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Abstract: This paper describes an investigation of the effect of ZrO, nanoparticles on the abrasive properties, crystalline texture develop-
ments, and tribocorrosion behavior of Ni—P nanostructured coatings. In the investigation, Ni—P and Ni—P—ZrO, nanostructured coatings are
deposited on St52 steel via the electroless method. Transmission electron microscopy (TEM), field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS), cyclic-static polarization tests in 3.5wt% NaCl solution, the tri-
bocorrosion test (by back-and-forth wear in electrochemical cell), and the microhardness test using the Vickers method were performed to
characterize and analyze the deposited coatings. The results of this study showed that the addition of ZrO, nanoparticles to the Ni—P electro-
less bath produced the following: a sharp increase in wear and hardness resistance, the change of the wear mechanism from sheet to adhesive
mode, the reduction of pitting corrosion resistance, significant reduction in the tribocorrosion protective properties, change in the preferred
orientation of the crystalline texture coating from (111) to (200), increase in the sedimentation rate during the deposit process, and a sharp in-
crease in the thickness of the Ni—P nanostructured coatings.
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1. Introduction

Since the nineteenth century, nickel-based coatings pro-
duced by electroplating have been used for increased
corrosion and wear resistance as well as decorative applica-
tions. The electroless plating process was introduced as a
new plating method by Riedel in 1946. A nickel-based
coating produced using the electroless plating method is a
coating that has a relatively good performance under dif-
ferent corrosion and abrasion conditions. These properties
are strongly influenced by the conditions of the plating
bath and the weight percent of the deposited reinforcement
particles [1-3]. One of the special applications of nickel
electroless coatings is in the oil industry, in which the coat-
ings are subject to catastrophic abrasion and corrosion
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conditions [4—6]. In one study, Zielinska et al. [7] studied
the effect of surfactants on the electroless deposition of
Ni—P—nano-ZrO, composite coatings. The results of these
investigations showed that the presence of surfactants in the
electroless bath increases the absorption of zirconia nano-
particles in the Ni—P—nano-ZrO, composite coating. In other
studies [8—9], researchers reported that increasing the
amount of nanoparticles of ZrO, in the electrolyte bath re-
sulted in a decrease in phosphorus concentration in
Ni—P-ZrO; coatings.

Wear and corrosion are the most important mechanisms
of material degradation in industry. Addressing such materi-
al degradation imposes a high cost per year in different in-
dustries. Tribocorrosion is a term that expresses the state of
destruction of material as a result of the combination of tri-
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bological (wear) and chemical-electrochemical (corrosion)
processes [9—10]. When the corrosion and abrasion condi-
tions prevail, the damage will be greatly increased compared
to situations where only one of them is the cause of the de-
struction. The tribocorrosion test examines the effects of
corrosion on abrasion and vice versa (i.e., the wear effects
on corrosion). So far, extensive studies have been conducted
to investigate the effects of synchronization of corrosion and
abrasion. However, because of the complexity involved,
there are still many unknown fields in this area. Surface
properties, type of passive film, and its physical and me-
chanical properties have major effects on the amount of sur-
face mechanical wear. Alternatively, abrasive pairs, the fric-
tion coefficient, as well as the created wear rate and type can
also affect surface corrosion [11-13]. Unlike most studies
conducted on the corrosion behavior of coatings and passive
metals that have focused on uniform corrosion conditions, a
small number of studies have investigated the tribocorrosion

behavior of metals in localized corrosion conditions [14—15].

Nickel-phosphorus electroless coating is one of the most
commonly used coatings in corrosive and abrasive envi-
ronments. Nickel-phosphorus electroless coating with high
phosphorus percentages in crude conditions has shown
good corrosion resistance because of its amorphous struc-
ture and the formation of the persistent passive film in
corrosive environments. This passive layer is based on
phosphate compounds and increases the corrosion resistance
by blocking the cavities of the coating [16—17]. However,
note that the thermal treatment of nickel—phosphor electro-
less coating reduces the corrosion resistance of the coating via
the formation of nickel crystalline structure and the Ni;P sec-
ondary phase. Alternatively, changing the amorphous structure
of the nickel-phosphor coating to the nanocrystalline struc-
ture as well as the created phase changes influence the heat
treatment, resulting in an increase in the hardness and the
wear resistance of this coating [18—19]. An optimal form of
corrosion and abrasion resistance can be created in Ni—P
coatings by choosing the appropriate temperature for the
heat treatment.

Undoubtedly, the use of composite coatings improves the
corrosion properties of metals and alloys [20-21]. Although
many studies have been conducted on the wear and corro-
sion behavior of nickel-phosphorus electroless coatings in
recent years [18—19,22], the effect of the synchronization of
these two phenomena has not yet been evaluated. Accor-
dingly, the effects of ZrO, ceramic nanoparticles on the ab-
rasive properties, crystalline texture developments, and tri-
bocorrosion behavior of Ni—P nanostructured coatings were

investigated in this study.
2. Experimental

In this study, Ni—P and Ni—P-ZrO, nanostructured coat-
ings were deposited on a St52 steel substrate using electro-
less plating. For this purpose, St52 steel substrates were
prepared as disk-shaped samples with a diameter of 5 cm
and a thickness of 10 mm. Surface preparation of the sam-
ples includes grinding up to 1000 mesh, decreasing in a
NaOH alkaline solution at 80°C, washing in acetone in an
ultrasonic bath, followed by alternative washing with dis-
tilled water. MacDermid ELV 811 commercial solution was
used as an electroless solution. This solution contains 60 g/L
of nickel sulfate, 30 g/L of sodium hypophosphite, and good
amounts of additive and stabilizing agent. ZrO, nanopar-
ticles were used in 8 g/L electroless baths as reinforcement
particles in the deposited nanostructured coatings. The na-
noparticles were analyzed via TEM (a CM120 model, man-
ufactured by Philips Netherlands) and XRD (an X'Pert PRO
MP model, manufactured by the Netherlands PANalytical
Company). The chemical composition of St52 steel used in
this study was investigated by the Spark emission spectro-
meter made in Germany; the results of the study are reported
in Table 1.

Table 1. Chemical composition of St52 steel used in this study
wt%

C Mn Si Cr Ni Cu P Fe
0.19 124 049 028 0.1 0.29 0.03 Bal.

The plating process was conducted in a double-sided bath
with the capacity of 400 mL that was connected to the cir-
culating water heating system. Note that the deposition
process was conducted at 50°C and pH =4.5+ 0.1 for 4 h to
achieve a coating with approximately 40 pm thickness. Af-
ter depositing the Ni—P and Ni—P—ZrO, nanostructured
coatings, XRD analysis with a Cu-K,, X-ray tube under an
applied voltage of 40 kV was used for phase characteriza-
tion of the deposited coatings. Note that the designed XRD
analysis parameters were as follows: step time = 2 s, step
size =0.01°, and 26 = 0°-100°.

The surface morphology and thickness of the Ni—P and
Ni—P—ZrO, nanostructured coatings were analyzed by visu-
al analysis of images obtained using FE-SEM, Gemini 500
model made by Zeiss in Germany. The electrochemical be-
havior of the coated samples in 3.5wt% NaCl solution was
evaluated using cyclic-static polarization tests and electro-
chemical impedance spectroscopy. The hardness of the
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deposited coatings was determined using a Vickers micro-
hardness measurement machine with diamond impregnation
under an applied load of 50 g on the cross-sectional area of
the coatings. The tribological properties of the coatings were
evaluated according to the stubble on the disk abrasion test
using a tribometer machine, CSM Instruments SA of Swit-
zerland. The sliding speed was approximately 5 cm/s and
the slipping distance was approximately 500 m under the
applied load of 20 N. An alumina bullet was used as an
abrasive pair to eliminate the effects of galvanic corrosion
on the abrasion test. Tribocorrosion experiments were also
conducted using the back-and-forth method under alumina
spheroidal abrasion in the tribometer, CETR model of the
UMT-2, United States connected to the potentios-
tat/galvanostat, EG & G model. In the electrochemical tests,
the sample was placed in a cell containing 3.5wt% NaCl
solution at an anodic and cathodic potential of £ 100 mV to
the open circuit potential. The back-and-forth wear test was
conducted in tribocorrosion test at speed of 0.5 cmy/s and under
an applied load of 20 N. The three-electrode cells used in this
study included an Ag/AgCl reference electrode, a platinum
auxiliary electrode, and work electrodes (experimental sam-
ples). At the end of the tribocorrosion test, for the purpose of
analyzing the wear mechanism in Ni—P and Ni-P-ZrO,
nanostructured coatings, the degraded surfaces were studied
using scanning electron microscopy (SEM)

JSM-6060LV model instrument made by Japan JEOL.

m a

3. Results and discussion

In this study, ZrO, nanoparticles were used as reinforce-
ment particles in the deposited coatings. Prior to using these
nanoparticles in this study, they were analyzed by TEM and
XRD:; the results are shown in Fig. 1. As shown in Fig. 1(a),
the ZrO, particles used in this study have a multidimension-
al morphology (angular) with a mean size of 20-35 nm. The
pattern of XRD analysis for ZrO, nanoparticles is also
shown in Fig. 1(b). According to the XRD pattern shown in
Fig. 1(b), the peaks of the ZrO, phase at the of 17.44°,
24.63°, and 50.50° angles correspond to the crystalline
planes (100), (110), and (220), respectively, which is com-
pliant with the 01-080-0966 standard card (Monoclinic,
P21/c with lattice size of [a@ = 51.440 nm, b = 51.330 nm,
and ¢ = 53.470 nm], ICDD card #01-080-0966).

The patterns of XRD analysis for Ni-P and Ni-P-ZrO,
nanostructured coatings that are deposited via the electroless
process are shown in Figs. 2(a) and 2(b), respectively. It can
be stated that the conditions of production can have a great
influence on the peak intensities and the type of crystalline
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planes analyzed in the XRD patterns. Undoubtedly, para-
meters, such as the purity of the precursors, the temperature
conditions of the bath, the process time, the operating condi-
tions of sintering after deposition (if present), and the sedi-
mentation rate, are very important. In fact, these are produc-
tion conditions that determine the crystalline texture, the
preferable growth orientation in the crystalline planes, and
the synthesized powders size. The obtained XRD patterns in
this study are in accordance with the standard cards. As
shown in Fig. 2(a), the diffracted peaks at 44.37°, 51.60°,
and 76.08° correspond to the crystalline planes (111), (200),
and (220), respectively, of the nickel structure and per-
fectly match with the 00-001-1258 standard card parame-
ters. The diffracted peaks at the angles of 44.37°, 51.60°,
and 76.08° are related to the face centered cubic (FCC)
structure according to the XRD pattern (face centered cu-
bic, Fm-3m with lattice size of [a = b = ¢ = 35.400 nm],
ICDD card #00-001-1258). Moreover, the XRD pattern
presented in Fig. 2(a) shows that the peak of created phos-
phorus appears at the angle of 35.47°, which corresponds to
the 01-076-1966 standard card of the crystalline plate (111)
(orthorhombic, Cmca with lattice size of [@ = 33.117 nm, b
=101.580 nm, ¢ =42.430 nm], ICDD card #00-001-1258).
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Fig. 1. Analysis of the ZrO, nanoparticles used in this study:
(a) TEM image; (b) XRD pattern.
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Fig. 2. XRD patterns of the coatings deposited in this study: (a) Ni-P; (b) Ni-P-ZrO,.

The XRD pattern of the Ni—P-ZrO, nanostructured
coating is presented in Fig. 2(b). As shown in Fig. 2(b), the
diffracted peaks at the angles of 44.37°, 51.60°, and 76.08°
correspond to the crystalline planes (111), (200), and (220),
respectively, of the nickel structure and perfectly match with
the 00-001-1258 standard card parameters. Furthermore, the
peak of created phosphorus was at the angle of 35.47°,
which corresponds to the angle of 01-076-1966 standard
card of the crystalline plane (111). Alternatively, the peaks
of the ZrO, phase at the angles of 17.44°, 24.63°, and 50.50°
correspond to the crystalline planes (100), (110), and (220),
respectively; these results are in agreement with the
01-080-0966 standard card. Note that, by comparing the
XRD patterns for both Ni—P and Ni—-P—ZrO, nanostructured
coatings, the intensity of the diffracted peaks in the XRD
pattern of the Ni—P—ZrO, nanostructured coating are ob-
served to decrease because the absorption coefficient was
altered by changing the chemical composition and structure
of the deposited coating, causing a reduction in the peak in-
tensity in the XRD pattern of the Ni-P—ZrO, nanostructured
coating [23-24]. However, by comparing both of the XRD
patterns, it is observed that adding ZrO, nanoparticles to
the electroless bath preferentially changes the Ni growth
orientation in the the Ni—P-ZrO, nanostructured coating.
Furthermore, the higher intensity of the peak (200) indi-
cates that the nickel present during depositing the
Ni—P—ZrO, nanostructured coating has a tendency to grow
the structure in the direction (200) relative to the direc-
tion (111). In fact, it can be stated that nickel regenerated
and grew on ZrO, nanoparticles during the plating
process of the Ni—P-ZrO, nanostructured -coating.
Therefore, new germination points (ZrO, nanoparticles)
can change the preferential orientation of nickel growth
from (111) to (200) [25-26].

The morphology, thickness, and elemental analysis of the
deposited coatings in this study were investigated by

FE-SEM and EDS; the results are reported in Fig. 3. Figs.
3(a) and 3(d) show the morphology of the Ni—P and
Ni—P-ZrO, nanostructured coatings, respectively. Based on
these figures, both the Ni—P nanostructured coatings and the
Ni—P-ZrO, nanostructured coatings exhibit a spherical
morphology. Previously, a number of researchers reported
that the morphology of nickel-based composite coatings
deposited in the chloride-based electrolyte had an aniso-
tropic state caused by the presence of columnar and spheri-
cal beads [27-28]. In fact, this difference in morphology
may be caused by the mechanism of nickel crystals growth
in the electrolyte. The growth mechanism of nickel-based
nanocomposite coatings is usually as follows: first, in the
surface high-energy areas (such as those where the nanopar-
ticles are deposited), nickel germination occurs in the form
of spherical masses; with the continuation of the germina-
tion and growth mechanism, these nickel spherical masses
grow, resulting in a structure with spherical morphology. As
the number of preferred places for nickel spherical masses
germination is higher, the sedimentation rate increases and,
as a result, a structure is created with denser spherical mor-
phology. Thus, by comparing the morphologies of the Ni—P
and Ni—P—ZrO, nanostructured coatings that are shown in
Figs. 3(a) and 3(d), the Ni-P—ZrO, nanostructured coating
is found to have denser spherical morphology than the
Ni—P nanostructured coating. EDS analysis was used to
confirm the deposition of ZrO, nanoparticles in the
Ni—P-ZrO; nanostructured coating; the results are shown in
Figs. 3(c) and 3(f). The EDS results also show that the ZrO,
nanoparticle deposition in the Ni—P field has occurred cor-
rectly.

Cross-sectional images of the Ni—P and Ni-P-ZrO, na-
nostructured coatings are shown in Figs. 3(b) and 3(e).
These images show that the thickness of the coating has in-
creased significantly by adding ZrO, ceramic nanoparticles
to the Ni—P electroless bath. This remarkable thickness change
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in the deposited nanostructured coatings can be proved by de-
scribing the germination and growth mechanisms in the elec-
trochemical depositing systems of nanocomposite coat-
ings. Based on Guglielmo theory, during the deposition
process using the electroless plating method, ZrO, ceramic
nanoparticles are absorbed via the electrophoresis force
in appropriate locations of the surface of the globules [29].
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The absorption of ZrO, ceramic nanoparticles leads to a
change in the growth rate of the spheres; this process is
called the growth site obstruction (or obstruction of the
growth frontier). In this case, the sedimentation rate of
the coating in the electroless bath is increased and, as a
result, the thickness of the deposited coating is also in-
creased.
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Fig. 3. FE-SEM images of the morphology and cross-section and EDS results from the coating surface: (a)—(c) Ni—P; (d)—(f)

Ni-P—ZrO,.

The cyclic polarization curves in a 3.5wt% NaCl solution
for Ni—P and Ni—P-ZrO, nanostructured coatings are shown

in Fig. 4. The presence of the passive region for both Ni—P
and Ni—P—ZrO, nanostructured coatings is visible in the po-
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larization curves. The lowest passive current density and the
largest passive potential range are related to the Ni—P nano-
structured coating. As shown in Fig. 4, both Ni—P and
Ni—P-ZrO, nanostructured coatings are susceptible to pit-
ting corrosion. Because cyclic polarization diagrams have a
positive hysteresis loop, they are therefore susceptible to pit-
ting corrosion. However, the Ni—P nanostructured coating
has lower passive current density and larger passive poten-
tial range than the Ni—P—ZrO, nanostructured coating. The
presence of a hysteresis loop in the cyclic polarization curve
indicates the occurrence of pitting corrosion. The smaller the
size of this loop, the greater the pitting corrosion resistance
of the coating will be [30-31]. The addition of ZrO, ce-
ramic nanoparticles to the Ni—P nanostructured coatings
results in the formation of active/passive galvanic cells and
increases the corrosion damage. In addition, with the de-
position of ZrO, ceramic nanoparticles in the Ni—P matrix,
the coating is contracted and, because of this contraction,
cracks appear in the coating that can cause the electrolyte to
reach the substrate and exacerbate the corrosion conditions
[32-33]. According to the cyclic polarization diagrams in
Fig. 4, it can be concluded that Ni—P nanostructured
coatings exhibit better corrosion behavior than Ni—P-ZrO,
nanostructured coatings because of the presence of lower

residual stresses and the formation of more phosphorus in
the coating. The extracted data from cyclic polarization
curves are presented in Table 2. According to these data, the
corrosion current density of both Ni—P and Ni—-P-ZrO, na-
nostructured coatings is very low. The presence of pas-
sive-phosphate and oxide layers on Ni—P and Ni-P-ZrO,
nanostructured coatings is one of the main factors of corro-
sion resistance in the open circuit potential (OCP) range for
these coatings.

1.5
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05t g —023v

pitt

Potential / V vs. Ag/AgCl
[
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Ni-P-Zr0, =
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Fig. 4. Cyclic polarization diagrams for the nanostructured
coatings deposited in this research.

Table 2. Extracted results from cyclic polarization diagrams

Corrosion current density /

Passive current density /

Eyi/ mV vs.

Coati Evon/ mV vs. Ag/AgCl
oatng (pA-cm™) (pA-cm™) mVvs. Ag/Ag Ag/AgCl
Ni-P 1114+9 5517+ 6 22345 884+ 6
Ni—P-Z10, 11109+ 7 2237148 342+ 4 234+5

Note: E is corrosion potential; i is pitting potential.

In this section, the tribocorrosion behavior of the depo-
sited coatings is discussed in the OCP range. OCP variations
of the deposited coatings versus immersion time are shown in
Fig. 5. Immersion of the deposited coatings in 3.5wt% NaCl
solution results in the formation of a passive film on the
surface of the coating. With the onset of slip, the potential of
the deposited coatings shifted toward higher noble potential
values because of the rapid degradation of the nickel oxide
passive layer and the presence of a phosphorus-rich layer in
the nickel phosphate surface substrate. The corrosion poten-
tial of a phosphorus-rich layer is greater than the nick-
el-phosphorus coating [34—-35]. Examining Fig. 5, the cor-
rosion potential of the Ni—P nanostructured coating com-
pared to the Ni—-P—ZrO, nanostructured coating gradually
shifts toward more noble values. Similar behavior has been
observed for nickel alloy coatings [33—35]. The corrosion

potential values within the range of slipping are dependent
on the inherent corrosion potential of the abrasive and
non-abrasive surfaces as well as the rate of repassivation of
the abrasive surfaces. In fact, the ratio of active regions to
passive regions determines the degree of galvanic corrosion
at the abrasive surfaces and mainly affects the rate value of
repassivation. Because the type of the created passive on the
Ni—P and the Ni—P-ZrO, nanostructured coating is not
identical with each other, the rate of repassivation and,
consequently, the OCP variations in both coatings will be dif-
ferent. After finishing the slip, the Ni—P nanostructured coating
is re-passivated, whereas the Ni-P—ZrO, nanostructured coat-
ing potential shifted to more negative values. According to
the polarization diagram in Fig. 4, the reason for the nega-
tive effect of the Ni-P-ZrO, nanostructured coating is its
tendency to localized corrosion.
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Fig. 5. OCP changes of the deposited coating in the tribocorrosion
test.

In this section, the tribocorrosion behavior of the depo-
sited coating is investigated under potentiostatic conditions.
Potentiostatic tribocorrosion trials on the deposited coatings
were conducted at the potential of +100 mV, which was
higher than OCP for each sample in 3.5wt% NaCl solution.
The data for these tests are shown in the diagrams of the
corrosion current density changes versus the immersion time
in Fig. 6. Immediately after immersion of the Ni—P coating
in corrosive solution, nickel begins to dissolve and leads to
the increase in corrosion current density. After a short time,
with the formation of a passive film on the coating surface,
the corrosion current density begins to decrease, and after
approximately 5 min, the current value remains nearly con-
stant. According to a report by Elsener ef al. [36], in a Ni—P
coating in chlorinated corrosive environments, the rate of
nickel dissolution is higher than that of phosphorus. There-
fore, a two-layer passive film that consists of a phosphate
layer and a rich phosphorous layer is formed on the surface.
In the Ni—-P-ZrO, nanostructured coating, the nickel phos-
phate and nickel oxide films are substituted with a passive
film. According to the studies of Diegle ef al. [37], the nick-
el-phosphorus alloy passivation due to a surface enrichment
of phosphorus is the result of the preferred dissolution of
nickel. They stated that a phosphorus-rich surface reacts
with water and forms a layer of hypophosphate anions
(H,POy). In the next step, chemical passivation blocks the
flow of water to the surface of the electrode (substrate), thus
preventing the hydration of nickel atoms. Nickel hydration
is considered as the first step in the formation of Ni so-
luble species or a Ni passive film. As shown in Fig. 6, the
wear has increased the current density to the positive
values. The current density variations for the Ni—P nano-
structured coating are relatively lower than those of the
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Ni—-P-ZrO, nanostructured coating because of the
tendency to rapidly form a passive form in this sample. In
the case of the Ni-P—ZrO, nanostructured coating, much
variation in the corrosion current density occurs during
the wear. After the wear process, the Ni—P nanostructured
coating becomes passive again and the current density re-
turns to pre-abrasion levels. In contrast, in the Ni-P—ZrO,
nanostructured coating, not only the current density is not
diminished but also the rate of increase is far higher than the
range of wear. The penetration of the corrosive solution
through the cracks and coating imperfections to the substrate
and the consequent corrosion of the steel substrate appears
to be responsible for such behavior in the Ni—P-ZrO, nano-
structured coating.
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Fig. 6. Changes of the corrosion current density values for the
deposited coatings at +100 mV potential versus OCP in the tri-
bocorrosion test.

After the tribocorrosion test, the degraded surfaces were
analyzed by SEM and EDS and their results are reported in
Fig. 7. SEM images of the abrasive scratching point in the
deposited coatings are shown in Figs. 7(a) and 7(c); the im-
ages indicate the presence of degradation caused by very
slight corrosion in these coatings. In contrast, the pres-
ence of a large number of cracks and corrosion products
around the abrasive scratch in the Ni-P—ZrO, nanostruc-
tured coating is clearly visible (Fig. 7(c)). It is also clear
from these images that the addition of ZrO, ceramic
nanoparticles to Ni—P nanostructured coatings altered the
abrasion mechanism from plate-form to a laminated struc-
ture. The results of the EDS analysis of corrosion products
are shown in Figs. 7(b) and 7(d). The results of the EDS
analysis of corrosion products show that there are significant
amounts of iron compounds in the corrosion products, indi-
cating electrolyte penetration into the substrate and
corrosion formation in the steel substrate.
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Fig. 7. EDS analysis of the corrosion products and SEM images of the scratch site for coatings after the tribocorrosion test: (a, b)

Ni—P; (¢, d) Ni-P—ZrO,.

A digital scale with a precision of 10 g was used to
evaluate the weight loss after the tribocorrosion test; the re-
sults are reported in Fig. 8. According to the presented dia-
grams in Fig. 8, the greatest value of weight loss is created
in anodic potential for the tribocorrosion test. As deduced
from cyclic polarization diagrams, increasing the potential
to anode values increases the corrosion current density of
the coatings. Therefore, according to Faraday's relationship,
the amount of weight and volume loss caused by the corro-
sive environment will also increase. Based on this behavior,
the overall weight loss is also increased at +100 mV poten-
tial relative to OCP. A similar behavior has been observed
for AISI 304 steel by Sun and Rana [38]. They found that,
by increasing the applied potential, the total weight dropped
increased in the tribocorrosion potentiostat tests. Fig. 8 also
shows that the reduced weight of the Ni—P-ZrO, nano-
structured coating compared to the Ni—P nanostructure
coating is lower in both the OCP and the anodic conditions.
The higher abrasion resistance and hardness of the
Ni—P—-ZrO, nanostructures compared to the Ni—P nano-
structured coating can improve its tribocorrosion behavior.
Note that, although the amount of weight loss value due to

tribocorrosion of the Ni-P—ZrO, nanostructured coating is
less than the Ni—P nanostructure coating, in the used method,
only the reduced weight within the wearing groove is calcu-
lated; thus, the effects of the created cracks around the
groove is not considered. Accordingly, the comparison of
the tribocorrosion behavior of materials in localized corro-
sion conditions with the consideration of the abrasive
groove has limitations and disadvantages that have led
researchers to modify existing methods to evaluate the ma-
terial's tribocorrosion behavior.

The friction coefficient of the deposited coatings indi-
cated during the tribocorrosion test is presented in Fig. 9.
According to the results presented in Fig. 9, the friction
coefficient of the Ni—-P-ZrO, nanostructured coating is
lower than that of the Ni—P nanostructured coating at
both potentials. According to a report presented by
DellaCorte [39], the presence of nickel oxide passive film
due to good lubrication conditions reduces the friction
coefficient in the Ni-P—ZrO, nanostructured coating. In
addition, the presence of a film from nickel phosphate on
the Ni—P nanostructured coating can increase the friction
coefficient.
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The results of the microhardness measurement are re-
ported in Fig. 10. Fig. 10 shows that the Ni-P—ZrO, nano-
structured coating is harder than the Ni—P nanostructured
coating. This difference is caused by the deposition of ZrO,
ceramic nanoparticles in the Ni—P matrix. Because ZrO,
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Fig. 10. Microardness of the deposited coatings.
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ceramic nanoparticles have a very high hardness, they lead
to an increase in the hardness of the deposited coatings. In
fact, carbide and oxide particles are very hard because of the
type of atomic bond [40—43]. Therefore, any change in the
microstructure and chemical composition can affect the
properties of the pieces [44—50].

4. Conclusions

In this study, the effect of ZrO, ceramic nanoparticles on
the abrasive properties, crystalline texture developments,
and tribocorrosion behavior of Ni—P nanostructured coatings
was investigated. For this purpose, Ni-P and Ni-P-ZrO,
nanostructured coatings were deposited on St52 steel via an
electroless method. TEM, FE-SEM, XRD, cyclic-static po-
larization tests in a 3.5wt% NaCl solution, the tribocorrosion
test (by back-and-forth wear method in the electrochemical
cell), and the microhardness measurement test using the
Vickers method were performed for characterization and
analysis of the deposited coatings. The results obtained in
this study are as follows:

(1) By comparing the XRD patterns for both Ni—P and
Ni—P-ZrO, nanostructured coatings, it was observed that
the intensity of the diffracted peaks in the XRD pattern of
the Ni-P—ZrO, nanostructured coating decreased. By com-
paring both of the XRD patterns, it was observed that, after
adding ZrO, nanoparticles to the Ni—P electroless bath, the
preferred orientation of Ni growth changed in the
Ni—P-ZrO; nanostructured coating from (111) to (200).

(2) FE-SEM images showed that both Ni—P and
Ni—P—ZrO, nanostructured coatings have spherical mor-
phology. By comparing the morphology of the deposited
coatings in the same magnification, it became evident that
the Ni—P—ZrO, nanostructured coating had spherical and
more compact morphology than the Ni—P nanostructured
coating. Moreover, studying the cross sections of the depo-
sited coatings in the same magnification demonstrated that
the presence of ZrO, nanoparticles in the Ni—P electroless
bath resulted in an increase in the sedimentation rate during
the depositing and a sharp increase in the thickness of the
Ni—P-ZrO; nanostructured coating.

(3) The cyclic polarization curves for Ni—P and
Ni—P—ZrO, nanostructured coatings indicated that both of
the deposited coatings in the 3.5wt% NaCl solution became
passive. Furthermore, the Ni-P-ZrO, nanostructured coat-
ing was found to exhibit higher sensitivity to localized cor-
rosion than the Ni—P nanostructured coating.

(4) The minimum weight loss value after the tribocorro-
sion test in open and anodic circuit potentials was obtained
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for the nanostructured Ni—P—ZrO, coating. The presence of
ZrO, nanoparticles in the Ni-P—ZrO, nanostructured coat-
ing compared to Ni—P nanostructured coating, as well as the

noble potential of ZrO, nanoparticles, can cause the decrease
the tribocorrosion protective properties of this coating.

(5) The friction coefficient of the Ni—P—ZrO, nanostruc-
tured coating in the open and anodic circuit potential was

lower than that of the Ni—P nanostructure coating; this ob-
servation can be attributed to the presence of a nickel oxide
lubricant film and the presence of ZrO, nanoparticles within
the nanostructured Ni—P—ZrO, coating.
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