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Abstract

In this study, Ni-P/ZrO; nanocomposite coatings were
deposited on St-37 steel substrates using the electroplating
method with varying ZrO; concentrations (10 g/L ve 20
g/L) and current densities (50 mA/cm? ve 75 mA/cm?). To
investigate the effects of electrolyte components and
current density on coating properties, analyses were
performed regarding microhardness, wear performance,
and surface morphology. As a result of the analyses, it is
observed that different bath concentrations and current
densities  significantly affect properties such as
morphology, hardness, and wear performance. It is seen
that the surface morphologies of the obtained coatings are
generally smooth, but it is understood from the optical
images that the surfaces of all nanocomposite coatings are
rougher. While adding ZrO, nanoparticles to the main
matrix increases microhardness by approximately 40%
compared to pure nickel, a similar but higher hardness
value was obtained with the increase in current density.
When examined in terms of wear performance, an average
friction coefficient value of 3.15 times higher than that of
pure nickel nanocomposite coatings was obtained.

Keywords: Electrodeposition, Ni-P alloy, Nanocomposite
coating, Microhardness, Wear

1 Introduction

Low-carbon steel exhibits excellent mechanical
properties as well as ease of production and recycling [1],
[2]. However, its industrial applications are hampered by
limitations in wear and corrosion resistance [3]. To
overcome this challenge, various material surface
modification techniques have been used, including
electroplating, thermal spraying, vapor deposition, and non-
electrolytic deposition [4]. Among these methods,
electrolytic deposition stands out due to its simplicity and
ability to effectively coat complex workpieces [5]. The
process enhances wear resistance and corrosion protection,
making it a widely adopted solution in the field of metal
protection. In recent years, nickel-based coatings have been

Oz

Bu c¢alismada, Ni-P/ZrO, nanokompozit kaplamalar,
degisen ZrO, konsantrasyonlar1 (10 g/L ve 20 g/L) ve akim
yogunluklar1 (50 mA/cm? ve 75 mA/cm?) ile
elektrokaplama yontemi kullanilarak St-37 c¢elik alt
tabakalar tizerine biriktirildi. Elektrolit bilesenlerinin ve
akim yogunlugunun kaplama ozelliklerine etkilerini
incelemek amaciyla mikrosertlik, asinma performansi ve
yiizey morfolojileri agisindan analizler yapilmistir. Yapilan
analizler sonucunda farkli banyo konsantrasyonun ve akim
yogunlugunun morfoloji, sertlik ve asmma performansi
gibi oOzellikleri ciddi miktarda etkiledigi goriilmektedir.
Elde edilen kaplamalarin genel olarak yiizey morfolojiler
plriizsiiz oldugu goriilmektedir ama nanokompozit
kaplamalarin hepsinde yiizeyinin daha piiriizlii oldugu
optik resimlerden anlasilmaktadir. Ana matrise eklenen
ZrO; nanopartikiilii ilavesi mikro sertligi saf nikele gore
yaklasik %40 oraninda artirirken, akim yogunlugunun
artmastyla beraber yakin ama daha yiiksek sertlik degeri
elde edilmistir. Asinma performanst bakimindan
incelendiginde, saf nikel nanokompozit kaplamalara gore
3.15 kat daha fazla ortalama siirtiinme katsayis1 degeri elde
edilmistir.

Anahtar kelimeler: Elektrodepolama, Ni-P alasim,
Nanokompozit kaplama, Mikrosertlik, Asinma

widely used in industry [6]. The Ni-P coating remains a
widely used research topic among chemically deposited
metals due to its extensive applicability in protective coating
applications, which were first developed in the 1950s.
However, the formation of defects such as pinholes and
microcracks during the deposition process may result in
corrosion failure of the coating, which limits its further use.
Consequently, there is a significant research focus on
reducing coating defects [7, 8]. Ni-P alloy coating
technology has recently been important in developing these
research areas. Among these research areas, promising
methods, such as adding nanoparticles to the main matrix of
metal coatings, can enhance protection and mechanical
properties [9, 10]. Currently, nanoparticles such as Y03
(Yttrium oxide) [11], WC (Tungsten carbide) [12], Al>Os

* Sorumlu yazar / Corresponding author, e-posta / e-mail: ohukumdar@cu.edu.tr (O. Hiikiimdar)
Gelig / Recieved: 13.08.2024 Kabul / Accepted: 14.10.2024 Yayimlanma / Published: XX.XX.20XX
doi: 10.28948/ngmuh.1532510


https://orcid.org/0000-0002-0806-3562
https://orcid.org/0000-0001-7624-6240
https://orcid.org/0000-0002-1089-3952
https://orcid.org/0000-0002-0192-0605
https://orcid.org/0009-0004-1018-3995
https://orcid.org/0009-0009-2143-3730
https://orcid.org/0009-0007-7497-9476

) NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. Erken Gériiniim / InPress
O. Hiikiimdar, U. Kumlu, A. Keskin, M. A. Akar, M. F. Ge¢kin, E. N. Camci, A. Yilmaz

(Aluminum oxide) [13], CeO, (Cerium oxide) [14], SiO;
(Silicon dioxide) [15], and others are used as reinforcement
particles for metal coatings. By using different types of
nanoparticles, the performance of nanocomposite coating
can be positively enhanced and adjusted to be integrated into
various applications [16]. A.B. Radwan et al. [17] obtained
nanocomposite coatings using Ni-P/Y0; electroplating. The
findings indicated that the deposition of Y ;03 particles on the
Ni—P metal matrix exhibited superior mechanical properties.
Furthermore, it was shown that the corrosion resistance of
Ni—P/Y,03 composite coatings was increased by up to 90.8%
at 1.00 g/l Y03 bath concentrations compared to Ni—P
coatings. Liu et al. [18] found that the wear resistance of
Ni—P/WC composite coating was enhanced by the deposition
of WC nanoparticles on a metal matrix. Furthermore, the
corrosion resistance properties of the coating were also
advanced by dispersing the nanoparticles in the matrix.
Alirezaei et al. [19] Ni—P/Al,O; composite coatings were
obtained with different deposition rates. It was shown that
the percentage of deposition particles, roughness, and
hardness of the coating were affected by the Al;Os
concentration used in the bath. As a result, the average
roughness and hardness values increased with adding Al>O3
nanoparticles. Xiao et al. [20] produced a Ni-P metal matrix
alloy with a hardness of 580 HV by adding 15 g/L CeO;
nanoparticles to the bath concentration. In recent years,
zirconium dioxide (ZrO,) as a reinforcing particle has gained
wide application in industry due to its outstanding
mechanical properties and chemical resistance. Its high
melting point (about 2700°C) and hardness make zirconium
ideal for cutting tools, abrasive materials, and durable
ceramics [21]. Lehman et al. [22] synthesized Ni-W/ZrO,
composite coatings using the electrochemical deposition
method in an electroplating solution. Chemical composition,
microstructure, mechanical properties, wear characteristics,
and corrosion resistance of Ni-W/ZrO, composite coatings
were optimized by changing bath parameters. In addition, the
relationship between ZrO, powder content and current
density was investigated. According to the results, the most
optimum results were obtained at approximately 5 g/L
zirconium nanoparticle content in the coating solution, 11
A/dm? current density, and 600 rpm cathode rotation speed.
Accordingly, microhardness was 8 GPa, wear resistance was
1.4 x 105mm3/Nm, and corrosion resistance was 6 pA/cm?.
Wang et al. [23] prepared two distinct Ni-ZrO;
nanocomposite coatings via pulsed electrodeposition (PC)
and pulsed reverse electrodeposition (PRC), respectively.
The findings revealed that Ni-ZrO, nanocomposite coatings
demonstrated enhanced microhardness and superior wear
resistance compared to pure nickel coatings under identical
conditions. Furthermore, the wear weight losses of the PC
and PRC nanocomposite coatings were found to be lower
than those of the DC nanocomposite coatings. It also showed
that Ni-ZrO, nanocomposite coatings obtained by the PRC
method have superior wear resistance properties. Therefore,
using ZrO- to enhance the mechanical and wear performance
of composite coatings is among the good options [24]. In
addition, there are few studies on chemically deposited Ni-
P/ZrO, nanocomposite coatings [25-27]. Therefore, the aim

of this study, in addition to the studies conducted in other
studies, is not only to investigate the effect of ZrO2 on the
structure, corrosion resistance and microhardness of Ni-P
alloy coatings, but also to expand the effect of different bath
concentrations and different current densities on the host
matrix. In this study, Ni-P/ZrO, compaosite coating was
deposited on the surface of St-37 steel by electroplating
method. The effects of different ZrO, bath concentrations
and current density on the morphology, microhardness, and
wear performance of Ni-P coatings were investigated. The
mechanisms of wear of the composite coating and the causes
of adverse effects were subjected to analysis.

2 Material and methods

Composite coatings with Ni-P main matrix and ZrO,
nanoparticle reinforcement were deposited on St-37 steel
substrate material by electrodeposition method with a
conventional watt-type nickel bath. Sodium hypophosphite
was added to the bath as a phosphate source to obtain the
main matrix structure. During the preparation of the samples,
a 3-electrode system was used in the electrodeposition bath.
Cathode, anode, and reference electrodes were placed
vertically in the bath, and approximately 3 cm was
determined between them. The schematic representation of
the electrodeposition system is provided in Figure 1.
Ultrasonic stirring was performed for 1h at room temperature
to enhance the dispersion of ZrO, particles used in the
electrodeposition solution and to prevent their possible
aggregation. Vicra Cell VCX 750 brand and model was used
as the ultrasonic mixer; the cycle value was set to 1, and the
amplitude was set to 70% (~20 kHz).

Figure 1. Electrodeposition system (a) computer
(software control), (b) potentiostat/galvanostat, (c)
magnetic stirrer, (d) nickel plate (anode), (e) reference
electrode (Ag/AgCl), (f) St-37 (cathode), (g) stand

Ag/AgCI was used as the reference electrode, nickel
plate as the anode, and St-37 steel as a cathode. Preparation
of the substrate samples is one of the important processes. As
the first process, the sample was sanded with 600-1200-
2000# sandpapers to clean the oil, dirt, and rust layers on it.
Then, the remaining area was painted with isolated paint so
that 3 cm? of the substrate sample was exposed. After this
process, a pure aqueous solution of 20% acetone was
prepared and cleaned in an ultrasonic bath for 30 minutes and
then kept in a pure aqueous solution of 10% hydrochloric
acid (HCI) for 1 minute for etching. After each process, the
samples were rinsed with pure water and left to dry. All
experiments, including electrochemical corrosion tests, were
performed with a Gamry interface 1010 E brand and model
device. In the electrodeposition bath, nickel sulfate
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hexahydrate (NiSO4.6H20) and nickel chloride hexahydrate
(NiCl2.6H.0) were used as pure nickel sources, and sodium
hypophosphite was used as a phosphate source. The
reinforcement particle used in the composite coating bath
was 40-50 nm zirconium oxide (ZrOy) particles. The added
reinforcement particles cause agglomeration and surface
elevation problems in the bath. Therefore, sodium dodecyl
sulfate was added to the electroplating bath and stirred with
an ultrasonic mixer for 1 h before coating; the cycle value
was set to 1, and the amplitude value was set to 75%. In all
coating processes, 50 and 75 mA/cm? current density and 2
+ 0.1 pH value was used. The bath temperature was set
around 65 + 1 °C. The storage period was studied as 60 min.
The working parameters and working conditions of all these
experiments are given in Table 1. Code names have been
assigned to the bath concentrations of nanocomposite
coatings in Table 2. After the electrodeposition process was
completed, it was cleaned with pure water and left to dry at
room temperature.

Table 1. Bath parameters and conditions

Sg.no  Bath components (Chemicals) Quantity

1 Nickel-Sulfate-Hexahydrate 240 g/L

2 Nickel-Chloride-Hexahydrate 15¢g/L

3 Sodium Hypophosphite 20 g/L

4 Boric Acid 30g/L

5 Sodium Chloride 15g/L

6 Phosphoric Acid 6 g/L

7 Zirconium Oxide 0-10-20 g/L

8 Sodium dodecyl sulfate (SDS) 05g/L

9 Saccharin 2g/L

Sg.no  Bath conditions Parameters

1 Electrolyte Bath pH 2+0.1

2 Temperature 65+0.2°C

3 Shaking the Bath Using a Magnetic Stirrer 300 = 50 rpm

4 Time (Coating deposition) 60 minutes

5 DC Current Density 50-75 mA/cm?

Table 2. Code names
Parameters Code Names
Current Density (mA/cm?) ZrO, (g/L)

50 0 50NiP0Z
50 10 50NiP10Z
50 20 50NiP20Z
75 0 75NiP0Z
75 10 75NiP10Z
75 20 75NiP20Z

For the surface analysis, images were taken using a hand
microscope of the Dino-Lite AM7115MZT brand and
model. The magnification capacity of the device was set to
250x. An AOB LAB brand and model device was used for
microhardness measurements. Samples with dimensions of
20x20x1.5 mm?3 were used for the hardness test. A 500 g load
was applied to each sample from 10 different points for 10
seconds to obtain the hardness value. The average of these
values obtained was taken and accepted as the Vickers
hardness value. A UTS Tribology brand wear analyzer was
used for wear tests. The device can perform tests in
accordance with ASTM-G99, ASTM-G133, DIN-50324,
and other standards related to modules. Analyzes were

carried out using the alternative motion test module with the
ball on disk method. 100Cr6 stainless steel was used as the
ball material and the diameter of the ball was 6 mm. The test
was applied under a 2 N load and was carried out at a speed
of 2 Hz. In the wear test performed at room temperature, the
scar diameter was set as 10 mm, and the analysis was
completed with 2500 cycles.

3 Result and discussion

3.1 Morphological analysis

Figure 2 shows the images of Ni-P/ZrO, composite
coatings prepared with pure nickel and different bath
concentrations using an optical hand microscope at 250x
magnification. It can be said that the surface morphologies
of pure nickel and Ni-P alloy coatings are smoother than
other coatings. It is observed that Ni-P/ZrO, nanocomposite
coatings have a rough surface. It can be said that this
situation is due to the distribution of ZrO; particles
accumulated in the main matrix of the coating. In addition, it
is clearly seen on the surface morphology at different current
densities. As the current density increases, the structure of
the pits formed on the surface grows and disperses. Hosseini
et al. [28] investigated the surface morphology of Ni-B/WC
composite coatings obtained by electroplating. It was stated
that the Ni-B coating has a highly smooth and compact
structure, whereas the Ni-B/WC (4 g/L) nanocomposite
coating has a porous spherical structure with gaps between
clusters, which are known as cauliflower structures. Unal et
al. [29] obtained Ni-B/TiB, nanocomposite coatings using
the electrodeposition method. In the images obtained with an
optical microscope, it was found that the surface morphology
of the coatings was generally smooth. However, Ni-B/TiB;
nanocomposite coating obtained a rougher surface than pure
nickel and Ni-B alloy. When the obtained results are
compared with the literature, it is revealed that the addition
of reinforcement particles to the main matrix affects the
surface morphology, and the results are parallel to the
literature [30-32].

3.2 Microhardness analysis

In Figure 3, the microhardness results of pure nickel, Ni-
P alloy, and Ni-P/ZrO;, nanocomposite coatings obtained by
the electroplating method at different bath concentrations
and current densities are given together. A pure nickel
sample was also produced for comparison purposes. While
pure nickel hardness was measured as 324 HV, Ni-P alloy
was measured as 328 and 335 HV. When ZrO2
reinforcement particles were added to Ni-P alloy, it varied
between 429 and 456 HV. This situation causes a 40.74%
increase compared to pure nickel and a 36.12% increase
compared to Ni-P alloy in the hardness analysis of the ZrO,
reinforcement particle. When compared in terms of current
density, the hardness value of the composite coatings
produced with a current density of 75 mA/cm? is higher than
the composite coatings produced with a current density of 50
mA/cm?. According to these results, increasing the bath
concentration amount of ZrO? reinforcement particle and
increasing the current density significantly affected the
hardness results.
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(2

Figure 2. Optical microscope images of coatings (a) Pure nickel, (b) SONiP0Z, (¢) SONiP10Z, (d) 50NiP20Z, (¢)
75NiP0Z, (f) 75NiP10Z, (g) 75NiP20Z
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Figure 3. Microhardness values

When the literature is examined, Fayyaz et al. [33]
obtained Ni-P/TiC nanocomposite coatings in their studies.
Upon examination of the Vickers microhardness and
nanoindentation results, the highest recorded microhardness
value was found to be 593 HV. It is shown that the hardness
increases with the increase in the amount of TiC particles. As
seen in the literature, it has been observed that the
microhardness of the coating increases up to a certain point
by adding the reinforcement particle to the main matrix [34,
35]. When the microhardness of the coatings obtained by the
electroplating method is compared in terms of current
densities, the coatings produced with 75 mA/cm? show very
close values to the coatings produced with 50 mA/cm?, but
higher hardness values are obtained. This situation can be
considered as accumulating more metal particles by the
current sent to the sample. Our study is at the same point as
the literature on this subject. Dogan et al. [36] observed an
increase in microhardness of the Ni-B alloy coating among
the coatings produced when the current density was
increased from 1.5 A/dm? to 4.5 A/dm?. Furthermore, the
observed increase in hardness can be attributed to the
particle's ability to impede dislocation movement, thereby
contributing to enhanced resistance against plastic
deformation.

3.3 Wear analysis

Wear analyses were performed on pure nickel, Ni-P alloy
coating, and Ni-P/ZrO, composite coatings. Figures 4 and 5
show friction coefficient graphs and average friction
coefficient values.

When the friction coefficient and average friction
coefficient graphs are evaluated, it is seen that the
nanocomposite coating exhibits lower friction coefficient
values than pure nickel. The highest average friction
coefficient results were obtained with the pure nickel sample
as 0.63 microns, while the lowest average value was obtained
with 0.2 microns in the 50NiP20Z coded composite coating.
Based on this, while the hardness value increased with the
addition of reinforcement nanoparticles to the main matrix,
it caused a decrease in the friction coefficient value. In the
graph given in Figure 4, it is seen that pure nickel oscillated
less than other composite coatings during the test period.

While the maximum friction coefficient value of pure nickel
was 0.7 microns, the lowest friction coefficient result was
seen at 0.65 microns. When the Ni-P alloy coded 50NiP0Z
was examined, the maximum friction coefficient value was
seen at 0.32 microns levels, while the lowest friction
coefficient result was found to be around 0.15 microns. The
reason for this is that the friction coefficient value of alloy
and composite coatings started low at first and then increased
after the sliding layer was deformed. During the wear of the
adhered layer, the friction coefficient results first increase
and reaches the maximum result, and the friction coefficient
value suddenly decreases as the adhered layer breaks.
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Figure 4. Friction coefficient graph of samples produced
with (a) 50 mA/cm? current density (b) 75 mA/cm? current
density
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The average friction coefficient values of the coatings
obtained with different current densities are given in Figure
5.

0.35

o
2 i e
5 th W

Average friction coefficient ()

e
=
th

0 gr/L ZrO, 10 @1/L ZrO, 20 g1/L ZrO,

ZrC bath concentration

Figure 5. Average friction coefficient results

When the graph is examined, the average friction
coefficient values of the coatings obtained with 50 mA/cm?
current density are generally lower than those of the coatings
obtained with 75 mA/cm? current density. Only Ni-P/ZrO,
composite coatings produced at 20 g¢/L ZrO; bath
concentration showed a contrasting picture compared to
coatings produced at other bath concentrations. The reason
for this can be explained by the fact that the ZrO, particle
does not dive well in the bath. Unal et al. [29] deposited Ni-
B/TiB, composite coatings on the surface of AISI 304 steel.
The analysis of the wear resistance of the coatings revealed
that the coatings demonstrated superior performance
compared to pure nickel and the Ni-B alloy coating. While
the average friction coefficient result was found to be 0.227
microns for pure nickel, it was found to be 0.187 microns for
composite coatings. It is clearly seen that adding TiB:
reinforcement particles to the main matrix increases the wear
resistance. Allahyarzadeh et al. [37] conducted pin-on-disc
wear tests to examine the wear performance of the Ni-W
coatings performed. The results showed that the obtained
coating showed superior wear resistance compared to pure
nickel. In addition, the friction coefficient decreased from
0.74 to 0.49 microns with the increase in sliding distance.
When looking at the literature, it is seen that adding the
abrasion resistance reinforcement particle to the main matrix
provides significant abrasion resistance.

4 Conclusion

The optical microscope, microhardness, and wear
analysis of Ni-P/ZrO, composite coatings obtained by the
electrodeposition method using pure nickel, Ni-P alloy, and
different bath concentrations and current densities were
evaluated comparatively.

*  When the surface morphologies of the obtained
coatings were examined, coatings with generally smooth
surfaces were obtained. With the addition of ZrO;
nanoparticles to the main matrix, a rougher surface is
observed compared to other coatings.

e With the addition of ZrO, reinforcement particles,
approximately 1.4 times higher microhardness values were
found compared to pure nickel and 1.3 times higher than Ni-

P alloy. Additionally, an increase in microhardness value
was detected with increasing current density.

e When the wear analysis results were examined,
composite coatings had an average wear coefficient of
68.25% less than pure nickel and 31.03% less than Ni-
P alloy.

e The ZrC reinforcement particle added to the bath
concentrate provided superior properties to the
composite coatings in terms of surface morphology,
hardness and wear performance.

The results obtained from this study show that Ni-P/ZrO;
composite coatings obtained by the electroplating method
are potentially useful in industrial applications and provide
enrichment of the literature.

Conflict of interest
No conflict of interest was declared by the authors.

Similarity rate (iThenticate): %14

References

[1] S. Tan, B. Song, H. Chen, X. Tan, R. Qiu, T. Liu, N.
Guo, and S. Guo, Excellent strengthening of low-
carbon steel by severe free-end torsion. Metals and
Materials International, 29, 2197-2206, 2023.
http://doi.org/10.1007/s12540-022-01369-4.

[2] E. G. Astafurova, S. V. Dobatkin, E. V. Naydenkin, S.
V. Shagalina, and G. G. Zakharova, Microstructural
characterization of low-carbon steel processed by high
pressure torsion and annealing. Materials Science
Forum, 649-654, 2008.
https://doi.org/10.4028/www.scientific.net/MSF.584-
586.649

[3] J. T. Wang, C. Xu, Z. Z. Du, G. Z. Qu, and T. G.
Langdon, Microstructure and properties of a low-
carbon steel processed by equal-channel angular
pressing. Materials Science and Engineering, 410-411,
312-315, 2005.
http://doi.org/10.1016/j.msea.2005.08.111.

[4] G. A. ElI-Awadi, Review of effective techniques for
surface engineering material modification for a variety
of applications. AIMS Materials Science, 10(4), 652—
692, 2023. http://doi.org/10.3934/matersci.2023037.

[5] H. Kir and S. Apay, Elektrolitik yontemle sert krom
kaplanan yap1 c¢eliginde kaplama parametrelerinin
taguchi metodu ile optimizasyonu. Giimiigshane
Universitesi Fen Bilimleri Enstitiisii Dergisi, 10(1), 7-
14, 2020. http://doi.org/10.17714/gumusfenbil.540183.

[6] F. Mindivan, K. Aydin, and H. Mindivan, Elektrolitik
kaplanmis nikel/grafen kompozit kaplamalarin iiretimi
ve karakterizasyonu. Nevsehir Bilim ve Teknoloji
Dergisi, 8, 29-36, 20109.
http://doi.org/10.17100/nevbiltek.633289.

[71 X.Fu, F. Wang, X. Chen, J. Lin, and H. Cao, Corrosion
resistance of Ni-P/SiC and Ni-P composite coatings
prepared by  magnetic  field-enhanced  jet
electrodeposition. RSC Advances, 10(56), 34167-
34176, 2020. http://doi.org/10.1039/d0ra06735k.

[8] J.Zhang, Z. Zhang, Y. Wu, D. Kong, S. Yang, S. Sun
and S. Gu, Corrosion resistance improvement of Ni-P



) NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. Erken Gériiniim / InPress
O. Hiikiimdar, U. Kumlu, A. Keskin, M. A. Akar, M. F. Ge¢kin, E. N. Camci, A. Yilmaz

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

coatings: surface cracks with different temperatures
repaired by laser remelting. Journal of Materials
Engineering  Performance, 2024. http://doi.org/
10.1007/s11665-024-09264-2.

A. Lelevic and F. C. Walsh, Electrodeposition of Ni-P
composite coatings: A review. Surface and Coating
Technology, 378, 124803, 20109.
http://doi.org/10.1016/j.surfcoat.2019.07.027.

H. Nazari, G. Barati Darband, and R. Arefinia, A
review on electroless Ni—P nanocomposite coatings:
effect of hard, soft, and synergistic nanoparticles.
Journal of Materials Science, 58, 4292-4358, 2023.
http://doi.org/10.1007/s10853-023-08281-1.

Y. Abdesselam, I. Rezgui, M. Naoun, A. Belloufi, M.
Mezoudj, and D. Zerrouki, Experimental investigation
and optimization of manufacturing processes of Ni—P—
Y203 composite coatings by multiple linear regression
method based on genetic algorithm. International
Journal of Advanced Manufacturing Technology,
126(9-10), 3995-4019, 2023.
http://doi.org/10.1007/s00170-023-11342-z.

Z. A.Hamid, S. A. El Badry, and A. A. Aal, Electroless
deposition, and characterization of Ni-P-WC composite
alloys. Surface and Coating Technology, 201(12),
5948-5953, 2007.
http://doi.org/10.1016/j.surfcoat.2006.11.001.

R. Hu, Y. Su, Y. Liu, H. Liu, Y. Chen, C. Cao and H.
Ni, Deposition process and properties of electroless Ni-
P-AlI203 composite coatings on magnesium alloy.
Nanoscale Research Letters, 13, 198, 2018.
http://doi.org/10.1186/s11671-018-2608-0.

H. M. Jin, S. H. Jiang, and L. N. Zhang, Microstructure
and corrosion behavior of electroless deposited Ni-
P/CeO2 coating. Chinese Chemical Letters, 19(11),
1367-1370, 2008.
http://doi.org/10.1016/j.cclet.2008.06.040.

D. Dong, X. H. Chen, W. T. Xiao, G. B. Yang, and P.
Y. Zhang, Preparation and properties of electroless Ni-
P-SiO2 composite coatings. Applied Surface Science,
255(15), 7051-7055, 2009.
http://doi.org/10.1016/j.apsusc.2009.03.039.

Y. Wang, B. Li, D. Zhang and S. Si, Influence of ZrB2
nanoparticles on microstructure and mechanical
properties of Ni-Co coating. Coating, 14(11), 1428,
2024,

A. Bahgat Radwan, K. Ali, R.A. Shakoor, H.
Mohammed, T. Alsalama, R. Kahraman, M. M. Yusuf,
A. M. Abdullah, M. Fatima Montemor and Mohamed
Helal, Properties enhancement of Ni-P electrodeposited
coatings by the incorporation of nanoscale Y203
particles. Applied Surface Science, 457, 956-967,
2018. http://doi.org/10.1016/j.apsusc.2018.06.241.

Y. Y. Liu,J. Yu, H. Huang, B.H. Xu, X.L. Liu, Y. Gao
and X.L. Dong, Synthesis and tribological behavior of
electroless Ni-P-WC nanocomposite coatings. Surface
and Coating Technology, 201(16-17), 7246-7251,
2007. http://doi.org/10.1016/j.surfcoat.2007.01.035.

S. Alirezaei, S. M. Monirvaghefi, M. Salehi, and A.
Saatchi, Wear behavior of Ni-P and Ni-P-Al203

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

electroless coatings. Wear, 262(7-8), 978-985, 2007.
http://doi.org/10.1016/j.wear.2006.10.013.

X. W. Zhou, Y. F. Shen, H. M. Jin, and Y. Y. Zheng,
Microstructure and depositional mechanism of Ni-P
coatings with nano-ceria particles by pulse
electrodeposition. Transactions of Nonferrous Metals
Society of China, 22(8), 1981-1988, 2012.
http://doi.org/10.1016/S1003-6326(11)61417-9.

G. Sahin and S. Goktas, Calculations of structural
parameters and optical constants of size dependent
ZrO2. Gazi Journal of Engineering Sciences, 10(1),
114-124, 2024,
http://doi.org/1030855/gmbd.0705N10.

E. Beltowska-Lehman, P. Indyka, A. Bigos, M. J.
Szczerba, and M. Kot, Ni-W/ZrO2 nanocomposites
obtained by ultrasonic DC electrodeposition. Materials
& Design, 80, 1-11, 2015.
http://doi.org/10.1016/j.matdes.2015.04.049.

W. Wang, F. Y. Hou, H. Wang, and H. T. Guo,
Fabrication and characterization of Ni-ZrO2 composite
nano-coatings by pulse electrodeposition. Scripta
Materialia, 53(5), 613-618, 2005.
http://doi.org/10.1016/j.scriptamat.2005.04.002.

R. A. Shakoor, R. Kahraman, U. S. Waware, Y. Wang,
and W. Gao, Properties of electrodeposited Ni-B-ZrO2
composite  coatings. International Journal  of
Electrochemical Science, 10(3), 2110-2119, 2015.
https://doi.org/10.1016/S1452-3981(23)04833-2.

M. F. Tan, W. C. Sun, L. Zhang, Q. Zhou, and J. Ding,
High-temperature oxidation resistance of electroless
Ni-P-ZrO2 composite coatings. Materials Science
Forum, 686, 569-573, 2011.
http://doi.org/10.4028/www.scientific.net/MSF.686.56
9.

P. Makkar, R. C. Agarwala, and V. Agarwala,
Morphological and hardness studies of electroless Ni-
P-ZrO2 nanocomposite coatings on mild steel.
Advanced Materials Research, 585, 478-482, 2012.
http://doi.org/10.4028/www.scientific.net/ AMR.585.4
78.

Y. Wang, X. Shu, S. Wei, C. Liu, W. Gao, R.A.
Shakoor and R. Kahraman, Duplex Ni-P-ZrO2/Ni-P
electroless coating on stainless steel. Journal of Alloys
and Compounds, 630, 189-194, 2015. http://doi.org/
10.1016/j.jallcom.2015.01.064.

M. G. Hosseini, S. Ahmadiyeh, and A. Rasooli, Pulse
plating of Ni-B/WC nanocomposite coating and study
of its corrosion and wear resistance. Materials Science
and Technology, 35(10), 1248-1256, 2019.
http://doi.org/10.1080/02670836.2019.1619292.

E. Unal, A. Yasar and 1. H. Karahan, Elektrokimyasal
depolama yontemi ile AISI 304 c¢eligi yiizeyine
biriktirilen Ni-B/TiB2 kompozit kaplamalarin kristal
yapt ve bazi mekanik Ozelliklerinin incelenmesi.
Cukurova Universitesi Miihendislik Fakiiltesi Dergisi,
36(4), 847-860, 2021.
https://doi.org/10.21605/cukurovaumfd.104032

H. Liu, H. Wang, W. Yu, Y. He, F. Xia, C. Ma, and
Azar Shakoor, Effect of TiN concentration on



) NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. Erken Gériiniim / InPress
O. Hiikiimdar, U. Kumlu, A. Keskin, M. A. Akar, M. F. Ge¢kin, E. N. Camci, A. Yilmaz

[31]

[32]

[33]

[34]

microstructure and properties of Ni/W-TiN composites
obtained by pulse current electrodeposition. Ceramics
International, 47(17), 24331-24339, 2021.
http://doi.org/10.1016/j.ceramint.2021.05.145.

E. Unal, A. Yasar, and I H. Karahan,
Elektrodepolanmis  nanokompozit  kaplamalarda
elektrolit bilesenlerinin etkisi. Cukurova Universitesi
Miihendislik Fakiiltesi Dergisi, 35(1), 159-171, 2020.
https://doi.org/10.21605/cukurovaummfd.764753

H. H. Sheu, P. C. Huang, L. C. Tsai, and K. H. Hou,
Effects of plating parameters on the Ni-P-Al203
composite coatings prepared by pulse and direct current
plating. Surface and Coating Technology, 235, 529—
535, 2013.
http://doi.org/10.1016/j.surfcoat.2013.08.020.

0. Fayyaz, A. Khan, R. A. Shakoor, A. Hasan, M. M.
Yusuf, M. F. Montemor, S. Rasul, K. Khan, M. R. I.
Faruque and P. C. Okonkwo, Enhancement of
mechanical and corrosion resistance properties of
electrodeposited Ni—P-TiC composite coatings.
Scientific Reports, 11(1), 2021.
http://doi.org/10.1038/s41598-021-84716-6.

S. Sadreddini, S. Rahemi Ardakani, and H. Rassaee,
Corrosion Behavior and Microhardness of Ni-P-SiO2-

[35]

[36]

[37]

AlI203 Nano-composite Coatings on Magnesium
Alloy. Journal of Materials Engineering and
Performance, 26(5), 2032-2039, 2017.
http://doi.org/10.1007/s11665-017-2632-8.

Y. Zhou, S. Zhang, Lin-lin Nie, Ze-jie Zhu, Jian-ging
Zhang, Fa-he Cao and Jun-xi Zhang, Electrodeposition
and corrosion resistance of Ni—P-TiN composite
coating on AZ91D magnesium alloy. Transactions of
Nonferrous Metals Society of China, 26(11), 2976—
2987, 2016. http://doi.org/10.1016/S1003-
6326(16)64428-X.

F. Dogan, M. Uysal, H. Algiil, E. Duru, H. Akbulut, and
S. Aslan, Optimization of pulsed electro co-deposition
for Ni-B-TiN composites and the variation of
tribological and corrosion behaviors. Surface and
Coating Technology, 400, 2020. http://doi.org/
10.1016/j.surfcoat.2020.126209.

M. H. Allahyarzadeh, M. Aliofkhazraei, A. R.
Rezvanian, V. Torabinejad, and A. R. Sabour
Rouhaghdam, Ni-W electrodeposited  coatings:

Characterization, properties and applications. Surface
and Coating Technology, 307, 978-1010, 2016.
http://doi.org/10.1016/j.surfcoat.2016.09.052.




