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Abstract

Ni-P has been widely used as a protective coating for many substrates. The corrosion resistance of Ni—P in neutral solutions
such as NaCl, or acidic electrolytes such as HC] and H,SO,, has been extensively studied. However, the corrosion behavior
of Ni—P coatings in caustic media, such as KOH, has received much less attention. Typically, corrosion behavior is studied
through the use of electrochemical methods with corrosion rates determined from corrosion currents and potentials measured
from Tafel curves. In this work, the corrosion rates of Ni—P coatings, with P concentrations varying from 2 to 11 wt%, in
highly alkaline KOH (11 M) are obtained directly through electron microscopy measurements of cross sections and subse-
quent correlation with electrochemical data. Phosphorus concentration affects the corrosion rate; corrosion rate increases
with increasing P content, peaks out at about 6-8 wt% P, and then decreases with any further increase in P content. This
behavior is correlated to internal stress levels developed in the coatings.
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The corrosion behavior of electroless Ni-P coatings in concentrated KOH electrolyte
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1 Introduction

Ni—P coatings have been widely used to protect various
kinds of surfaces, both metallic and non-metallic, due
to their good wear resistance, high hardness, solderabil-
ity, and corrosion resistance. Ni—P represents over 95%
of industrial electroless coatings [1-5]. In the last few
decades, the mechanical properties of the coatings, such
as hardness and wear resistance, have been extensively
studied for as-deposited films and after heat treatment.
Researchers are now focusing on adding third, or even
fourth elements, or nanoparticles to further improve the
mechanical properties of Ni—P coatings [2]. There is a
general consensus in the available literature concerning
the corrosion resistance of Ni—P coatings in neutral (e.g., 3
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or 3.5 wt% NaCl) or acidic solutions (e.g., HCI or H,SO,)
that a higher P content provides better corrosion resist-
ance [4-11].

In contrast to corrosion resistance studies in neutral or
acidic electrolytes, reports regarding the corrosion behavior
of Ni—P in alkaline solutions are mixed. For example, Lo
et al. [12] reported that the corrosion resistance is enhanced
with increasing P content in 40 wt% NaOH, while Kang
et al. [13] pointed out that an amorphous Ni—P coating (with
a high P content) is not suitable for a 6 M KOH environment.
Zeller et al. [14] reported that in 50 wt% NaOH electro-
lyte, Ni—P coatings with 5.0 wt% P had the lowest corro-
sion rate while coatings with 10.5 wt% P had the highest
corrosion rate. Ni—P coatings with 2.0 wt% P had corrosion
rates between the two extreme values. A common feature of
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the work by Ho et al. [12] and Kang et al. [13] was that the
electrolytes were degassed either with N, [12] or Ar [13] to
remove dissolved oxygen before electrochemical testing. In
Zeller et al.’s work, the electrolyte was open to the atmos-
phere to maintain an O,-rich condition [14].

Besides the aforementioned inconsistent corrosion resist-
ance behavior, it is of interest to further study the corro-
sion behavior of Ni—P in alkaline environments, with a wide
range of P contents, since Ni—P alloys can be used as cata-
lysts for the hydrogen evolution reaction (HER) for gase-
ous hydrogen generation through water electrolysis [15, 16]
and for the oxygen evolution reaction (OER) during battery
charging [17-19]. In both cases, a highly alkaline environ-
ment can be encountered. One example is the electrolytes
for Zn-air type batteries which are highly alkaline with con-
centrations as high as 45% KOH (11 M KOH) [17-19]. It is
beneficial to evaluate the corrosion behavior of Ni—P under
alkaline conditions, since corrosion can affect electrode life-
time and operation cost.

This work aims to investigate the corrosion behavior of
Ni-P coatings in an extremely caustic alkaline electrolyte
(11 M KOH) over a wide range of P content. Conventional
electrochemical testing techniques and direct measurements
of coating thickness and morphology changes are employed
and compared. It is shown that direct measurements should
be utilized whenever possible to obtain more reliable cor-
rosion rate data.

2 Experimental methods
2.1 Sample selection and preparation

Ni-P coatings can be electrolessly deposited from either
alkaline electrolyte [20] or acidic electrolyte [21]. For this
work, electrolessly deposited samples were obtained from a
commercial supplier. The details of the deposition process
are proprietary; however, the Mg samples went through a
pretreatment process that included alkaline cleaning, acid
pickling, activation, and Zn immersion steps. Some of the
coatings consisted of single Ni—P layers, while others were
composed of multiple layers with Cu strike layers in some
cases. Samples were chosen such that there were a range

of P concentrations in the coatings, from 1.8 to 11.9 wt%
(Table 1). The concentrations were measured using a scan-
ning electron microscope (SEM) coupled with energy dis-
persive x-ray (EDX) spectroscopy. Figure 1 shows a sche-
matic drawing for a multilayer coating. For all multi-layer
coatings, the thickness of Ni—P above the Cu strike (fy;p;
in Fig. 1) was > 24 um, while the total coating thickness
exceeded 30 um for all samples. The dashed line in the #;p,
layer (Fig. 1) means that the P content above or below the
line may be different. For all samples in Table 1, the P con-
tent refers to the amount of P in the outermost Ni—P layer;
i.e., the layer in contact with the electrolyte during testing.

2.2 Electrochemical characterization
2.2.1 Potentiodynamic polarization measurements

Potentiodynamic polarization measurements were per-
formed using a Biologic VSP-300 potentiostat; the scan

Mg substrate

Fig. 1 Schematic drawing for coating layers. Note that not all samples
have this number of layers. Specific details for coating layers for each
sample are provided in Table 1

Table 1 P content and

. . . Sample no. 1 2
thicknesses for Ni—P coatings of

3 4 5 6 7 8 9 10 11 12

all samples P (wt%) outer layer 1.8 2.1

tnipy (um) outer layer 24 24
foyr (Mm) 7 7
Inip2 (M) - _
Inip3 (M) - _
Total thickness (um) 31 31

25 35 58 59 62 68 77 87 103 119
33 24 35 35 30 25 41 24 33 33

- 5 - - - 7 8 7 - -
23 7 23 23 - 11 23 23 23 23
- 23 - - - 23 - - - -

35 40 38 38 30 45 50 35 35 35
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Fig.2 Potentiodynamic polarization curves before and after cycle
testing for Sample 11

speed was set at | mV/s with a potential range of — 0.8
to 0.4 V. A Hg/HgO reference electrode was employed
along with a graphite counter electrode. The corrosion
potential E ... and corrosion current density / .. were
determined from measured Tafel plots using EC-Lab soft-
ware, within the potential range of + 100 mV by finding
the intersection of the anodic slope and cathodic slope
(Fig. 2). The area exposed to the corrosive medium (11 M
KOH, 125 mL) was ~ 1 cm?, with non-exposed portions
covered with epoxy. All electrochemical measurements
were carried out at room temperature (21 °C), without
degassing the electrolyte.

2.2.2 Cycle testing

Galvanostatic cycling potential limitation (GCPL) tests
for the Ni—P coatings were carried out to simulate the
HER and OER processes in a zinc-air flow battery
(ZAFB) cell with 11 M KOH electrolyte at room tem-
perature without degassing the electrolyte before test-
ing. Measurements were done by periodically applying
constant negative and positive currents with a short
rest period when switching the current from negative to
positive or vice versa, while recording the discharge and
charge voltage response. The experimental settings were
the same as those in Sect. 2.2.1. The cycling test param-
eters are listed in Table 2, where E is the working elec-
trode voltage. All cycling tests were carried out at room
temperature and most samples were tested for 2000 cycles
(the minimum desired lifetime). One sample (Sample 9)

@ Springer

Table 2 Experimental conditions for galvanostatic cycling potential
limitation (GCPL) test

Step Step description

Open circuit potential (OCV) 10s

HER —100 mA cm™>
for 25 s;
E,.>—18V
vs. Hg/HgO

ocv 10s

OER +100 mA cm™>
for 40 s;
E,.<15Vvs.
Hg/HgO

was also tested for 10,000 cycles to measure any possible
corrosion rate changes with extended cycling.

2.3 Pore density and pore areal fraction
determination

Pore sizes in the Ni—P coatings were measured from SEM
back scattered electron (BSE) images of polished cross
section samples. Pore shapes were irregular, so to be
consistent pore sizes were measured as the largest diam-
eters and pore areal fractions were estimated based on the
assumption that the pores were circular. Pore numbers and
diameters were measured using ImageJ software and then
converted to pore areal densities and pore areal fractions.

2.4 Scanning electron microscopy (SEM)

All samples were examined in cross section orientation,
before and after electrochemical testing, using scanning
electron microscopy (Tescan Vega3 SEM or Zeiss Sigma
VP 300-FESEM). The samples were cold mounted, fol-
lowed by mechanical grinding, and then final polishing
using a 0.05 um Al,O; suspension. The polished samples
were coated with a thin layer of evaporated carbon prior to
SEM examination. Ni—P coating thicknesses were meas-
ured from BSE images before and after electrochemical
cycling from the same samples. BSE images provided
atomic number contrast and allowed the various coating
layers to be easily identified. Composition analysis of the
various layers was done using energy dispersive x-ray
(EDX) microanalysis (X-MaxN 20, Oxford Instruments, or
Bruker dual silicon drift detectors). BSE imaging analysis
for all samples were done at the same accelerating poten-
tial (20 kV), the same working distance (14 mm), and the
same magnifications. For each sample, five BSE images
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were obtained and coating thicknesses were measured at
five locations per image, giving a total of 25 measured
thicknesses for each sample.

3 Results and discussion

For corrosion testing in neutral electrolytes (e.g., 3.5 wt%
NaCl) or mildly acidic electrolytes (water diluted HCI or
H,S0,), there is a consensus in the literature that the corro-
sion current /. decreases as the P concentration in Ni-P
increases [5-8, 22—-25]. However, the situation for alkaline
solutions is different, as mentioned above, based on polari-
zation and electrochemical impedance spectroscopy (EIS)
experiments Lo et al. [12], Kang et al. [13], and Zeller et al.
[14] obtained different corrosion resistance.

The various Ni—P coatings were cycle tested. Potentiody-
namic polarization curves (i.e., Tafel plots) were obtained
before and after cycle testing; examples for coating 11 are
shown in Fig. 2. E_ . and I, values were extracted from

the plots (Table 3) and I, values were converted to corro-
sion rates (CR) based on Faraday’s Law using Eq. (1) [26]
and plotted as a function of P content in the outer Ni—P layer

(Fig. 3).

I
CR =K, c;”EW, €))

where CR is given in nm h™" and I, in pA cm™. K is equal
to 0.373 nm g (A cm h)~!, p is the density of the corroding
metal (8.908 g cm™ for pure Ni was assumed), and EW is
the dimensionless equivalent weight, which is given as W/n
(W is the atomic weight of the element and n is the valence
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Fig.3 Relationship between calculated corrosion rates (CR) from /..
and P concentration for electroless Ni—P coatings. The dots represent
corrosion rates before cycle testing, while the open circles represent
corrosion rates after cycle testing

for the corroding metal, which is 2 for Ni). In all cases, there
is an increase in corrosion rate for the post-cycled samples
compared with the pre-cycled samples. In addition, although
there is considerable scatter, the corrosion rate is highest at
intermediate P compositions (~ 6 wt%) and reduced at lower
and higher P concentrations.

The use of I, to determine corrosion rate is an indirect
method. A direct approach was taken by measuring the layer
thicknesses of regions that were not exposed to the electro-
lyte and regions that were exposed to the electrolyte. The
average corrosion rate is then just the difference in coating
thickness divided by the cycle testing time. Examples of
SEM BSE cross section images for non-cycled and cycled
regions are shown in Fig. 4. It is clear that corrosion of the
Ni-P coating is not localized, but occurs uniformly across
the sample. The example in Fig. 4a corresponds to Sample

Table3 E_ . and I, before GCPL and after GCPL testing, as well as corresponding corrosion rates (CR)
Sample P (wt%) Before GCPL After GCPL Before GCPL /I,  CR before GCPL  After GCPL /.  CR after
E., (mV) E,, (mV) (A cm™2) (nmh™h) (uA cm™?) GC]PL (nm
h™)

1 1.8 —504.5 334.7 0.05 0.1 56.7 69.7

2 2.1 —-161.7 489.4 3.61 4.4 105.8 130.2

3 25 —7284 -731.5 8.96 11.0 63.6 78.2

4 35 —755.6 —-539.2 8.48 10.4 432 532

5 5.8 2313 475.1 32.47 39.9 230.3 283.2

6 5.9 240.8 435.4 63.63 78.2 106.7 131.2

7 6.2 -527.3 3535 0.01 0.0 54.2 66.8

8 6.8 1973 359.8 0.44 0.5 21.2 26.1

9 7.7 —1160.0 —758.7 5.64 6.9 25.6 314

9 7.7 —-736.0 —543.6 3.87 4.8 79.4 97.7

10 8.7 —285.6 306.4 0.13 0.2 95.5 117.4

11 10.3 —768.7 —493.1 8.58 10.6 439 54.0

12 11.9 -1169.0 —-503.2 13.44 16.5 28.0 34.4
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Fig.4 a SEM BSE images

of Sample 8 showing coating
thicknesses from non-cycle
tested (left) and cycle tested
(right) regions. b SEM BSE
images of Sample 11 show-

ing coating thicknesses from
non-cycle tested (left) and cycle
tested (right) regions

Cu

Ni-P

Mg Non-cycle tested.region
Lol

SEM HV: 20.0 kv
View field: §5.4 um

WD: 14.00 mm
Det: BSE

cu

Mg Non-cycle tested region

SEM HV: 20.0 kV
View field: 57.6 pm

WD: 14.01 mm
Det: BSE 10 pm

8 and represents a case where corrosion of the outer Ni—P
layer is clearly apparent. The example in Fig. 4b indicates a
case (Sample 11) where the amount of corrosion is low. For
many of the samples, the Cu strike layer was utilized as a
marker layer for the coating thickness measurements.

The thickness changes and corresponding average cor-
rosion rates are provided in Table 4. The average corrosion
rate as a function of P content in the outermost Ni—P layer
is plotted in Fig. 5. The behavior is not linear, but exhibits a
parabolic shape. The corrosion rates are lowest at the highest
and lowest P compositions, with the highest rates at interme-
diate compositions in the 6-8 wt% P range. This behavior
is similar qualitatively, but more obvious, to that shown in
Fig. 3, where corrosion rates extracted from /. values were
plotted against P composition. To the authors’ knowledge,
this is the first time that corrosion rate has been correlated
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with the P contents in Ni-P coatings through direct meas-
urements of coating thickness changes under the same cor-
rosion conditions, rather than just indirectly from corrosion
currents. Although the results are qualitatively similar for
both indirect (polarization curves) and direct measurements,
the indirect measurements can, in some instances, provide
corrosion rates significantly in excess of actual values (e.g.,
Samples 5, 6 and 10—Tables 3 and 4). Inconsistencies can
arise in the way that /. values are obtained from polariza-
tion curves, due to the nature of the curves and because cur-
rent densities are plotted on a log scale. The work by Zeller
and Salvati [14], for Ni—-P coatings in NaOH electrolyte,
reported an opposite corrosion dependence with P content.
The lowest corrosion rate was observed for intermediate P
levels (e.g., 5.0 wt% P), although their rates were determined
indirectly; i.e., through electrochemical measurements such
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Table 4 Thickness change for samples after cycle testing measured
by SEM

Sample P (wt%) Cycles Thickness Corrosion
change (nm)  rate (nm h™!)
1 1.8 2000 2006 42.5
2 2.1 2000 1751 37.1
3 2.5 2000 1795 38.0
4 35 2000 1996 42.3
5 5.8 2000 2324 49.2
6 59 2000 2455 52.0
7 6.2 2000 2421 51.3
8 6.8 2000 2277 48.2
9 7.7 2000 2079 44.0
9 7.7 10,000 11,645 49.3
10 8.7 3359 4170 52.3
11 10.3 2000 1820 38.6
12 11.9 2000 1626 34.4
60

A

-; 55

% 50 -":?'6“‘3 °

e 45 // o \\\\

.§ 40 O,"' ° \"\\

o 00 o

e \

8 35 °

30
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P Concentration/wt%

Fig.5 Relationship between corrosion rate and P content in the outer-
most Ni—P layer of the coatings

as polarization electrochemical impedance spectroscopy. In
addition, their electrolyte (NaOH) was different than that
used in this work.

Cycle testing was also done for 10,000 cycles for Sample
9 using the same set of parameters; the results are shown in
Fig. 6. Figure 6a is from the unexposed region (no cycling),
Fig. 6b is from the region tested for 2000 cycles, and Fig. 6¢
is from the region that underwent 10,000 cycles. The aver-
age thickness change after 2000 cycles is 2079 nm, while
the average thickness change is 11,645 nm after 10,000
cycles. These values correspond to average corrosion rates
of 44.0nmh~'and 49.3 nmh~!, respectively, which indicate
that the corrosion process does not vary significantly with
time.

It is interesting to note that the parabolic shape of CR
vs P content curve is very similar to that for coating stress
vs P content reported by Duncan in 1996 [27] and shown

in Fig. 7. In Fig. 7, the dots, showing stress vs P content,
were reproduced from Fig. 3 of Duncan’s work [27]. The
dotted line has been added by the current authors to better
illustrate the trend for the distribution of stress vs P con-
tent. To compare the stress distribution vs P content with the
corrosion rate distribution vs P content, Fig. 5 is superim-
posed on Fig. 7 (shown as open circles and dashed curve).
As pointed out by Duncan, at P concentrations below ~4
wt% or above ~ 11 wt% the internal stress within the coatings
is compressive, while coatings with compositions between
these values exhibit tensile stresses. The corrosion rate vs
P distribution essentially follows Duncan’s distribution of
stress vs P content.

As discussed at the beginning of this section, the corro-
sion resistance of Ni—P coatings increases with increasing P
content in neutral and acidic solutions. This is quite different
from the behavior in the present work for alkaline solutions,
which suggests that the corrosion mechanism for Ni—P coat-
ings in neutral/acidic solutions is different from that in alka-
line solutions. Based on XPS measurements, Diegle et al.
[28] proposed that, for acidic and neutral solutions, a layer
of phosphite anions can be generated on the Ni—P coating
surface, forming a barrier layer between the coating and the
electrolyte. This layer can block water access to the coating
surface, thereby inhibiting hydration of nickel. It is likely
that a higher P coating has a greater probability to form this
barrier layer, enhancing the chances of blocking hydration
of the Ni—P coating. As such, one would expect coatings
with higher P levels to have better corrosion resistance. For
alkaline solutions, the phosphite layer does not form on the
surface; however, both Kang et al. [13] and Zeller et al. [14]
showed through XPS measurements that the P content is
depleted in the near surface region of the coating, which
indicates that P at the alloy surface is consumed upon sample
exposure to the electrolyte. As such, the Ni-P coating can
directly contact the electrolyte, forming a layer of Ni(OH),
on the coating surface. In this scenario, the type of stress
within the coating becomes important in terms of the cor-
rosion resistance.

Generally, tensile stresses are not favorable in terms of
corrosion resistance [29-31], since tensile loads may open
cracks or weaken coating coverage and may also accelerate
metallic ion dissolution into the electrolyte, or water dif-
fusion into the Ni—P coating. On the other hand, compres-
sive stresses in coatings can inhibit crack initiation or crack
growth, thereby reducing corrosion rates. If coating stress
is unavoidable, then compressive stresses are preferred rela-
tive to tensile stresses. As such, coatings with P levels either
below 3.5 wt% or above 11 wt% are favorable for Ni—P coat-
ings utilized in 11 M KOH electrolytes.

The thickness of the phosphite layer or Ni(OH), layer
on the coating surface is likely less than 10 nm, since for
all Ni 2p peak spectra presented in [13, 14], the Ni° peaks

@ Springer
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are strong. The layer (either the phosphite layer or Ni(OH),
layer) on the Ni—P surface does not attenuate the Ni” signal
very much. The depth resolution for XPS technique is typi-
cally less than 10 nm [32], so that the appearance of strong
Ni’ peaks means that surface phosphite or Ni(OH), layer is
very thin. In fact, a surface layer was not detected during
FESEM imaging.

It should be noted that the corrosion rates shown in Fig. 5
were obtained under the cycling test conditions listed in
Table 2. Changing the cycling test parameters for the coat-
ings, such as different current densities and durations, will
affect the corrosion rates for the coatings. However, the rela-
tionship between corrosion rate and P concentration follows
the dependence shown in Fig. 5.
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P Concentration/wt%

For comparison purposes, cross section analysis was also
done for a sample immersed in 11 M KOH for 49 days with-
out any applied current. There was no measurable change in
coating thickness before and after immersion. As such, the
corrosion of Ni—P coatings under immersion conditions only
is minimal, which is consistent with Zeller et al.’s report for
immersion testing of Ni-P coatings in 50% NaOH electro-
lyte [14].

To confirm that the corrosion rates of Ni-P coatings are
indeed dependent on P content and not other factors, such
as coating porosity, pore fraction and areal density were
measured from SEM cross section images. The effect of
porosity on Ni—P coating corrosion behavior in alkaline
solutions has not been reported previously. The results,
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Fig. 8 Relationship between a corrosion rate and pore density and b
corrosion rate and pore area fraction for Samples 1, 2, 5, 6, 7, 9, 10
and 12. Pore sizes were below 4 um in diameter, with most smaller

for 8 of the coatings, are presented in Fig. 8 and reveal no
clear relationship between corrosion rate and pore density
or pore fraction. One could argue that there is a weak trend
indicating that corrosion rate decreases slightly as pore
fraction increases. This behavior seems counterintuitive,
as increased porosity would presumably lead to increased
corrosion [33-35]. The pores for the Ni—P coatings in this
work are likely isolated in nature; i.e., do not continuously
propagate from the substrate/coating interface to the coat-
ing surface. As such, porosity does not enhance corrosion
rates. To confirm the nature of the porosity, several solutions
were analyzed using atomic absorption spectroscopy (AAS),
before and after cycling testing. In all cases, Mg levels in
the electrolyte were below the detectability limit of AAS
(0.07 ppm Mg), indicating that no Mg dissolution occurred.
Mg dissolution would require extension of pores from the
coating surface to the Mg/coating interface.

4 Conclusions

The corrosion behavior of 12 Ni—P coatings, electrolessly
deposited on Mg substrates in highly alkaline KOH (11 M)
electrolytes, was investigated using cyclic testing where
samples were exposed to oxygen evolution reaction and
hydrogen evolution reaction conditions. Corrosion rates
were determined both indirectly through /., measurements
from polarization curves and directly through SEM measure-
ments of cross section samples. Corrosion rates were found
to correlate with the P content in the Ni—P coatings, which
appeared to correspond to stress levels in the coatings. Cor-
rosion rates were lowest for P concentrations below ~ 3.5
wt% and above ~ 11 wt%, which correlates with compressive
stresses within the coatings. The corrosion rate trends deter-
mined from direct and indirect measurements are similar;

60

55 55 ’—‘
50 50
15 17

45

40

35

Corrosion rate/nm h1

30
0 0.4 0.8 1.2 1.6 2 2.4

Pore fraction/%

(b)

than 2 pm. The insets show results from Sample 10, which had sig-
nificantly higher pore density and pore fraction. There is no obvious
relationship between corrosion rate and pore density/pore fraction

however, indirect measurements are more variable and, as
such, direct measurements are recommended whenever pos-
sible to obtain more reliable corrosion rates.
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