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Abstract: In order to improve corrosion resistance of stainless steel 316L in warm acidic solution, Ni—-Cu—P coatings with high
copper and phosphorus contents were deposited onto stainless steel 316L substrates via electroless plating. The structure of the film
and its resistance to corrosion in a warm acidic environment were investigated using scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), X-ray diffraction spectrometry (XRD), polarization curves, electrochemical impedance spectroscopy
(EIS), and dipping corrosion tests, respectively. The results demonstrate that Ni-Cu—P coatings consist of two types of nodules,
which are 19.98% Cu and 39.17% Cu (mass fraction) respectively. The corrosion resistance of the 316L substrate when subjected to a
warm acidic solution is significantly improved by the addition of the new type of the Ni—Cu—P coating. The as-plated coatings
demonstrate better corrosion resistance than annealed coatings. As-plated coatings and those annealed at 673 K are found to corrode

selectively, while pitting is observed to be the main corrosion mechanism of coatings annealed at 773 and 873 K.
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1 Introduction

Ni—Cu—P coatings have extensive potential
applications in industry, as they offer many
characteristics, such as thermal stability [1,2], corrosion
resistance [3,4], solderability [5,6], and magnetic and
electrical properties [7], which are superior to those of
electroless Ni—P coatings. LIU et al [8] reported that an
electroless 84.7%Ni—8.6%Cu—6.23%P coating offered
better corrosion resistance in flue gas condensate than an
as-plated Ni—P coating or the Cu substrate. LIU and
ZHAO [9] further found that the anti-corrosion
performance of a Ni—Cu—P coating in 1.0 mol/L HCI
solution was improved by using a copper content of
17.2%. ZHAO et al [10] demonstrated that both the
deposition rate and the coating composition may be
varied by increasing the content of CuSO45H,0 in the
deposition bath. Moreover, they found that a Ni—-Cu—P-
PTFE coating with 6.5% Cu displayed the highest
corrosion resistance of all the studied coatings when
tested in 1 mol/L HCI solution, and that the performance
of this coating also surpassed that of a Ni—P-PTFE

coating and the bare Cu sheet. Our previous study [3]
indicated that the corrosion rate suffered by an
electroless  79.63%Ni—7.04%Cu—13.33%P coating in
3.68 mol/L H,SO, solution was lower than that of a
simple Ni—P coating and unmodified 316L stainless
steel. It has been reported that Ni-Cu—P coatings have
excellent corrosion resistance in acidic media [8,9] and
the corrosion tests discussed above were carried out at
room temperature. As such, the corrosion behavior of
these coatings in warm acidic solutions has yet to be
described.

Stainless steel is a commonly used material for the
fabrication of metal components which are to be exposed
to acidic media. PARDO et al [11] demonstrated that the
corrosion rate of 316L in 30% H,SO, (mass fraction) was
increased by about one order of magnitude with the
increase of medium temperature from 25 to 50 °C. In
addition, the corrosion process of 316L was inhibited at
25 °C and revealed general corrosion attack at 50 °C.
This means that stainless steel is extremely susceptible to
corrosion in warm acidic solutions since the corrosion
product layer of 316L cannot provide a significant
corrosion protection, thereby limiting its use in certain
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applications. It was reported that the Ni—P coatings
containing more than 10% P are more resistant to attack
than those with lower phosphorus content in acidic
environment [12], and the Ni—-Cu—P coatings with higher
Cu content exhibit higher corrosion resistance [13]. Thus,
in the present work, a coating of 68.25%Ni—21.54%Cu—
10.21%P was deposited on the surface of 316L samples
using an electroless plating technique. The corrosion
behavior of the coatings in 3.68 mol/L H,SO, solution at
323 K, as well as that of unmodified 316L substrates,
was investigated. The effect of annealing temperature on
the corrosion resistance of the Ni—Cu—P coatings was
also studied.

2 Experimental

Cold-rolled stainless steel 316L sheets (9.64% Ni,
16.33% Cr, 1.16% Mn, 2.54% Mo, 70.33% Fe, mass
fraction) with dimensions of 15 mm X 15 mm x 1 mm
were used as substrates for the preparation of electroless
Ni—Cu—P coatings. Prior to electroless deposition, 316L
sheets were cleaned at 358 K for 30 min in an alkaline
solution containing 40 g/L NaOH, 30 g/L Na,CO;, and
15 g/L NazPO, Substrates were then pickled for 1-3 min
in an activation solution consisting of 150 mL/L H,SO,
(98% H,SO4) and 20 g/L NaCl. Subsequently, Ni—-Cu—P
coatings were electrolessly deposited on the 316L
substrates.

The Ni—Cu—P clectroless plating bath was
composed of 20 g/L nickel sulfate, 6 g/L copper sulfate,
22 g/l sodium hypophosphate, 40 g/ sodium citrate,
and 20 g/L sodium acetate. The bath temperature was
maintained at (355+1) K using an HHS—1 water bath pan
and the pH of the bath was controlled to be 10.0—-10.5
using NaOH. The plating time was 2 h. After the
electroless plating process, an isothermal heat treatment
was performed to anneal samples. The samples were
annealed at 573, 673, 723, 773, 823 and 873 K for 2 h.

The corrosion rate, vy, was tested with immersion
corrosion tests. Samples of as-plated and annealed
Ni—Cu—P coating substrates were immersed in
3.68 mol/L H,SO, solution at 323 K for 5 h. The mass of
the samples was measured with an FA1004-type
electronic balance (accuracy of 0.1 mg). The corrosion
rate was calculated as vy=Am,/(Sf), where Am, is the
mass loss experienced by the sample, S is the surface
area of sample, and ¢ is the test length.

A PARSTAT2273 electrochemical workstation was
used to carry out potentiodynamic polarization and
electrochemical impedance spectroscopy measurements.
The measurements were performed using a conventional
three-electrode cell, in which a sample of as-plated or
annealed Ni—Cu—P coating stainless steel was placed in
an epoxide resin holder. Using this holder, the surface

area of the sample that was exposed to the corrosive
medium was approximately 1 cm®. A 1 cmx1 cm square
platinum strip was served as the counter electrode and a
saturated calomel electrode (SCE) was used as the
reference electrode. EIS measurements at an open circuit
potential were carried out over a frequency range of
0.1 Hz to 100 kHz with an AC amplitude of 5 mV. After
EIS measurements made, potentiodynamic
polarization measurements were performed over a
voltage range of +250 mV around the corrosion potential
with a scan rate of 4 mV/s. All measurements were
conducted in 3.68 mol/L H,SO, solution at 323 K.

The morphology and composition of the coating
surfaces were analyzed using a JSM6360LVX scanning
electron microscope and a GENESIS2000XMS60 energy
dispersive spectroscope, respectively. The structures of
the as-plated and annealed deposits were studied using a
conventional continuous scanning X-ray diffraction
method with an Ultma IV diffractometer. Based on the
XRD results, the sizes of the nanometer-scale Ni(Cu),
NizP and CuzP grains were calculated according to the
following Scherrer formula:

D=KJ/(fncos 6) (1)

were

where D is the mean size of the nanometer grain; A is the
X-ray wavelength (A=1.5418 A); 6 is the angle of the
diffraction peak, fB, is the half-peak width for the
appropriate diffraction peak in rad, and K is the Scherrer
constant.

3 Results and discussion

3.1 Effect of heat treatment on microstructure

The surface morphology of the as-plated Ni—Cu—P
coating consists of white nodules distributed evenly on a
surface of interconnected grey spherical nodules (Fig. 1).
A higher-magnification observation of a white nodule
reveals that the top surface of the structure shows even
finer nodular and flower-like growth. EDS analysis was
carried out on an overview of the sample, as well as the
grey and white regions. As shown in Table 1, the results
demonstrate that the Ni—Cu—P coating is composed of
two types of nodules with different compositions, with
the grey nodules having lower Cu and higher P contents
than the white nodules. The white nodule may be
attributed to the special growth process of electroless
deposition. In this system, both Cu®" and Ni*" can be
reduced by NaH,PO, to produce Cu and Ni. The contents
of Ni and Cu reduced by NaH,PO, in different positions
of the substrate are different since the reduction
potentials of Ni and Cu are quite different [14], which
leads to the formation of white nodule structure in
Cu-rich position and that of grey nodule structure in poor
Cu position.
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Fig. 1 Surface morphologies of Ni—Cu—P coating (a) and white
spherical nodule (b)

Table 1 Elemental compositions of as-plated Ni—Cu—P coatings

in Fig. 1
Mass fraction/%
Region
Ni Cu P
Grey region (4) 68.98 19.98 11.04
White region (B) 52.11 39.17 8.72
Overall region 68.25 21.54 10.21

The surface morphologies of the annealed Ni—Cu—P
coatings were also observed by SEM, which are similar
to those of as-plated Ni—Cu—P coating (Fig. 2(a)). The
XRD spectra of the studied coatings can be found in
Fig. 2(b). A weak, broad peak situated at 26=42°—45°
was detected for both the as-plated coatings and those
annealed at 573 K, indicating that the Ni—-Cu—P coating
is still amorphous when it is annealed at low
temperatures. However, upon increasing the annealing
temperature to over 673 K, sharp diffraction peaks which
are characteristic of the crystalline phases of Ni(Cu),
NizP and Cu;P can be observed. The gradual increase in
the intensities of these peaks demonstrates that the
Ni—Cu—P coating gradually transforms from amorphous
to crystalline. In addition, diffraction peaks which can be
ascribed to NiO and CuO phases are also observed,
which suggests the existence of an oxide film on the
surface of the coatings.
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Fig. 2 Surface morphology of Ni—Cu—P coating annealed at
400 °C (a) and XRD patterns of Ni—Cu—P coatings (b)

Figure 3 shows the variation of the grain sizes of
Ni(Cu), Ni3P and CusP with annealing temperature. The
grain sizes are all on the nanoscale although they
increase with increasing the annealing temperature,
resulting in nanocrystalline Ni—Cu—P coatings after
annealing.
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Fig. 3 Variation of grain size of Ni(Cu), Ni;P and Cu;P with

annealing temperature

3.2 Effect of heat treatment on corrosion rate and
corrosion mechanism
The corrosion rates of the bare 316L stainless steel
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and the samples coated with Ni—Cu—P are compared in
Fig. 4. It is clear that the deposition of a Ni—Cu—P
coating onto a 316L substrate can greatly reduce the
corrosion rate suffered by a sample. Amorphous
Ni—Cu—P coatings show better corrosion resistance than
nanocrystalline coatings because these samples are free
from grain boundaries, dislocations, and so forth. Among
the nanocrystalline Ni—Cu—P coatings produced after
annealing at 673 K (sample NC4), 773 K (NCS5) and
873 K (NC6), sample NC5 demonstrates the best
anti-corrosion performance.
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Fig. 4 Corrosion rates of 316L with or without Ni—Cu—P
coating in 3.68 mol/L H,SO, solution at 323 K

After the immersion corrosion tests, the surface
morphologies of coatings were again examined with
SEM (Fig. 5). The morphology of the corroded surface
of the amorphous coating is similar to that of the fresh

surface (Fig. 1(a)). A compositional analysis with EDS
shows that the Ni, Cu and P contents of this sample are
66.25%, 23.54% and 10.22%, respectively. The Ni
content of the corroded sample is slightly lower than that
of the original coating (Table 1), indicating that
preferential dissolution of Ni occurs during corrosion and
that the corrosion occurs by a slightly selective
mechanism.

The morphology of the corroded surface of sample
NC4 displays a few white flower-like structures
distributed on a surface of flat grey nodule (Fig. 5(b)).
The results of a compositional analysis of an overview of
this sample, including both the grey and the white
regions, are collected in Table 2. Combined with the
results shown in Fig. 1 and Table 1, it can be concluded
that the white flower-like structures are the residues of
corrosion of the copper-rich nodular structures, wherein
drastically preferential dissolution of Ni and P results in
very low Ni and P contents in the post-corrosion
structure. The Cu content of the grey region of Sample
NC4 also slightly decreases after corrosion, suggesting a
similar corrosion mechanism to that seen for the
amorphous coating.

Figures 5(c) and (d) show the corroded surface
morphologies of Samples NC5 and NC6, respectively.
The surface morphologies of these samples differ
significantly from those of the amorphous coating and
Sample NC4. Visible etching pits are evenly distributed
on the corroded surfaces of Samples NC5 and NC6,
indicating that both samples underwent pitting corrosion.
EDS analysis shows that the mass fractions of Ni,
Cu, P and O are 77.01%, 10.13%, 4.91% and 7.95% for

Fig. 5 SEM images of corroded surface of Ni—Cu—P coatings in 3.68 mol/L H,SO, solution at 323 K for 5 h: (a) Amorphous;

(b) NC4; (¢) NCS5; (d) NC6
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Table 2 Corroded surface compositions of Sample NC4 in
Fig. 5(b)

Table 3 Values of ¢. and J, of 316L with or without
Ni—Cu—P coatings

. Mass fraction/%
Region
Ni Cu P
Grey region (C) 71.58 17.50 10.92
White region (D) 9.50 89.27 1.23
Overall region 68.30 21.40 10.30

Sample NC5, and 85.25%, 5.16%, 1.58% and 8.01% for
Sample NC6. The Cu and P contents of these samples are
also drastically decreased compared with the
composition of the original Ni-Cu—P coating (Table 1).
In addition, by referring the pre-corrosion grain sizes
found in Fig. 3, it can be observed that the sizes of the
etching pits on the corroded surfaces of Samples NC5
and NC6 are close to the grain size of Ni;P(CusP). This
implies that the pits are formed by the dissolution or
peeling of CuzP grains. Moreover, the size of the holes is
larger than that of Ni;P(CusP) particles due to deep
corrosion of inter surface of holes after the solution of
Ni;P(CusP).

3.3 Polarization measurements

The polarization curves of 316L with or without a
Ni—Cu—P coating are shown in Fig. 6, while the
corrosion potentials (¢¢.;) and corrosion current densities
(Jeorr) can be found in Table 3. Compared with the bare
316L substrate, the coated 316L exhibits higher
corrosion potential and lower corrosion current density.
Among the Ni—Cu—P coatings, corrosion current density
of the amorphous coating is lower than those of the
nanocrystalline coatings. Sample NC5 shows the lowest
corrosion density among the studied
nanocrystalline coatings. These results are in good
agreement with the results of the immersion corrosion
test.

current
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Fig. 6 Potentiodynamic polarization curves of 316L with or

without Ni—Cu—P coatings

Peon(Vs SCE)/ Jeon!

Material mv (Aem™)

316L substrate -296.0 4.93x107
Ni—Cu—P coating, amorphous —275.8 7.80x10°°
Ni—Cu—P coating, NC4 -275.8 1.30x107*
Ni—Cu—P coating, NC5 -22.4 8.10x10°°
Ni—Cu—P coating, NC6 -36.5 1.00x107*

3.4 Electrochemical impedance spectroscopy

Figure 7 shows the Nyquist and Bode plots of
coated and uncoated 316L. The Nyquist plot of the bare
316L consists of two capacitive arcs and one inductive
arc, whereas the Nyquist plot of the sample with
amorphous coating and that of Sample NC5 show a
single capacitive arc. A low frequency tail beside the
capacitive arc can be seen in the plots of Samples NC4
and NC6.

For the bare 316L, the first capacitive arc at high
frequencies corresponds to the combined effect of
double-layer capacitance and metal dissolution and its
diameter is related to the charge transfer resistance at the
metal—solution interface. Since general corrosion attack
in 30% H,SO, (mass fraction) at 50 °C occurred for the
bare 316L [11], the second capacitive arc at middle
frequencies may be explained through the generation of a
second path of dissolution of adsorbed -corrosion
product [15], and the inductive behavior observed at low
frequencies for 316L may be attributed to the formation
of corrosion product [16]. In comparison with the
samples of 316L with Ni—Cu—P coatings, the values of
capacitance arc radius, impedance (|Z]), and phase angle
(0) are smaller for the bare 316L. This suggests that the
resistance to corrosion of 316L can be unambiguously
improved by the addition of an electroless plated
Ni—Cu—P coating.

In comparing the results of the samples prepared
with Ni—Cu—P coatings, it can be seen that the as-plated
coating exhibits higher values of capacitance arc radius,
impedance (|Z]), and maximum phase angle (0y.x) than
the annealed coatings. So, it can be concluded that the
annealing process has an adverse effect on the
anticorrosion properties of Ni—Cu—P coatings in a warm
acidic environment.

Impedance data were fitted using ZSimpWin3.10
software. The resulting equivalent circuits, shown in
Fig. 8, represent the electrochemical behavior at the
surface-solution interface of the bare 316L and the
Ni—Cu—P coating, respectively. For the bare 316L
substrate, a QR parallel combination, a CRI,
combination in series, and an LRI,; combination in series
are used to fit the high, middle, and low frequency data.
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Fig. 7 Nyquist (a,b) and Bode (c,d) plots of 316L with or without Ni—Cu—P coatings
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Fig. 8 Equivalent circuits of 316L (a) and Ni—Cu—P
coatings (b)

These elements are combined in parallel and placed in
series with R;. R, represents the solution resistance, QO
and R, are the double-layer capacitance and
high-frequency charge transfer resistance, respectively, C
and L describe the capacitance and inductance of the
corrosion product film, respectively, while Rl,; and RI,
are the resistances of the corrosion product film at low
and middle frequencies, respectively. The equivalent
circuit used to describe the behavior of the
Ni—Cu—P-coated 316L consists primarily of six elements
representing the solution resistance (R;), coating
capacitance (C), coating resistance (Rl,), double-layer
capacitance (Q), charge transfer resistance (R.), and
Warburg impedance (Z,). As shown in Fig. 7, the

experimental impedance data (solid curve) can be fitted
very well with the proposed equivalent circuits (dotted
curve). The theoretical impedance parameters of the
equivalent model suggest that the value of R for the
bare 316L substrate is lower than that of the Ni—Cu—P
coating. Moreover, the existence of inductance at low
frequencies indicates that even the formation of a
corrosion product film fails to protect the 316L substrate
from corrosion in a warm acidic solution. The as-plated
coating has the highest value of R, and therefore the best
resistance to corrosion among various Ni—Cu—P coatings,
which further reinforces the conclusion that annealing at
temperatures between 673 and 873 K has an adverse
effect on the corrosion protection performance of the
coatings.

4 Conclusions

1) Ni—Cu—P coatings with two types of nodules
were deposited on the surface of 316L stainless steel
substrates via electroless plating. The coatings provide
good protection from corrosion in a warm acidic
solution.

2) Heat treatment has a harmful effect on the
corrosion resistance of the Ni—Cu—P coatings. Among
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the annealed Ni—Cu—P coatings, the coating annealed at
723 K exhibits higher capacitance arc radius, impedance,
and lower corrosion current density, corrosion rate than

electroless composite plating Ni—Cu—P on the electrochemical
properties of La—Mg—Ni-based hydrogen storage alloy [J]. Applied
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