ZnO nano-particles with average
diameter of 50 nm were added to hypophosphite reduced EN bath to deposit composite coatings. Microstructural
investigations were carried out via scanning electron microscopy (SEM). Chemical composition of the coatings was
investigated via energy dispersive spectroscopy (EDS). Electrochemical impedance spectroscopy (ELIS) and
polarization tests were used to study the corrosion properties of the coatings in a 3.5 wt.% NaCl solution. SEM
investigations showed that the coating deposited from the bath containing 2 g/L of ZnO nano-particles had the most
amount of nano-particles incorporated in the coating. EDS results revealed that incorporation of ZnO nano-particles
in the composite coating resulted in a decrease in phosphorous content of the coating. Corrosion tests showed that

corrosion resistance of the electroless Ni-P/nanoZnO composite coatings in 3.5 wt.% NaCl solution had an

improvement in comparison to electroless Ni-P base coating.
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1. INTRODUCTION

Electroless nickel plating (EN) was used by A.
Brenner and G. Riddell for the first time in 1946.
These coatings are diverse with their impressive
characteristics such as good corrosion and
suitable wear resistivity behaviors [1 and 2].
Incorporation of different fine hard particles in
these coatings has been a subject of many works
in recent years. It has been shown that
modification of physical and mechanical
properties, including increased resistance to wear
and abrasion, increased corrosion and oxidation
resistance, and increased hardness could be
yielded by incorporation of hard fine particles in
EN coatings [3-7]. Besides hard fine particles,
incorporation of carbon nano-tubes in these
coatings has been reported to result in better
tribological as well as corrosion properties [8-
10]. It has been shown that the composite EN
coatings have a better corrosion resistance in
comparison to the pure EN coatings [11-15].

This work aims to evaluate the effect of nano-
ZnO ceramic particles incorporation on corrosion
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behavior of electroless Ni-P coatings.
2. EXPERIMENTAL
2. 1. Deposition Procedure and Condition

Plates used as substrate to obtain Ni-P and Ni-
P/ZnO coatings were st37 steel in the size of
25%25x6 mm. After polishing with SiC paper —
from grade #100 to #400 - all the specimens were
pretreated and then plated through the following

procedure:
1. Ultrasonic cleaning in acetone for 6
minutes;

2. Cleaning in an alkaline solution for 10
minutes, at 80°C;

3.  Cleaning in 10 Vol.% followed by 5 Vol.%
H,SO, solutions, for 30 s in each case, at
room temperature;

4.  Electrocleaning in an alkaline solution for
20-25 minutes according to ASTM G 1-90
(the current density was 10 mA/cm?) [16];

After each step specimens were rinsed with
deionized water.
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Table 1. The condition of bath used for Ni-P and Ni-P/ZnO

plating
bath (Sample) # 1 2 3 4
Nano-ZnO
concentration (g/L) 0 1 2 3

An available industrial bath was used to obtain
EN coatings. Plating temperature was set within
88-93 °C using a thermal sensor and the pH was
set within 4.5-4.7 range. The bath was agitated
using magnetic stirrer at a speed of 300 rpm.

The diameter of ZnO nano-particles used was
about 50 nm. The amount of ZnO nano-particles
used in different baths is given in table 1.

The plating bath was prepared in a 200 mL
cell. To avoid agglomeration of ZnO nano-
particles, they were dispersed in the bath using a
high frequency ultrasound wave producer setup
prior to deposition.

A thin layer of pure EN coating was initially
deposited on the steel plates to reach a better
adhesion. The deposition time for this layer was
15 min. Samples were then moved to the
composite plating solution immediately and
plating was continued for 3 hr.

2. 2. Morphology of the Coatings

Scanning electron microscopy (CAMSCAN
MV2300) was used to study the morphology of
the coatings. Coatings were subjected to
ultrasonic cleaning in acetone to remove any
probable squalor beforehand.

2. 3. Phase and Elemental Composition Analysis

X-ray diffraction (Philip’s Xpert pro type X-ray
diffractometer with a cobalt target and an
incident beam mono-chromator with the wave-
length of k = 1.7889 A) patterns were used to
recognize the phases present in the coatings. The
elemental analysis of the coatings was obtained
via energy dispersive spectroscopy.

2. 4. Electrochemical Measurements

Corrosion behavior of the coatings was studied
through electrochemical impedance spectroscopy
and potentiodynamic polarization tests, both of
which were carried out in a standard three
electrode cell. Ag/AgCl and platinum electrodes
were employed as reference and counter
electrodes, respectively; while a specific area
(100 mm2) of the samples was used as the
working  electrode.  The electrochemical
measurements were carried out in 3.5 wt. % NaCl
solution. The polarization tests were conducted
using an EG&G potentiostat/galvanostat (model
273A). The EIS tests were carried out using a
Solartron Model SI 1255 HF Frequency
Response Analyzer (FRA) coupled to a Princeton
Applied Research (PAR) Model 273A
Potentiostat/Galvanostat. The samples were
immersed in the electrolyte before the tests
started so that an established Open Circuit
Potential (OCP) is achieved. The polarization
curves were obtained by sweeping the electrode
potential in the range of -200 to 400 mV vs. OCP
starting from cathodic area. The EIS
measurements were also carried out around OCP.
The amplitude of the sinusoidal AC signal
applied in the EIS measurements, was 5 mV and
the frequency range was from 0.01 Hz to 100
kHz.

3. RESULTS AND DISCUSSION
3. 1. Deposition of Composite Coatings

During deposition of the composite coatings
from the baths containing different amounts of
nano-particles, it was noticed that the plating
baths would decompose for the baths containing
2 g/ ZnO nano-particles or more. This
phenomenon was happening some times after
deposition started and for higher concentration of
ZnO nano-particles happened after a little while.
This could be as a result of the increased surface
area and hence increased internal energy of the
bath composition, which occurred above a
tolerable amount nano-ZnO [17].

A cross-sectional view (taken by OM) of the
coatings deposited from the baths # 1, 2, 3, and 4
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Fig. 1. The cross-sectional views of coatings # 1(a), 2(b), 3(c), and 4(d), taken by optical microscope (OM).

is shown in Fig. 1 (a, b, ¢, and d). As it is can be
seen the addition and further increase of the
nano-particles contents in the plating bath has
lowered the thickness of the coatings and for the
coating deposited from the bath # 4 the deposit is
non continues and the thickness is lowest.

3. 2. Elemental Analysis of Coating Composition

Zn-X-ray map results for the Ni-P composite
coatings (obtained from baths #2 and 3) are
shown in Fig. 2. The lighter spots in these figures
are representatives of Zn-X-rays. As it can be
seen from the Fig. 2, nano-particles are well-
dispersed all around the surface in both of the
composite coatings. Comparing the X-ray maps
of the two composite coatings, it is clear that the
incorporation of ZnO nano-particles in the
coating obtained from the bath # 3 is rather more
in comparison to the coating deposited from the
bath # 2.

Table 2 presents the relative amounts of nickel
and phosphorous elements in pure Ni-P and
composite coatings. It is seen that incorporation

12

of ZnO nano-particles in the coating has
decreased the amount of phosphorous in the
composite coating in comparison to nickel. This
effect has also been reported by Novakovic [18].
The reason for this phenomenon is unidentified.
The phosphorus content does not show a distinct
difference for the composite coatings obtained
from 1 g/L and 2 g/LL ZnO nano-particles
containing baths.

3. 3. Morphology of the Coatings

The morphology of the pure and composite
coatings - yielded by SEM - is shown in Fig. 3a,

Table 2. Elemental analysis of the coatings compositions
obtained from EDAX analysis.

Coating Nickel (wt.%) Phosphorous (wt.%)
Ni-P 90/6 9/4
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Fig. 2. Zn-X-ray maps taken from the surface of the composite coating # 2 (a) and 3 (b).

b, and c. As it can be concluded from Fig. 3a, b,
and c the incorporation of ZnO nano-particles in
the coating has resulted in a rougher surface for
composite coatings in comparison to the pure
one. It is also seen that the increase in the amount
of the ZnO nano-particles incorporation in the
Ni-P matrix has caused to obtain a more uneven
surface (Fig. 3b and c¢). Since the rougher
morphology could be a proof for the presence of

the nano-particles at the surface, it can be
concluded that the increase in the nano-particles
amount in the bath has caused in an increased
amount of nano-particles incorporation in the
coating (as it also was shown by Fig 2a and b).

3. 4. X-Ray diffraction Analysis

The XRD patterns of the composite (coating

Fig. 3. The surface morphology of the Ni-P ,a., Ni-P/ZnO (1 g/L nano-particle in the bath), b., and Ni-P/ZnO (2 g/L nano-
particle in the bath),c.

13


https://cemst.iust.ac.ir/ijmse/article-1-524-en.html

[ Downloaded from cemst.iust.ac.ir on 2026-06-06 ]

Iranian Journal of Materials Science & Engineering Vol. 10, Number 1, March 2013

400
a
8
=
§ 100
20 30 40 50 60 70 80 90 100
Position (2theta)
600 T
b
»
£ 400
3
8
200

20 30 40 S50 60 70 80 90 100
Position (2theta)
Fig. 4. The XRD pattern of the Ni-P (a) and Ni-P/ZnO (b)
coatings.

deposited from bath # 3) and pure Ni-P coatings
are shown in Fig. 4. It is shown that nano-
particles incorporation in the Ni-P matrix has not
been effective on the structure of the composite
coating and the XRD patterns of the both
composite and pure Ni-P coatings show an
amorphous phase.

3. 5. Electrochemical Corrosion Behavior of the Ni-
P and Ni-P/ZnO Coatings

Taffel polarization curves for both Ni-P and

-200
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-600

-800

001 01 1_ 10 100
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Ni-P/ZnO coatings are shown in Fig. 5.
Corrosion current and corrosion potential
quantities extracted from these curves are shown
in table 3.

It is seen that ZnO nano-particles addition to
the Ni-P matrix has enhanced the corrosion
resistance of the coatings. Fig. 6 shows the
nyquist diagrams of the coatings obtained from
EIS test. To evaluate the -electrochemical
corrosion parameters, the equivalent circuit seen
in Fig. 7 is used [11 and 19]. Rs, Rct, and CPE
parameters demonstrate solution resistance,
charge transfer resistance, and constant phase
element respectively. CPE is a measure of double
layer capacitance which is aberrant from ideal
capacitance [20 and 21].

As it is seen from table 4. Ni-P/ZnO coating
shows a higher charge transfer resistance in
comparison to Ni-P coating, which is in
agreement with the polarization results. This
increase in corrosion resistance via incorporation
of ZnO nano-particles may be due to a decrease
in the electrochemically-active area of the
coating surface [22].

Table 3. Corrosion current and potential of the coatings.

Sample Ecore V) | Teorr (nA/em’)
Ni-P -641/52 0/000493
Ni-P/nanoZnO -605/35 0/0000443
-200
b
2-400
w
600 T~
-800
0.00001 0.0001 0.001 0.01 0.1 1
i (Alen?)

Fig. 5. Taffel polarization curves for Ni-P, a, and Ni-P/ZnO, b.
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Fig. 6. Nyquist diagrams of the Ni-P (a), and Ni-P/ZnO coatings (b).
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Fig. 7. Equivalent circuit used to obtain the electrochemical corrosion parameters from EIS results.

Table 4. Electrochemical corrosion parameters obtained from EIS results for Ni-P and Ni-P/ZnO coatings.

Since bath decomposition occurs at higher
concentrations of nano-ZnO, the maximum
possible amount of ZnO nano-particles,
which can be added to the electroless nickel
phosphorous plating bath is 2 g/L;

By incorporating ZnO nano-particles in
electroless Ni-P coatings, surface morphology
changes from smooth to an uneven profile;
this effect is intensified with the excess nano-

CPE
coatings Re R
CPE-P CPE-T
Ni-P -5
0/64562 7/0646x10 91/05 4/658
Ni-P/nanoZnO 0/8789 6/23x107 7/946 7/803
4. CONCLUSIONS particles incorporated in the coating;
3. Incorporation of ZnO nano-particles does

not change the coating structure and XRD
analysis shows an amorphous phase in the
presence and absence of ZnO nano-
particles;

Incorporation of ZnO nano-particles
increased the corrosion resistance which
may be due to the decrease in the
electrochemically-active area of the coating
surface.
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