JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 14No 1, 01009(5pp) (2022)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 14 No 1, 01009(5cc) (2022)

Structural, Mechanical and Corrosion Behavior of Ni-P-TiO: Composite Coatings:
Effect of Current Density

F. Lekmine!2’, M. Naoun?, A. Gana!, H. Ben Temam!

1 Physics Laboratory of Thin Layers and Applications, Biskra University, BP 145 RP, Biskra 07000, Algeria
2 ABBES Laghrour Khenchela University, Algeria
3 Corrosion Laboratory, Mechanical Department, Batna2 University, Batna 05000, Algeria

(Received 05 December 2021; revised manuscript received 22 February 2022; published online 28 February 2022)

Ni-P-TiO2 composite coatings are important in engineering due to their properties such as good re-
sistance to wear and corrosion, magnetic properties, electrical and thermal conductivity. In this paper, the
effect of current density on electrodeposited Ni-P-TiO2 composite coatings was investigated for the first
time. Ni-P-TiO2 composite coatings were deposited with applied current densities (1, 3, 5, 7 and 9 A-dm-2)
on copper substrates. X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), energy dis-
persive spectroscopy (EDS) and microhardness analysis were used to study the morphological, microstruc-
tural and mechanical properties. On the other hand, the corrosion performance of the coatings was evalu-
ated using Tafel polarization and electrochemical impedance spectroscopy (EIS). XRD results indicate that
the inclusion of TiO2 nanoparticles into the coatings alters the relative intensity of Ni peak as well as peak
breadth. In addition, microhardness of the coatings noticeably increased with current densities. Ni-P-TiO2
composite coating electrodeposited at 3 A -dm -2 exhibits the best microhardness and corrosion resistance.
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1. INTRODUCTION

Surface properties of materials may change due to
wear, corrosion and fatigue [1]. Therefore, the surface
of a material is the most important engineering part.
The use of surface modification technologies in the
manufacturing process is inevitable. Coatings are used
to improve the properties of metals, such as corrosion
resistance, hardness, etc., by depositing an appropriate
material over the surface by several techniques [2].
Thin film coating by electrodeposition method is attrac-
tive because of its simplicity, uniform and controllable
deposition rate, operation at ambient temperature, the
possibility to obtain multilayer coatings and cover large
surfaces of different shapes at low cost, their homoge-
neous deposition nature and good adhesion to materials
even in complex geometries [3]. Ni-P coatings are used
for various industrial applications, including automo-
tive, aerospace, decorative, etc., due to their important
properties such as corrosion resistance, good solderabil-
ity, high electrical conductivity, smooth surface for-
mation and symmetry, low coefficient of friction, elec-
trical activity and paramagnetic properties obtained by
simple electrochemical processes, and also due to their
shiny and smooth appearance, unlike the Ni deposit [4-
6]. The electrodeposition process plays a crucial role in
the formation of thin films on materials through the
electrochemical reduction of metal ions in electrolytic
solutions. Up to date, two mechanisms including direct
and indirect have been proposed for the co-deposition of
phosphorus with nickel, which are presented elsewhere
[7]. Nevertheless, the structural properties of Ni-P
coatings depend on the phosphorus content, while some
coatings have an amorphous structure and others have
a crystalline structure [8]. Recent studies have shown
that co-deposition of insoluble second-phase particles
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into a coating improves its mechanical, tribological, and
corrosion-related properties [9, 10]. For example, ce-
ramic and polymer carbides (WC, TiC, SiC), nitrides
(SisN4, AIN), sulfides (MoS2), metal oxides (Al2Os, ZrOs,
TiOz2, NiO, La203), boron, and recently also metal pow-
ders (W, Al, Ti, Mo, V, Co), intermetallics (RuAl, NiAl),
silicon, organic compounds (polytetrafluoroethylene
(PTFE) or polyethylene (PE)) can be incorporated into
the Ni-P alloy matrix as reinforcing elements [11]. This
technology is used due to its desirable features such as
low cost, ease of use, and versatility. To improve the
various properties of Ni-P alloy deposits, more studies
have been conducted in recent decades on electrodepos-
ited Ni-P nanocomposites, which are successful exam-
ples that have attracted attention owing to their im-
proved properties over the original Ni-P coatings, TiOz
[11], SiC [12], Al203 [10], MWCNT [13]. Nickel and
nickel-phosphorus matrix composite coatings reinforced
with TiOs2, SiC and WC particles were produced under
direct and pulse current in an additive-free Watts type
bath. The incorporation of ceramic particles modified
the nickel electrocrystallization process in different
ways, while the Ni-P amorphous matrix was not affect-
ed by particle occlusion.

The present work investigates the effects of current
density on the phase structure, morphology, chemical
composition, microhardness, and corrosion behavior of
Ni-P-TiOz coatings.

2. EXPERIMENTAL

2.1 Preparation of Coatings

In this work, Ni-P-TiOz composite coatings were de-
posited by electrodeposition on copper sheet substrates
(20 mmx10 mmX1 mm). The substrates were mechani-
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cally polished using 120- up to 1200-grit silicon carbide
paper. They were rinsed with distilled water, degreased
in a solution of 50 g/l Na2COs and 15 g/l NaOH, then
pickled in 10 % HCI solution to remove oxide traces and
finally washed with bidistilled water. A copper sub-
strate positioned between two anodes of nickel plates
(30 mmx10 mmX3 mm) was placed in a cell containing
a bath. The bath composition and operating parameters
are shown in Table 1. Before deposition, the plating
bath was magnetically stirred for 72 h.

Table 1 — Electrodeposition bath chemical composition and
working conditions

Bath composition Concentration
NiSO4, 7TH20 28 g/l
NiClg 5 g/l
NaH:POg, 2 H20 15.5 g/l
H3PO3 5 ml/l
HsBOs 10 g/l
NaCl 28.5 g/l
TiOq 10 g/l
Na3CesH507 22.6 g/l
NH,4C1 5 gll

Conditions
Temperature 80 °C
Current density 1-9Adm-2
pH 2
Deposition time 1h
Stirring rate 200 rpm

2.2 Deposits Characterization

In order to test the coatings adhesion, the samples
were heated for 30 min at 250 °C and then immersed in
water at room temperature [14]. Surface morphology of
the coatings was observed by an environmental scan-
ning electron microscope (FEI QUANTA 200), and the
preferred orientation of the coating growth was evalu-
ated by X-ray diffraction (XRD, Mini Flex 600, Rigak).
Data from 26= 10-90° were measured with a step size
of 0.04 (26). The microhardness of the deposits was
measured by a Vickers microhardness tester (Wilson
402UD Wolpert) with an applied load of 100 g for 10 s.
The reported values are average of five measurements.

The corrosion phenomenon was investigated at am-
bient temperature in 3.5 wt. % NaCl solution. Using
potentiodynamic polarization technique, the tests were
carried out in a three-electrode cell filled with 300 ml of
3.5 wt. % NaCl solution, with a working electrode
(Ni-P-TiOz composite coating), an auxiliary Pt electrode
and a calomel reference electrode, the scan rate was
1 mV/s and in the potential range was from — 600 up to
— 300 mV. All potentials are reported vs. SCE for po-
tentiodynamic polarization.

3. RESULTS AND DISCUSSION
3.1 Effect of Current Density
3.1.1 Phase Structure

Fig. 1 shows the XRD patterns for Ni-P-TiO2 com-
posite coatings prepared at different current densities.
As seen, the patterns present five main diffraction
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peaks assigned to TiOs, NiO, NiTi and Ni phases: at
25.24° for TiOg, 43.32° for NiO, 44.50° for Ni, 50.38° for
NiTi, and 74.05° for TiOz2. The crystallographic planes
of the corresponding peaks are (011), (012), (111), (220)
and (017), respectively. In addition, diffraction peaks of
NiO and NiTi disappear at a current density above
2 A-dm~-2. No diffraction peaks of NiO and NiTi were
detected by XRD of the sample with current densities,
but the diffraction peak of TiO2 was detected. Since an
increase in the current density leads to an increase in
the number of electrons on the cathode surface, this
leads to the attraction of nickel ions, their reduction to
atoms, and their subsequent adhesion to the cathode. It
is assumed that the current density has a certain influ-
ence on electrodeposited Ni-P-TiOz composite coatings
and does not change the phase in composite coatings
but changes their relative abundances and affects the
position of NiTi and TiO2 peaks; however, it can vary
the peak width and relative intensity. The result shows
that the full width at half maximum (FWHM) of the
diffraction peak of Ni in Ni-P-TiO2 composite coatings
at 2 A-dm-2 is smaller than that in Ni-P-TiO2 compo-
site coatings at 4-7 A«dm-2. According to Scherrer
formula, this implies that the current density refines
the size of crystalline Ni grains, which is consistent
with the SEM result observed above.
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Fig.1-XRD spectra of Ni-P-TiOz composite coatings as a
function of different current densities

3.1.2. Surface Morphology

Surface morphology of Ni-P-TiO2 composite coatings
electrodeposited at different current densities is shown
in Fig. 2. It is seen that all electrodeposited coatings are
compact, crack-free and contain numerous globular
grains. In addition, titanium particles appeared as
white spherical spots, and the black area (darker) is the
Ni-P matrix. The coatings show a typical spherical nod-
ular structure, and second-phase titanium particles are
uniformly distributed over the Ni-P matrix. Surface
morphology of these coatings changed with increasing
applied current density. The specimens that were real-
ized at current densities of 2 and 3 A-dm~2 have a fine
and homogenous structure with small nodules on their
surfaces. But the coating realized at a current density of
4-7 A-dm -2 has a rough morphology with large nodules.
The TiO:2 content increased with increasing current
densities. These results are similar to those of other
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researchers on the incorporation of various types of
hard/soft composite particles into the Ni-P matrix
[15, 16]. From Fig. 2, it is confirmed that the presence of
titanium particles increased in the coating with a cur-
rent density of 4 A -dm ~2 compared to other coatings.
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Fig. 2 - Surface morphology of Ni-P-TiO2 composite coatings
electrodeposited at different current densities (in A -dm-2):
(@) 2,(b) 3,(c)4,(d) 5, and () 7

3.1.3. Mechanical Properties of Coatings

Microhardness plays an important role in mechani-
cal properties such as improving tool life. Fig. 3 shows
the Vickers microhardness of composite coatings as a
function of applied current density. The highest Vickers
value appears in the composite coating electrodeposited
at 3 A-dm~-2, then it slightly decreases at a current
density of 4 A-dm~-2. There are many factors affecting
the microhardness of composite coatings: 1) the high
hardness of Ti and P themselves may be the main rea-
son for the microhardness of the composite coating, 2)
the microhardness of the composite coating tends to
decrease when the current density exceeds 5 A-dm -2,
since the Ni-P matrix is deposited by TiO2 particles
with increasing current density.

3.1.4 Corrosion Test
3.1.4.1 Polarization Curves

The polarization curves of Ni-P-TiO2 composite coat-
ings as a function of the applied current density are
shown in Fig. 8. Corrosion parameters of the coatings
obtained from Tafel linear fitting are listed in Table 2.
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Fig. 3 — Microhardness values of Ni-P-TiOz composite coatings
at different current densities

Table 2 — Corrosion electrochemical parameters of Ni-P-TiO:
composite coatings

dCUI'Fe.Ilt E (l = O), Rp, Icorr, Tcorr,

ensities 9 9 Zq

(A dm-?) (mV) Q.cm? | (WA cecm~2) | (umy~Y)
2 —464.5 578.32 15.7650 184.3
3 —504.0 2.99-103 4.0053 46.84
4 —502.3 1.6-103 9.1122 106.5
5 —491.5 3.16-103 4.3395 50.75
7 —503.2 1.65-103 7.5959 88.84

Fig. 4 and Table 2 show that with increasing applied
current density to prepare Ni-P-TiOz composite coat-
ings, corrosion potential, corrosion current density and
corrosion rate first increase and then decrease. Thus, at
an applied current density of 2 A-dm-2, the corrosion
potential of the composite coating is — 495 mV and the
corrosion current density is 15.7650 pA cm 2, indicating
a low corrosion resistance of the coating due to the pres-
ence of pores (Fig. 2a). When the current density in-
creases up to 3 A-dm -2, the composite coating corrosion
potential is — 504 mV and the corrosion current density
is 4.0053 pA cm—2. Corrosion resistance is better, the
corrosion rate is 46.84 um -y~ L. The results of the poten-

REFERENCES

1. S.Mahdavi, S.R. Allahkaram, J. Alloy. Compd. 635, 150
(2015).

2. S. Arulvel, A. Elayaperumal, M.S. Jagatheeshwaran, Eng.
Fail. Anal. 90, 310 (2018).

3. S. Arulvel, A. Elayaperumal, M.S. Jagatheeshwaran, J.
Solid State Chem. 248, 87 (2017).

4. A.M. Pillai, A. Rajendra, A.K. Sharma, J. Coat Technol.
Res. 9, 785 (2012).

5. Yu.E. Sknar, O.0. Savchuk, 1.V. Sknar, Appl. Surf. Sci. 423,
340 (2017).

6. A.R. Madram, H. Pourfarzad, H.R. Zare, Electrochimica Acta
85, 263 (2012).

7. W.E.G. Hansal, G. Sandulache, R.Mann, P. Leisner, Elec-
trochim Acta 114, 851 (2013).

8. K. Dhanapal, V. Narayanan, A. Stephen, Mater. Chem. Phys.
166, 153 (2015).

J. NANO- ELECTRON. PHYS.14, 01009 (2022)

tiodynamic polarization curve and the analysis of corro-
sion parameters show that the composite coating real-
ized at a current density of 3 A-dm-2 gives the best
protective coating against corrosion and high micro-
hardness. In general, particles incorporated into the
nickel matrix can reduce the passivation and corrosion
resistance of the composite coating [17].

3
2 //
— 1] i
o
]
<
et 0+
S
o ——4 Adm”
£ -1 — 3 Adm”
——7 Adm”
2] ——5 Adm”
2 Adm*
-3 T T T T 1
-600 -550 -500 -450 -400 -350

Potential (mV/SCE)

Fig. 4 - Potentiodynamic polarization curves of electrodepos-
ited Ni-P-TiOz composite coatings for various current densities

4. CONCLUSIONS

In the present study, the influence of the applied
current density on the surface morphology, phase
structure, microhardness, and corrosion resistance of
Ni-P-TiO2 composite coatings was assessed. The most
important results can be drawn as follows:

1) The thermal shock test revealed that deposited
Ni-P-TiO2 composite coatings have good adhesion to
copper substrate.

2) The distribution of TiOz particles in the coat-
ings was more uniform, and the content of TiOz parti-
cles increased with increasing the current density.

3) Ni-P-TiOz2 composite coating electrodeposited
at 3 A-dm-2 exhibited superior microhardness and
corrosion resistance due to a fine and homogenous
structure with small nodules on its surface.

9. A. Zoikis-Karathanasis, E.A. Pavlatou, N. Spyrellis, J. Alloy.
Compd. 494, 396 (2010).

10. H-H. Sheu, P-C. Huang, L-C.Tsai, K. Hou, Surf. Coat.
Technol. 235, 529 (2013).

11. M.S. Safavi, A. Rasooli, Surf. Eng. 35 No 2, 1070 (2019).

12. W.E.G. Hansal, G. Sandulache, R. Mann, P. Leisner, Elec-
trochim. Acta. 114, 851 (2013).

13. Q. Wang, M. Callisti, A. Miranda, B. McKay, 1. Deligkiozi,
T.K. Milickovic, A. Z-Karathanasis, K. Hrissagis, L. Magagnin,
T. Polcar, Surf. Coat. Technol. 302, 195 (2016).

14. F. Lekmine, H. Ben Temam, M. Naoun, M. Hadjadj, JJ. Nano-
Electron. Phys. 12, 01001 (2020).

15. W. Chen, W. Gao, Y. He, Surf. Coat. Technol. 204, 2493
(2010).

16. C. K. Lee, Int. J. Electrochem. Sci. 7, 8487 (2012).

17. H. Shahbazi, M. Mahdavi, S. Alirezaei, F. Tabatabaei, Mater.
Res. Express. 6, 1 (2019).

01009-4


https://doi.org/10.1016/j.jallcom.2015.02.119
https://doi.org/10.1016/j.engfailanal.2018.04.004
https://doi.org/10.1016/j.engfailanal.2018.04.004
https://doi.org/10.1016/j.jssc.2017.02.001
https://doi.org/10.1016/j.jssc.2017.02.001
https://doi.org/10.1007/s11998-012-9411-0
https://doi.org/10.1007/s11998-012-9411-0
https://doi.org/10.1016/j.apsusc.2017.06.146
https://doi.org/10.1016/j.apsusc.2017.06.146
https://doi.org/10.1016/j.electacta.2012.08.061
https://doi.org/10.1016/j.electacta.2012.08.061
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://doi.org/10.1016/j.electacta.2013.08.182
https://doi.org/10.1016/j.electacta.2013.08.182
https://doi.org/10.1016/j.matchemphys.2015.09.039
https://doi.org/10.1016/j.matchemphys.2015.09.039
https://doi.org/10.1016/j.jallcom.2010.01.057
https://doi.org/10.1016/j.jallcom.2010.01.057
https://doi.org/10.1016/j.surfcoat.2013.08.020
https://doi.org/10.1016/j.surfcoat.2013.08.020
https://doi.org/10.1080/02670844.2018.1564475
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468613017131#!
https://doi.org/10.1016/j.electacta.2013.08.182
https://doi.org/10.1016/j.electacta.2013.08.182
https://doi.org/10.1016/j.surfcoat.2016.06.011
https://doi.org/10.21272/jnep.12(1).01001
https://doi.org/10.21272/jnep.12(1).01001
https://doi.org/10.1016/j.surfcoat.2010.01.032
http://www.electrochemsci.org/papers/vol7/7098487.pdf
https://doi.org/10.1088/2053-1591/ab1fcd
https://doi.org/10.1088/2053-1591/ab1fcd

STRUCTURAL, MECHANICAL AND CORROSION BEHAVIOR OF ... J. NANO- ELECTRON. PHYS.14, 01009 (2022)

CrpykrypHa, MexaHidYHA Ta KOPO3iiiHA moBeaiHKa KOMIO3UTHUX MOKPUTTiB Ni-P-TiO:2:
BIJIUB I'YCTUHU CTPYMY

F. Lekmine!2, M. Naoun3, A. Gana!, H. Ben Temam!

1 Physics Laboratory of Thin Layers and Applications, Biskra University, BP 145 RP, Biskra 07000, Algeria
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Kommosurai mokpurtsa Ni-P-TiOz BamkuBi 1 TeXHIKK 3aBIAKA TAKUM BJIACTUBOCTSAM, SK CTIMKICTD 10
3HOCY Ta KOpO3ii, eJIeKTPO- Ta TeILJIOMPOBIIHICT, MATHITHUM BJIACTHBOCTSIM. ¥ POOGOTI BIIEPIIE JOCIIMKEHO
BILIMB I'YCTHHHU CTPYMy Ha eJieKTpoocakeH] KoMosuTHI ToKpuTTs Ni-P-TiOz. KommosurHi mokpurrs Ni-P-
TiO2 ocazryBarcs HA MITHI IAKIAIKY 3 TYCTUHAMI IIPUKJIAJIEHOTO CTPyMy, piBHuMu 1, 3, 5, 7ta 9 A mm-2.
Jst mocoimpxeHHST MOP(OJIOTiYHIX, MIKPOCTPYKTYPHUX T4 MEXAHIYHUX BJIACTUBOCTEN BUKOPHCTOBYBAJIU DPe-
HTreHOCTpYyKTypHui anainiad (XRD), ckanyiouy enexTponHy mikpockorio (SEM), emeproguciepciiity CriexT-
pockorito (EDS) ta anasia mikporBepmocTi. 3 iHIIOT0 GOKY, KOPO3iiiHI BJIACTUBOCTI IIOKPUTTIB OIIHIOBAJIN 34
JIOTIOMOTOI0 TTOJISIPU3ATIIIHOL Ta eJIeKTpoxiMiuHol iMmenarcHol crexkTpockomii (EIS). Peayabsratu XRD moka-
3YIOTh, II0 BRJIOYEHHs HaHOUYACTHHOK TiO2 B MOKPUTTS 3MIHIOE BITHOCHY iHTEHCHBHICTH miky Ni, a Takomk
#ioro mmpuuy. Kpim Toro, MikpoTBepicTh MOKPUTTIB IOMITHO 301/IBIIY€ETHCS 3 TYCTHHOW cTpyMy. Haiikparry
MIKPOTBEPIICTE 1 KOPO3IMHY CTIHKICTH AeMoHCTpye KommoauTHe HokpuTTs Ni-P-TiOz, Hamecene esmexrpooca-
IsKeHHAM npu 3 A v -2,

Kmrouosi cnosa: I'ycruna crpymy, Kommosurai mokpurrs Ni-P-TiO2, Koposiitaa criiikicrs, MikpoTBepmicTs,

XRD.
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