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A B S T R A C T

Pulse electrodeposition is a technique of particular interest, which offers promising advantages such as ease of
processing, compositional control, uniformity in structure, and grain refinement. In the present study, NiP-ZrO2

nanocomposite coatings containing various concentrations of ZrO2 nanoparticles (ZONPs) were deposited on low
alloy steel (30CrMnSi) through pulse electrodeposition technique. The ZONPs in concentration of 0.0, 0.25, 0.50,
0.75, and 1.0 g/L were added in the electrolyte bath to obtain NiP-ZrO2 nanocomposite coatings. Furthermore, to
elucidate the role of ZONPs in the NiP matrix, the structural, morphological, mechanical, and electrochemical
properties of NiP-ZrO2 nanocomposite coatings were studied thoroughly. FESEM and EDX results reveal the
successful incorporation of ZONPs into the NiP matrix. XRD and XPS analysis confirm the formation of a pure
phase NiP structure without any noticeable defects. A considerable improvement in the mechanical response was
observed with an increasing amount of ZONPs, reaching to highest values (hardness 6.7 GPa, modulus of elas-
ticity 21.72 GPa) for NiP-1.0 ZrO2 coating composition. Similarly, the electrochemical results show a gradual
increase in corrosion protection behavior of the NiP-ZrO2 coatings with increasing ZONP concentration, reaching
an eventual value ~5.8 kΩ cm−2 at NiP-1.0 ZrO2 coating composition, which is six times greater than the pure
NiP coatings. These improvements in the mechanical and electrochemical response of NiP-ZrO2 nanocomposite
coatings highlight their suitability for applications such as oil and gas pipelines.

1. Introduction

Material deterioration due to the interaction with environment can
degrade the performance of components over time [1]. Corrosion, one
of the leading causes of part failure, damages the surfaces of the ma-
terials, and sometimes combines with wear leads to accelerate dete-
rioration process [2]. Thus, there is a dire need for the modification of
the surface properties instead of improving the bulk material [3]. Op-
timal surface protection is particularly crucial for materials subjected to
severe conditions, such as for aircraft and refineries [4]. Currently,
inorganic coatings are gaining importance due to their cost-effective-
ness, ease of processing, high mechanical and corrosion protection
characteristics [2,5]. Different deposition techniques, such as hot-dip,
galvanizing, and thermal spraying, are commonly used to provide good
quality hard films [6,7]. The performance of such coatings is still quite
sensitive to various environments that limit their utility [8]. Among the

various coating techniques, electrodeposition is considered a simple
and effective technique for metal deposition and has gained a lot of
acceptance on a global scale [9,10].

The pulse electrodeposition (PE-deposition) is a unique coating
technology that has recently gained substantial attention for the de-
velopment of a range of alloy and composite coatings [11,12]. In the
PE-deposition process, the current is supplied in pulses with equivalent
amplitudes, intervals, and polarity that are separated through a zero-
current value. In these sequences of pulses, each pulse is comprised of
an ON-time (ton), when current is supplied and an OFF-time (toff), when
no current is supplied to the circuit [13]. This mechanism provides the
reverse current flow, which can eliminate the burr on the coating sur-
face, resulting in an effective reduction in cathode concentration, im-
proves the current density and decreases the occurrence of hydrogen
embrittlement, and eliminates the use of additives which effectively
save production costs [14]. The PE-deposition process gives some
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prominent advantages such as ease of tailoring coating composition,
ease of processing, controlling thickness in an atomic order, control of
crystal structure, efficiency, and low cost. More importantly, the evo-
lution of fine-grained coating structure results in improved mechanical
and electrochemical properties. It is thus possible to synthesize various
nanostructured coatings by modifying pulse parameters [15]. Despite
the obvious advantages of PE-deposition, its potential has not been fully
explored yet for the development of novel nickel-based composite
coatings.

Currently, nickel-phosphorus coatings have attained high con-
siderations due to their remarkable properties [16], demonstrating
decent corrosion and wear resistance properties with good hardness
[17]. However, their properties can further be enhanced by the in-
corporation of various types of reinforcements to address the industrial
challenges [18]. Recent studies reveal that the addition of ceramic re-
inforcements improves the structural, mechanical, and corrosion pro-
tection properties of nickel-based coatings. Many types of reinforce-
ments have been studied so far including diamond [19], BN [20], Al2O3

[21], TiO2 [22], Cr2N [23], graphene oxide [24], duplex W-ZrO2 [25],
CeO2-RuO2 [26], CNT [27], SiC [28], PTFE [29], Gr-SiC [30], Si3N4

[31], SiO2 [32], and B4C [33]. Here, it is also worth mentioning that the
development of coatings made by the incorporation of these re-
inforcements has mainly been achieved through the electroless or
simple electrodeposition techniques. The PE-deposition method has not
been fully investigated for the synthesis of a lot of composite coatings,
although some reports are available in literature [34–36].

This study is primarily dedicated to exploring the possible fabrica-
tion and characteristics of NiP-ZrO2 coatings through the PE-deposition
technique. The effects of concentration of ZrO2 nanoparticles (ZONPs)
on surface morphology, mechanical, microstructure, and corrosion
protection properties of NiP coatings have been examined by employing
various characterization techniques to elucidate the useful role of
ZONPs in the NiP matrix. The novelty of the study exists in the fact that
the synthesis and in-depth analysis of PE-deposited NiP-ZrO2 nano-
composite (NC-coatings) have not been explored yet. In fact, most of the
previously published works on NiP-ZrO2 coatings are based on either
electroless or the simple electrodeposition process [37,38].

2. Experimental details

2.1. Materials

For the development of NiP and NiP-ZrO2 NC-coatings through PE-
deposition process, an electrolyte bath which was composed of analy-
tical grade nickel sulphate hexahydrate (NiSO4·6H2O, as a source of
nickel), nickel chloride hexahydrate (NiCl·6H2O), sodium chloride
(NaCl), sodium hypophosphite (NaH2PO2, as a source of phosphorus),
boric acid (H3BO3), and phosphoric acid (H3PO4). High purity zirco-
nium dioxide nanoparticles (ZONPs) with an average particle size<
50.0 nm were used as nanoparticle reinforcement. All chemicals were
purchased from Sigma Aldrich. Pulse electrodeposition of NiP and NiP-
ZrO2 NC-coatings was carried out on low alloy steel (30CrMnSi, Chinse
grade) substrate, which was purchased from Wugang Chang Yu Long
Industry And Trade Co., Ltd., China. The substrate samples have di-
mensions of 30× 30×2mm3 with an elemental composition, as
shown in Table 1.

2.2. Deposition process

The substrate samples were ground and polished successively with
various grit sized SiC abrasive papers (220, 320, 500, 800, 1000, 1200
up to 2000) to achieve the flat and smooth surfaces. Polished samples
were then degreased by sonicating for 15min in acetone, followed by
washing with warm distilled water. One side of the substrates was
masked, enabling electrodeposition only on a single surface. The un-
covered surface was activated using a 20% H2SO4 solution for 30 s. In
the end, the activated substrates were thoroughly washed with hot
water and were directly immersed in the electrolyte bath to start the
deposition process under the conditions composed in Table 2. The
electrolyte bath was continuously agitated with a magnetic stirrer at
300 rpm to keep ZONPs in suspension during the deposition process.
Further, to reduce ZONPs agglomeration, ultrasonic sonication was
undertaken for 30min before the commencement of the deposition
process [39–41]. After deposition processing, the coated samples were
removed, rinsed, and dried. This procedure was repeated for each
concentration of ZONPs to obtain the different NC-coatings composi-
tions. The developed NiP-ZrO2 NC-coatings were designated as per the
ZONPs concentrations, which were dispersed into the electrolyte bath.
In this perspective, the obtained coatings samples were labeled as NiP,
NiP-0.25ZrO2, NiP-0.5ZrO2, NiP-0.75ZrO2, and NiP-1.0 ZrO2, respec-
tively. For a clear understanding, a schematic diagram of the PE-de-
position process used during the current work is shown in Fig. 1.

2.3. Characterization

FE-SEM (field emission scanning electron microscope) from Nova,
Nano-450, Netherland, equipped with EDX (energy-dispersive X-ray
spectroscopy), and AFM (atomic force microscope) from Asylum
Research, Oxford Instruments, Goleta, USA, were utilized to explore the
morphological, compositional and surface characteristics of the pre-
pared NC-coatings. The structural and phase analysis was determined
using the X-rays diffractometer (from Rigaku, Miniflex2 Desktop,
Tokyo, Japan), equipped with Cu Kα radiations). The diffraction pat-
terns were recorded at a scan step size of 0.02°/s in the 2θ range from
20° to 60°. The chemical composition of the prepared NC-coatings was
also analyzed with X-ray photoelectron spectroscopy (XPS) using Kratos
Axis Ultra DLD X-ray spectrometer, UK, with employing a monochro-
matic Al-Kα X-rays source; the binding energy of C 1s (284.6 eV) was
utilized as a reference for calibration. The full survey was maintained at
160 eV passing energy, and the high-resolution spectra were taken
place at 20 eV passing energy. Microhardness of the developed coatings

Table 1
The elemental composition of the 30CrMnSi steel sheet.

Element C Si Mn Ni Cr S & P Balance

wt.% 0.28 1.2 0.9 0.3 1.1 0.025 Fe

Table 2
Chemical composition and operating conditions for the PE-deposition coating
bath.

Sr. no Chemical name Composition

1 Nickel sulphate hexahydrate (g/L) 250
2 Nickel chloride hexahydrate (g/L) 30
3 Sodium chloride (g/L) 15
4 Boric acid (g/L) 30
5 Phosphoric acid (g/L) 6
6 Sodium hypophosphite (g/L) 20
7 ZrO2 nanoparticles (ZONPs) (g/L) (0.0, 0.25, 0.50, 0.75, & 1.0) g/L)

Operating conditions
8 pH 2.5 ± 0.1
9 Temperature 50 °C
10 Magnetic stirrer (Bath agitation) 300 rpm
11 Deposition time 999 s
12 Current density 10 A/dm2

13 Frequency 100 Hz
14 Duty Cycle % 50
15 t (ton+ toff) 10 s
16 ton 5 s
17 toff 5 s
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was evaluated using FM-ARS9000 Vickers microhardness tester (USA).
All microhardness tests were performed under 100 gf loading, providing
a holding time of 10 s at the peak load. The presented results are an
average of five readings. Nanoindentation was carried out using the
MFP-3D nanoindenter head connected to AFM. The nanoindentation
tests were performed with Berkovich diamond indenter tip using a
maximum 1mN indentation force. The mechanical values were de-
termined from the load vs. displacement curve using the Oliver-Pharr
method.

The corrosion protection properties of the prepared coatings con-
taining were investigated in a brine solution (3.5 wt% NaCl) at room
temperature. All electrochemical measurement was performed through
a three-electrode system using a GAMRY 3000 potentiostat (Gamry,
Warminster, PA, USA). All specimens were placed in OCP (open-circuit
potential) conditions for 30min before staring electrochemical mea-
surements. Electrochemical Impedance Spectroscopy (EIS) was per-
formed with an amplitude of 10mV (AC) versus OCP at frequency range
100,000–0.01 Hz. Moreover, the potentiodynamic polarization study
was conducted at −250mV to +250mV versus OCP, applying a scan
rate of 0.167mV s−1. Additionally, all tests were repeated three times
to ensure reproducibility.

3. Results and discussion

3.1. Surface morphology

The surface morphology of as-prepared NiP and NiP-ZrO2 NC-
coatings containing different concentrations of ZONPs was studied
using FESEM, and the results are presented in Fig. 2(a–e). The forma-
tion of a compact structure is evident in all the coatings. Fig. 2(a)
corresponds to NiP coatings, which depicts a relatively smooth surface
containing some spherical nodules. A comparison of the micrographs of
NiP-ZrO2 NC-coatings presented in Fig. 2(b–e) indicates that NiP-ZrO2

NC-coatings have more nodular structure as compared to the pure NiP
coatings. Moreover, the size of the nodules decreases with an increasing
amount of ZONPs into the NiP matrix Fig. 2(b–e). This reduction in

nodular size leads to the formation of a more dense and compact
coating structure, which is expected to improve the structural, me-
chanical, and corrosion protection properties [42]. Fig. 3 depicts the
formation mechanism of NiP NC-coatings upon adding ZNOPs into the
NieP bath solution. It suggests that the addition of ZONPs has a sub-
stantial effect on the morphology of NiP coatings. A gradual increase in
the amount of ZONPs into the coating bath during the PE-deposition
process leads to their progressive incorporation into the NiP matrix,
which ultimately affects the evolution of finer nodules and compact
grains. The reduction in grain size and the formation of more nodules
can also be regarded as the effect of the process of heterogeneous nu-
cleation. Incremental addition of ZONPs into the NiP matrix may also
lead to accelerating the nucleation rate providing more nucleation sites
and thus reduces the lateral growth of the grains, which ultimately
results in smaller nodules [43]. Moreover, the porosity of the coatings
may also be reduced with increasing concentration of ZONPs into the
NiP matrix due to: (i) grain refinement which leads to the formation of
compact structure and (ii) filling of pores by the ZONPS which block the
pore openings and contributing in making the structure of the coating
more compact [44]. Further, to have more details on the topographic
features of the NiP alloy and NiP-ZrO2 coatings containing various
concentrations of ZONPs, AFM study was undertaken. The 3D images,
along with roughness profiles of NiP alloys and NiP-ZrO2 NC-coatings,
are shown in Fig. 4(a–e). A comparison of AFM images and roughness
profiles indicates that the addition of ZONPs has a pronounced effect on
surface profile, topography, and roughness of NiP-ZrO2 NC-coatings.
NiP coatings have relatively smooth surfaces; however, the surface of
NiP-ZrO2 NC-coatings composed of small hills and valleys. The average
surface-roughness of the NiP alloy coatings increases with the in-
creasing amount of ZONPs. The results show that the surface roughness
of the NiP coatings is 4.374 nm, which gradually increases with an in-
creasing amount of ZONPs reaching to 16.706 nm at the terminal
composition 1.0 g/L ZONPs. This increase in surface roughness can be
attributed to the existence of hard and insoluble ZONPs in the NiP alloy
matrix. These results are also consistent with the previous studies
[5,45].

Fig. 1. Schematic diagram of the PE-deposition process for the synthesis of NiP and NiP-ZrO2 NC-coatings.
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3.2. Structural and composition analysis

3.2.1. XRD study
Fig. 5(a) depicts the XRD patterns of the as-deposited NiP and NiP-

ZrO2 NC-coatings containing various contents of ZONPs (0.0, 0.25,
0.50, and 1.0 g/L). All XRD spectra show a predominated broad peak at

2θ of 44.5, representing the face-centered cubic structure of Ni (111)
with amorphous like structure. However, the diffraction peak of Ni
(111) shows a strong intensity peak accompany the broad one which
indicating a semi-crystalline structure of the developed coatings in their
as-plated condition. Similar results have been reported in the literature
due to two factors: (i) the presence of phosphorus atoms in the crystal

Fig. 2. FE-SEM micrographs of the NiP and NiP-ZrO2 NC-coatings that contains various concentration of ZONPs (a) 0.0, (b) 0.25, (c) 0.50, (d) 0.75, and (e) 1.0 g/L.

Fig. 3. Schematic diagram for the deposition mechanism of the NiP-NC-coatings.
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lattice of nickel which can change the columnar structure to fibrous
grains, and their coalescence leads to the lattice distortion [46], and (ii)
the heterogeneous nucleation process due to the incorporation of
ZONPs during the development of the coating [47–51]. A magnified

view of the XRD pattern is also shown in Fig. 5 (b). The presence of low-
intensity peaks located at 2θ of 28.2 and 31.5 shows the presence of
ZONPs into the NiP matrix. An increase in the intensity of peaks of
ZrO2(−111) and ZrO2(111) with increasing concentration of ZONPs is

Fig. 4. 3D-AFM topographic images along with respective surface-roughness profiles of (a) NiP (b) NiP-0.25ZrO2, (c) NiP-0.5ZrO2, (d) NiP-0.75ZrO2, and (e) NiP-
1.0ZrO2 coatings.
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noticed, indicating incremental co-deposition of ZONPs into the NiP
matrix. The low intensity of ZrO2(−111) and ZrO2(111) can be at-
tributed to the inherent high intensity of nickel peaks and the low
quantity of ZONPs in the NiP matrix. A similar trend for some other
reinforcements has also been reported in the literature [44,52].

3.2.2. X-ray photoelectron spectroscopy (XPS) analysis
The X-ray photoelectron spectroscopy (XPS) analysis was performed

to depict the compositional alteration in the NiP matrix due to the in-
corporation of ZONPs. Fig. 6 illustrates the survey spectrum of NiP and
NiP-ZrO2 NC-coatings containing only 1.0 g/L ZONPs. The elemental
peaks of Ni 2p, P 2p, O 1s, C 1s, Fe 2p in the NiP coatings indicates that
these coatings are composed of Ni, P, C, O, and Fe elements. Whereas,
the presence of additional bands of Zr 3d along with Ni 2p, P 2p, O 1s, C
1s, Fe 2p in the NiP-ZrO2 NC-coatings confirms the incorporation of
ZONPs into the NiP matrix. The C 1s band comes from the surface as an
impurity. The O 1s band comes not only from ZrO2 nanoparticles but
also from the coating surface as an impurity [53]. The Fe 2p bands are
essentially originated from the steel substrate. The high-energy re-
solution spectrum for Ni 2p, P 2p, and Zr 3d signals of NiP and NiP-1.0
ZrO2 NC-coatings are presented in Fig. 7(a, c) and (b, d & e) respec-
tively. Furthermore, the position of the recorded peaks and the full
width at half of the maximum were tabulated in Table 3. It can be
noticed that the Ni 2p spectra can be nominated into two main domi-
nated peaks of Ni 2p3/2 at 853.4 eV and a peak of Ni 2p1/2 at 869.8 eV,
respectively Fig. 7(a & b), which are corresponding to the metallic

nickel. Additionally, the satellite peaks of Ni 2p3/2 at 858.4 eV and Ni
2p1/2 at 874.8 eV are associated with Ni+2, which would be re-
presentative of NiO or Ni(OH)2 [44,54]. Intriguingly, the predominant
and satellite peaks for Ni 2p is shifted by 0.5 eV towards the higher
binding energy value from its nominal position after adding 1.0 g/L
ZONPs Fig. 7(b). Moreover, the satellite peaks show a significant in-
crease in its intensity, which attributed to increasing the formation of
oxide and hydroxide phases [55]. The P 2p spectra in Fig. 7(c & d) can
be consisted of four peaks corresponding to 129.2 eV, 129.9 eV,
131.2 eV and 133.4 eV. The peaks positioned at 129.2 eV and 129.9 eV
are assigned to the P (phosphorus) as P 2p1/2 and to the NiP alloy,
respectively, as the phosphorous signal intensity diminished with the Ni
combination. Furthermore, the central peak at the binding energy of
131.2 eV could be ascribed to the first or the third valence state of
phosphorus, which could be originated from the residual hypopho-
sphite. Additionally, the peak located at 133.4 eV possibly be attributed
to a mixture of POx chemical states for instance (P2O3 and P-OH),
which could be notified at the binding energy close to 134.5 [55,56].
Fig. 7(e) depicts the high-resolution spectrum of Zr 3d as it assures the
presence of two signals at 182.3 eV and 184.8 eV, which assigned to Zr
3d5/2 and Zr-3d1/2, respectively which confirms the existence of ZONPs
into the NiP-ZrO2 NC-coatings.

3.2.3. Energy-dispersive X-ray spectroscopy (EDX) analysis
The co-deposition of ZONPs into the NiP alloy matrix was also

analyzed by the EDX technique, and the results are shown in
Fig. 8(a–e). For clarity purposes, the quantitative compositional ana-
lysis of NiP and each NiP-ZrO2 NC-coatings are also shown as an inset in
each EDX graph. The EDX analysis confirms the presence of ZONPs in
the NiP matrix. It can be further noticed that the co-deposition of
ZONPs is accomplished at the cost of both nickel (Ni) and phosphorus
(P), as evident by the reduction in the Ni and P contents with the in-
creasing amount of ZONPs into the NiP matrix. These results show that
the developed NiP and NiP-ZrO2 NC-coatings containing various con-
centrations of ZONPs can be classified into high phosphorus coatings. It
is due to the fact that NiP coatings are having phosphorous con-
tents> 9.0 wt% are usually classified as high phosphorous coatings
[57]. Moreover, the thickness of the NC-coating was duplicated from
~7 μm for the plain NiP coating to ~15 μm for NiP-1.0 ZrO2 NC-
coating, as presented in Fig. 9. It can be evidenced that the presence of
the ZrO2 in the matrix promotes the deposition process with good ad-
herence. In the meantime, there is a uniform distribution of ZrO2 in the
coating layer. Furthermore, it can also be revealed that the NiP-ZrO2 nc-
coatings is composed of the compact structure without any defect at the
interface of the substrate and coating.
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Fig. 5. XRD pattern for NiP and NiP-ZrO2 NC-composite coatings containing various concentrations of ZONPs (0.25, 0.5, 0.75, and 1.0 g/L).

Fig. 6. XPS wide-scan survey spectrum for NiP and NiP-1.0 ZrO2 NC-coatings.
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3.3. Mechanical performance

The mechanical properties of NiP and NiP-ZrO2 NC-coatings con-
taining various concentrations of ZONPs were evaluated through mi-
crohardness and nanoindentation techniques. Fig. 10(a) shows the
microhardness results of NiP and NiP-ZrO2 NC-coatings containing
different contents of ZONPs. The microhardness of binary NiP coatings
is around ~540HV100. In contrast, the supplemental addition of ZONPs
into the NiP alloy matrix leads to the gradual increase in the micro-
hardness, which reaches to ~667HV100 at the terminal composition
1.0 g/L ZONPs. The increase in the microhardness values of the NiP-
ZrO2 NC-coatings seems to vary linearly with the ZONPs in the matrix.
The improvement in the microhardness of the NiP alloy by adding
ZONPs can be attributed to the dispersion hardening effect and grain
refinement [11,45]. In dispersion hardening, it is presumed that the
precipitates (nanoparticles) do not deform with the matrix, and the
moving dislocations have to bypass the obstacles provided by the
ZONPs by changing the deformation path between precipitates [58],
whereas in the grain refinement process, a grain refiner can act as a
heterogeneous nucleation site during the solidification [59]. In our
case, ZONPs dispersed into the deposition bath may provide various

Fig. 7. High-energy resolution spectrum for Ni-2p, P-2p, and Zr-3d signals of NiP and NiP-1.0ZrO2 NC-coatings.

Table 3
Binding energy and FWHM of the main elements in NiP and NiP-1.00ZrO2 NC-
coatings.

Coating Element Peak Position FWHM

NiP Ni Ni 2p3/2 852.1 1.29
Ni2+ 2p3/2 858.4 5.69
Ni 2p1/2 869.8 2.11
Ni2+ 2p1/2 875.1 7.22

P 2p1/2 129.1 1.25
2p1/2 129.7 1.24
P+ 131.2 0.93
POx 133.4 2.44

NiP-1.00ZrO2 Ni Ni 2p3/2 852.1 2.09
Ni2+ 2p3/2 858.4 7.33
Ni 2p1/2 869.8 2.07
Ni2+ 2p1/2 875.1 6.78

P 2p1/2 129.1 0.99
2p1/2 129.7 1.09
P+ 131.2 1.43
POx 133.4 1.28

Zr 3d5/2 182.5 0.98
3d3/2 184.7 1.05
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heterogeneous nucleation sites leading to accelerating the nucleation
rate, which reduces the lateral growth of the grains and thus ultimately
forms a fine-grained structure. The strengthening mechanism through
grain refinement can also be expressed by the Hall-Petch equation as
described below [60]:

= + kdy 0
1/2 (1)

HV 3 y (2)

where σy is the yield stress and σ0 is a material stress constant required
to start dislocation motion, k is a constant, d is the diameter of grain,

and HV is microhardness. The decrease in grain size with the increasing
amount of ZONPs can also be clearly seen in the FE-SEM images
Fig. 2(a–e).

A comparison of load vs. displacement curves representing the na-
nomechanical behavior of NiP and NiP-ZrO2 NC-coatings is presented in
Fig. 10(b). A decrease in indentation depth at constant loading with the
increasing amount of ZONPs is observed, which confirms the increase in
the hardness of NiP-ZrO2 NC-coatings. The hardness of the binary NiP
coatings is 5.3GPa, which gradually increases with an increasing
amount of ZONPs in the NiP matrix. The highest value of hardness
(6.7GPa) is achieved at the terminal composition of NiP-1.0 ZrO2,

NiP
Elem. Z unn. C [wt%] norm. C [ wt%] atom. C [ wt%]

Ni 28 80.89 87.08 78.06

P 15 12.00 12.92 21.94

Total 92.89 100.00 100.00
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Elem. Z unn. C [wt%] norm. C [ wt%] atom. C [ wt%]
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P 15 10.69 11.29 19.12

O 8 1.57 1.66 5.44
Zr 40 7.13 7.52 4.33
Total 94.72 100.00 100.00
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Elem. Z unn. C [wt%] norm. C [ wt%] atom. C [ wt%]
Ni 28 81.19 84.40 75.96
P 15 11.35 11.80 20.12

O 8 0.61 0.63 2.08
Zr 40 3.05 3.17 1.84
Total 96.20 100.00 100.00

(b)
5

4

3

2

1

2 4 6 8KeV

Ni

P Ni

0
0

O

Zr

Zr

NiP 0.75ZrO2
Elem. Z unn. C [wt%] norm. C [ wt%] atom. C [ wt%]
Ni 28 70.45 77.45 68.57
P 15 8.88 9.76 16.37

O 8 2.64 2.90 9.43
Zr 40 9.00 9.89 5.64
Total 90.96 100.00 100.00
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Elem. Z unn. C [wt%] norm. C [ wt%] atom. C [ wt%]
Ni 28 75.53 75.37 68.28
P 15 8.61 8.60 14.76

O 8 2.79 2.78 9.25
Zr 40 13.28 13.25 7.72
Total 100.21 100.00 100.00
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Fig. 8. EDX composition analysis of: (a) NiP and (b, c. d, e) NiP-ZrO2 NC coatings with various concentrations of ZNOPs (0.25, 0.5, 0.75, and 1.0 g/L).

(b)(a)
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Fig. 9. Elemental mapping analysis at the cross-section of NiP and NiP-1.0ZrO2 NC- coatings.
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depicting an improvement of ~30% when compared to binary NiP alloy
coatings. Similarly, the modulus of NiP coating is ~11.17 GPa for which
increases with the increasing concentrations of ZONPs and attains its
maximum value of 21.72 GPa at the terminal composition. This in-
crease in mechanical properties of the coatings can also be attributed to
the formation of a composite structure along with the dispersion
hardening and grain refinement effects [61]. The contribution of the
formation of a composite structure in improving the properties of NiP-
ZrO2 NC-coatings can be calculated following the rule of the mixture
[62].

= +E E V E Vc m m p P (3)

where E stands for modulus, V for the volume fraction, c for composite,
m for matrix, and p for particulates, to sum up, it can be deduced that
the improvement in the mechanical properties of NiP-ZrO2 NC-coatings
with an increasing amount of ZONPs can be ascribed to three factors: (i)
dispersion hardening, (ii) grain refinement and (iii) formation of a
composite structure [45,62,63].

3.4. Corrosion protection properties

3.4.1. Electrochemical Impedance Spectroscopy (EIS)
The electrochemical impedance spectra of NiP and NiP-ZrO2 NC-

coatings with varying amounts of ZONPs were recorded in 3.5 wt%
NaCl solution to investigate the corrosion protective properties, and the
results are presented in Fig. 11(a & b). The EIS spectra were fitted using
the equivalent circuit having two-time constant depicted in Fig. 11(c),
and the calculated parameters are presented in Table 4. The equivalent
circuit consists of (Rs), which is assigned to the resistance of solution, R1
shows the pore-resistance, and R2 represents the charge transfer re-
sistance of the metallic coating, respectively, whereas CPE1 and CPE2
are constant phase elements for their opponent resistances. The CPE is
mainly used as a substitution for the regular capacitor element owing to
the surface roughness or the coating heterogeneity, which is attributed
to the irregular thickness of the as-deposited coatings. The impedance
values can be deducted by using the following equation [64]:

=Z
Q i

1
( )CPE n (4)

where Q is a function of the general admittance (sn Ω−1 cm−2), ω is the
frequency of the AC signal (rad/s), n is the deviation of the ideal ca-
pacitance from the real capacitance as the n value approach to the
unity. The value of charge transfer resistance (R2) increases con-
tinuously with the increasing amount of ZONPs in the NiP matrix.

Furthermore, the concentration of ZONPs plays a crucial role in
enhancing the coating barrier properties as it can be seen that the va-
lues of pore resistance (R1) gradually increases with the increasing

amount of ZONPs into the NiP matrix and reaches to 1824Ω cm−2 at
the terminal composition which is 9-fold higher than the binary NiP
coatings (284 Ω cm−2). Additionally, the admittance values of the CPE
between the electrolyte and coating also reduces with the increase of
concentration of ZONPs into the NiP matrix, as seen in Fig. 11(d). This
improvement in the corrosion protection behavior of NiP coatings by
the addition of ZONPs can be ascribed primarily to factors such as (i)
reduction in the active area of the NiP alloy matrix due to the presence
ceramic ZONPs, (ii) filling or blocking of pores by the ZONPs, and (iii)
double-layer capacitances which decreased due to the presence ZNOPs
that restrict of the Cl− ions to reach the metal surface [65]. Fig. 12
demonstrates the open circuit potential and the potentiodynamic po-
larization behavior of the NiP and NiP-ZrO2 NC-coatings containing
different concentrations of ZONPs. The steady-state potential for the as-
synthesized NC-coatings can be achieved after 25min of exposure in the
aggressive media, and increasing the ZONPs contents shift the OCP
value to the Nobel direction as seen in Fig. 12(a). Additionally, it can be
noted that the polarization curves are shifted to the less negative po-
tential and the lower current densities with the increasing amount of
ZONPs into the NiP matrix, as shown in Fig. 12(b). For a clear com-
parison, the electrochemical corrosion parameters derived from po-
tentiodynamic polarization curves, such as corrosion potential (Ecorr),
corrosion current density (icorr), cathodic and anodic Tafel extrapola-
tion (βc and βc, respectively), and polarization resistance (Rp) are also
tabulated in Table 5. The corrosion current density of each sample was
determined by manipulating Tafel extrapolation. The polarization re-
sistance (Rp) was determined using the Stern-Geary equation, as seen
below [66]:

=
+

R
i2.303 ( )p

a c

corr a c (5)

It can also be noted that the obtained Rp values from the potentio-
dynamic polarization technique are compatible with the values of EIS
test [67]. Additionally, the values of cathodic and anodic current
densities decrease with an increasing amount of ZONPs into the NiP
alloy matrix. The icorr value (27.4 μA cm−2) of the binary NiP alloys
coating is the highest among all the prepared coatings, which decreases
with increasing concentration of ZONPs into the NiP matrix and reaches
to its lowest value of 2.21 μA cm−2 at the terminal composition.
Moreover, comparing the corrosion current densities of the developed
coatings with that of bare carbon steel, which was reported in the au-
thors' previous publication, reveals that pulse electrodeposited NiP-
ZrO2 NC-coatings are more favorable to be utilized in the saline en-
vironments [68]. As discussed earlier, the enhanced corrosion re-
sistance of the NiP alloy matrix due to the incorporation of ZONPs can
be observed as the effect of reduction in the active area of the NiP
matrix due to the existence of inactive ceramic particles [65].

Fig. 10. Mechanical properties of NiP and NiP-ZrO2 NC-coatings; (a) Vickers microhardness and (b) nanoindentation load-displacement curves.
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4. Conclusions

NiP-ZrO2 nanocomposite coatings containing various concentra-
tions of ZrO2 nanoparticles (ZONPs) were successfully deposited on low
alloy steel (30CrMnSi) substrate through the pulse electrodeposition
technique. The structural and compositional analyses confirm the for-
mation of phase pure coatings and the successful co-deposition of
ZONPs into the NiP matrix. The addition of ZONPs has a significant
influence on the structural, mechanical, and corrosion protection
properties of NiP coatings. A gradual improvement in the mechanical
properties of NiP coatings is noticed with the addition of ZONPs into the
matrix that reaches to its ultimate value for NiP-1.0 ZrO2 composition
(hardness 6.7 GPa, modulus 21.72 GPa). Similarly, the corrosion pro-
tection efficiency of the NiP coatings increases with an increasing

amount of ZONPs reaching an eventual value ~5.8 kΩ cm−2 at NiP-1.0
ZrO2 composition, which is six times higher than the pure NiP coatings.
A comparative analysis of the developed coatings concludes that NiP-
1.0 ZrO2 nanocomposite coatings demonstrate superior mechanical and
corrosion protection properties and thus can be considered for their
potential applications in the oil and gas pipeline.
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