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Abstract

Long term wet corrosion resistance of metals depe@mdthe stability of their corrosion
product layer. With immersion corrosion tests, satdbility can be predicted. EIS and
potentiodynamic polarization were complemented wHRIPS to investigate the
characteristics of Ni corrosion product layer fodvadter 1 hr. and 72 hr. immersion in
3.5% NaCl solution. Two time constants with deciregadNyquist semi-circle size and
phase angle maxima, based on EIS characterizatisimgd the immersion times,
indicated the formation of an increasingly porous éess adherent corrosion product
layer. The product formation shifted the Ni corowsipotential more negatively and
increased cathodic and anodic current densitiesnhglypotentiodynamic polarization.
XPS characterization suggested that a rapid nucteatf NiO could increase #
adsorption, subsequently triggering the formatibuliierent forms of Ni(OH) in the
corrosion product layer. Consequently, the cormsiesistance of the Ni coating
decreased after 72 hr. immersion in 3.5% NaCl swiut

Keywords Ni coating, XPS, EIS, NiO, immersion test, coromsproduct layer.

Introduction

The corrosion resistance of metallic materials ifumaction of the corrosion

product layer characteristics formed in the coowsenvironment. Surface
modification through nano-crystallization of graize, which has been achieved
through various sputtering and deposition techrsgueas been reported to
greatly improve the corrosion resistance of thesstalic materials [1-10].

Nanocrystalline Ni metal and its alloys have gaimede industrial application,

especially because of the good corrosion resistahd¢i. The highly reduced

grain size facilitates a faster nucleation of Nrrosion products (due to the
higher density of surface atoms), promotes easidkagde of the corrosion
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product nuclei (due to the highly reduced inter#ipkr spacing), and allows
continuous outward supply of Ni atoms through theralant grain boundaries to
the reaction front for replenishment and partiggrain the corrosion process. In
wet environments, these factors ultimately promibie formation of a more
continuous and compact corrosion product layerN@lvertheless, understanding
how prolonged exposure affects the stability of Khe&orrosion product layer, in
such wet environments, is fundamental towards temoerg its long term
protectiveness. The electrodeposited nanocrystallincoating exhibited higher
corrosion resistance than the microcrystalline teyart in a 3% NacCl solution,
courtesy of the rapid formation of a fine and coatpaorrosion product layer
composed of NiO and Ni(OK]6]. The formation of this corrosion product layer
resulted in reduced anodic, cathodic and passivatiorent densities, as well as
increased passivation potential range. However, dbweosion product layer
characterization focused mainly on a surface preitieout due consideration to
a depth profiling approach which could provide mdegailed information about
the distribution of the corrosion products, espéciat the corrosion product
layer—substrate interface. Recent reports based @ectrochemical
characterization, however, have shown that theos@wn resistance of the
electrodeposited Ni coating decreased with proldngeposure in a more
aggressive 3.5% NaCl containing solution [11]. Bfere, despite establishing
the constituents of the Ni corrosion product layeharacterizing their
transformation mechanism over time, is highly ingbee. Such characterization
could provide clearer insight into the usabilityaspof Ni coatings, for wet
application during deployment.

In the present work, we have employed electroch&miechniques to
characterize the corrosion resistance of an el@eposited Ni coating after 1 hr
and 72 hr immersion in a 3.5% NaCl solution. Subset]y, we have utilized X-—
ray photoelectron spectroscopy (XPS) to perforntldepofiling of the corrosion
product layer formed by the polarized Ni coatingeathe immersion times in a
3.5% NaCl solution.

Experimental

Materials preparation

The reagents used for all solutions preparatiorevedranalytical (BDH) grade
and were used without further purification. All sbbns were prepared using
distiled water. The Ni coating was fabricated gsirdirect current
electrodeposition, on pure (99.9%) Ni substratéh whe dimensions (12 X 10 X
12) mn?. The substrates were prepared by mechanicallydaigyao final 800
grit size using SiC paper, followed by washing wdibtilled water, cleaning in
acetone (with ultrasonic vibration) and drying wighmechanical dryer. The
procedure for the Ni coating electrodeposition hasn detailed in our earlier
reports [11, 12]. The as-deposited Ni coating sasiwere, thereafter, dried in
an oven at 105 °C for 2 hr and kept in an oxyges-ttesiccator.
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Electrochemical characterization

The electrochemical characteristics of the Ni csioo product layer were
investigated after immersing the Ni coating sampbesl hr and 72 hr in a 3.5%
NaCl solution. The Ni coating was utilized as warkielectrode in a three
electrode system, where a platinum sheet functiasetie counter electrode, and
a saturated calomel electrode (SCE), connectedighra Luggin capillary, was
used as reference electrode. The working electwaeprepared by embedding
in a mixture of paraffin and rosin, so that a watkiarea of 100 mfwas
exposed for the corrosion characterization. The leyepn electrochemical
techniques include electrochemical impedance spsmipy (EIS) and
potentiodynamic polarization. The coating samplese first allowed to attain
stable open circuit potentials for 30 min beforecheaexperiment. The
electrochemical measurements were performed byguairPARSTAT 273A
Potentiostat/Galvanostat (Princeton Applied Re$gamonnected to a signal
recovery model 5210 lock—in amplifier for EIS acguon. The EIS
measurement was performed by applying a signal iaudpl perturbation of 10
mV in a frequency range of 100 kHz to 0.1 Hz. Pbotstynamic polarization
measurement was performed during a 0.166 mV/s patescan from -0.25
V/OCP to +0.25 V/SCE.

Corrosion product characterization

The chemistry of formation and transformation ad i corrosion products after

1 hr and 72 hr exposure with subsequent polarizahoa 3.5% NaCl solution,
was characterized using the XPS—-ESCALAB 250 ThermMG X-ray
spectrometer with monochromatic AlIK1486.6 eV) radiation source at a pass
energy of 1 keV and on a sample area of 2 mm X 2. 18puttering was
performed at a rate of 0.04 nm/s for 0, 10 andet) Subsequent spectra peak
deconvolution of the Ni Zp, and O 1s peaks was performed with the aid of
XPSPEAK4.1 processing software (Chemistry Ltd., ®&YHn the Shirley
background after calibrating with the C 1s peak&it.6 eV.

Results and discussion

Electrochemical impedance spectroscoilS)

During the immersion times, the EIS characterizatet OCP can provide
information concerning the mechanism and rate @frgh transfer both at the
surface of the Ni coating and through a corrosioodpct layer formed in the
3.5% NaCl solution. The EIS results have been sgmted in the Nyquist, Bode
phase angle and Bode modulus formats, as showiginlFIn the plot of real

impedance against imaginary impedance, the Nyglast after each immersion
time, Fig. 1(a), revealed a small semi—circle ahhifrequency and a large
incomplete semi—circle spanning through the inteliate to the low frequency
region, with a slight diffusion phenomenon. Suctiudion can be attributed to
the movement of reaction species like hydroxide ehnidride ions, as well as
oxygen, through a very thin layer, such as a c@mogroduct, formed on the
coating surface [6, 13—16]. The shape of the impeelglot is synonymous with
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the formation of a corrosion product layer expesieg partially localized
breakdown [17]. The size of the Nyquist semi—cirderrelates with the
corrosion resistance of the electrode. From theedese in the size of the Nyquist
plots after 72 hr immersion, it is obvious that twrosion resistance of the Ni
coating in the 3.5% NaCl solution decreased as irsioe time increased. The
corresponding Bode phase angle plots for the cgatie shown in Figure 1(b).
After both immersion times, the phase angle plet®aled two impedance loops,
which decreased in maxima after 72 hr immersiomigih and low frequency.
The phase angle plots indicate that the mechanigimedNi coating corrosion in
the 3.5% NaCl solution can be explained using twoetconstants which
correspond to the charge transfer processes ogguati a corrosion product
layer—NaCl interface and at the substrate—NaClfate (beneath the corrosion
product layer). The reduction in the maximum phasgle, and the noticeable
shift of the high frequency loop towards lower fueqcy after 72 hr immersion,
can be attributed to certain localized thinningtlod Ni corrosion product layer
[18]. In a previous work [11], SEM surface charaiztion also revealed that the
corrosion products, which formed sparsely in thevioes between the large
surface grains of a similar Ni coating, were higblpne to attack by chloride
ions, leading to localized pitting corrosion afpeolonged immersion up to 72 hr
in a 3.5% NacCl solution.
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Figure 1. Nyquist (a), Phase angle (b), and Absolute impeelge) plots for nickel
coating after 1 hr and 72 hr immersion in a 3.5%Nsolution.

Our impedance observation differs markedly from teport of [6] for
nanocrystaline Ni coating in a 3% NaCl solutionheiit an immersion time
experiment. According to them, the Nyquist diffusjghenomenon was observed
at low frequency, and corresponded with a singieeticonstant in the phase
angle plot. It, therefore, indicates that concdimnaand time can seriously
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modify the electrochemical characteristics of thecbirosion product layer in
agueous NaCl solutions.
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Scheme 1.Equivalent circuit model fittings for nickel coagjinmpedance behaviour
after 1 hr and 72 hr immersion in a 3.5% NaCl sotut

In order to correlate the impedance result witlcteleal elements, the ZSimpWin
software was deployed to derive an appropriatarateniodel for the impedance
phenomenon. According to the two time constantsbéedl in the Phase angle
plots, three different models were tested, as shavdtheme 1(a), 1(b) and 1(c).
Consequently, the equivalent circuit model in Schadr(c) with the best overlap
between experimental and fitting curves (especelghe low frequency regions)
and least chi-square value was adapted to modemjpedance behavior of the
Ni coating in a 3.5% NaCl solution. The values bt tresultant electrical
elements derived by using the ZSimpWin softwarepassented in Table 1. In
the model, Rs is the solution resistance, the eleme@s and Ry, are,
respectively, the corrosion product layer capacgaand pore resistance, while
Qu and Rt represent, respectively, the capacitance of chargkresistance to
charge transfer at the electric double layer fortnedeath the corrosion product
layer.
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The R values are measures of the compactness and @rrrossistance of the
corrosion product layer, while th@ values depict its dielectric properties. The
decrease IR values and increase @ values, after 72 hr immersion, confirm
that the Ni corrosion product layer became moreop®rand increased the
diffusion of stored charges across its interfaceeifeas the value afi.=0.5
further confirms). This is the reason for the daeeein corrosion resistance of
the Ni coating with immersion time in a 3.5% NaGlugion.

Table 1.Impedance parameters for Ni coating after 1 hr&htr immersion in a 3.5%
NaCl solution.
Immersion time | Rs(Q cn?) | Qo (Flcm?) | ni | Ri(Qcn?) | Qa (Flem?) | n2 | Ra(Q crd)
1 hr 6.14 2.72X10° | 0.9 6389 1.84X10° | 0.5 | 456X 18
72 hr 6.37 1.01X10° | 0.8 6334 546 X10° | 0.5 | 579X 10
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Figure 2. Potentiodynamic polarization plots for nickel cogtiafter 1 hr and 72 hr
immersion in a 3.5% NacCl solution.

Potentiodynamic polarization

It is well known that, during a potential scan, thienultaneous anodic and
cathodic half-reactions occurring at the metal aef usually lead to the
formation of a corrosion product layer, and its releteristics influence the
properties of the polarization curve and its ddiiga parameters. The
potentiodynamic polarization plots for the Ni cogtiafter 1 hr and 72 hr
immersion in the 3.5% NaCl solution are presented-ig. 2. The derivable
polarization parameters, namely, the corrosion mi@tk (Ecor) and corrosion
current densityjforr) Were extrapolated from the intersection of thedan and
cathodic Tafel slopes drawn +10 mV around the OGte values are presented
in Table 2. Based on Table 2, theyr value became more negative, changing
from —288 mV after 1 hr to —315 mV after 72 hr imsien in the 3.5% NacCl
solution. This indicates the increased tendencydiesolution in the solution.
The jcor value, on the other hand, is a measure of theosiom rate of the
coating. Accordingly, there was a highes: value of 0.522 pA/cfafter 72 hr
immersion, compared with 0.139 pA/€mfter 1 hr, showing that the corrosion
product layer, with time, could not impede the m@telectron transfer through its
interface.
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Table 2. Polarization parameters for Ni coating after 1 hd &2 hr immersion in a
3.5% NacCl solution.

Immersion time | Eor(MV)  jeor (MA/CM?)  fa(MmV/dec) fec
(mV/dec)
1 hr. -288 0.139 129 -175
72 hr. -315 0.522 167 -154

Furthermore, Fig. 2 shows that immersion time cduse increase in both the
cathodic and anodic current densities. A highlyofable cathodic reaction,
which can proceed in such a neutral solution as3tb& NaCl solution, is the
reduction of oxygen and water molecules into hyatexons (Equation 1).

Such phenomenon would favor the formation of Ni(@Hather than the more
protective NiO. The higher anodic current densityeals an increase in the
oxidation rate of Ni atoms after the longer immenstime, and may also be
facilitated by the localized adsorption and perigtnaof chloride ions during the
prolonged immersion, which deteriorate both therastructure and adherence
of the corrosion product layer. Nevertheless, ghslreduction in anodic current
density occurred between 150 and 250 mV after tbhéopged immersion, and
can be related to increased thickness of the dorrgsoduct layer.

2H,0 + Oy + 4 — 40H" (1)

Hydrated Ni(OH),

Nizp,, 0 1s

858 857 856 855 s34 533 s32
Binding Energy (eV) Binding Energy (eV)

Nizp 01s

S6  8ss 854 853 852 8s1 53z sa1 s sz s28
Binding Energy (eV) Binding Energy (eV)

0 1s

inding Energy (V) " binding mnergy (ov)
Figure 3. XPS characterization of (a) outer, (b) middle &jdnner layer of a corrosion

product formed by polarized nickel coating aftethd immersion in a 3.5% NaCl
solution.
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X-ray photoelectron spectroscopy (XPS)

XPS depth profiling was employed to characterize ¢brrosion product layer
formed by the polarized Ni coating after each inmsrm@r time. By sputtering at
0.04 nm/s for 0, 10 and 40 s, a depth profilinguneed for 0, 0.4 and 1.6 nm, and
is henceforth regarded as outer, middle and inager| respectively. Th€ 1s
peak remained at 284.6 eV throughout the detectibhe Ni 22 peaks were
detected at 852.6, 853.7, 856, 857.7 and 858.7 isdlirty energies. The O 1s
peaks were detected between 529 eV and 533.7 €&t Afhr immersion with
subsequent polarization in a 3.5% NaCl solutiorg. B(a) reveals that the
surface of the Ni coating contained Ni species decluted at 856.7 eV (most
enriched), 857.7 eV and 858.6 eV (least enrichedtfy correspondingO 1s
peaks at 532.4 eV and 533.5 eV. The binding enatg866.7 eV is consistent
with the formation of Ni(OH)[11, 12, 19-21].

(a) Hydrated Ni(OH),

Nizp,, 0 1s

534 533 sz 531
Binding Energy (eV) Binding Energy (eV)

0 1s

533 saz | sal
Binding Energy (eV)

Figure 4. XPS characterization of (a) outer, (b) middle dodl inner layer of the
corrosion product formed by polarized nickel cogtafter 72 hr immersion in a 3.5%
NacCl solution.

Although higher binding energies are commonly datezl with higher oxidation
state species, the phenomenon for a Ni oxidatid¥itdwas not observed during
the polarization experiments. The 22 peaks at 857.7 eV and 858.6 eV could,
therefore, be attributed to the formation of di&ietr polymorphs of Ni(OH)with

a greater degree of intercalated species like watdecules [22, 23]. Th® 1s
peaks were therefore attributed to @i~ (532.4 eV) andH20(ads) (533.5 eV). In
the middle and inner layers, only NiO and unreadtect 853.5 eV and 852.6
eV [11, 12], respectively, were detected. These&kpearresponded witld 1s
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peak at 530 eV, which confirms the formationQsf compounds. The peak area,
hence, concentration of the NiO also increased twéhincreasing depth of the
corrosion product layer. This result confirms ttitad corrosion resistance of the
Ni coating in a 3.5% NaCl solution is courtesy loé formation of a thin layer of

NiO just beneath a hydroxide—enriched outer lagased on this configuration

of an G—enriched layer directly beneath a ©G#nriched layer, it can also be
proposed that the formation of the Ni(QH3$pecies could be initiated by
precursors like NiO—-bkDds) whereby the NiO particles act as nucleation sdes

trigger the adsorption of 4 molecules (see Equation 2).

Ni + [0] — NiO + HO — NiO—HxOads)— Ni(OH)2 ()

After 72 hr immersion in a 3.5% NaCl solution wshibsequent polarization,
only theNi 2ps2 peak at 857.7 eV, with an associated satellitk pe8864 eV,
was detected on the outer layer of the corrosiodywt (see Fig. 4).

The correspondin@ 1s peak was observed at 533.5 eV. Compared with the
characterization after 1 hr immersion, the perssteof the peak at 857.7 eV
definitely means that the adsorption of water mallex is a characteristic of the
Ni corrosion product layer. The peak must, themsfdoe attributed to the
formation of a more hydrated form of Ni(Oipuch as the—Ni(OH)2[22, 23].
The middle and inner layers contained Ni compouhetected at 853.6 eV and
856 eV which, respectively, signifies NiO and Ni(RHThis peak at 856 eV
must, hence, be a less hydrated Ni(®fuch af3—Ni(OH),) than the more
hydratedo—Ni(OH). at 857.7 eV. While the NiO concentration increassith a
greater layer thickness, the reverse occurred HerNi(OH) constituent. This
result implies that the corrosion product layeratecomes more dehydrated
with a greater layer thickness. Nevertheless, the@-dominance of the NiO at
the corrosion product layer—substrate interfaceraf2 hr, compared with after 1
hr, is the reason for the decrease in the coatorgosion resistance during
immersion in a 3.5% NaCl solution. Thus, the formdiD must be more
amorphous than crystalline, which causes it toihgdmk converted in the less
protective Ni(OH) species, via adsorption of water molecules. Tleeessed
adsorption also implies higher incorporation arféudion of chloride ions within
the matrix of the corrosion product layer. Thisbsequently, will locally
deteriorate the corrosion product layer—substraterfiace. SEM characterization
of the pitting corrosion of such electrodeposited ddating, arising due to
increased localized deterioration of the Ni comasproduct layer in a 3.5%
NaCl solution, has been undertaken in an earligortg11]. This is the reason
for the increase in the corrosion rate of the Nitow with prolonged immersion
in a 3.5% NacCl solution.

Conclusion

The protection characteristic of the corrosion picidlayer formed by an
electrodeposited Ni coating has been investigated3.5% NaCl solution, using
immersion time experiments. The corrosion resisgamé the Ni coating
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decreases after 72 hr immersion, due to the engohwf the corrosion product
layer with less protective Ni(OHkl)species which are readily hydrated on the
surface, but dehydrated with a greater corrosiaydyet layer thickness. The
corrosion product layer also exhibited increasiogopity and weaker adhesion
with the substrate, after the prolonged immersiore t
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