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Abstract: Single Ni—P and Ni—-Mo—P coatings as well as duplex Ni—P/Ni-Mo—P coatings with the same compositions were
prepared by electroless plating. The residual stresses of the coatings on the surface and cross sections were measured by
nanoindentation and AFM analysis, and the corrosion behaviour of the coatings in 10% HCI solution was evaluated by
electrochemical methods, to establish the correlation between the residual stresses and corrosion behaviour of the coatings. The
results showed that the single Ni—P and duplex Ni—P/Ni—Mo—P coatings presented residual compressive stresses of 241 and 206 MPa
respectively, while the single Ni-Mo—P coating exhibited a residual tensile stress of 257 MPa. The residual compressive stress
impeded the growth of the pre-existing porosity in the coatings, protecting the integrity of the coating. The duplex Ni—P/Ni-Mo—P
coatings had better corrosion resistance than their respective single coating. In addition, the stress states affect the corrosive form of

coatings.
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1 Introduction

At present, the development of Ni—P based coatings,
including single, duplex and multi-layer coatings, as well
as multi-component coatings, has drawn significant
attentions in both academic institutions and industrial
sectors. Choice of the codeposition of metallic elements
depends on the application. Co or Fe is considered to be
the most effective additional element to improve
magnetic properties of Ni—P coatings [1,2]. Incorporation
of W or Mo in Ni—P matrix can improve the hardness
and thermal stability [3]. Ni-P/Ni-W—P and Ni—P/Ni—B,
etc, duplex coatings have been reported to have excellent
wear and [4—6]. Therefore,
electroless plating as a surface modification technique
has been widely used in industry to prolong the serve life
of components [7]. However, during coating processing,
residual stresses are often generated due to thermal
mismatch, or mechanical and thermal processing [8§—10],
which may, sometimes, affect their mechanical and
corrosion performance [11,12].

The formation mechanisms of residual stresses in

corrosion resistance

electroless plating of nickel has been proposed and
described by WEIL and PARKER [13]. They believed
that formation of residual stresses changed interatomic
distances. If the interatomic spacing decreased, the
stresses were tensile. Once the tensile stress was
excessive, cracking in the coating often occurred. On the
other hand, during plating process, hydrogen was often
generated. The hydrogen could diffuse into voids and
expand the voids resulting in volume expansion of the
coating. ALANAZI et al [14] reported the influence of
residual stresses on corrosion and wear behaviour of
electrodeposited nanocrystalline Co—P coatings. It was
found that wear and corrosion resistance of the coatings
increased with increased compressive residual stress of
coating until it reached 450—500 MPa. The compressive
residual stress helped block the pathway of corrosive
agents and limited corrosion damage to the
coating—substrate interface and the substrate. However,
up to date, no work has been reported on the effects of
residual stresses on corrosion behaviour in electroless
plated coatings. For duplex coatings, the residual stress
might become more complicated.

Q235 steel is a widely used engineering structural
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material, and the surface modification is of great value to
improve its quality. Molybdenum is an anti-pitting
element. The corrosion resistance of 316L stainless steel
was increased by applying protective Ni—Mo—P
electroplated coatings [15]. In this work, two single
coatings of Ni—P and Ni—Mo—P, and one duplex
Ni—P/Ni—Mo—P coatings with the same compositions of
the single coatings were prepared on Q235 steel
substrates by electroless plating. Residual stresses on the
coating surfaces and cross sections were measured by the
nanoindentation  technique and AFM
Comparison of the coatings was made, in terms of
residual stress, porosity, phase and corrosion behaviour.
It aimed to understand the role of residual stresses in
corrosion process of the coatings, in the consideration of
other coating characteristics.

analysis.

2 Experimental

In this study, the Q235 steel plate with a thickness
of 1.1 mm was cut into the sizes of 15 mm x 10 mm as
substrates. The detailed procedure of the plating process
can be found in Ref. [16]. Two single coatings of Ni—P
and Ni-Mo—P and one duplex coatings of Ni—P/Ni—
Mo—P were prepared on substrates. Two plating baths
and plating conditions are listed in Table 1. The single
Ni—P and Ni-Mo—P coatings of (30+2) pm in thickness
were deposited by immersing the substrates into the
respective plating bath for 2 h. The Ni—P/Ni—-Mo—P
duplex coatings of (30£2) pum in thickness (~15 um for
each layer) were deposited by immersing the substrates
into each plating bath for 1 h, respectively. In order to
simplify the description, Ni-P/Ni—-Mo—P coatings are
used to designate single Ni—P, Ni-Mo—P coatings and
duplex Ni—P/Ni-Mo—P coatings in this work.

Table 1 Composition of Ni—P/Ni—Mo—P coatings’ plating baths
and operating conditions

Concentration/(g-L™")

Chemical compound

Ni—P Ni—-Mo—P

NiSO,4 6H,0 24 20
NaH,PO4-H,O 22 20
Sodium citrate 8 16
Citric acid - 8
Ammonium chloride - 14
Na,Mo0O,4-2H,0 — 5
Lactic acid 14 mL -

NaF - 0.002—0.004

Sodium dodecyl sulfate - 0.006—0.008

Operating conditions:
Ni—P: pH 4.6, temperature (86+1) °C;
Ni—Mo—P: pH 9.5, temperature (92+1) °C

The residual stresses in the coatings were measured
by a nanoindentation technique. The residual stresses
were determined based on the calculation of the
difference between the indentation contact areas of the
stressed and stress-free samples proposed by WANG et
al [17,18]. In order to produce stress-free samples, heat
treatment at 800 °C was conducted for each type of the
coatings, based on the work reported by GUO et al [19]
that the Ni—P coatings with different P contents after
800 °C heat treatment were considered as microstrain-
free samples. The nanoindentation tests were performed
on the cross-sections and/or surfaces on the stressed and
stress-free samples, respectively, using a nanoindentation
equipped with a diamond Berkovich indenter. The cross
sections of the samples were prepared by an EDM wire
cutting machine (Agie Charmilles FI 440 ccS), using a
brass wire with a diameter of 250 pm. The samples were
submerged in temperature-controlled deionized water
throughout the cutting process. In this study, 48 different
positions consisting of 6 (columns) x 8 (rows) matrix
were indented on the cross-section with 5 um interval, as
shown in Fig. 1(a), to investigate the through-thickness
stress distribution. In addition, 25 different positions
consisting of 5 x 5 matrix were indented with 10 pm
interval on the surface layer, as shown in Fig. 1(b), to
calculate the residual stresses near the coating surfaces.
The stressed and stress-free samples were indented to the
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Fig. 1 Representative optical images of indentations on
cross-section (a) and surface (b)
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same penetration depth of 200 nm to evaluate the
residual stresses. The indentation profiles of the
Berkovich indenter on the coating surface were measured
using a Dimension™ 3100 atomic force microscope
(AFM) and data fitting was performed by a Nanoscope
analysis software.

The morphologies, elemental composition and the
crystal structures of the Ni—P/Ni-Mo—P coatings were
examined using a Zeiss Ultra 55 scanning electron
microscope (SEM) equipped with energy dispersive
X-ray spectroscopy, a CAMECA SX100 electron probe
microanalyser (EPMA) Philips  XRD
diffractometer with monochromatic Cu K, radiation.
EPMA measurements of 40 spots were carried out at 1
pm interval to quantitatively obtain the elemental

and a

distribution on the cross-sections of the duplex coatings.
A Solartron Analytical ModuLab electrochemical
test system was used to obtain the open-circuit potential
(pocp), linear (LSV) and
polarisation curves (i.e. lgJ—¢p curves) in a three-
electrode mode at a sweeping rate of 1 mV/s. The
coating was covered with Macdermid stop-off lacquer 45

sweep voltammograms

to leave an exposed area of 0.5 cm” as working electrode.
Platinum rod and Ag/AgCl electrode were used as
counter and reference electrodes, respectively. Prior to
the measurement, the samples were immersed in 10%
HCI solution for 30 min to establish steady open-circuit
potential. Firstly, after reaching the steady @ocp, the
upper and lower potential limits of linear sweep
voltammetry were set at 10 mV with respect to the
oocp- Secondly, the polarisation curves (lgJ—¢) were
obtained after the above electrochemical measurements.
The samples were kept in the solution for 5 min, and
then the polarisation behaviour was recorded in a range
of —600 to 800 mV (vs @ocp). The corrosion potential
(@corr) and corrosion current density (Jeo;) were deduced
from the lg J—¢ curves.

3 Results and discussion

3.1 Structural characteristics

The variations of chemical compositions along the
depth on the cross section obtained by the EPMA
measurement for the duplex Ni—P/Ni—-Mo—P coatings,
are shown in Fig. 2(a). The chemical compositions of the
single Ni—P and Ni—-Mo—P coatings were measured by
EDS showing the single coatings as Ni—9.2P (mass
fraction, %) and Ni—4.1Mo—6.5P (mass fraction, %),
which were consistent with the average contents of each
element measured by EPMA analysis. Figures 2(b) and
(c) show the variations of P and Mo contents along the
depth on the cross-section of the duplex coatings,

respectively. It was found that there was a range of
approximate 2 um between 15—17 pum spots at the
interface of the inner and outer layers which showed
decreased contents of P and Mo down to 3.42% or 4.04%,
respectively, in comparison with the average P or Mo
content in the Ni—Mo—P coating. Therefore, this
2 um-thick layer was regarded as a transition layer
between the inner and outer layers of the duplex
coatings.
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Fig. 2 Variations of chemical compositions measured by EPMA
along cross-section of Ni—P/Ni—-Mo—P duplex coatings: (a) All
elements; (b) P; (c) Mo
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The XRD patterns of the as-plated Ni—P and
Ni—Mo—P coatings are shown in Fig. 3. Only a single
peak can be seen for both coatings, and the Ni (111)
reflection of the Ni—P coating presents a broader peak
than that of the Ni-Mo—P coating, suggesting that the
Ni—P coating was amorphous, in a good agreement of the
formation of amorphous phase for Ni—P alloy with a P
content above 8% [20]. On the other hand, the Ni-Mo—P
coating was likely to be a mixture of crystalline and
amorphous, due to the incorporation of Mo in the Ni—P
matrix enhancing the degree of crystallinity [3]. Similar
result was also reported in Ref. [21], in which the
incorporation of Mo from 1.1% to 14.9% in the Ni—P
matrix caused the phase transformation from amorphous
to crystalline structure.

Ni(111)

25 30 35 40 45 50 55 60 65
20/(%)

Fig. 3 XRD patterns of single Ni-P and Ni-Mo—P coatings

The surface morphologies of the Ni—P/Ni—Mo—P
coatings are shown in Fig. 4. It can be seen that both
single Ni—P and Ni—-Mo—P coatings presented a typical
cauliflower structure. Some pores appeared at the nodule
boundaries for the single Ni—P coating (Fig. 4(a)), but
hardly appeared for the single Ni—-Mo—P coating
(Fig. 4(b)). The surface of the duplex coatings, by
contrast, exhibited higher porosity but with less nodular
structural morphology as shown in Fig. 4(c).

3.2 Residual stresses of Ni—P/Ni—Mo—P coatings
3.2.1 Residual stress characteristics of surface and cross-
section

The nanoindentation measurements were carried out
at a fixed penetration depth of 200 nm for the as-plated
Ni—P/Ni—Mo—P coatings as well as the corresponding
stress-free coatings after heat treatment at 800 °C.
Figure 5 shows the comparison of the load—displacement
curves of the stressed and stress-free coatings. It is
evident that the elastic recovery of indentation for the
stressed and stress-free coatings after unloading was
different. In order to explain such differences, the effects
of residual stresses on elastic recovery of indentation was

Fig. 4 Surface morphologies of as-plated single Ni—P (a),
single Ni-Mo—P (b) and duplex Ni—P/Ni—-Mo—P (c) coatings

referred. It is claimed that a residual compressive
stress could lead to the increase of the elastic recovery
depth and the decrease of a residual depth [22]. On the
contrary, a residual tensile stress could decrease the
elastic recovery depth and increase a residual depth. As
shown in Fig. 5(a), the residual depth in the as-plated
Ni—P coating was less than that in the stress-free Ni—P
coating. Based on the work in Ref. [22], it could be
inferred that the as-plated Ni—P coating had a residual
compressive stress. However, in Fig. 5(b), the residual
depth in the as-plated Ni-Mo—P coating increased during
unloading elastic recovery compared with its stress-free
coating, therefore the residual stress in the as-plated
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Fig. 5 Comparison of load—displacement curves for stress-free and stressed coatings at penetration depth of 200 nm: (a, b) Unloading

curves for single Ni—P and Ni—-Mo—P samples, respectively; (c, d) Loading curves for single Ni—P and Ni—Mo—P samples,

respectively; (e) Load—displacement curves for duplex Ni—P/Ni—-Mo—P samples

Ni—Mo—P coating was tensile. Figures 5(c) and (d) show
the loading curves of the Ni-P and Ni-Mo—P coatings,
respectively. It can be seen that the as-plated Ni—P
coating required an increased force than its stress-free
coating when indented to the same depth of 200 nm,
confirming the existence of a residual compressive stress
in the as-plated Ni—P coating. This is because a material
with a compressive residual stress requires a larger force

to be indented to the same depth as the one without
residual stress [23]. However, the increase of the
maximum shear stress under tensile stress might enhance
indentation plasticity to produce a lower indentation
load [24], the comparison of both curves from Fig. 5(d)
also supported the finding of the presence of residual
tensile stress in the as-plated Ni—Mo—P coating.
Figure 5(e) shows the load—displacement curves of
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duplex Ni—P/Ni—Mo—P coatings. It was noted that in the
case of the fixed same indentation depth of 200 nm, the
indentation load needed for the as-plated Ni—P/Ni—Mo—P
duplex coatings was higher than that of the stress-free
duplex coatings, and resulted in larger elastic recovery
depth during unloading. According to the above
discussion, it could be deduced that the surface of the
as-plated duplex coatings was in a state of compressive
stress. It seemed that the stress state of the Ni—P inner
layer somehow affected the stress state of the outer layer,
i.e., the coating deposited on the surface with the
compressive stresses remained the state of compressive
stress. This needs to be further investigated.

In order to evaluate residual stresses on the cross
sections of the duplex coatings, determination of a
stress-free reference layer is crucial. ZHU et al [25]
studied the residual stresses on the cross-section of the
plasma-sprayed FeCrBSi coating, with the Ni/Al alloy as
a transition layer, on the steel substrate. It was found that
the residual stresses at the interface between the Ni/Al
transition layer and the FeCrBSi coating were close to
zero. Therefore, the interface was regarded as a stress-
free layer. Based on the investigation by ZHU et al [25],
it was assumed here that the stress-free layer on the
cross-section of the duplex coatings should be the
transition layer between the inner layer Ni—P and outer
layer Ni—-Mo—P. It is well known that phosphorus has a
low solid solubility in nickel. When phosphorus content
exceeds the solid solubility limit in nickel, a high degree
of lattice disorder in a Ni—P alloy coating can be
produced and consequently lattice strain can be formed.
In general, the lower the P content, the smaller the lattice
strain will be [26]. According to the EPMA results
described earlier for the duplex coatings, the contents of
both P and Mo in the transition layer were lower than
those in the inner and outer layers, implying that the
resultant lattice strains were small. Therefore, the
assumption of the transition layer as stress-free reference
should be Figure 6(a) shows the
load—displacement curves of the six indentations which
were on the third column in Fig. 1(a) through-thickness
distribution for the duplex Ni—P/Ni—Mo—P coatings. It
was noted in Fig. 6(a) that under the fixed penetration
depth, the load applied to the 22nd indentation of the
third column, which is just located at the interface
between the inner and outer layers (Fig. 1(a)), was higher
than the other 5 indentations, which confirmed that the
residual stress states on the cross-section of the inner and
outer layers were all in tensile. This result was consistent
with the work from Ref. [25] that the maximum load on
the cross-section appeared in the stress-free position
under the penetration depth of 170 nm. Figure 6(b)

reasonable.

shows the unloading curves. It can be seen that the other
5 positions on the cross-section of inner and outer layers
shifted to the right side with respect to the stress-free
position, i.e., the generated elastic recoveries are smaller,
indicating that residual stresses on the cross-section of
the duplex coatings played an inhibition role for the
elastic recoveries during unloading, which further
confirmed that the residual stress on the cross-section
was tensile.

12
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Fig. 6 Load—displacement curves along cross-section at
penetration depth of 200 nm for Ni—P/Ni—-Mo—P duplex
coatings (a) and details showing movement of unloading

curves (b)

3.2.2 Quantification of residual stresses in Ni—P/Ni—-Mo—

P coatings

Calculation of residual stresses by nanoindentation
requires the knowledge of real contact area after
unloading. The indentation response of a coating on
substrate is determined by the elastic and plastic
properties of both coating and substrate. The basic
assumption of Oliver—Pharr method was that the contact
periphery sunk in, without considering the influence of
pile-up on contact area. However, BOLSHAKOV
et al [27,28] used a finite element method and found that
when the pile-up was small, the contact areas given by
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the Oliver—Pharr method matched very well with the true
contact areas obtained from the finite element analyses;
when the pile-up was significant, the Oliver—Phar
method underestimated the contact area by as much as
50%, resulting in errors in evaluation of residual stress
properties. Therefore, the Oliver—Pharr method is only
accurate for indentations with no significant pile-up or
sink-in. ZHU et al [18] proposed another method to
calculate real contact areas of pile-up materials. The
residual stresses in the case of a fixed depth can be
calculated based on the difference between the real
contact areas of stressed and unstressed samples by
analyzing the indentation load—depth data according to
the following equations [29]:
For residual tensile stress,

Ay
O'r =H (7 — (1)
For residual compressive stress,
H
O'T =— ( _ﬁj (2)
sin A

where A and Ajare the projected contact areas with and
without residual stress (o,), respectively; H is the
hardness of the Ni—P/Ni—Mo—P coatings, determined by

89.8 nm
-14.9

the measurements of nanoindentation tests. The value of
sina is a geometric factor, where a is related to the
indentation angle of the indenter. For a Berkovich
indenter, a=24.7° and sin 0=0.418. In the present study,
the residual stresses in the Ni—P/Ni—Mo—P coatings were
determined using the calculation method by ZHU
etal [18].

Figure 7 shows the AFM images of 2D and 3D
indentations for the Ni—P/Ni—-Mo—P coatings at the fixed
depth of 200 nm. A significant pile-up was observed on
the side of the indentation in Figs. 7(a)—(d). The light
area around the edges of triangles was the piled-up
material. OLIVER and PHARR [30] assumed that there
was always some sink-in when a material was indented
for several materials. Hence, the contact depth, 4, is
always less than the total indenter displacement, /qy.
However, when a material piles up, /. can be greater than
hmax- The projected contact area for the piled-up material
should contain the “extra” area formed around the edges
of the indentation. It can be seen from the AFM images
of the indentations in Fig. 7 that the piled-up material
formed an arc only along the sides of the triangle but
not at the corners. This is consistent with the assumption
of the “true” contact area equation, proposed by ZHU
etal [18].

Fig. 7 Typical AFM images of 2D and 3D indentation morphologies for as-plated Ni—P coating (surface) (a), as-plated Ni-Mo—P
coating (surface) (b), duplex Ni—P/Ni—Mo—P coatings annealed at 800 °C (surface) (c) and as-plated Ni—P/Ni-Mo—P duplex

coatings (cross-section) (d)



2506 Hong LIU, Dai-shu QIAN/Trans. Nonferrous Met. Soc. China 28(2018) 2499—-2510

Height/nm

5 10

20 25 30

Lateral distance/um

Fig. 8 Cross-sectional profile of indentation at fixed depth of 200 nm for duplex coatings annealed at 800 °C

A=14175| —2 ——
120sin>(0/2)

9 ave 2
_3ctg§+\/§J(hmaX +h, )
A3)
where 6 can be determined using the following derived
formula in Ref. [18]:

1—cos(8/2 ave
x:3.765W(/2))(hmax+hp ) (4)
where the projected pile-up height (x), the average
pile-up height (/") around the three sides of an
indentation and the maximum depth (/.. can be
obtained from load—
displacement curves of an indentation. In the present

cross-section profile and

study, the cross-section profile of an indentation was
acquired using AFM with Nanoscope Analysis software.
Figure 8 shows the cross-section profile of the duplex
coating annealed at 800 °C. Based on the calculation
method by ZHU et al [18] for the real contact area of the
pile-up material and the hardness value measured by the
nanoindentation as well as Eqgs. (1) and (2), the residual
stresses for the coatings were determined. For the single
as-plated Ni—P and Ni—-Mo—P coatings as well as duplex
Ni—P/Ni—Mo—P coatings, the values were 241, 257 and
206 MPa, respectively. Compared with other work [31]
the residual stress of the electroless plated Ni—8.7P
coating deposited over Al films on Si substrate was
calculated using the Stoney’s equation, the value was
220 MPa in tensile state, the values calculated in our
work were reasonable.

3.3 Corrosion resistance of Ni—P/Ni—Mo—P coatings

The corrosion processes of Ni—P/Ni—Mo—P coatings
in HCI solution involve two forms of corrosion, uniform
corrosion and pitting corrosion. The uniform corrosion is
caused by dissolving Ni in the presence of H' in HCI
solution [32]. The pitting corrosion is the result of
preferential adsorption of CI” on the weak sites of the
coating surface. The weak sites refer to nodular
boundaries and porosity [33].

In this work, the corrosion resistance of the

Ni—P/Ni-Mo—P coatings in 10% HCI solution was
investigated by linear sweep voltammetry (Fig. 9) and
potentiodynamic polarisation (Fig. 10) as well as
morphological observation by SEM after the polarisation
tests (Fig. 11).

Figure 9 shows typical LSV curves for the
Ni—P/Ni—Mo—P coatings measured at the vicinity of the

@ocp. Linear polarisation resistance (R,) can be
calculated using the following equation:
Ag
=27 5
Ry =" 5)

Ap—0

where Ag is the polarisation potential and AJ is the
polarisation current density. The values of R, calculated
from the curves in Fig. 9 are listed in Table 2.

-0.17F
—A— Ni-P
-0.18} —*— Ni-Mo-P Jrx*
—e— Ni-P/Ni-Mo-P *.*-**
ke
Z -0.19} Sl
5 * ‘k‘*'*
& -0201
~ [
an " ..0
< 021t oo-?
N .Q...
® A
S 022+ ..o". _AA.A.AA.A-A
AA
023} pakast
A-A-

6 -4 2 0 2 4 6 8
JI(107%A-cm™)
Fig. 9 LSV curves measured in 10% HCI solution at vicinity of
open-circuit potential for Ni—P/Ni—Mo—P coatings

Table 2 Potentiodynamic polarisation data of Ni—P/Ni—-Mo—P
coatings in 10% HCI solution

Peorr (V8 Ag/AgCl)/ Jeor! Ry

Sample 6 5 =

\Y (10°A-cm °) (Q-cm °)

Ni-P —-0.232 8.87 2090
Ni—Mo—-P -0.212 17.09 2130
Ni—P/Ni-Mo—P —-0.229 6.58 4625
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Fig. 10 Polarisation curves measured in 10% HCI solution from

=600 to 800 mV (vs ¢pocp) for Ni—P/Ni—-Mo—P coatings

Potential (vs Ag/AgCl)/V
S

3.3.1 Comparison of single Ni—P coating and single
Ni—Mo—P coating

Generally, increasing P content in Ni—P based alloy
increases in corrosion resistance with higher polarisation
In this work, the single Ni—Mo—P
coating with a lower P content of 6.5% presented a
slightly higher R, of 2130 Q/cm’* compared with the R,
of 2090 Q/cm” for the single Ni—P coating with a higher
P content of 9.1%. The result may suggest that the
contribution of codeposition of Mo into Ni—P coating to

resistance [34].

the increase in R, was more significant than that of
increasing the P content. This may be related to the
addition of Mo increases the pitting potential of Ni—P
coatings. Figure 10 shows the polarisation curves for the
Ni—P/Ni—Mo—P coatings recorded from —600 to 800 mV
(vs @ocp). The electrochemical parameters including
corrosion potential and corrosion current density for the
coatings are summarised in Table 2. In principle, the
increase in the polarisation resistance implied the
decrease in the corrosion current density. However, the
single Ni—P coating had a lower corrosion current density
of 8.87x10° A/cm” than the single Ni-Mo—P coating of
17.09x10°  A/em®. The
observation of the coating surfaces by SEM, as shown in
Figs. 11(a) and (b), revealed a significant difference, in
which the single Ni—P coating remained the integrity of
the coating after the polarisation, but the single
Ni—Mo—P coating was partially spalled off exposing the

corrosion  morphological

steel substrate. To explain the difference, the residual
stresses must be considered. As described earlier, the
residual stress for the single Ni—P coating was
compressive, while it was tensile for the single Ni-Mo—P
coating. The presence of tensile stress may have a
detrimental effect on localised corrosion by promoting
the growth of the pits that were initiated by adsorption of
the Cl at the nodular boundaries and developing

corrosion-initiated cracking. As a result, it led to partial
spallation of the coating as observed for the single
Ni—Mo—P coating. On the contrary, the presence of
compressive stress might be capable of suppressing the
growth of the pre-existing pores and impeding the
development of cracks from the pre-existing pores in the
coating and blocking the pathway of corrosive agents.
Therefore, it was believed that the corrosion process of
the single Ni—P coating with residual compressive stress
was dominated by uniform corrosion with retaining the
integrity of the coating; the corrosion process of the
single Ni-Mo—P coating with tensile stress was mainly
controlled by pitting corrosion, and corrosion-initiated

0051015202530354045
E/keV

Fig. 11 SEM images of single Ni—P coating (a), single
Ni—Mo—P coating (b) and duplex Ni—P/Ni—-Mo—P coatings
with EDS spectrum (c) after polarisation tests in 10% HCI

solution
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cracking. In addition, it was worth considering a possible
influence from the phases. As described earlier, the
single Ni—P coating consisted of amorphous phase, but
the single Ni—-Mo—P coating consisted of amorphous
Ni—-Mo—P and nano-crystalline Ni—-Mo zones [21].
Therefore, it might be deduced that the amorphous
nature, with the absence of grain boundaries, dislocations,
kink sites and other surface defects, in the Ni—P coating
was beneficial to corrosion resistance.
3.3.2 Comparison of single Ni—-Mo—P coating with
duplex Ni—P/Ni—Mo—P coatings

Compared with the single Ni-Mo—P coating, the
duplex Ni—P/Ni—-Mo—P coatings exhibited a higher
polarisation resistance (4625 Q/cm?) and a lower
corrosion current density (6.58x107° A/cm?), suggesting
better detailed
corrosion processes observed from the polarisation
curves in Fig. 10 appeared rather complicated involving
both uniform and pitting corrosion processes as well as
the effect of the hypophosphite layer. Although the
duplex Ni—P/Ni-Mo—P coatings had less
structure than the single Ni—-Mo—P coating with a
nodular structure, the duplex coatings had much higher
porosity as shown in Figs. 4(b) and (c). Such pre-existing

resistance to corrosion. However,

nodular

porosity in the coating provided preferential sites for C1”
adsorption which led to more severe pitting corrosion.
Therefore, the current densities on the anodic branch for
the duplex coatings were higher than those for the single
Ni—Mo—P coating which had much less or no porosity
observed. However, as observed in Figs. 11(b) and (c),
after polarisation, the duplex coatings remained integrity,
but the single Ni-Mo—P coating was partially spalled off.
This can be explained by the residual stresses. As
described earlier, the duplex Ni—P/Ni—-Mo—P coatings
had a compressive stress and the single Ni-Mo—P had a
tensile stress. Although the pre-existing porosity in the
duplex coatings resulted in higher degree of pitting
corrosion, the presence of the compressive stress
impeded the corrosion propagation and prevented the
formation of corrosion-cracking around the pits.
Therefore, the coating remained integrity. For the single
Ni—Mo—P coating, the adsorption of CI on the nodular
boundaries resulted in the formation of pitting corrosion
and, due to the presence of tensile stress, the corrosion
cracking around the pits could be rapidly expanded,
leading to spallation of the coating.

In addition, from the polarisation curves in Fig. 10,
it was noticed that in the anodic polarisation region of
the duplex Ni—P/Ni—-Mo—P coatings, i.e., between
potentials of 0.23 and 0.43 V, a passivation phenomenon
with a passive current density of about 0.015 A/cm” was
observed and the passivation potential range reaches

200 mV. The passivation behaviour was believed to be
related to the formation of hypophosphite layer on the
coating surface. The EDS analysis (Fig. 11(c)) on the
duplex coatings surface after polarisation showed an
increased content of P to 12.7% and no detection of Mo,
indicating that the corrosion had completely removed the
Ni—Mo—P outer layer by comparing with the original
Ni—4.1Mo—6.5P coating. Therefore, under this condition,
it was possible to form a hypophosphite layer which was
protective. This was also reported in Ref. [31]. On the
other hand, the presence of the residual compressive
stress may also contribute to the compactness and
completeness of the layer, preventing the hydration of
nickel leading to the passivation.

For the single Ni-Mo—P coating, although it was
also possible for the formation of hypophosphite layer,
the presence of tensile stress on the coating may have
detrimental effect on its completeness, which had much
less passivation as observed in Fig.10.

4 Conclusions

1) The single Ni—P coating and the duplex
Ni—P/Ni-Mo—P coatings exhibited the
compressive stresses of 241 and 206 MPa respectively,
while the single Ni-Mo—P coating exhibited the residual
tensile stress of 257 MPa.

2) The stress states affect the corrosion form of

residual

coatings. The corrosion process of the single Ni—P
coating was dominated by uniform corrosion due to the
presence of compressive stress, while the corrosion
process of the single Ni-Mo—P coating was mainly in the
form of pitting, which was adversely affected by the
tensile stress.

3) The duplex Ni—P/Ni—Mo—P coatings showed
better corrosion resistance than their respective single
coating. The presence of the compressive stress on the
duplex Ni—P/Ni—Mo—P coatings prevented the expansion
of corrosion-cracking around the pits, and promoted the
compactness and completeness of the hypophosphite
layer which acted as passive protection at high potential
range during anodic polarisation.
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