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In this study, Ni-P—Fe203 composite was deposited on AISI 4140 steel using different concentrations of Fe2Os ranging
from 0.1 to 0.5 gr/lit in an electroless bath. The phase analysis and surface morphology of the samples were characterized
using X-ray diffraction and FESEM. The corrosion behavior of the coated samples was investigated in a 3.5 wt. % NaCl
solution through potentiodynamic polarization. The results of the potentiodynamic test show that adding Fe20s into an
electroless bath facilitates the formation of the passive layer. The results show that the coating created at a thickness of
(10-16um) had the highest corrosion resistance compared to other coated and non-coated samples. Furthermore, the results
of the friction coefficients of the samples produced by powder metallurgy have decreased because Fe2Os particles led to a
decrease in grain size in the heat treatment of specimens and prevented excessive heat generation during the wear test;

thus, the friction coefficient decreased during the test.
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1. INTRODUCTION

AISI 316L SS is a common implant material because of
its reasonable cost, easy accessibility, excellent
manufacturing properties, accepted biocompatibility, and
good performance in corrosion resistance, making this
material extremely attractive in the application of implant
materials [1]. An electroless nickel coating enhances wear,
friction, and corrosion resistance, increases the material's
surface hardness, creates a thick and homogeneous coating,
and, in many circumstances, retains the material's original
surface finish. Additionally, it possesses excellent electrical
and thermal conductivity, lubricity, and ductility [2].

Steel, aluminum, and copper alloys may all have a
chemical nickel coating to make them more durable and
brighter. Its high mechanical qualities make steel the most
used substrate material. In terms of economics, steel and
aluminum are competing. In the electroless Ni—P coating
structure, the phosphorus component causes the coating to
be an amorphous deposit. After increasing temperature, the
amorphous structure breaks down into a crystallized one.
There is a considerable increase in hardness and wear
resistance after heat treatment [4]. To better lubricate and
protect the plated surface from corrosion, some composite
coatings incorporate particles like graphite PTFE and MoS,
while others use more rigid particles like SizN4, WC, Al,Os,
TiO2, and SiC [5, 6]. These hard particles are used in the
latter type of composite coating to increase hardness, wear
resistance (friction and wear), and corrosion resistance
(corrosion). The electroless nickel plating technique is
widely used in many fields and allows a high-performance
product with high hardness, wear resistance, and corrosion
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resistance. There are several advantages of this method,
such as; low cost and easy formation of a continuous and
uniform coating on the surface of the substrate with a
complex shape [27]. SEM electron microscopy was used to
examine the microstructure of electroless nickel coatings,
providing vital information on the phase change during heat
treatment. When heated to 400 °C for one-hour, various
nickel phosphide Ni3P particles precipitated.
Consequently, EN coatings underwent significant
alterations in many characteristics [7]. For photo-
electrochemical cells for hydrogen production, metal oxide
semiconductors such as TiO2, Fe,0s, WO3, etc., have been
studied [8]. Metal ion dopants may affect the recombination
rates of electron-hole pairs [8]. Electricity-free nickel used
to be widely employed in many sectors, including the car
and aeronautics industry(s), but it has since been phased out
in favor of more environmentally friendly processes [9].
The aim of the present study is to understand the effect
of Fe,Os concentration on the corrosion behavior of the
electroless Ni—P—Fe,O3 coating. To do so, the corrosion
behavior of the specimens was assessed by potentiodynamic
polarization technique and the mechanical properties
(microhardness and wear) of the 4140 steel.

2. EXPERIMENTAL
2.1. Substrate preparation

The substrate metal used in this study was 4140 steel.
Samples of 20 mm x 10 mm (diameter x height) were used
as the base metal.
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Table 1. Chemical Compositions of 4140 steel

Element C Si S Mn P Cr Mo Fe
AlSI 0.3-0.45 max 0.4 max 0.003 0.6-0.9 max 0.03 09-1.2 0.15-0.3 Bal.
wt.% 0.40 0.29 0.01 0.67 0.01 0.95 0.2 Bal.

The chemical analysis for this alloy and the composition
details (wt.%) are shown in Table 1. Emery paper (tungsten
oxide paper) No. 180 —2000 was used to grind and polish all
specimens, wash them in distilled water and ethanol and
then dry them. For 30 min, they were submerged in acetone
and polished using diamond paste. At 60 °C and 30 g/L
NaOH, NaCOs, and NaPbO., specimens were soaked for
one minute in the solution before being coated. Magnetic
stirring with a 5-volt power source was used to remove any
oil and particles from the metal surface of the electrolyte.
After that, the samples were washed in distilled water and
dried using an electric dryer before being immersed in the
coating solution. Finally, the samples were dried using an
electric dryer, and the specimens were placed in glass
storage containing particles of silica gel to absorb any
wetness and protect the samples from corrosion.

2.2. Electroless bath preparation

After the surfaces had been prepared for coating, an
electroless bath was prepared, according to concentrations
shown in Table 2.

Table 2. Operating conditions for an electroless bath

Bath composition g/L
Nickel chloride (NiCl2-6H20) 30
Sodium hypophosphite (NaH2Po2) 10
Amina chloride 50
Sodium citrate 84

Fe20s 0.1,0.3,0.5
Operating conditions

PH 6-8

Temperature 95 °C

Time 1 HR

The NiP plating was deposited on the substrate during
the process of coating. The pH value for the coating bath
was between 6 and 8. The electroless Ni—P coating was
conducted at 95 £ 1 °C for 60 min. The bath solution was
mixed using a magnetic stirrer with a decrease in the
fluctuations of ionic concentrations through plating. The
sample was mixed in a two-way direction every 10 min to
produce a uniformly thick coating. The Ni—-P—Fe,O3 coating
deposition had different concentrations of Fe,O3 (0.1 g/L,
0.3 g/L and 0.5 g/L). Fig. 1 shows the experimental setup
for the electroless deposition process. After the coating
process was completed, specimens were placed inside a
vacuum oven at 50 °C to dry for 30 min.

2.3. Nano iron oxide preparation

Iron oxide nanopowder was prepared using a chemical
precipitation route. Hydrated ferric chloride (FeCls.-6H,0)
was dissolved in 50 % ethyl alcohol with 0.5M at 45 °C
using 1000 rpm as the rotation of the magnetic stirrer.
Glucose with a 7 % concentration solution was added to the
solution at 5 ml/l, which acts as surfactant material to avoid
growth.
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Fig.1. Experimental setup for the electroless deposition process

Dropwise, ammonium hydroxide was added to the
solution to obtain a thick gel. Furthermore, filtration and
washing with deionized water were done, drying at 100 °C
for six-hour and calcined at 400 °C for one hour. The
obtained powder was crushed in alumina mortar and
examined with high-resolution transmission electron
microscopy to reveal particle size and distribution.

2.4. Heat treatment of coated samples

After the deposition, the annealing process was
conducted for all samples (Ni-P and Ni-P-Fe;0s) in a
vacuum furnace at 400 °C for one hour. With a digital
coating of thickness gage type (TT260 country), which is
used to determine coating thickness, the thickness range
coating is determined (10— 16 um) on the substrate surface.

2.5. Characterization

The initial microstructure of the low alloy steel 4140
was examined using optical microscopy. The size and
distribution of particles may be determined using high-
resolution transmission electron microscopy (TEM, JOEL
1210I). Surface morphologies and compositions of the Ni—
P—Fe,O3 composite coatings were examined using scanning
electron microscopy with an energy dispersive X-ray
spectroscopy (SEM/EDX, JOEL JSM-6390 LVSEM). It
was determined that the coatings have crystalline phases.
The crystal structure of the specimens was detected using
EQuinox (3000) (XRD) and Cu Ka (X =154187 A)
radiation at roughly 40kV and 30 mA. A standard
parameter, R, in p, was used to compute the surface
roughness measurement value of the coated samples before
and after heat treatment. Measurements of R, were made
using a surface roughness tester called the HER210 model,
which has an accuracy of 0.05um. A TH-717 Vickers
hardness tester was used to assess the microhardness of the
coating layers after a force of 25 g was applied for 15s.
Each coated specimen received three measurements, with
the substrate receiving a fourth. The average value was then
calculated. Pin-on-disc wear testing was used to evaluate
(ASTM G 99 standard). The weight of the load employed
was 10 N. It was 376 meters of sliding at a pace of 0.1 m/s.



Carbonized steel made up the disc. Before and after the wear
test, the specimens were weighed on a precise scale to
determine how much plating was lost. Assuming a sliding
distance of | and an average load of L, the specific wear rate
Ws = wi/(I-L) was determined. It could predict the coatings'
corrosion behaviour with the Tafel extrapolation approach.
Therefore, measuring the corrosion potential and voltage
difference between a metal submerged in a specific
environment and the corrosion current density (lcorr) in a
3.5 % NaCl solution and the corrosion rate coatings.

3. RESULTS AND DISCUSSION
3.1. Optical microscope

The initial microstructure of the low alloy steel 4140,
which is the base metal of the composition, has been listed
in Table 1. The microstructures of 4140 steel were noted
after being etched for 10 min in a 5 ml HCI solution and
100 ml 95 % ethanol solution (E ASTM 407-99). The
microstructure of this aIon is shown in Flg 2.

Fig. 2. Microstructure from the centre of 4140 steel before coating:
a—400x magnification; b—600x magnification

Pearlite is made up of ferrite interwoven with cementite
laths (FesC). The microstructure revealed ferrite and
pearlite-rich regions at low magnification (400%). As
demonstrated in Fig. 2 b, the pearlite was interwoven in the
pearlite-rich bands. Furthermore, the microstructure shows
isolated pearlite that is smaller than linked pearlite. Isolated
pearlite colonies were mainly found at triple points or grain
borders. The grain morphology of the ferrite was uneven,
with a grain size of roughly 10 pm. As seen in Fig. 2, most
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ferrite grain boundaries were bent. This is a ferrite
microstructure matching carbon steel with less than 0.6 %
carbon, which is the case of the carbon steel examined in
this paper. The cementite phase in carbon steel is hard and
brittle, and it may be the most prone to corrosion,
particularly in isolated forms.

3.2. Transmission electron microscopy

The TEM images of Nano iron oxide particle size and
distribution are shown in Fig. 3. The analysis of EDX local
in Fig. 4 explains the presence of nano iron oxide particles.
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Fig. 3. TEM of nano iron oxide particle size and its distribution
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Fig. 3a shows that most particles were almost
spherical, with potentially excellent dispersity and
negligible agglomeration. The occurrence of agglomeration
might be owing to van der Waals forces that bind particles
together and shear forces that can be applied at the
nanoscale. Furthermore, the presence of hydroxyl groups in
the peel extract may have contributed to agglomeration.
Fig. 3 b depicts a histogram of the NP size distribution with
32 counts. The size ranged from 10 to 61 nm, with a mean
size of 28.965 nm and a standard deviation of 1.448 nm.
Fig. 4 shows the energy-dispersive X-ray spectra (EDX).
The presence of carbon, oxygen and iron in produced
nanoparticles is shown by EDX spectrum analysis.

3.3. Surface morphology

The SEM images of the Ni-P—Fe,O3 composite coating
are shown in Fig.5. The composite electroless coating
deposited from the coating bath containing 0.1 g/L Fe;O3
particles that distributed spherical-like growths on the
deposition surface can be noted in Fig. 5.
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Fig. 4. Analysis of EDX for nano iron oxide particles
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Fig. 5. FESEM of coated electroless of Ni—P-0.1g/l Fe:O3 and
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magnification

It is indicated that Fe,O3 particles were inside the Ni—P
deposits, especially embedded into the spherical-like
structures. The analysis of EDX in Fig. 6 explains the
presence of Fe,O3 particles. The investigations discovered
that Fe,O3 particles do not limit the Ni?* deposition while it
deposits at the top [10].

3.4. XRD characterization

XRD patterns of the Ni-P-Fe,O; (0.1 g/L Fe;O3)
sample as-annealed at 400 °C for 1 h are presented in Fig. 6.
The addition of Fe,Os; in the matrix of Ni—P led to the
crystalline nature of the Ni-P—Fe,O3 alloy, which can be
attributed to the lower phosphorous content than in the
binary Ni—P. When the procedure of heat treatment (400 °C
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for 1 h) for Ni-P—Fe,QO3 coating was clear, peaks of the Ni3P
phase were prominent along with recrystallization of Ni
[9-11].
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Fig. 6. Analysis of EDX for the surface of Ni-P—Fe203 coating

The presence of Ni and Ni3P phases in the coating was
observed in Fig. 7. The crystalline phase of Ni and Ni3P
were the predominant phases induced by the heat treatment
of the coating. The formation of these phases by heat
treatment of Ni—P-Fe;,O; (0.1 g/L Fe,03) electroless
coatings was also shown by other researchers [11].

3.5. Surface roughness

Data regarding the roughness of the base metal of plated
and annealed specimens has been illustrated in Table 3.
There is a noticeable difference in the Ni—P electrode's
surface roughness value (0.12) compared to that of the
Fe;O; mixed oxide-incorporated Ni-P  electrode
(0.16—-0.24). This demonstrates that the surface roughness
change happened during the mixed oxide's assimilation. In
order to obtain the roughness factor Ry, the double layer
capacitance of the coatings Cq was divided by the smooth
electrode's 20 pUF capacitance.

— La
f ™ 20uF "

1)

As mentioned above, an increase in Fe,O3 concentration
at 0.5 g/L causes a significant increase in roughness. Fe;03
prevents the constant growth of Ni and creates roughness.
The sample roughness of Ni—P—Fe;O3 (0.5 g/L Fe;03) is
higher when compared with other specimens, as a large
concentration of Fe,O3; may result in agglomeration, which
was also shown by other researchers [11].

Table 3. Result of samples surface roughness

Specimen Ra, YU
Substrate (4140) 0.28 £0.014
Ni—P plated 0.12 + 0.006
Ni—P-0.1 g/L Fe;Os plated 0.16 + 0.008
Ni—P-0.3 g/L Fe;03 plated 0.2+0.01
Ni—P-0.5 g/L Fe20s3 plated 0.24 £0.012
Ni—P annealed 0.25 + 0.0125
Ni—P-0.1 g/L Fe203 annealed 0.2+0.01
Ni—P-0.3 g/L Fe203 annealed 0.24 £0.012
Ni—P-0.5 g/L Fe2O3 annealed 0.3 +0.015
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Fig. 7. X-ray diffraction patterns of annealed Ni—P-0.1 g/L Fe2Os sample

3.6. Microhardness

Fig. 8 shows the surface microhardness of the samples
that underwent heat treatment. Fe,Oz; can enhance the
microhardness of a surface, particularly in the sample of
Ni-P-Fe;O; (0.1g/L FeyO3). These results can be
associated with the reinforcement and uniform distribution
of Fe,O3 in these specimens due to the positive charge
during deposition of the bath dispersions with a pH of ~6.
The incorporating Fe,Os; particles had higher hardness
[12, 13] than Ni—P and also had a dispersion-strengthening
effect in the composite matrix and produced grain refining
[14-16]. All these parameters contributed toward the
general enhancement of the microhardness of the composite
coating. The hardness of Ni-P—Fe,03 (0.5 g/L Fe;0s3) is less
when compared with the specimen containing 0.1 g/L
Fe,03, owing to the large concentration of Fe,Os; in addition
to this, lousy cohesion with the matrix Ni—P at the composite
led to a decrease in the microhardness of the coated layer
[17]. The increase in microhardness by heat treatment can
be related to transforming the amorphous structure into a
crystalline one [18]. A Yonetken [25] indicated that Ni
plating of powders results in higher hardness values. The
protruding tip of the hardness tester generates a limited
deformation because of the readily deformable Ni layer
existing on the particles and therefore results in higher
hardness readings in Ni plated specimens, whereas the
protruding tip of the hardness tester causes a complete
deformation and breaks apart the particles in non-plated
specimens, lowering the hardness readings

M Substrate

HNi-P aplated

M Ni-P-0.1g/1 Fe203 a plated
ENi-P-0.3g/1 Fe203 a plated

@ Ni-P-0.5g/1 Fe203 a plated
WNi-P aannealed
ENi-P-0.1g/1 Fe203 a annealed
#Ni-P-0.3g/1 Fe203 a annealed
ENi-P-0.5g/1 Fe203 a annealed

Microhardness,HV 0.025

Fig. 8. Microhardness of plated and annealed specimen's surface
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3.7. Wear behaviour

Wear, and friction tests were performed on composite
coatings comprising varying amounts of embedded
Ni—P—Fe,O; particles under identical testing machine
settings. The width of the wear tracks, measured under the
circumstances indicated, was used to determine the degree
of wear induced at sliding contact sites. As shown in Fig. 8,
typical wear tracks were microscopically captured under the
previously stated circumstances. The micrographs
demonstrated that the composite coating's wear track was
thinner than the pure nickel coating's. Pure and composite
coatings had different wear track widths, indicating
different resistance to wear propagation owing to matrix
hardening caused by Fe,Os particle embedding, whereas
Fe,O3 particles did not harden the nickel matrix.

Fig. 9 indicates the relationship between the friction
coefficient and distance for the annealed samples; it can be
noted in sample Ni-P.
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Due to the high solubility of nickel and iron, this
consequence may lead to a higher amount of material
removal from the surface and an increase in surface contact
with the counterpart. During the wear test, the
crystallization of an amorphous, plated specimen may also
factor in this behaviour. When Fe,O3 concentrations rise
over 0.1 %, friction diminishes. This might be attributed to
the easy shear and rolling of the lubricating film contained
particles, which reduces direct contact between sample
counterparts on the surface [10].

Table 4 explains the specific wear rate and heat-treated
samples' average friction coefficient. The friction
coefficient obtained in this study was between 0.42 and 0.68
according to the chemical composition of the substrate
material is also compatible with the literature [24]. It noted
a decrease in the wear rate of the substrate with applying
(Ni—P) and (Ni—P-Fe,03) composite coating, respectively.
As noted, the friction coefficient is related to the specific
wear rate. In this behavior, composite coatings improve the
substrate wear resistance because of an increase in
microhardness due to the addition of Fe,O particles in the
composite coatings. An annealed Ni-P-Fe,O3; (0.1 g/l
Fe,O3) had a lower specific wear rate than the other
specimens because it had the lowest coefficient of friction
and larger microhardness, more acceptable grain size, and a
homogenous distribution of Ni3P and Ni particles.

Increasing microhardness caused a decrease in the wear
rate and the formation of phases after the treatments. It also
caused the low mutual solubility between those phases. Iron
may be used to increase wear resistance [18]. A Yo&netken
[26] The rise in the hardness and strength values is
encouraging for a low wear volume with relatively high
hardness composite materials having a limited ductile

property.

Table 4. Friction coefficient and specific wear rate of an annealed
coating specimen

sample Coefficient of | Specific wear rate,
P friction mm3/N-m-10*

Substrate 0.68 + 0.034 1.3+0.065
Ni—P annealed 0.49 +0.024 0.4 +0.02
Ni-P-0.1 g/L Fe203
annealed 0.42 +0.021 0.13 £ 0.006
Ni-Co-P-0.3g/L Fe:0s | 4640023 24+0.12
annealed
Ni-CoP-050/L Fez0s | 554 009 3.6+0.216
annealed

3.8. Corrosion behaviour

The corrosion activity of the substrate with applying
(Ni—P) and (Ni—P-Fe,03) composite coating, respectively,
has been examined in 35% NaCl. Solutions.
Potentiodynamic polarization is being used to provide
predictions regarding the corrosion behavior of alloys.
Table 5 shows the corrosion characteristics of corrosion
current density (lcor) and corrosion rate (CR) obtained from
corrosion tests performed on specimens in 3.5 % NaCl.
solution” at 371 °C. The following equation is used to
calculate the rate of corrosion [24].
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. 0.13 Icorr(Ew
Corrosion rate = (pf())'

)

where Ew is the equivalent weight (g/eq.); p is the density
(g/cm3); 0.13 is the metric and time conversion factor; lcorr
is the corrosion current density (LA/cm?).

Table 5. Corrosion current density (lcorr) and corrosion rate (CR)
for all samples in 3.5 % NaCl solution at 37 £ 1 °C

Ecorr, leorr, Corrosion rate,
Sample mv uA mpy

Substrate -571 49.4 7.11 +0.355
Ni—P annealed -471 0.337 0.047 + 0.002
Ni—P-0.1 g/L Fez0s 4120 03 [0.042+0.0021
annealed
Ni-P-0.3 g/L Fez0s -157 12 | 0.168 +0.008
annealed
Ni-P-0.5 g/l Fez0s 501 243 | 34174017
annealed

Potentiodynamic polarization curves were measured on
uncoated and Ni—P and Ni-P—Fe,O3-coated 4140 steel, as
shown in Fig. 10, indicating less harmful (Ecorr) values for
heat-treated specimens. It is clear that the Ni—P coating is
used to enhance the properties of the AISI 4140 steel and
the corrosion is due to the uniform thickness of electroless
deposition and the ability of the Ni-P coating to be an
effective barrier between corrosion media and metal. It
should be noted that the value of Ecor is less harmful, and
the rate of corrosion and Icorr is lower on the plated sample
than on the uncoated sample [19]. However, the addition of
Fe,Os is very innovative. Samples are coated with different
Fe,O3 concentrations and soaked in a solution of 3.5 %
NaCl. Then, the curves of polarization are evaluated. Fig. 10
shows the effect of Fe,O3 on the curve of polarization.

Table 5 shows the potential of corrosion in different
concentrations of Fe;Os. In the 0.1 g/L Fe,O3 concentration,
the lcorr Of the Ni-P—Fe203 composite coating is 0.3 uA, and
the lcorr Of the Ni—P coating is 0.337 pA; the addition of
Fe,O; makes the coating denser when compared with a
coating of Ni—P, which means that resistance to the
corrosion for the composite coating was better. When there
is an increase in the Fe,O3 concentration to 0.5 g/L, a higher
region of Fe,O3 agglomeration is noted; this is unfavorable
to coating, as it reduces resistance to corrosion of the
composite coating. Other researchers have confirmed this
[10, 11, 20]. This also indicates that the results of the
composite coatings protected the substrate from corrosion.
These samples had a lower corrosion rate and higher
microhardness [21—23]. Yazdani S. et al. [28] indicated that
increasing the CNT concentration to 1 gr/lit enhances the
agglomeration phenomenon, consequently leading to a non-
uniform distribution of nickel atoms on the coating surface.
The latter leads to localized corrosion in this sample.
Furthermore, as was stated in the previous section, by
increasing CNT concentration up to 1 gr/lit, the
crystallization of the nickel atoms increases, and the
structure of the coating changes from amorphous to semi-
crystalline, this leads to a higher surface energy of the
coating due to the accumulation of dislocations and leads to
a higher corrosion rate.
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4. CONCLUSIONS

The present work aimed to investigate the effect of
Fe,O; on wear behaviour and corrosion resistance of
electroless Ni—P coating with different Fe,O3 concentrations
on AISI 4140 steel coating. Optical images of the
microstructure of carbon steel revealed pro eutectoid ferrite
o plus pearlite phases. The pearlite consisted of ferrite
interlaced with laths of cementite (FesC). The ferrite grain
shape was irregular, with a grain size of about 10 um. The
results show that the Fe,Os; particles were successfully
embedded in the Ni—P and Ni—P—Fe,O3 composite coatings
on the steel substrates with the electroless process. The
better addition percentage of Fe,Oj3 to the Ni—P coating was
0.1 g/L. The microhardness and wear resistance of the
Ni—P—Fe203; composite coatings turned out to be higher than
the Ni-P coating. Both these improvements in the
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mechanical/tribological properties of the composite coating
resulted from the presence of the dispersed particles of
Fe,Os, which effectively hindered the grain dislocation
during the microhardness and wear testing processes. An
improvement ratio of 107 % for microhardness and 90% for
reduction-specific wear rate. Ni-P and Ni-P-Fe;0;
composite coatings improved the corrosion resistance of the
coated specimen. However, the effect was more pronounced
in the case of Ni—-P—Fe,03 as compared to Ni-P coating, and
the improvement ratio was 99.4 %, reducing the corrosion
rate and decreasing the friction coefficient to 0.42 was
achieved by the heat treatment of Ni-P—Fe,O; (0.1 g/L
Fe,03) at 400 °C for 1 h.
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