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Metal corrosion control is technically, economically, environmentally and aesthetically important. The
best option is to use coatings to protect metals and alloys from corrosion. Nickel plating is one of the most
widely used methods for protecting less noble metal surfaces since the turn of the century. The need for
improved coatings with better wear and corrosion resistance has led to the development and use of compo-
site electrostatic deposits. In this paper, Ni-P-TiOz composite coatings were fabricated by direct current
electrodeposition on copper substrates. X-ray diffraction (XRD) analysis and energy dispersive spectrosco-
py (EDS) were employed to determine the average particle size of coatings elemental chemical composition.
The electrochemical corrosion behavior of Ni-P-TiOz composite coatings in 3.5 wt. % NaCl was character-
ized using a potentiodynamic polarization test and electrochemical impedance spectroscopy (EIS). The re-
sults indicate that TiOz nanoparticles are included in the coatings. The deposition rate increased with in-
creasing current density; the microhardness of the coatings noticeably increased with current density. Cor-
rosion tests have shown that 3 A.dm-2 is the optimal value of the applied current density in terms of the
lowest value Ecorr = — 504 mV and the best charge transfer resistance R, = 114.7 Q.cm?2.
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1. INTRODUCTION

Coatings are used to improve the properties of met-
als as corrosion resistance, hardness, etc., by depositing
an appropriate material over the surface by several
techniques [1-3]. Thin film coating by electrodeposition
is an attractive method because of its simplicity, the
uniform and controllable deposition rate, operation at
ambient temperature, and good adhesion with materials
even in complex geometries [3, 5]. Ni-P coating is used
for corrosion protection in deferent environments, as it
acts as a barrier coating protecting the substrate, insu-
lating it from corrosive environments. Recently, much
attention has been given to the corrosion behavior of Ni-
P coatings and their characteristics including the con-
tent and distribution of phosphorus, as well as surface
morphology and structure [6, 7]. Nevertheless, corrosion
resistance of the electrodeposited Ni-P coating depends
on several factors, namely current densities, phosphorus
content, degree of crystallinity, grain size, structural
variation, thickness and coating porosity. The study of
the performance of these coatings in different environ-
ments as a function of different phosphorus content is
addressed by several researchers [8-10]. Raicheff and
Zaprianova [11] suggested that the higher corrosion
resistance of amorphous electroless Ni-P coatings is due
to their homogeneous structure and the absence of grain
boundaries, dislocations, kink sites and other surface
defects. In recent years, studies have shown that the co-
deposition of insoluble second-phase particles into the
coating increases its mechanical, tribological, and corro-
sion-related properties [12, 13]. If nickel and nickel-
phosphorous matrix composite coatings reinforced with
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TiO2, SiC and WC particles were produced under direct
and pulsed current conditions from an additive-free
Watts bath, the embedding of ceramic particles modifies
in various ways the nickel electrocrystallization process,
while the Ni-P amorphous matrix is not affected by the
occlusion of these particles.

Ni-P-TiOz coating has been widely studied on steel
substrates, which exhibited poor corrosion perfor-
mance, resulting in improved properties with the appli-
cation of the coating. Nevertheless, its behavior on
copper has been little studied. Therefore, the present
work investigates the corrosion behavior of Ni-P-TiOz
coatings with a high phosphorus content on a copper
substrate in 3.5 % aqueous NaCl solution using electro-
chemical techniques to determine corrosion resistance.

2. EXPRIMENTAL
2.1 Coating Fabrication

Ni-P-TiO2 composite coating was deposited by elec-
trodeposition on a copper substrate. The bath composi-
tion and procedure conditions used for preparation of
the coatings are reported in our previous study [14].

2.2 Deposition Rate Determination

The coating plating speed is measured by the weigh-
ing method. The masses before and after plating were
measured by Sertorius BL 60S electronic analytical
balance. The formula to determine the plating rate was:

4
V=Am 10
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where V, p, S, t, and Am represent the deposition rate
(um/h), density of the Ni-P coating (~ 7.9 g/cm?), sur-
face area of the copper substrate (cm2), deposition time
(h), and coating weight (g), respectively.

2.3 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 [15].

The microhardness of the deposits was measured
with a Vickers microhardness tester (Wilson 402UD
Wolpert) with an applied load of 100 g for 10 s. The
reported values are the average of five measurements.

The corrosion phenomenon was investigated at am-
bient temperature in 3.5 wt. % NaCl solution. Using
the potentiodynamic polarization technique, the tests
were carried out in a three-electrode cell filled with
300 ml of 3.5 wt. % NaCl solution with working elec-
trode (Ni-P-TiO2 composite coating), Pt auxiliary elec-
trode and calomel reference electrode, a scan rate of
1 mV/s and in a potential range from — 600 up to —

300 mV. All potentials are reported vs. SCE for poten-
tiodynamic polarization.

3. RESULTS AND DISCUSSION
3.1 Chemical Composition of Coatings

The weight (wt. %) of nickel, phosphorus, titanium
and oxygen is given in Table 1. Compositional analysis
of coatings confirms that the number of phosphorus
and titanium particles in the coating increases with
increasing current density, which affects the surface
roughness characteristics of the composite coating.
These results show behavior similar to that reported by
Mir Saman Safavi et al. [16], who attributed the ad-
sorption behavior of TiOz2 nanoparticles on the cathode
surface at different current densities passing through
three different phases as: (1) absorption on the cathode
surface of TiOz2 nanoparticles is large at 0-5 A-dm ~2; (2)
absorption decreases for TiO2 nanoparticles at 5-
10 A-dm -2, (3) enhance the tendency of TiOz2 nanopar-
ticles to be adsorbed on the cathode at 10-15 A-dm 2.
There are several different studies on the effect of cur-
rent density on the amount of incorporated reinforce-
ments in the Ni-P alloy matrix, such as AloOs particles
in the Ni-P matrix increasing linearly with increasing
current density from 5 to 20 A-dm - 2. Hansall et al. [17]
showed the opposite, since the number of precipitated
SiC particles decreases with increasing current density
from 10 to 25 A-dm —2.

Table 1 — Elemental chemical composition (wt. %) of the Ni-P-
TiO:2 composite coating at different current densities
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3.2 Average Particle Size of Coatings

The effect of the current density on the average par-
ticle size of the coatings is shown in Fig. 1 and Table 2.
With an increase in current density from 2 to 3 A-dm 2,
the average particle size of the coatings decreases (from
59.30 to 4.29 nm), and the current density increases up
to 4 A-dm -2, which has the opposite effect on the aver-
age size (7.02 nm), then decreases.
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Fig. 1 - Effect of the current density on the average particle
size of the coatings

Table 2 — Average particle size of Ni-P-TiO2 composite coat-
ings at different current densities

Current density Mean particle size
(A-dm -2) FWHM (nm)
2 0.32577 59.30
3 8.90058 4.29
4 6.11065 7.02
5 6.00714 6.51
7 8.10176 4.70

Current density Ni P Ti O
(A-dm-2) (wt. %) | (wt. %) | (wt. %) (wt. %)
2 80.17 11.86 4.27 2.69
3 80.08 11.95 4.73 3.24
4 78.68 12.32 4.95 3.75
5 76.9 11.62 6.25 5.23
7 78.25 10.96 7.42 6.37

3.3 Deposition Rate

The values of the coatings deposition rate are aver-
age values of five tests. Fig. 2 and Table 3 represent the
impact of the applied current density on the deposition
rate of Ni-P-TiO2 composite coatings. From the ob-
tained results, we notice that the current density af-
fects the deposition rate to a great extent. This could be
due to the fact that when the current density increases,
the anode (nickel) oxidizes according to Eq. (2), and the
number of electrons on the cathode surface increases,
which leads to an increase in the cathodic polarization
potential and, consequently, an increase in the electric
field strength near the coated sample. The concentra-
tion of Ni?* increases near the cathode, which greatly
increases the reduction and deposition rates.

Ni ————>  Ni2* + 2. @)

3.4 Microhardness of Coatings

Microhardness plays an important role in mechani-
cal properties such as tool life. Fig. 3 shows the Vickers
microhardness of composite coatings as a function of
applied current densities. The highest Vickers value
appears during the electrodeposition of composite coat-
ings at 3 A-dm ~2, then it slightly decreases at a current
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density of 4 A-dm~2. There are many factors governing
the microhardness of composite coatings: 1) the high
hardness of Ti and phosphorous contents themselves
can be the main reason for the microhardness of the
composite coating; 2) the microhardness of the compo-
site coating tended to decrease when the current density
exceeded 5 A-dm -2, since the Ni-P matrix was deposited
with TiOz2 particles with increasing current density.
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Fig. 2 — Effect of the current density on the deposition rate

Table 3 — Plating rate

Current density Am Area | Deposition rate
(A-dm-?) (8) (cm?) (um-h-1
2 0.17 8.7 24.75
3 0.21 7.75 30.45
4 0.27 7.56 46.41
5 0.48 9.28 65.32
7 0.50 9 70.50
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Fig. 3 — Microhardness values of the Ni-P-TiO: composite
coatings at different current densities

3.5 Corrosion Test
3.5.1. Electrochemical Impedance

The Nyquist diagrams obtained for different Ni-P-
TiO2 deposits (Fig. 4 and Table 4) show that the size of
the capacitive loops increases with an increase in the
current density of the deposit up to =3 A-dm-2 and
then decreases. Fig. 5 gives an equivalent circuit model
(Randles circuit) utilized to analyze the Nyquist plots
and simulate a metal/solution interface. The featured
elements shown in the circuit are a constant phase
element (CPE) that is in parallel with the polarization
resistance (Rp), both of which are in series with the
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solution resistance (Rs). The CPE resembles a capaci-
tor, which is usually used to explain the inhomogene-
ous system and some distribution (dispersion) of the
value of physical property of the system that is used
instead of the electric double layer capacitance (Ca).

40

35

G 254 / . \.
\

15 - 4 . .

N
o
1
A ]
/
 J

v {-m— (Ni-P-TiO, 3 A/dm?)
{~®— (Ni-P-TiO, 5 A/dm?)
t—4— (Ni-P-TiO, 7 A/dm?)
¥— (Ni-P-TiO, 4 A/dm?)

(Ni-P-TiO, 2 A/dm?)

5 T T T T T 1
0 20 40 60 80 100

Zr (Ohm.Cm?)

Fig. 4 - Nyquist diagrams of Ni-P-TiO: composites deposited
with deferent current densities in 3.5 % NaCl medium
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Fig. 5 - Equivalent circuit used to fit the experimental data of
EIS plots

This type of diagram is generally interpreted as a
charge transfer mechanism on a heterogeneous surface.
The values of the load transfer resistances, determined
from the low frequency limits on the Nyquist diagrams,
confirm a satisfactory protective capacity for a current
density of 3 A-dm-2. Extrapolation of capacitive loops
on the real axis made it possible to estimate the charge
transfer resistance (Rc) and then calculate the double
layer capacitance (Car) using the following equation:

_ 1
27 e X By ’
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Table 4 — Corrosion parameters of Ni-P-TiOz composite coat-
ings, deduced from impedance measurements, in aggressive
3.5 % NaCl

Current density Rs Ret Ca
(A-dm-2) (Q-cm?) (Q-cm?) (uF-cm-?)
2 2.457 15.76 780.32
3 1.875 114.7 277.2
4 3.694 28.36 422.60
5 4.789 92.79 320.68
7 2.965 49.91 402.56

3.5.2. Polarization Curves

Polarization curves of Ni-P-TiO2 composite coatings
as a function of the current density applied are shown
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in Fig. 6. The coatings corrosion parameters obtained
from Tafel linear fit method are listed in Table 5.

Table 5 — Corrosion electrochemical parameters of Ni-P-TiO2
composite coatings

gzﬁfyt EG=0)| R Lo Teorr
em2 om -2 v-1
(A-dm-2) (mV) Q-cm (MA-cm~2) | (um-y~1)
2 —464.5 578.32 15.7650 184.3
3 —504.0 | 2.99x103 4.0053 46.84
4 —502.3 1.6x103 9.1122 106.5
5 —491.5 | 3.16x103 4.3395 50.75
7 —503.2 1.65%x103 7.5959 88.84
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Fig. 6 — Potentiodynamic polarization curve of electrodeposit-
ed Ni-P-TiOz composite coatings for various current densities

Fig. 6 and Table 5 show that with increasing cur-
rent density applied to prepare Ni-P-TiO2 composite
coating, corrosion potential, corrosion current density
and corrosion rate first increase and then decrease.
Such as, 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 that the coating has low corrosion resistance
due to the existence of pores (Fig. 2a). When the cur-
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KouTposs koposii MeTasty € BAIKJIMBUM 3 TEXHIYHOI, EKOHOMIYHOI, €KOJIOTIYHOI TA €CTETHYHOI TOYOK 30Dy .
OnTuMaJIbHUM BapiaHTOM € BUKOPHUCTAHHS ITOKPUTTIB JJIs 3aXKMCTy METAJIB 1 CIJIaBiB Big kopoaii. Hikesrio-
BAHHS € OJHUM 13 HAUIIONINPEHININX METOIIB 3aXKCTy MEHII OJIATOPOIHIX METAJIEBUX II0OBEPXOHD 3 IIOYATKY
croumitrsa. [lorpeba B moKpaIeHnX MOKPUTTAX 3 KPAIIOI0 CTIMKICTIO J0 3HOCY Ta KOPO3il IIpHU3BeJia 10 po3poo-
KM T4 BHKOPHUCTAHHS KOMIIO3UTHHX E€JIEKTPOCTATUYHMX IIOKPUTTIB. Y CTATTI KOMIIO3UTHI moxpurTss Ni-P-
TiOz GyJi BUTOTOBJIEH] €JIEKTPOOCAPKEHHSIM IIPU IIPSIMOMY CTPYMI HA MIAHUX Iminkiaankax. Jlus Buanaven-
HS CePeTHHOT0 PO3MIPY YACTHHOK 1 €JIEME@HTHOTO XIMIYHOTO CKJIIY IIOKPHUTTIB BUKOPUCTOBYBAJIN PEHTTEHOC-
TpyrrypHuit aamia (XRD) ra eseprogucnepciitay cuexrpockorio (EDS). Exexrpoximiuna koposifiHa mose-
nmiaka komro3uTHux mokpurtiB Ni-P-TiO2 y 3,5 mac. % NaCl xapakreprayBasu 3a JI0IIOMOIo0 IOTEHIIOIHN-
HAMIYHOTO IIOJIAPU3AI[IAHOIO TECTy Ta eJeKTPoximMiuHoil iMmenarcHol crerrpockorii (EIS). PeaysnsraTu mo-
KaayloTh, 110 HaHouacTuHKHA Ti0: Brioueni B mokpurts. [IBuakicTs ocampxeHHs 3pocTasia 31 301/IbITEHHAM
TYCTHHU CTPYMY; MIKPOTBEPAICTH IIOKPUTTIB IOMITHO 3pocrasia 31 301/IbIIeHHSIM IYCTHHU cTpyMy. BumpoOy-
BaHHSA HA KOPO3ii0 MoKasaau, mo 3 A. M ~2 € ONITUMAaJbHUM 3HAYEHHAM IIPUKJIAIEHO]I I'YCTUHHU CTPYMY 3 TO-
YKHK 30py HAMMEHIoro 3HaueHHs Feorr = — 504 MB 1 Haiikpaioro onopy nepenaui 3apsiny R, = 114,7 Om.cm2.

Kmrouosi ciosa: I'ycruna crpymy, Kommosursi mokpurtsa Ni-P-TiO2, Cepenwiit poamip yactunok, Koposiitaa
CTIHKICTB, MIKPOTBEPIICTS.

06005-5



