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The electroplating of Zn—Ni—P thin film alloys from a sulfate bath containing phosphoric and phosphorous acid was
investigated. The bath composition and the deposition parameters were optimized through Hull cell experiments, and
the optimum experimental conditions were determined (pH = 2, temperature = 298-313 K, zinc sulfate concentration =
30 g¢.L~!, EDTA concentration = 15 g-L~!, and current density=1.0-2.0 A-dm~2). The SEM analysis of the coating
deposited from the optimum bath revealed fine-grained deposits of the alloy in the presence of EDTA. Optical microscopy
analysis indicated an electrodeposited thin film with uniform thickness and good adhesion to the steel substrate. The good
adherence of the coatings was also demonstrated by the scratch tests that were performed, with a maximum determined
value of 25 N for the critical load. Corrosion resistance tests revealed good protection of the steel substrate by the obtained
Zn-Ni-P coatings, with values up to 85.89% for samples with Ni contents higher than 76%. The surface analysis of the
thin film samples before and after corrosion was performed by X-ray photoelectron spectroscopy (XPS).
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1. Introduction

Zinc has a standard reversible potential of —0.76 V versus
the standard hydrogen electrode (SHE), which is lower than
that of iron (Fe/Fe?t = —0.44 V versus SHE). For this reason,
zinc is used in the sacrificial cathodic protection of steel parts
against corrosion. (1%

The standard potential difference between Zn and the Fe
substrate acts as the driving force for the corrosion of the sac-
rificial Zn coatings under corrosive conditions. The high value
of this difference leads to a rapid dissolution of the zinc coat-
ings. The dissolution rate of the protective coating is consider-
ably reduced by alloying zinc with other elements (Ni, Co, Fe,
etc.) that shift the standard electrode potential of the alloy to a
value closer to that of the substrate.[**! Among these alloys,
Zn-Ni alloys exhibit the best anticorrosive properties, similar
to those of cadmium. ) The electrochemical deposition of Zn—
Ni alloys is an anomalous process. Although Ni is nobler than
Zn, the co-deposition of these two metals results in obtaining
large quantities of Zn in the deposited alloy. An effect of the
high Zn concentration is that the alloy dissolution rate is also
high under corrosive medium conditions. Various studies and
researches were carried for decreasing the anomalous effect of
the co-deposition and increasing the Ni content in the alloy,
resulting in decreasing the dissolution rate of the anticorrosive
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alloy coating. (%]

These previous researches were performed mainly in the
following directions: using inert species in the deposition bath,
inhibiting zinc co-deposition, and developing ternary anticor-
rosive Zn-Ni—-X (X = Cd, Co, P, Si, ...) alloys. Among these,
ternary Zn—Ni—P alloys received special consideration since an
addition of 1%-5% P can considerably enhance the corrosion
resistance of the Zn—Ni alloys. The deposition of anticorrosive
Zn—Ni-P thin films can be performed both by electrochemical
deposition and by chemical plating (no current deposition —
“electroless™).[10-16]

A variety of testing cells, such as the Hull cell,['”] the
rotating Hull cell,[18’19] and the Haring—Blum cell2021] haye
been widely employed in the electroplating industry to eval-
uate the characteristics of the electroplating baths. The Hull
cell is used for the optimization of the bath composition and
the deposition process parameters such as pH, current density,
temperature, additive concentrations, etc.

The goal of this study is the electro-deposition of Zn—
Ni—P thin films on low carbon steel substrates, with good
corrosion resistance and adherence. The electro-deposition
was carried out from acid sulfates solutions with phosphorus
and phosphoric acid content. The deposition process was en-
hanced through the optimization of the bath composition and
the operating parameters by Hull cell experiments. Surface
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morphology analysis techniques (optical microscopy, SEM,
XPS), adherence tests, and corrosion studies were used for the
characterization of the obtained Zn—-Ni—P coatings.

2. Experiment
2.1. Electrolyte and sample preparation

The electrolyte was prepared using Merck analytical
reagent grade chemicals and double distilled water. The com-
position of the electrolyte is shown in Table 1. A Hull cell
with a volume of 267 ml was used. A platinum foil was used
as the anode in the Hull cell. Mild steel foils of standard Hull
cell size (100 mmx80 mmx0.6 mm) were used as the cath-
ode. The experiments were carried out without agitation. The
pH of the electrolyte solution was adjusted with H,SO4 and/or
20 wt.% NaOH solutions.

Table 1. Electroplating bath composition.

Electrolyte composition Quantity /g-L~!

NiSO4-7H,0 250
ZnS04-7TH,0 15
H3PO4 50

H3;PO3 5
C6Na3H5O7‘5 1/2 HQO 50
NH4Cl1 20

The current intensity was calculated with the Hull-Mac
Intyre equation

i=1(5.1—5.24logx), (1)

where i is the current density (in units of A-dm~2); I is the cur-
rent intensity in the Hull cell circuit (in units of A); and, x is
the distance from the high current density end of the cathode
plate (in units of cm).

For the Hull cell experiments, the electro-deposition was
performed on low carbon steel foils of area 100 mmx80 mm
and thickness 0.6 mm. The steel foils were mechanically pol-
ished with emery papers of successively finer grades to ob-
tain smooth surfaces, and degreased by washing with acetone.
To remove any adherent oxide layer present on the surfaces,
the steel foils were dipped in concentrated HSO4 solutions at
60 °C for 1 min and then thoroughly washed with double dis-
tilled water. This substrate was introduced in the electroplating
bath. After the plating experiments, the foils were rinsed with
distilled water.

2.2. Electrodeposited film characterization

The surface morphology and the microstructure of the
thin films after dying were analyzed using a Philips XL-30-
ESEM TMP scanning electron microscope (SEM) equipped
with an energy dispersive analysis (EDAX) analyzer. EDAX

was used to analyze the elemental distributions in the elec-
trodeposited films. Each sample was measured in seven dif-
ferent locations to confirm uniformity.

The thickness of the film samples was measured using
cross-sectional optical analysis with a Zeiss Olympus Axiolm-
ager Alm microscope. In order to obtain accurate elemental
distributions, EDAX was performed in various points situated
along a diagonal of the steel parts.

Surface analyses of the coating samples before and after
the corrosion process were performed with X-ray photoelec-
tron spectroscopy (XPS) using a Quantera SXM-Japan equip-
ment. The X-ray source was Al Ko radiation (1486.6 eV),
and the energy resolution was estimated to be 0.65 eV by the
full width at half maximum (FWHM) of the Au 4f; ;. The ac-
quired peaks in the XPS spectrum were further deconvoluted
with a commercial computer program (PHI Multipack version
9.1.0.9.).

2.3. Corrosion and adhesion study

For the corrosion characteristics studies, as well as for the
optical microscopy and adhesion studies, Zn—Ni—P thin film
samples, with a thickness of 15-20 um, were electrodeposited
on cathode steel foils (2 cmx2 cm) in a two electrode set-up
cylindrical cell (600 cm? capacity). The thin films were elec-
trochemically deposited at constant current densities from the
optimum electrolyte bath determined by Hull cell experiments.
The steel samples for the Hull cell experiments were prepared
in a similar manner to the electroplated samples.

After the electrochemical plating, the samples were
rinsed with double distilled water and used in experimental
corrosion studies in a 3.5 wt.% NaCl solution, without de-
aeration, prepared from 99.8% pure chemical reagents sup-
plied by Sigma Aldrich and double distilled water. The salt
solution had a pH of 6.483 (measured with IonoLab pH-730,
Germany). The corrosion tests were performed using a Prince-
ton Applied Research PAR 273 A potentiostat/galvanostat con-
nected to a computer and a three-electrode glass cell. The
cell was thermostated and the temperature was maintained
constant (0.5 °C) during the experiments. The professional
POWERCORR PC software was used for collecting and pro-
cessing the corrosion data. The coated steel substrate (with a
surface of 1 cmz) was used as the working electrode, the aux-
iliary electrode was a platinum plate (Radiometer electrode,
model M-241PT), and the reference electrode was a saturated
calomel electrode (SCE, Radiometer-model 451). All of the
potentials used in this study are referenced to the SCE poten-
tial. In all of the corrosion experiments, the electrochemical
polarization was initiated about 30 min after the working elec-
trode was immersed in the test solution, to allow the stabiliza-
tion of the stationary potential. The working electrode had an
exposed area of 1 cm?, and was positioned between the ref-
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erence and the auxiliary electrodes. The open circuit potential
(Eopc) was measured for the samples which were analyzed for
at least 30 min. During the open circuit experiments, the time-
dependent free currents generated by exposing the sample to
the corrosive medium were measured. The polarization resis-
tance (Rp,) was measured using potentiodynamic linear polar-

(221 To determine the Tafel po-

ization at £20 mV versus Egcp.
larization curves (with high signal), the potential was varied in
steps, with a step size of 0.166 mV in a £250 mV versus Egcp
interval, for 1-2 h. When plotting the polarization curves, we
have taken into account that the prolonged anodic polariza-
tion might give rise to changes at the surface roughness, which
would imply parallel translation of the Tafel slopes. This ef-
fect was eliminated by first plotting the cathodic branches and
then the anodic ones.

The adhesion of the Zn—Ni—P thin films electrodeposited
on the steel substrates was determined using the scratch test
method.[?3! In scratch testing, a diamond indenter of standard
geometry is drawn on the surface of a coated sample at a con-
stant speed, with a defined normal force over a given distance.
The indenter has a standard Rockwell geometry with a 120°
angle and a 200 pum spherical tip. The critical load Fyc deter-
mined is expressed as the load that corresponds to the failure
event. This load is related to the practical adhesion force and
the damage resistance of the coating-substrate system. The
scratch test parameters are given in Table 2.

Table 2. Scratch test parameters.

Parameters Operating condition

Normal load force progressive, 0-100 N

1

Scratch speed 10 mm-min~

Scratch length 10 mm

3. Results and discussion
3.1. Hull cell studies

The effects of the deposition bath components and the
process parameters on the Hull cell cathode patterns are pre-
sented in Fig. 1.

Influence of zinc sulfate (ZnSO4-7H,0) In order to de-
termine the effect of zinc ions, the zinc sulfate concentration
was varied from 15 g-L~! to 90 g'L~'. For a concentration
of 30 g-L !, which is found to be optimum, a bright coating
with a large thickness was deposited. The thin films obtained
at zinc sulfate concentrations exceeding 90% exhibited a burnt
aspect and had low thicknesses.

Influence of EDTA The concentration of organic (com-
plexing) agent EDTA was varied from 5 g-L~! to 20 g-.L~!.
At low concentrations, the cathode was coated with a burnt
deposit in the high current density area and a dull deposit in
the low current density area. At an EDTA concentration of

15 gL~ ! in the electrolyte, the deposit was bright over a cur-
rent density range of 0.7-8 A-dm~2. With the increase of the
EDTA concentration to 20 g-L~!, no improvement in the de-
posit was observed (Fig. 1(c)).

Influence of pH To observe the effect of pH, the acid-
ity of the electrolyte solution was varied from 1.5 to 2.5. At
low pH, the Hull cathode exhibited a burnt deposit in the high
current density area. At a pH of 2, a satisfactory deposit was
obtained, with a large bright area. From this observation, the
pH of the electrolyte was maintained at 2.0 as an optimum.
The Hull cathode patterns are presented in Fig. 1(d).

Effect of temperature To investigate the effect of tem-
perature, the Hull cell experiments were carried out at tem-
peratures of 298-333 K. At a lower electrolyte tempera-
ture, the deposit was bright in the current density range 1.3—
6.0 A-dm~2. Above 313 K, the bright zone of the deposit was
narrowed (Fig. 1(e)). The optimum temperature range was
298-313 K.
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Fig. 1. (color online) Effect of bath components and process parame-
ters on the Hull cell cathode: (a) main deposition aspects, (b) effect of
ZnSO, concentration, (c) effect of EDTA concentration, (d) effect of
pH, (e) effect of temperature, (f) effect of cell current.

Effect of the cell current The Hull cell experiments
were performed at cell currents of 1 A,2 A, and 3 A for 10 min
respectively, using the optimum electrolyte solution and pro-
cess parameters. It was observed that at a cell current of 1 A,
the deposit was bright in the current density range of 1.25—
2.0 A-dm~2. Ata cell current of 2 A, the deposit was bright in
the current density range of 0.8-2.0 A-dm~2. At a cell current
of 3 A, the Hull cell cathode showed a burnt and dull deposit
over a large current density range of 2.25-15 A-dm~2. This
study of the Hull cell current revealed that the electrolyte bath
leads to bright deposits in the current density range of 1.0—
2.0 A-dm~2.
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3.2. Characterization of the ZnNiP thin films by X g0l Do —e— Ni

SEM/EDAX analysis £ et / i

~

The variation of the element concentrations, determined E 70} s
by EDAX analysis, is presented in Fig. 2 for the electrode- § e
posited Zn—Ni-P coatings on a Hull plate cathode versus the § 60 T
current density (from the high current density end of the plate). § 20 Ba o b .,._./'\./

e%g \ o0
At low current densities, the electrochemical deposition of the % ° ",
elements can be considered as normal because the nobler el- g 10F ]
e . . . . = B..."/ o
ement (Ni) is deposited in a higher quantity. As the current R T P S R
0 4 8 12 16 20

density reaches a certain limit value, the deposition becomes )

. . . Current density/A-dm—2

anomalous, since the less noble element (Zn) is deposited pref-

iallv. B d the limi lue f h d . h Fig. 2. (color online) Variation of the element concentrations in the elec-
crentially. Beyond the limit value for the current density, the trodeposited Zn—Ni—P coatings on a Hull plate versus the current density.

elemental content exhibits a linear evolution.

Fig. 3. SEM images (magnification x2000) showing the surface morphology evolution of electrodeposited Zn—Ni-P thin films versus
the current density on the Hull cell cathode.
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SEM micrographs showing the surface morphology evo-
lution of the electrodeposited Zn—Ni—P thin films with the cur-
rent density on the Hull cell cathode are presented in Fig. 3.
The surface morphology is homogenous and not porous, with
rounded formations. The ZnNiP thin film deposits are very
fine at low current densities (0.1-0.5 A-dm~2), while by
rising the current density (1.0-3.9 A-dm~2), the deposition
film is revealed with local developments as spheres with a

“cauliflower” aspect of different sizes. An uneven cauliflower

aspect appears at current densities of 4.5-8.4 A-dm~2 and the
structure becomes more irregular, and is almost destroyed at
higher current densities (8.4-13.4 A-dm~2). An uneven crys-
tal growth is observed, with acicular structure, particular for
metals deposited at high current density 20.7 A-dm~2. The
same tendency to destroy the homogeneity of deposits with
increasing current density over 1-1.4 A-dm~2 is evident in
the optical microscopic images of the Zn—-Ni—P coatings elec-
trodeposited presented in Fig. 4.

i

20 pm
. !

Fig. 4. (color online) Optical microscopy analysis of the Zn—Ni—P coatings electrodeposited at various current densities.

Table 3. EDAX analysis results for the studied ZnNiP thin films.

Obtaining EDAX analysis

Sample . Dy .
current density/A-dm Zn/Ni/P/wt. %
ZNP1 4.5 829/169/0.2
ZNP2 34 80.1/18.7/1.2
ZNP3 2.5 75.7/20.5/3.8
ZNP4 14 4.41/769/18.7
ZNP5 0.8 4.3/76.2/19.5

The EDAX spectra contain mainly Zn, Ni, P elements
with a few amounts of Fe and O, which demonstrates the pu-
rity of the studied thin films. The EDAX analysis shows that
the chemical composition of the studied samples is almost the
same in different zones. The EDAX spectrum/analysis indi-
cates a Ni-rich alloy (> 76%) for ZNP4 and ZNP5 samples and
a medium Ni-alloy incorporation (> 16%) for the other sam-
ples (Table 3). As the Zn and Ni contents in the thin films vary,
it can be expected that the thin film having a higher amount of
Ni possesses a higher corrosion resistance.

As the current density increases over the range of 1-
1.4 A-dm~2, the homogeneity of the thin films diminishes and
the films become less compact. Generally, at lower current
densities, the adhesion to the steel substrate is better, as can be
observed from Table 5.

3.3. Corrosion resistance and adhesion test

In order to evaluate the appropriate ion concentrations in
the bath for obtaining optimal thin Zn—-Ni-P films, the corro-
sion resistance of the studied samples was evaluated. Compar-
ative potentiodynamic polarization studies for uncoated car-
bon steel and carbon steel coated with Zn—-Ni-P alloy of dif-
ferent compositions were carried out to evaluate the corrosion
rate in a 3.5 wt.% NaCl solution. Figure 5 shows the open cir-
cuit potential (OCP) measurements/linear polarization curves
and the potentiodynamic polarization curves in logarithmic
scale (Tafel plots) for the studied samples along with those
of the uncoated steel substrate in the 3.5 wt.% NaCl aqueous
solution at 30 °C.

The open circuit potential was evaluated. For a given
electrolyte solution, the OCP is dependent on the character-
istics of the resulted oxide, such as oxide thickness, com-
position, conductivity, structure, etc. At the initial time of
immersion in the NaCl corrosive solution, the studied alloys
present OCP potential values varying from —0.539 V for un-
coated steel (W) sample to —0.501 V for ZNP2 sample and
to —0.306 V for ZNP4 sample (Table 4). The sample ZNP3
can act as a sacrificial coating (Egcp = —0.655 V). Most of
the rapid evolution of the potential occurs during the first 7—
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10 min of immersion, while further potential evolution be-
comes slower and the OCP does not change significantly, hav-
ing a slow monotonous shift towards more positive values.
The time evolution of OCP indicates that the passive film is
thinning and consequently becomes vulnerable toward anion
penetration of Cl1~ ions. Also, we notice slight oscillations
of OCP in time, which probably result from chemical inter-
actions between chloride ions and the structured passive film.
Linear polarization studies were carried out to estimate the po-
larization resistances (R;,) for the corrosion of steel with var-
ious coatings. The resulting potential versus the current den-
sity curves show a linear dependence. The slope of the lin-
ear part of these plots yields the polarization resistance listed
also in Table 4. The R, values obtained for the Zn-Ni-P
films are also higher as compared to that of the steel substrate
(R, =3.9114 kQ-cmz), which means that these samples will
have lower corrosion rates than that of the steel substrate. Tafel
polarization curves were also employed to evaluate the effect
of the Zn—Ni-P coatings on the corrosion resistance of the
carbon steel substrate. Figure 5 shows the potentiodynamic
polarization curves for the studied samples. Using Power-
Corr software, the potentiodynamic polarization curves were
plotted and both the corrosion current density (icorr) and the
zero current potential (Ezcp) were estimated from the Tafel
plots using both anode and cathode electrodes.>?*! The corro-
sion parameters were determined on the basis of the potential—

—0.95F 18
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8 —1.00F & znps 2
n
g —1.05f
>
~
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| 6~ ZNP5 4
0 1000 2000

Time/s

current characteristics in the Tafel region (E¢orr £250 mV) and
the vicinity of the corrosion potential (E¢orr £ 15 mV) accord-
ing to the following equations:

E,—E

log ia = 10gicorr+ : ﬁ corr7 (2)
2
E,—E

logic = logicor + %7 3)
c

where i, and i. correspond to anodic and cathode Tafel lines.
The current density icorr Was determined either by extrapo-
lating the Tafel lines to E.oy or using to the Stern—Geary
equation!??!

lcorr = ﬁaﬁc y

2.303(Ba + Be)Ryp

where Rj, is the slope of the polarization curve at Ecqry, and
Ba and B are the anode and the cathode Tafel slopes. The
corresponding Tafel parameters were obtained from the Tafel

“

polarization curves using the PowerCorr software with auto-
matic/manual tuning. The corrosion current was calculated at
the intersection of the anodic and the cathode Tafel lines for
each sample. By using the determined icor, the corrosion rate
CR was obtained with the following formula:

EWY [ icon
CR_C<p)< ; ) 5)

where EW is the equivalent weight of the sample (in units of

g), A is the sample area (in units of cm?), p is the density (in

b
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Fig. 5. (color online) Comparative Tafel polarization curves of uncoated steel (S) and ZnNiP sample in 3.5 wt.% NaCl solution at
30 °C: (a) and (b) linear polarization curves; (c) OCP data; (d) Tafel plots.
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units of g-cm™3), and C is a constant (C = 3.268 - 10%) if icor
is measured in amperes and the corrosion rate is expressed in
millimeters per year (mm-year~!). If the tuned data are nor-
malized in relation to the sample area, then icor /At is just re-
placed by icor. The Tafel calculation is a complete tool to
study the corrosion process on the surface of a metal. In or-
der to determine the degree of corrosion protection, the protec-
tion efficiency (PE) was estimated by comparing the corrosion
rates of steel uncoated and plated with the thin film, using the

equation>4-26]

CRO _ CRsample
CRO

The corresponding corrosion parameters for the data in Fig. 5

PE(%) = x 100. (6)

are presented in Table 4. The Tafel plots indicate that the Zn—

Table 4. Corrosion parameters measured and calculated for the
solution at 30 °C.

Ni—P thin film has better corrosion protective properties than
the steel substrate. The sample shows a positive shift in the
corrosion potential, which means a lower chemical activity
than that of the steel substrate and hence possess better chem-
ical stability in the aggressive environment. The obtained re-
sults are in good agreement with the obtained R, values. An
image introspection of the samples after the corrosion process
confirms a low corrosion rate for the studied sample, which has
a good enough aspect after a short-term corrosion test (48 h).
We can conclude that deposits with high Ni content induce
barrier properties thereby extending the life of the coating. In
other words, the studied thin films have a lower chemical activ-
ity than the steel substrate and hence possess better chemical

stability in an aggressive environment.

steel substrate and the studied ZnNiP thin films in 3.5 wt.% NaCl

Sample Eocp/V RP/KQcm2 i107*A-cm™2 Ecor(1=0)/V versus SCE CR/mm-year ™! PE/%
Steel -0.539 39114 0.0896 —-0.7061 0.2104 0
ZNP1 -0.493 2.0677 0.0696 —0.4463 0.1635 22.29
ZNP2 -0.501 4.1314 0.0412 —0.4602 0.0966 54.08
ZNP3 -0.655 5.4005 0.0330 —-0.5936 0.0774 63.21
ZNP4 -0.334 7.3562 0.0126 —-0.3076 0.0297 85.89
ZNP5 -0.469 6.2284 0.0243 -0.4216 0.0570 72.90

Besides the sacrificial properties predicted by the OCP
measurements, another very important physical characteristic
of the obtained thin films is their adhesion on the substrate.
The adhesion properties of the deposited coatings were veri-
fied using the scratch-model approach. The scratch test results
are important for determining the effect of the experimental
parameters on the optimum adhesion of the thin films. It is
reported in the literature that the critical load does not vary
with the thickness of the coating.[?”! Also, Fyc depends on the
nature of the film and the substrate but it cannot be directly as-
cribed to the mechanical properties. From these observations it
is concluded that the critical load is mainly determined by the
properties of the thin film/substrate interface. The more nega-
tive zinc coatings offer a high level of sacrificial protection to
the underlying steel and inhibit the hydrogen penetration in the
bulk of the alloy. However, this coating has a very short life
due to a high rate of galvanic corrosion. The critical load Fnc
determined by the scratch test method is presented in Table 5,
while Figure 6 shows the images of the scratch test for one of
the samples. It can be observed from Tables 4 and 5 that the
phosphorus content influences the adhesion as it minimizes the
permeation of hydrogen into the substrate, which is known to
cause embrittlement of metals and alloys. The co-deposition
of P with Zn and Ni enhances the hydrogen permeation char-

acteristics of the electrodeposited alloy by modifying the ad-
sorption kinetics, the hydrogen proton recombination, and the
rate of the hydrogen evolution reaction.

Table 5. The physical-mechanical characterization of the electroless
obtained ZnNiP thin films.

Obtaining Thickness of the electrode

Sample . 72 . . Fne/N
current density/A-dm posited thin film/pm

ZNP1 4.5 22 14

ZNP2 34 1.2 21

ZNP3 2.5 14 25

ZNP4 1.4 20 18

ZNP5 0.8 4.5 19

X-ray photoelectron spectrosopy (XPS) analysis was also
used to determine the chemical states of the elements present
on the surface of the Zn—Ni—P thin film alloys deposited on
the steel substrate before and after the corrosion process. Fig-
ure 7 shows comparatively the survey XPS spectra for the ini-
tial/corroded ZNP3 sample. We have to mention that all of the
XPS measurements on the initial studied samples gave sim-
ilar spectra, which display the characteristic XPS transitions
of the detected elements on the surface, Zn, Ni, P as princi-
pal elements and C, O, S as contaminants elements. From the
calculated results, substantial amounts of C were detected on
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the surface, which may be attributed to two sources: the sur-
face was contaminated with unavoidable carbon from CO; and
hydrocarbon adsorbed on the outermost layer from ambient
atmosphere; the aromatic compound (C¢NazHs07-5!4H,0)
used in the bath, which may have taken part in the formation of
some complexes. Oxygen will always be present on samples
exposed to the atmosphere, either due to adventitious contami-
nation, oxidation, or water. On the corroded sample ZNP3, the
survey XPS spectrum presented one more peak corresponding
to Fe, which means that the ZnNiP coating dissoluted in the
corrosive medium but, due to the good corrosion parameters,
we can conclude that this sample was acting as a sacrificial
coating. The quantities of Fe found in the corroded studied
samples prove the better corrosion resistance of sample ZNP4,
this result is in good accordance with the electrochemical cor-
rosion data.

A3
3§

.

& ‘P '}}ﬁa

- W,. 3 %

~'°R 2 \l\‘\f - $'4 ";.

Fig. 6. (color online) Optical images of a scratch test for the ZNP4
sample.

&

To further determine the film components, high-
resolution XPS spectra of Ni 2p, Zn 2p, Zn LMM, and P 2p
regions were recorded (Fig. 8). The deconvoluted peaks were
identified by reference to an XPS data base./?®! Although nu-
merous references for the Zn 2p3/, peak of zinc metal and
oxide can be found, it is generally agreed that the use of the
modified Auger parameter is preferred for species identifica-
tion.

The Zn 2p;ppand Zn LMM (Auger transition) spectra
(Figs. 8(c)-8(f)) indicate the presence of Zn>* ion in the initial

and the corroded ZNP sample. The Zn 2p3 ; lines for ZnO are
found at ~ 1022.4 eV with Zn LMM at ~ 497.29 eV in both
the initial and the corroded sample.

The Ni 2p spectrum of the initial ZNP3 sample (Fig. 8(a))
consists of photoelectrons originating from at least two differ-
ent chemical environments and always has a complex shape
(mixture of core level and satellite features). The satellite fea-
tures should not be confused with oxidized nickel peaks. In
the initial ZNP3 sample, the peaks at 852.9 eV and §870.17 eV
are due to metallic Ni atoms (Ni® 2p, /25 Ni® 2p, /2) in the alloy
sample, whereas the higher binding energy peaks at 854.9 eV
and 872.4 eV are due to oxidized Ni atoms (Ni2O3 2p3,,
Nir O3 2p; /2). Both oxidized peaks have satellites at 859.0 eV
and 876.0 eV. For the corroded sample (Fig. 8(b)), the Ni 2p
spectrum presents only a peak at 853.0 eV corresponding to
Ni® 2p, /2 and a peak at 856.1 eV with a satellite at 861.0 eV
which is attributed to Ni(OH); 2p3 5.
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Fig. 7. (color online) XPS survey spectra for the initial and corroded
ZnNiP5 sample.

The P 2p spectrum of the initial sample (Fig. 8(g)) con-
sists of a doublet from elemental phosphorus (P°) at 129.9 eV
and a singlet at 133.74 eV, corresponding to hypophos-
phite/phosphate or even some organic phosphorous compound
(Porgamc). As for the corroded sample (Fig. 8(h)), only the peak
for organic phosphorous is found and the scatter observed in
the spectrum is due to the charging effects observed for these
corrosion films.

In fact, we can conclude from the spectra that while Zn
and Ni are present in oxidized states (ZnO, NiyO3), P is in
the metallic form in the initial sample. From the XPS mea-
surements, it is clearly that elements Zn and Ni are present in
the corroded samples as oxide and hydroxide [ZnO, Ni(OH),],
while the P element is present as an organic compound (corro-
sion product), which may be due to the presence of the sodium
citrate in the bath. We can conclude that during the corrosion
process, changes are made only over nickel. In the same time,
some Fe is found as Fe,Os3 (in different concentrations well
correlated with SEM and corrosion data).

036101-8



Chin. Phys. B Vol. 24, No. 3 (2015) 036101

This behavior was confirmed by microscopic introspection of the initial and the corroded samples (Fig. 9 for ZNP3). The

microscopic images clearly show the changes in shape and color for the corroded samples, proving the appearance of Fe,O3 (the

brown-red color) as rust.

2.6

2.2

1.8

Counts/10* s

1.0

2.3f

1.9

Counts/10% s

1.5¢

6000

Counts/s

3000

3800

3600¢

Counts/s

3000+

2800¢

1.4}

2.1y

1.7¢

5000}

4000t

3400 ¢

3200¢

880 870 860 850
Binding energy/eV
Zn 2p (C)
1027 1025 1023 1021 1019
Binding energy/eV
7Zn0O Zn LMM (e)
510 505 500 495 490 485
Binding energy/eV
P 2p PO (g)
P organic
137 135 133 131 129

Binding energy/eV

Counts/s Counts/10* s Counts/10* s

Counts/s

17571
1.70

1.65}

1.75T
1.70¢
1.65}
1.60}
1.55}
1.50¢1

1

3800

3400+

3000t

2600¢

2200

2250t

2150}

2050t

1950

868 864 860 856 852
Binding energy/eV
Zn 2
Zn0O n 2p (d)
|
\
V
026 1024 1022 1020 1018
Binding energy/eV
7ZnO Zn LMM (f)
510 505 500 495 490 485
Binding energy/eV
P 2p (1)
P organic /\\
137 135 133 131

Binding energy/eV

Fig. 8. High resolution XPS spectra for initial and corroded ZNP3 sample: (a) and (b) Ni 2p; (c) and (d) Zn 2p; (e) and (f)
Zn LMM,; (g) and (h) P 2p.
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X400

initial stage

X600

Fig. 9. (color online) Comparative micrographic study on initial/corroded ZNP3 sample.

4. Conclusion

We successfully prepared a Zn—Ni—P thin film alloy on
a low carbon steel substrate by electro-deposition in a Hull
cell with a sulfate-hypophosphite low alkaline bath. The thin
films were compact, uniform, with a cauliflower aspect. The
microstructure and the composition strongly depended on the
current density in the Hull cell. The EDAX results confirmed
the formation of Zn—-Ni—P coating with medium or high Ni
content. The corrosion protection properties of these thin films
on steel were studied with a 3.5 wt.% NaCl solution, very
good protection efficiencies (63.21%—-85.89%) were obtained
for the thin films with 2.5-0.8 A-dm~—2. Taking into account
the corrosion rate and the morphological aspect, we can con-
clude that the best ZnNiP coatings were those with high Ni
contents (> 76%) and obtained at lower current densities (0.8—
1.4 A-dm~2). XPS measurements proved that if in the initial
stage the ZnNiP thin films were covered with oxides (ZnO,
Ni,O3), after corrosion the surfaces contain oxide and hydrox-
ide [ZnO, Ni(OH);], so Ni(OH), is the corrosion product.
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