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Abstract—To improve the corrosion resistance of N80steel,
Ni-W-P coating was prepared by electroless deposition. The
corrosion properties for Ni-W-P coating were investigated in
hypersaline ground brine. Results of weight loss tests show
that the corrosion resistance of the Ni-W-P coating is 10
times of N80Osteel in hypersaline brine at 90 °C.
Electrochemical tests show that the current density of Ni-W-
P coated sample reduce from 7.94x107 pA/em’ to 4.28x107
pA/em?, and the corrosion potential changes from —0.700 V
to —0.398 V compared with N80steel. Scanning electron
microscopy (SEM) micrographs and X-ray photoelectron
spectroscopy (XPS) were used to evaluate the morphology
and composition of the corrosion layer of Ni-W-P coating.
The results show that severe intergranular corrosion appear
in N80steel, whereas no intergranular corrosion occur in Ni-
W-P coating. The chemical composition of the corrosion
layer of Ni-W-P coating is NiO,WQ;, phosphate, and
hypophosphite which led to superior corrosion resistance in
hypersaline brine. This study confirms that the Ni-W-P
coating can be applied for corrosion protection in
hypersaline environment.
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I. INTRODUCTION

Nowadays, the demand for lithium is increasing
because batteries, specifically electric vehicles, require a
good deal of lithium resources. Previous research has
reported that lithium resources mainly exist in salt lakes
and ground brine [1]. Brine resources that are rich in
lithium are abundant in China. Exploitation of brine
resources has much value for the economy and society.
However, brine resources, specifically ground brine
resources with high salinity, cause serious corrosion in
equipment and materials during brine exploitation and
transportation processes. Therefore, studies on anti-
corrosion coatings to prevent metal loss, reduce energy
consumption, and ensure continuous mining of brine are
extremely significant.
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Nickel (Ni) is highly resistant to corrosion in many
corrosive media, and its resistance can be highly improved
by adding copper (Cu), chromium (Cr), molybdenum
(Mo), or tungsten (W). Some researchers have reported
that Ni-Cu and Ni-Cr-Fe-Mo alloys have good corrosion
resistance in brine and acid solution, specifically,
immunity to chloride ion stress corrosion [2]. The
composite coatings of electrolessly plated Ni-P have been
successfully applied in chemical, mechanical, and other
industries because of their excellent properties such as
corrosion resistance, wear resistance, low friction, and
environmental friendliness [3].Compared with Ni-P
coatings, clectroless Ni-W-P coatings have higher wear
resistance and corrosion resistance because of the
incorporation of the third element W into Ni—P-based
coating, which significantly influences the amount of
grain boundary diffusion paths offered by the
nanostructure, thus promoting the formation of the
tungsten oxide film on the coating surface [4]. Many
researchers have studied the corrosion behavior of Ni-P-
based composite coatings in hydrochloric acid and sodium
chloride solutions [5,6]. The wear behavior of electroless
Ni-P and Ni-W-P coatings was also studied by Palaniappa
et al. [7]. The results showed that coatings with high
tungsten content exhibit very good wear resistance. In the
study of corrosion wear mechanism of Ni-W-P coating in
3.5% chloride solutions solution, a synergy effect between
wear and corrosion was found to exist in Ni-W-P coating
[4]. The Ni-W-P coating shows the highest resistance
among the investigated coatings. The corrosion behavior
of Ni-W-P in hydrochloric acid, sulfuric acid, and sodium
chloride solutions was also studied [8, 9]. However, only
a few studies on the corrosion behavior of Ni-W-P coating
in high-salinity brine coming from the deep level of
ground have been conducted.

In this paper, the corrosion behaviors of Ni-W-P
coating and N80steel were explored by electrochemical
polarization measurements in 265 g/L hypersaline ground
brine. In addition, immersion tests were carried out in



hypersaline ground brine at 90 °C for Ni-W-P coating and
N8Osteel samples for 15 days to identify the type of
corrosion scale formed and the microstructure and
morphology of the samples after corrosion.

II. EXPERIMENTAL PROCEDURE

The discussed model is given as follow: The
composition of the basic bath used for the ternary Ni-W-P
alloys is given in TABLE I. The Ni-W-P coating was
deposited on a vertically suspended N80steel specimen.
The N80steel specimen was 50mm long and 10mm wide.
Specimens were first cleaned in 80g/L sodium carbonate
solution at 100 °C for 2 min and then rinsed in 60 °C hot
water and running deionized water. The degreased samples
were deoxidized in 15% hydrochloric (HCI) acid solution
for 20s, and then rinsed in running deionized water.
Specimens were activated in 5% HCI solution, rinsed in
running deionized water, and placed in the bath for
electroless plating. Electroless plating was carried out in a
500ml glass beaker at (90+1 °C) for 2h. After plating, the
specimens were again rinsed in running water, dried, and

preserved for the following tests.
TABLE I. Composition and operating conditions of the plating baths

Constituents of plating bath Concentration

Nickel sulphate 35¢g/L

Sodium hypophosphite 25 g/L

Sodium citrate 100 g/L

Lacticacid Sml/L

Ammoniumsulfate 30 g/L

Sodium tungstate 40 g/L
. . pH 9.0
Operating conditions Temperature(°C) 9021

A SUPRA™S55 thermal field emission scanning
electron microscope (SEM) with energy dispersive
analysis X-ray spectroscope (EDX) attachment was used
to determine the surface morphology and elemental
compositions of the coatings before and after corrosion.
The sample surface analysis of XPS was carried out with
X-ray photoelectron spectroscopy (ESCALAB 250). XRD
experiment was performed by using Japan D/max-3C
automatic X-ray diffraction apparatus with Cu Ko X-ray
source, an accelerating voltage of 40 kV, and a current
density of 40 mA-cm .

Anodic potentiodynamic polarization in hypersaline
ground brine (Salinity=260 g/L) was conducted to study
the corrosion behavior of the coatings using a CHI760
electrochemical workstation with a conventional three-
electrode cell. The composition of the brine is given in
TABLE II. The reference electrode was saturated calomel
electrode (SCE), and the auxiliary electrode was Pt
electrode. All potentials reported in this paper were
measured with respect to the SCE. Potentiodynamic
polarization curve measurements were performed at
potential scan rate of 1 mV.s"'. The potential range was

from —1.5 V to 1.5 V versus open-circuit potential (OCP).
TABLE II. Composition of the hypersaline brine

Constituents Na* Ca®™ Mg* Ba*  Sr* Ccr
of the brine (g/L) (g/L) (g/L)  (g/L)  (g/L) (g/L)
concentration 98.39 6.77 5.26 9.23 3.37 142.69

The weight loss method was applied following the
guidelines in ASTM G 31 Standard Practice for
Laboratory Immersion Corrosion Testing of Metals.
Coupons in the shape of disks having 13.6 cm’
geometrical area were cut and abraded down to grade 120
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with emery paper. Previously weighed coupons were
suspended and immersed in the original brine solutions.
Each container held three coupons. The containers were
kept at a temperature of 90 °C. The coupons were
withdrawn at different time periods. The corrosion
products were then stripped by immersion in 1 mol dm™
hydrochloric acid. Subsequently, the coupons were
neutralized and rinsed, first with a saturated sodium
carbonate solution and then with distilled water, to be
finally dried and re-weighed.

III. RESULTS AND DISSCUSION

1) Coating morphology and composition
The thickness of the electroless Ni-W-P coatings in this
investigation was around 15 pm. Fig. 1 shows a typical X-
ray diffractogram obtained for the electroless deposition of
Ni-W-P layers. The diffractogram displayed a broad peak
at around 2T=45°, indicating that amorphous Ni-W-P
coatings were successfully obtained. This result is in
agreement with the report of Pedro de Lima-Neto [10].
Chemical compositions of the Ni-W-P coating determined
by EDX are shown in TABLE IIl. The Ni-W-P coating
consisted of 86.69at% Ni, 2.1at% W, and 11.21at%P.
Many researchers have reported that the crystallization
behavior and microstructure properties of electroless
deposition Ni-P coatings depend on the phosphorus
contents [11]. The as-deposited coating was fully
amorphous when the phosphorous content was more than
11% [9]. Fig. 2 reveals the surface morphologies of Ni-W-
P. The SEM photographs display that the surface
morphology of the Ni-W-P coating was a homogeneous
and compact layer without microcracks.
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Figure 1. Typical X-ray diffractogram obtained for electroless deposition
of Ni-W-P layers.
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Figure 2. SEM micrographs of electroless deposition of Ni-W-P
layers
TABLE III. Chemical composition of Ni-W-P ternary alloy
determined by EDX analysis

Chemical element composition (at%)

Ni 86.69
4 2.1
P 11.21

2) Corrosion rate measurement

The corrosion behavior of the Ni-W-P coatings and
N80steel was measured in hypersaline brine at 90 °C with
an immersion weight loss technique for various
immersion periods (0—15 days). Fig. 3 shows a typical
corrosion behavior of N80steel before and after plating
Ni-W-P composite coatings in high hyzpersaline brine at
90 °C. The weight loss W, (mg/cm”) of the Ni-W-P
coating was about 10 times that of the N8Osteel,
indicating that after plating with Ni-W-P coatings, the
N80steel had a much lower corrosion rate than the raw
N8Osteel. The corrosion mechanism of N80steel has been
clarified but the effect of Ni-W-P coating on the corrosion
rate remains complex. Many amorphous metals reportedly
exhibit excellent corrosion resistance [12]. In this study,
the Ni-W-P coating plated on N80steel had the amorphous
structure of Ni-W-P coatings (Fig. 1), which can explain
its good corrosion resistance. Moreover, the surface of the
N80steel became smooth after being plated with Ni-W-P
coating, which directly reduced the contact area between
the material and the brine medium. Less contact area
meant less metal corrosion loss.

3) Electrochemical behavior

Fig. 4 shows the polarization curves of the N8Osteel
and the Ni-W-P coatings in the hypersaline brine at
ambient temperature. The electrochemical corrosion
parameters obtained from Tafel polarization curves are
tabulated in TABLE IV. The corrosion current density for
the Ni-W-P coatings was 4.28x107 pA/cm?, which was
much lower than the value for the N8Osteel (7.94x10°
2uA/ecm?). The Ni-W-P coating increased the corrosion
potential by 300 mV compared with the uncoated sample.
The coating sample had a higher surface potential and a
lower corrosion current than the substrate, indicating an
improved anodic protection for N80steel in hypersaline
brine atmosphere [13]. Ni-W-P coating sealed the
microcracks and surface pores on N80steel, thus
deflecting the infiltration of aggressive ions such as CI to
the substrate. Moreover, the rapid formation of a highly
protective passive film that was uniform and stable caused
the high corrosion resistance of the Ni-W-P coating.
Generally, the corrosion resistance of any alloy coating
depends on the speed of formation of a protective film on
the surface [14]. Phosphorus can increase the corrosion
potential of Ni-W-P coating and decrease the corrosion
current; it encourages the cathodic and anodic reactions
during the process of corrosion, hence increasing the
anodic dissolution of nickel. The accelerated corrosion of
nickel allows the gathering of phosphorus, leading to the
formation of stable intermediate compounds such as Ni;P
and Ni,P,.
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Figure 4. Potentiodynamic polarization curves of the N80steel before
and after coatings obtained in high salty brine (Salinity =260g/L)
TABLE IV. Corrosion characteristics of as plated electroless Ni-W-P
coatings and N80steel in hypersaline brine

N80 steel

=

Ni-W-P coating

log(Curremt/A)

1.5
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Figure 3. Comparison of corrpsion behavior of N80steel before and after
coating Ni-W-P
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the surface became rough and loose and cracks appeared
on it. However, a small pit without cracks appeared on the



Ni-W-P coating (Fig. 5b). Figs. Sc and 5d show the
surface of N80steel and Ni-W-P coating after immersion
corrosion for 2 weeks, respectively. A cracked surface
film with a laminar structure was obvious on the corroded
N80steel sample. The Ni-W-P coating became slightly
rough, but it had no cracks and big pits or a laminar
structure. The Ni-W-P coating showed such good
corrosion resistance because of the high homogeneity of
the amorphous structure that contributed to immunity
from pitting corrosion and the absence of cracks; the
presence of cracks would lead to serious corrosion of the
material in the aggressive medium. The mentioned results,
which were consistent with the weight loss tests and were
evaluated by the polarization curves of potential sweep
methods, further support the conclusion that the
anticorrosive ability of N80steel can be promoted by
ctroless plating Ni-W-P.
a)

Figure 5. SEM micrographs of N80steel and Ni-W-P deposits after

immersion in hypersaline brine at 90°Cfor durations of (a)N80steel

7days (b) Ni-W-P deposits 7days, (c) N80steel 14 days (d) Ni-W-P
deposits 14 days.

5)  Analysis of corrosion product

To clarify the composition of the corrosion scale
formed at high temperature on N80steel and Ni-W-P alloy
in hypersaline brine, the XPS depth profiles of the
N80steel and Ni-W-P after corrosion were determined.
Fig.6 and 7 show the result, respectively. Fe, Ni, W, and P
as the elements of interest appeared in the spectrum of the
corrosion scale surface. By examining the separation of Fe
2p peak in the corrosion scale of the N80steel, two peaks
at the binding energies of 710.2 and 711.6 eV were
revealed, as seen in Fig.6. According to the standard
binding energy, the corrosion layer of the N8O steal
consisted of Fe;0,, Fe,O;, and FeOOH. The corrosion
scale formed on N8Osteel was mainly composed of Fe**
oxide because of the existence of oxygen [15-17].
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Figure 6. XPS of ion in the oxide on the corroded N80steel specimen

Fig.7 shows the XPS result of Ni-W-P alloy plating
on the N80steel. From Fig. 7a, the Ni 2p peak can
separate the three peaks at binding energy of 852.9,
855.6, and 861.2 eV. According to the standard binding
energy of nickel compounds, it can be inferred that
nickel mainly exists in the form of bivalent and zero-
valent in the plating, such as Ni(OH), and Ni. In Fig.7c,
the P 2p spectra contain two overlapping peaks that
correspond to P*" at 133.5 eV and P” at 129.3 eV. Fig.7e
shows the W 4f spectra containing the two peaks that
correspond to W" at 36.2 and 38.1 eV. According to the
standard binding energy of tungsten compounds, a film
of WOj; could form here. These results suggest that the
surface of the Ni-W-P coating was a dense layer
consisting of Ni, NiO, WOs;, and phosphate. Fig.7b, 7d,
and 7f show the XPS result of Ni-W-P alloy plating on
the NS8Osteel after immersion corrosion in high-
temperature hypersaline brine. By examining the
separation of Ni 2p peak in the surface of the Ni-W-P
coating after corrosion, the changes of Ni in the plating
because of corrosion were revealed. In Fig.7b, the Ni 2p
spectra contained three overlapg)ing peaks that
corresponded to Ni*" at 854.4 eV, Ni°*" at 856.0 eV, and
a shake-up peak at 860.8 eV. These results suggest that
during immersion corrosion, nickel in the plating
changed from Ni and Ni(OH), to NiO and Ni,O;. In
Fig.7d, the P 2p spectra contained three overlapping
peaks that corresponded to P> at 133.5 eV, P*" at 130.2
eV, and P’ at 129.3 eV. Compared with Fig.7c, the
trivalent compounds of phosphorus emerged, and both
P*"and P’ decreased on the surface of the Ni-W-P
coating because of the corrosion. Comparing Fig.7f with
Fig.7e, a minimal change in tungsten peak was noted
after corrosion, and the W 4f spectra still contained two
peaks that corresponded toW®" at 35.1 eV and 37.2 eV.
It can be inferred that tungsten existed in the form of
WO;. No substantial change in tungsten was noted on
the coating surface after corrosion. The main
composition of the surface on the Ni-W-P coating after
corrosion became NiO, WO;, phosphate, and
hypophosphite. MacDougall reported that Ni dissolution
and NiO formation can produce a perfect oxide film that
will allow Ni-W-P to have good corrosion resistance.
Many researchers have found that the addition of W can
induce passivation. W oxides are thermodynamically
stable under these experimental conditions.

725



150 0
ta} |m
13 b
¥ ) |
150 P nal- (MO
.’: -~ } b
- 1250 / 4
g / N, Shake up peak g m| N0
Eom / P g [
2 e : £ |
£ I ')Ir“ \4.. E =
O > | 1ef
/ |
w0 e wmp
e a5 0 [ 0 s o a0 = =
BE{s) iz " sEmm "
m_‘m - i) =
ol = ™ 500 ¥
| 7 . -
E 50 - }l/ = /
& | / \ &
St LA \ 8w ®
£ | I~ -3 =
& wm| \ E £ Y P
E | ]/ £
/ L
0 A — a0
| == o) =
e | - — s s
) E— . - :
14 e m 0 1m " m ™ o 145
BE [oV) BE oV}
] m
W
300 =00
w" w" N w
| LHA
_m | A\ 000 / \
& | g |
5 | 8 I
= 100 | Z 1w
: [ : / 1\
= w0 \ E 1000 |I
/ A /
~ o %
0 ——— s — - '.‘__
o .
L] L]

= 0 ) 5 = = » &

* BE[eV) B?{n’; @
Figure 7. XPS of the element of Ni-W-P coating before (a,c,e) and after
(b,d,f)corrosion: (a) (b) nickel, (c)(d) phosphorus, (e)(f) tungsten.

IV. CONCLUSIONS

Electroless plating of Ni-W-P coating on N80steel was
conducted successfully, and it showed quite a high
corrosion resistance in hypersaline brine environment.
Compared with the uncoated substrate, the current density
of the composite Ni-W-P coated sample reduced from
7.94x107 pA/em? to 4.28x10° pA/em?, and the corrosion
potential changed from —0.700 V to —0.398 V. During the
15-day immersion test in high-temperature hypersaline
brine, the Ni-W-P coating exhibited much less weight loss
than N80steel, with the absence of cracking and a minimal
damage on the surface. Corrosion resistance of N80steel
was greatly improved after the application of electroless
deposition of Ni-W-P coating. NiO and WO; in the
corrosion scale of the electroless deposition of Ni-W-P
coating hindered the corrosion paths and prolonged the
protection period of coating on the N8Osteel. Therefore,
this study further confirmed that electroless deposition of
Ni-W-P coating on N80steel can be used for corrosion
protection application in hypersaline brine environments.
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