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1- Introduction

Surfaces of components and materials are the most
vulnerable areas to various types of attacks due to their
atomic structure. These attacks can be mechanical,
chemical, electrochemical, or thermal. As raw materials
become scarcer, there is a need to increase the performance
efficiency of components. Additionally, the exorbitant
energy costs justify the optimal utilization of components.
One solution to this problem is the application of coatings
on the surface of components, which can be done through
various methods such as physical vapor deposition (PVD),
chemical vapor deposition (CVD), thermal spraying, the
use of organic materials, electroplating, etc. Among these
methods, electroplating has gained significant importance
due to its low production cost and process control
simplicity.

Electroless nickel coating is one of the most commonly
studied coatings in recent decades. Electroless nickel
coatings exhibit higher hardness, corrosion resistance, and
wear resistance. Composite coatings are obtained by
adding solid particles to the electroless nickel-phosphorus
plating solution, improving the mechanical and
tribological properties of nickel-phosphorus coatings.
These coatings, characterized by high corrosion resistance,
good wear resistance, and uniform thickness, find
widespread applications in aerospace, marine, electronics,
chemical, and textile industries. The hard particles used in
composite electroless coatings mainly include TiC, B4C,
Cr;0s3, Al;Os, SiC, diamond particles, and other hard
ceramic compounds. Recently, ZrO; has also attracted
attention as a ceramic material with high chemical
resistance, hardness, strength, and toughness.

In the conducted investigations and studies, it appears
that no research has been carried out on the effect of TiO»
on the morphology, hardness, and wear of Ni-P-ZrO,
composite coatings. The aim of this project is to
investigate the morphology and improve the wear
resistance and hardness of the Ni-P-ZrO,-TiO, composite
coating applied on a steel substrate.

2- Experimental

Prior to the coating process, the steel substrate was
degreased by immersing it in a Freon solution at a
temperature of 40 degrees Celsius for 5 minutes.
Subsequently, an acid etching operation was performed
using a 25% volume concentration HCI solution for 2
minutes. This step was carried out to activate the surface
of the sample for entering the electroless bath. A hot plate
stirrer was used for temperature control and prevention of
solution settling during the coating process, and a mercury
thermometer was employed to monitor the temperature
until the completion of the coating step. For pH control, a
Metrohm model 827 pH meter was used, and a 25% weight
solution of sulfuric acid was utilized to adjust the pH
within the range of 4.4-4.5. Table 1 and 2 respectively
indicate the chemical composition of the nickel-
phosphorus bath and the electroless process conditions.
The coated samples were subjected to a heat treatment
process at a temperature of 400 degrees Celsius in an argon
gas atmosphere for one hour and then cooled in air.

The hardness of the samples was measured using a
Microhardness Tester model "Microhardness Tester
Kupa" with a Vickers diamond indenter. Each sample was
subjected to a 100-gram load for a duration of 15 seconds.
Prior to the hardness test, a load acceptance test was
performed in the force range of 1 N to 20 N to determine
the appropriate applied force. Then, wear tests were
conducted on the samples to investigate their wear
behavior and friction coefficient. Surface roughness
measurements were also performed to compare the results
with the wear test outcomes.

Mechanical tests were carried out three times for each
sample group, and the average values were reported. For
thickness and morphological analysis of the coatings, a
light microscope equipped with a digital camera (Olympus
BX61) and a field emission scanning electron microscope
(FESEM) model "TESCAN MIRA3" with an energy-
dispersive X-ray spectroscopy (EDS) were used.
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Table 1. Chemical Composition of Electroless Nickel-
Phosphorus Bath

. Concentration
Chemical .
(grams per liter)
Nickel Chloride 12
Sodium Hypophosphite 10
Boric Acid 15
Ammonium Bifluoride 5

Table 2. Electroless Plating Process Conditions

Process Parameter Value
pH 4-45
Temperature (°C) 83 -85
Plating Time (hours) 3
Agitation Speed (rpm) 700
ZrO, Concentration (g/l) 0,1,2,3,4,5
TiO, Concentration (g/l) 0,1,2,3,4,5
Sodium Dodecyl .Sulfate 05
(SDS) Concentration (g/l)

3-Results and Discussion
The SEM images in Figure 1 illustrate the surface

morphology of the obtained coatings. Considering that the
nickel-phosphorus coatings have a phosphorus content of
3-7% by weight and exhibit a rough structure, an increase
in the phosphorus content results in a reduction in surface
roughness of the nickel-phosphorus coating. These images
show that the surface of the nickel-phosphorus coating has
an approximate phosphorus content of 3% by weight and
appears dome-shaped. Furthermore, the addition of ZrO,
particles to the nickel-phosphorus matrix results in a more
uniform and compact cauliflower-like morphology.

Figure 2 presents electron microscopy images in the
backscattered electron (BSE) mode of the cross-sectional
surface of Ni-P, Ni-P-ZrO; (3g/l), and Ni-P-ZrO, (3g/l)-
TiO2 (2g/1) coated samples. The thickness of each coating
under constant conditions was approximately 51, 39, and
30 micrometers, respectively. The deposition rate of the
Ni-P coating was calculated as 17 micrometers per hour,
Ni-P-ZrO; coating as 13 micrometers per hour, and Ni-P-
Zr0O,-TiO; coating as 10 micrometers per hour. It can be
observed that with an increase in the particle concentration
in the coating, the deposition rate decreases, resulting in a
decrease in the coating thickness for all samples within a
constant time frame.

10um
Figure 1 - Surface Morphology of Nickel-Phosphorus
Coatings a) Coating without ZrO: particles b) Coating
with 3 g/l ZrO: particles c) Coating with 5 g/l ZrO:
particles
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Figure 2 - SEM images of the cFoss—sectionaI surface
of the coatings: a) Ni-P b) Ni-P-ZrO: (3g/l) ¢) Ni-P-
ZrO2 (3g/)-TiO2 (2g/1)

Figure 3 depicts the hardness values of the composite
coatings, namely Nickel-Phosphorus-Zirconia (Ni-P-
ZrOz) and Nickel-Phosphorus-Zirconia-Titania (Ni-P-
ZrO,-Ti0Oy). With the inclusion of ZrO; and TiO- particles,
both known for their high hardness, it is expected that the
addition of these reinforcing particles to the coating bath
would enhance the hardness of the base material.
Consequently, the electroless composite coating exhibits
higher hardness compared to the electroless nickel-
phosphorus coating. This increase in hardness can be
attributed to several factors. Firstly, the ceramic particles,
ZrO; and TiOy, resist excessive plastic deformation of the
coated matrix, resulting in an elevated hardness of the
composite coating in contrast to the particle-free coating.
Secondly, the presence of these particles hinders
dislocation motion within the coating and effectively locks
them through the mechanism known as the Orowan

mechanism, contributing to the overall hardness
enhancement.
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Figure 3 - The effect of ZrOz and TiO2 particle

concentrations on the hardness of Ni-P-ZrO2 and Ni-P
ZrO,-TiO2 composite coatings.

Figure 4 illustrates the microhardness values of Ni-P
coatings and Ni-P-ZrO, (3g/l) and Ni-P-ZrO, (3g/l)-
TiO2(29/) composite coatings before and after heat
treatment. The composite coatings exhibit higher hardness
compared to the Ni-P coating. The increase in coating
hardness after heat treatment can be attributed to two
factors. The first factor is the enhancement of crystallinity
and the formation of grain boundaries within the coating
structure. The increased density of grain boundaries
enhances the structural resistance against dislocation
movement, leading to an increase in coating hardness. The
second factor is the deposition of non-metallic phases that
occur due to the diffusion of phosphorus atoms among the
nickel atoms in the supersaturated solution. The formation
of these deposits results in a transition of the structure from
a metastable state to a fully equilibrium state. In the case
of electroless nickel-phosphorus coatings, the formation of
nickel phosphide (Ni3P), which is a hard ceramic phase
with high shear modulus and strength, may be the main
contributor to the increased hardness observed after heat
treatment.
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Figure 4 - The effect of heat treatment on the
hardness of Ni-P, Ni-P-ZrO: (3g/l), and Ni-P-ZrO:
(3g/)-TiO2 (29/1) coatings.

Figure 5 illustrates the changes in the coefficient of
friction during a 1000-meter sliding distance for Ni-P, Ni-
P-ZrO; (3g/l), and Ni-P-ZrO, (3g/l)-TiO; (2g/l) coatings
before and after heat treatment.

It can be observed that the addition of ZrO, and TiO>
particles to the coatings results in an increase in the
average coefficient of friction. This increase can be
attributed to the particles detaching from the coating and
the occurrence of three-body abrasion. Furthermore, the
heat treatment of the coatings and the formation of a
composite phase between the metallic Ni3P in the coating
lead to a slight increase in the average coefficient of
friction.

Table 3 presents the average coefficient of friction for
the coated samples. The results indicate that the addition
of ZrO, particles to the Ni-P coating increases the
coefficient of friction from 0.302 to 0.658. Similarly, the
inclusion of TiO; particles in the Ni-P-ZrO, composite
coating further increases the coefficient of friction from
0.658 to 0.704. This can be attributed to the abrasive
behavior of the hard ZrO; and TiO; particles.
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Moreover, after heat treatment at a temperature of 400
degrees Celsius, the coefficient of friction increases for all
coatings. The Ni-P coating exhibits an increase from 0.302
to 0.390, the Ni-P-ZrO; coating increases from 0.658 to
0.667, and the Ni-P-ZrO,-TiO, coating increases from
0.704 to 0.717. This increase can be attributed to the
nucleation and growth of the composite phase formed
between the metallic Ni3P (nickel phosphide) after the
heat treatment.

Coefficient of friction

500 600 700 800 900 1000

0 100 200 300 400
Distance (m)
e Ni-P e N} P-2£02 = Ni-P-Z£02-TiO2

~—Ni-P-HT Ni-P-ZO2-HT = Ni-P-ZO2-TiO2-HT

Figure 5 - Coefficient of friction for Ni-P, Ni-P-ZrOz (3g/1),
and Ni-P-ZrO: (3g/l)-TiOz (2g/l) coatings before and after
heat treatment.

Table 3 - Average coefficient of friction for
applied coatings

Sample Average Coefficient of Friction
Ni-P 0.302
Ni-P-ZrO; 0.658
Ni-P-ZrO,-TiO> 0.704
Ni-P-HT 0.390
Ni-P-ZrO,-HT 0.667
Ni-P-ZrO,-TiO2-HT 0.717

4-Conclusion:

In the present study, the effect of adding TiO; and heat

treatment on the microstructure, morphology, and

hardness  of Ni-P-ZrO; composite  coatings
electrodeposited on a steel substrate was investigated.

The results obtained from this study are as follows:

1- The investigation of the effect of changing the
concentration of ZrO, and TiO, particles in the
electroplating bath on their participation in the
composite coatings indicated an increased participation
up to the maximum value at a concentration of 3g/I
ZrO, and 2g/l TiO,, followed by a decrease in
participation with further increase in concentration.

2- Increasing the participation of ZrO; particles in Ni-P-
ZrO, composite coatings resulted in an increase in the
hardness of the coatings up to 702 Vickers.

3- Increasing the participation of TiO- particles in Ni-P-
Zr0O,-TiO, composite coatings increased the hardness
of the coatings to 813 Vickers.

4- Performing heat treatment at a temperature of 400
degrees Celsius resulted in the formation of a
crystalline structure and an increase in the hardness of
the Ni-P-ZrO,-TiO, composite coating to 1076
Vickers.

5- With heat treatment at a temperature of 400 degrees
Celsius, the coefficient of friction of Ni-P coating
increased from 0.302 to 0.390, Ni-P-ZrO; coating
increased from 0.658 to 0.667, and Ni-P-ZrO,-TiO;
coating increased from 0.704 to 0.717. The highest
coefficient of friction was observed for the Ni-P-ZrO,-
TiO2 sample.
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Synthesis and Characterization of Electroless Ni-P-ZrO,-TiO, Coating on Steel Substrate
Ali Alizadeh Mehdi Abdollahi Azghan Mohammad Fouolad chang

Abstract In this study, the effects of zirconia and titania particles on the abrasion behavior and hardness of Ni-P and Ni-
P-ZrO; coatings on ST37 substrate by electroless technique were investigated. For this purpose, Ni-P-ZrO, composite
coatings were precipitated at five different concentrations of 1 to 5 g/l of reinforcing particle, and then, after examining
the best specimen in terms of hardness, the effect of TiO, particles in five concentrations of 1 to 5 g/l was studied as a
booster alongside ZrO, particles. The coatings were heat-treated for 1 hour at 400 °C. Resistance to wear and friction
coefficient of coatings were evaluated by pin on disk test. The surface and cross-section of coatings, as well as the
abrasion lines, were examined using a scanning electron microscope (SEM) equipped with an EDS test. The X-ray
diffraction (XRD) test was also used to examine the coprecipitation of the reinforcing particles and phase transformations
in the coatings. The results showed that the heat treatment resulted in increased hardness. Also, increasing the
concentration of ZrO; particles in the bath from 1 g/l to 3 g/l resulted in improved hardness of the coating and the use of
TiO, up to 2 g/l along with ZrO, resulted in improved Ni-P-ZrO, coating hardness, so that increasing TiO, concentration
to 2 g/l resulted in an increase in the hardness from 702 HV, 1 in the Ni-P-ZrO; (3 g/l) sample to 813 HVy in the Ni-P-
ZrO;, (3 g/l) -TiO- (2 g/l) sample. The results also showed that the heat treated composite coating of Ni-P-ZrO- (3 g/l) -
TiO- (2 g/) had the highest friction coefficient.

Key Words Electroless Nickel, Composite coating of Ni-P-ZrO; -TiO», Zirconia, Titania, Hardness.
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