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Abstract

Ternary Ni-B-Mo coatings are prepared using various coating compositions
through the chemical deposition method. AISI 1040 steel specimens are used as
the substrate to develop coated layers. The chemical solution compositions are
varied to understand their impact on coating behaviours. A three-electrode-based
potentiostat is applied to determine corrosion behaviour. The experiments are
carried out in a 3.5 wt. % NaCl solution. All the coated surfaces displayed a surface
morphology resembling cauliflower. The coated layer thickness increased from 13
to 42 um. The boron content increased with NaBH, concentration, resulting in an
enhancement in corrosion behaviour. The electroless Ni-B coatings usually become
rough, leading to corrosion resistance deterioration. While the molybdenum
concentration does not significantly impact boron content, it deteriorates the
corrosion resistance at its higher concentrations due to rougher surface
morphology. The performance against corrosion at level 1 is worst due to cracked
surface morphology, while the same performance is best at level 3 concentrations.

1. Introduction

AISI 1040 steel is commonly used in a range of
industrial applications because of its superior
mechanical properties, affordability and ease of
manufacturing. However, one of the significant
challenges associated with AISI 1040 steel is its

susceptibility to corrosion under certain
environmental conditions. Corrosion can
significantly damage components, leading to

structural weakness, loss of functionality and
ultimately, economic losses. Hence, steel-made
components are to be protected from corrosion. A
different variant of coatings comes into play in
such situations. Different types of coatings protect
different base metals against various harsh
environments from damage. These variants of
coatings are wusually applied through various
techniques such as electrodeposition, PVD, CVD
and electroless methods. In this context,
electroless coatings can be applied on metal or
non-metal substrates with complicated and sharp
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edges. Such advantages make the electroless
coatings more favourable than other coating
deposition techniques. Electroless Ni-B (ENB)
coatings usually have very good physical,
mechanical and tribological properties.

Electroless process or autocatalytic plating,
involves the controlled application of metal
coatings onto substrates through a chemical
reduction process without the need for an external
electrical power source. The hard Ni-B-based
coatings are developed through the electroless
process to achieve plain surfaces and enhance
tribomechanical behaviour  and corrosion
resistance. The same method is also used to
deposit Ni-B (ENB) coating, renowned for its
tribological behaviour [1-3]. Electroless Ni-P
coatings are well-regarded for their mechanical
characteristics [4]. The deposition of elements like
boron or phosphorus with nickel-based coatings
increases the hardness of steel-made components
[4,5]. The addition of boron and molybdenum with
nickel during electroless plating imparts
exceptional tribo-mechanical behaviour, making
them highly desirable for various engineering
applications.
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The properties of chemically deposited coatings
are usually changed due to alteration of
composition [1,5,6]. It may further be changed
through heat treatment [7]. The as-deposited ENB
coatings usually possess an amorphous phase,
which transforms into a crystalline phase after
annealing [5,6,8]. This transformation is different
for different coating compositions [7,8]. The ENB
coatings usually exhibit a nanocrystalline phase if
the amount of boron is less than 4 wt. %, which
becomes amorphous upon an increase in boron
more than 6.5 wt. % [8]. These modifications may
result in changes in characteristics [6,9]. These
changes in composition and phase structure lead
to changes in tribo-mechanical behaviours of the
coated layers applied over different substrate
metals [9]. Similarly, the surface hardness usually
follows the boron content in borohydride-reduced
coatings [10], and it increases further upon
annealing [10] due to the development of hard
Ni,B and Ni3B phases [11-13].

The coated specimens developed with hard
particles like W, Mo and ENB coating matrices have
been deposited to study different properties [13-
16]. The deposition of Ni-B-Mo coated layers is an
important process in surface engineering. The Ni-
B-Mo coatings showcase a uniform surface with
cauliflower-like morphology [13]. The corrosion
behaviour of Ni-B-Mo coated untreated specimens
is enhanced upon phase transformation from
amorphous to crystalline, and it is enhanced
further due to annealing up to 550 °C [13]. The Ni-
B-Mo coating exhibits thermal stability till up to
400 °C, as indicated by the unchanged surface
hardness [13]. A comparative corrosion resistance
of ENB-based binary and ternary coatings has been
carried out in previous studies, which show that
Ni-B-Mo coatings possess better corrosion
behaviour than Ni-B and Ni-B-W [17]. On the other
hand, the addition of hard nanosize ZrO,, Al,O3 and
TiO, may also change the coating characteristics. It
is noticed that surface hardness and modulus of
elasticity of ENB coatings are enhanced, possibly
with grain refinement [16,18,19]. The electroless
coatings are also deposited along with different
nanoparticles like TiO, and Al,O; to characterise
based on various tribo-mechanical behaviours
[20,21]. Electroless coatings are also being
developed with or without the use of stabilizers
[22,23].

Therefore, it becomes evident from the
preceding literature studies that the behaviour of
coatings is contingent upon factors like chemical

composition, morphology, phase structure, etc.
These characteristics, in turn, are influenced by
heat treatment conditions. Additionally, chemical
bath composition significantly impacts coating
properties. The introduction of various elements
with differing concentrations into the coating bath
alters its composition, subsequently affecting the
coating properties. However, the corrosion
behaviour of autocatalytically developed Ni-B-Mo
coatings has not been explored much, especially
changes in corrosion resistance due to variations in
coating bath composition and the impact of bath
parameters. The previous study also explored only
the variation in corrosion resistance of three
different  variants of coatings at three
concentration levels [17]. However, the
significance of individual parameter concentrations
is not clear from that study [17]. Hence, there
remains a need to analyse the impact of bath
parameter concentrations on the corrosion
resistance of untreated Ni-B-Mo coatings.

Hence, the current study is directed towards
the development of Ni-B-Mo coatings with
different bath parameter concentrations to
analyse their importance on corrosion resistance.
The bath elements, i.e. NiCl, and Na,MoOQ, supply
Ni and Mo ions, respectively. NaBH4 serves as the
supplier of boron and the reducing agent. The
investigations carried out in this study aimed to
analyse and represent the impact of these
parameters on corrosion resistance.

2. Coating development and investigation
process

2.1 Coating development

Before starting the autocatalytic deposition
process, the specimens are prepared using
different methods. Finally, the substrates having
smooth and defect-free surfaces are picked to
deposit coatings over them. Initially, the substrates
are cleaned with plain soap and water to remove
dirt and then degreased with acetone. The
substrates are further cleaned to obtain a rust-free
or oil-free surface and then rinsed with deionized
water. Now, the specimens are ready for final use,
and they are further dunked into a half-heated
PdCI, solution just before dipping the specimens
into the chemical solution. AISI 1040 steel
substrates are coated with Ni-B-Mo using the
electroless technique, which may be seen in detail
in the previous article [8].
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Table 1. Coating bath compositions

Coating bath element Function Level 1 | Level 2 | Level 3 | Level 4 | Level 5
NiCl,, g/I source of Niion 10 15 20 25 30
NaBH,, g/! reducing agent; source of B ion 0.40 0.60 0.80 1.00 1.20
Na,Mo0Q,, g/l source of Mo ion 15 20 25 30 35
CyHgNy, g/l complexing agent 59

NaOH, g/l buffer 40

Pb(NOs),, g/l stabilizer 0.0145

The elements of the coating bath and the
concentration ranges are displayed in Table 1. The
coating is deposited with five different
concentration levels and with varying
concentrations of each parameter, as mentioned in
Table 1. The concentrations of other parameters are
maintained at Level 3 values, while each parameter
is varied from Level 1 to Level 5. The chemical bath
temperature is maintained at 85 °C and the pH is
monitored intermittently to keep it at 12.5. The
flat specimens' dimensions were 15 x 15 x 2 mm®.
Initially, the surface morphology and chemical
composition were checked to ensure the effective
application of coatings. A total of 4 hours was
provided to deposit a thicker coated layer.

2.2 Characterisation

The coatings must be checked just after
deposition to confirm the successful deposition.
This was done through basic characterisation.

The coating thickness and morphology are
analysed through a Hitachi S-3400N scanning
electron  microscope (SEM) at different
magnifications. The set-up consists of a secondary
electron detector, and the tests are conducted at
10— 15 keV. The coatings are initially checked for
thickness, which gives an idea of their successful
deposition. The coated layer thickness is computed
from the mass gain.

The coating composition also needs to be
studied to ensure the further deposition of major
elements, and it is done with Carl Zeiss Sigma
energy-dispersive X-ray spectrometer (EDAX),
which is operated at 10 keV.

The coating elements attach to the substrate
surface and may remain present in different
phases. The same phase structure is studied using
Bruker D8 ADVANCE X-ray diffractometer (XRD) at
a diffraction angle of 20 — 90°.

It is also necessary to study the surface texture
of the coatings as it can also contribute to their
corrosion behaviour. Hence, it is studied using a

Taylor Hobson Surtronic 3+ profilometer. The set-
up uses a diamond-made stylus that can move
over the surface. The stylus tip has a radius of 5
pum, and the sampling length is 4 mm. The tests are
conducted on three locations of the same
specimen, and the average value of the
arithmetical mean height Ra is presented.

The corrosion behaviour is investigated through
a three-electrode-based ACM Instruments Gill AC
potentiostat. The potentiostat uses two different
methods. The details of the method employed in
the current study are also elaborated on in a
previous article [8]. The potentiostat used to
perform the test employed an auxiliary electrode
(AE), reference electrode (RE) and working
electrode (WE), as mentioned in Figure 1. The AE
facilitates the flow of applied current through the
solution. The RE is used as a reference to measure
the potential difference, and the WE, i.e. the
specimen, is used as the working electrode. Only 1
cm’ of WE is exposed to the 3.5 wt. % NaCl solution.

A settling time of 15 minutes was provided for
the open circuit potential to be steady. The set-up is
accompanied by a computer that records the data.
The software Analysis (ACM Instruments) provided
with the set-up is employed to study the corrosion
results and obtain different plots from the recorded
data of potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS) tests.

Auxiliary Electrode (AE) / Platinum Electrode

Reference Electrode (RE) /
Saturated Calomel Electrode

Working Electrode [l
(WE) / Substrate

Potentiostat

Display of EIS and
PDP Test.Data

3.5% NaCl Solution Inside

Figure 1. Corrosion test set-up
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Figure 2 shows the equivalent circuit diagram
for ideal and non-ideal behaviours used during the
EIS test under the current study. The Ry,
represents the resistance between the WE and RE.
Figure 2b contains CPEy, which represents the
double-layer capacitance for non-ideal behaviours
[8]. The resistance experienced by the electrons
during the transfer is termed as charge transfer
resistance (R). The same is also shown in Figure 2.

Ret
(a) Ryol
= (I —O
Equivalent Circuit of EIS lE
for Ideal Behaviour Cdl
Ret
(b) Rgo1
o (D —0
Equivalent Circuit of EIS lﬂ

for Non-ideal Behaviour IlCPEdl

Figure 2. Equivalent circuit diagram for: (a) ideal
behaviour and (b) non-ideal behaviour

The corrosion test mechanism is elaborated in
Figure 3. The potentiostat in the corrosion test
provides a positive voltage to the WE relative to
RE. The anions potential is drawn towards the WE
surface by the positive voltage. The solvent
molecules around it come in touch with it once the
anions get close to the electrode surface to form a
capacitor. The electrochemical cell contains two
oppositely charged electrodes set apart by a
corrosive solution. This resembles a capacitor,
which also contains two oppositely charged
electrodes set apart by dielectric materials. Once
the WE comes in touch with the corrosive medium,
two layers of opposite charges form at the interface,
which is called a double layer, as presented in Figure
3. Another electrode, termed an AE, remains
present in the electrochemical cell. The AE is applied
to polarise the RE. The AE can also be considered a
source or sink of electrons for the reactions
occurring at the working electrode surface.

Double Layer
Capacitance

l

Electrolyte Solution Coating Layer

]
g
&
7
2
]
@
=
3
]
K
L1

Charge Transfer
Resistance

Electrolyte Resistance

Figure 3. Corrosion test mechanism

The potentiostat contains a metal electrode on
one side, which is the coated specimen, and a
water-based electrode on the opposite side, which
is the NaCl solution. Once a metal electrode comes
in contact with the electrolyte, the ions in the
electrolyte are absorbed into the working
electrode surface. In Figure 3, the electrons or
negatively charged ions are absorbed at the
working electrode. Just after that, the ions with
opposite charges come close to it to develop a
double layer. Hence, it acts as a capacitor, and the
corresponding capacitance is called double-layer
capacitance (Cy). At sufficient potential, the
electrolyte can take electrons or release them,
while the metal can come out from the working
electrode and dissolve into the electrolyte or
deposit over the working electrode. If any of these
happens, this type of reaction is called an
electrochemical reaction. This electrochemical
reaction also gives rise to current, which can give
rise to resistance, and it is called impedance.

3. Analysis of results and discussion

3.1 Coating thickness

The untreated coatings are first checked for
successful application of layers. Earlier reports
suggest that Ni-B coatings deposited in an
autocatalytic process, containing approximately 5
wt. % boron generally exhibit a density of about
8.25 g/cm3 [24]. Hence, considering the same
density and uniformly coated layer, the mass gain
is used to calculate the thickness. The same is also
measured using SEM. Both results are in good
agreement.

The coated layers observed under SEM are
recorded in image form for each level of
composition. However, only one is displayed in
Figure 4a. The other layer thickness data are
plotted against bath concentration level, which is
shown in Figure 4b, showing an increasing trend
with bath concentration level. The concentration
of NaBH, increases with the bath concentration
level. The objective of NaBH, is to take out metal
ions. Therefore, the higher amount of NaBH, is
expected to pull out extra metal ions, which means
acceleration in the reduction reaction, and it leads
to more metal ion extraction, resulting in an
increase in  coating thickness with bath
concentration level.

Figure 4a also shows some columnar structure,
which is very often seen in borohydride-reduced
coatings [8,10,25,26]. The chemical salts in the
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Figure 4. Coating thickness: (a) SEM image of coating
thickness and (b) comparative coating thickness plot

chemical solution start reacting at a specific
temperature around 70 °C, which is higher than
room temperature [27,28]. The reduction reaction
accelerates because of the temperature rise. The
metal ions start depositing at the substrate surface
at different nuclei points, and they grow gradually
with time in a vertical direction. The deposition of
metal ions in the vertical direction makes it a
columnar structure. The uniform distribution of
the columnar structure ultimately forms a
cauliflower-like morphology.

3.2 Surface morphology

The successful application of coatings s
confirmed by mass gain and thickness observation.
The surface morphology observation results are
recorded as SEM images and displayed in Figure 5.
Overall, coated surfaces appear to be bright at
lower concentrations, but they contain some
cracked morphology, as detected with SEM and
demonstrated in Figure 5a. The same coated
surfaces become grey-coloured and darker with

increased bath concentration levels [5,11].
Moreover, the Ni-B-Mo coatings contain a
cauliflower-like morphology formed due to the
uniform distribution of nodules. The earlier reports
[1,2,26,29] also suggest the same trend. The
nodular morphology is known to favour the
improvement in tribological behaviour. Hence, it is
widely applied for tribological applications as it
reduces the real contact area and decreases the
coefficient of friction [1,29]. As mentioned earlier,
the extracted metal ion deposition begins at various
nucleation sites of the substrate surface and
restricts the growth in the side direction. Hence, it is
forced to deposit the ions along a vertical direction,
forming a columnar structure and ultimately
resulting in a cauliflower-like morphology [8,27].

The addition of Mo into the Ni-B coating
resulted in the development of high stress.
Different thermal expansion coefficients of the
substrate and coated layer may also develop
stress, resulting in cracked morphology. While the
concentration level increased, more metal ions
were extracted, and a thicker coated layer was
deposited. The higher amount of metal ions might
have made a closely packed coated surface with a
uniform distribution of nodules. The thicker coated
layer might be able to resist the high stress and
form a compact, uniform surface. However, the
compact surface also possesses some surface
boundaries. The coated surfaces contain
comparatively more compact surfaces compared to
Level 1. However, the surfaces developed at Level
4 and Level 5 possess wide surface boundaries. The
surface crack and surface boundaries are very
much prone to corrosion attack.

3.3 Coating composition

The presence of major elements like Ni, B and
Mo are checked and confirmed through EDAX. The
EDAX results obtained for five different bath
concentration levels are shown in Figure 6. The
existence of these elements is supported by the
presence of the sharp peaks in all EDAX spectrums
corresponding to Ni, B and Mo. The EDAX also
detects and records the amount of these elements
in the coatings, which is given in tabular form for
each level. It depicts that the coating at Level 1
contains 91.70 wt. % nickel, 3.70 wt. % boron and
3.10 wt.% molybdenum. The amount of these
elements in the coating varies with bath
concentration level. The presence of both boron
and molybdenum is found to increase with bath
concentration level.
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Figure 5. SEM images of Ni-B-Mo coatings obtained at

coating bath concentration of: (a) Level 1, (b) Level 2,
(c) Level 3, (d) Level 4 and (e) Level 5
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Figure 6. EDAX result of the Ni-B-Mo coatings
obtained at coating bath concentration of: (a) Level 1,
(b) Level 2, (c) Level 3, (d) Level 4 and (e) Level 5
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As discussed earlier, a change in NaBH,
concentration may impact the formation of
coatings with a change in its basic features, which
may ultimately change coating behaviours. The
boron content in the coatings improved with
NaBH, [6,26]. The sodium molybdate and sodium
borohydride concentrations are increased with
increased concentration levels, which means Mo
and B ions are also improved. Hence, this rise in
the respective ions ultimately leads to an increase
in their presence. The rise in NaBH, content also
accelerates the reduction reaction process and
extraction of a higher amount of metal ions. This
higher amount of metal ions may be correlated
with the improvement in boron and molybdenum
content in the coatings.

Conversely, the increase in boron and
molybdenum contributes to a diminution in nickel
content in the coatings [8,26]. The nickel content
has decreased from 91.70 to 86.10 wt. %. On the
other hand, the boron content is increased from
3.70 to 6.50 wt.% and the molybdenum also
increased from 3.10 to 4.90 wt.% with the
increased concentration from Level 1 to Level 5.
However, the presence of molybdenum is lower
than that of boron, which is aligned with previous
studies [26]. The EDAX results also contain certain
peaks of Fe and O, which confirm their presence in
the coatings but not a very insignificant amount
and hence may be neglected.

3.4 Phase structure

The coated layer adheres to the substrate
surface and exits in different phases. The
presence of these phases is identified through
XRD and the obtained XRD patterns are presented
in Figure 7. The XRD patterns may contain hump
or sharp peaks in it. The hump is an indication of
the amorphous phase and the sharp peak
corresponds to the crystalline phase. If the hump
and sharp peaks both exist together in an XRD
pattern, then it indicates the coexistence of both
phases.

The XRD spectrum of as-deposited Ni-B-Mo
coated specimens until Level 2 contains only a
hump and a sharp peak at 45°, and it affirms the
coexistence of an amorphous-crystalline phase
[6,25]. The sharp peak at 45° corresponds to the
crystalline phase of Ni (111) [13]. The XRD
spectrum of the same coating also contains two
more sharp peaks at 65 and 83° [9,30]. Those
sharp peaks are nothing but the crystalline peaks
of Fe.

As-deposited

Ni-B-Mo Coatings
Level 1
Level 2
Level 3
Level 4
Level 5

Intensity (Arbitrary units)

B

1 I 1 I 1 I 1 I I I 1 I 1
20 30 40 50 60 70 80 90
Diffraction Angle (20°)

Figure 7. XRD pattern of as-deposited Ni-B-Mo
coatings

The hump flattened slightly at Level 3, and it also
possesses a similar peak at 53°. The flattening of
the XRD pattern indicates the conversion of phase
towards the amorphous phase. The sharp peak at
53° also represents the crystalline phase of Ni (200)
[13]. The untreated Ni-B-Mo coated specimens
developed up to Level 3 possess the amorphous
and crystalline phases together [13], though the
crystallinity decreased as the bath concentration
level increased. It has been reported previously
that ENB coatings display a similar trend [13].

Generally, the ENB coatings with 4 wt. % boron
content or lower contain crystalline and
amorphous phases [6,31]. It is also reported that
the rise in boron in ENB coatings promotes
amorphous phase formation [32]. The sharp
crystalline peak diminished with bath
concentration level [6,27]. The boron content is
also improved with bath concentration level. The
ENB-coated specimens having boron content
higher than 6.5 wt. % generally encourages the
development of the amorphous phase by
restricting the nuclei formation [32]. The untreated
Ni-B-Mo coated specimens are noticed to contain
3.70 wt.% boron at Level 1, which gradually
increased to 6.50 wt.% at Level 5. Similarly,
molybdenum content also increased from 3.10 to
4.90 wt. % with the increased bath concentration
level. It is also reported that the addition of
molybdenum into the coating promotes
amorphous phase development as it restricts
nuclei formation [33]. Hence, the increased
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concentration of molybdenum and boron favours
amorphous phase formation. On the other hand, a
lower amount of boron and molybdenum is the
reason for the existence of the amorphous-
crystalline phase.

The peak corresponding to Fe is detected in
both the EDAX and XRD results. Characterisation
methods like EDAX and XRD are direct and
straightforward [30]. The results obtained from
these methods may vary depending on different
elements like coating thickness, surface roughness,
etc. [30]. The coated layer thickness at Level 1 is
minimal, and it also contains cracked morphology.
Hence, the lower coating thickness with cracked
surface morphology conforms to the presence of
Fe in EDAX and XRD patterns.
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3.5 Surface roughness

Once the coatings are characterised based on
their basic features, the coated surfaces are
checked for surface roughness, as it may play a
vital role in deciding their corrosion behaviour. The
variation in arithmetical mean height (Ra) value is
observed and recorded against bath concentration
level and each varying bath parameter. The results
of those observations are presented in Figure 8.
The Ra value of uncoated specimens is 0.285 um.

It is seen that the coated surface becomes
smoother compared to the uncoated one when
the coatings are produced with Level 1 of bath
composition, as may be seen in Figure 8a. The
surface roughness continues to increase with a
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Figure 8. Surface roughness variation with the concentration of: (a) coating bath, (b) NiCl,, (c) NaBH,4 and
(d) NaMoO,
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further increase in bath concentration level. The
trend of surface roughness with NiCl, variation is
demonstrated in Figure 8b. The Ra value slightly
increased with NiCl, concentration of 25 g/l and
then decreased. However, this change is not very
big, especially within the 15-25 g/l range.
Nevertheless, the surface roughness remained
higher than the uncoated specimen within its
working range. The NiCl, concentration ranges
from 10-30 g/l. Hence, the increase in NiCl,
concentration might have dominated the coating
deposition and partially redistricted the rougher
surface formation.

The NaBH, plays a vital role in extracting metal
ions and coating deposition. The surface roughness
trend with NaBH,; concentration is presented in
Figure 8c, and it is an increasing trend. The ion
reduction process accelerates due to an increment
in NaBH, concentration [1,2,34,35], leading to
random deposition of ions, resulting in a rougher
surface formation. Including molybdenum in ENB
coating is seen to develop cracked morphology,
resulting in a rougher surface formation. The
surface roughness variation with Na,MoO,
concentration is presented in Figure 8d, which
clearly depicts an increase in Ra value with
Na,MoO,; concentration throughout its working
range. Both NaBH, and Na,MoO, contributed to
the increase in surface roughness, which can be
correlated with the increase in roughness value
with the increased bath concentration level.

Overall, the surface roughness increased with
the bath concentration level primarily because of
the increased NaBH, and Na,MoO, concentrations.
Firstly, NaBH, is a reducing agent and source of
boron ions. The main objective of NaBH, is to
extract metal ions in the chemical solution. Hence,
the ion reduction rate should increase with its
concentration increase and deposit them over the
steel substrate randomly, resulting in a rougher
surface  development [1,2,34,35]. Secondly,
Na,MoO, is included in the coating solution to
supply molybdenum ions, resulting in rougher
surface formation with some visible cracks [13,26].
The rougher surface development may be
correlated with the development of high stress
because of the inclusion of Mo in ENB coating [13,
26]. Thirdly, it is seen that the metal salts do not
interact under room temperature. Hence, it
becomes necessary to increase the coating bath
temperature since the reduction process is seen to
initiate at around 70 °C [27,28]. The same chemical
reaction gets faster with increased coating bath

temperature and stables at around 85-90°C
[35,36]. The ion reduction process reaches its peak
at the same temperature. Therefore, a higher
number of ions are expected at this temperature,
and they are supposed to attach to the substrate
randomly. This type of random and faster ions
deposition results in a rougher surface. The
temperature effect is not considered, as the
temperature is kept constant. Therefore, the
increased reduction rate and high-stress growth
due to molybdenum addition are perhaps linked to
the increased surface roughness. The
establishment of the rougher surface with cracked
surface morphology because of high-stress growth
is displayed in Figure 5a. Therefore, the surface
roughness result is in good agreement with the
characterisation results.

3.6 Corrosion resistance

The corrosion test results obtained from EIS and
PDP methods are presented with the help of the
Tafel and Nyquist plots, as shown in Figures 9 to
12. The data obtained from those plots are
presented in tabular form in Table 2. The Nyquist
plots typically contain a semi-circular loop. It
becomes bigger with the increase in corrosion
resistance and vice-versa [5]. The Tafel plot is
obtained considering the corrosion potential (Eor)
along the y-axis and the log value of corrosion
current density (/o) along the x-axis. The higher
value of E.,r and the lower value of /., indicate an
enhancement in corrosion resistance [37,38]. The
R+ and Cgy value is determined from the EIS test.
The higher value of R indicates better corrosion
resistance.

Figure 9 demonstrates the corrosion behaviour
of untreated coated specimens with bath
concentration level change. Figure 9 shows that
the corrosion resistance increases with the bath
concentration level up to Level 3. It deteriorates
upon further increase down to Level 5. The
corrosion behaviour of coated specimens usually
deviates due to different factors like coating
composition, surface morphology, texture, surface
crack, surface roughness, etc. [16]. The change in
composition, like an increment in boron into ENB
coatings, enhances performance against corrosion
[5,13,30]. The rougher surface texture or rough
surface, surface morphology with wide surface
boundary and surface cracks are the favourable
sites for corrosive medium to enter through it,
resulting in deterioration in corrosion resistance
[13,30].
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Table 2. Corrosion test results

EIS test PDP test Corrosion rate x
Parameter 4
Rex 10°, Qcm? | Cyx 107 F/em? |l x 107, mA/cm?|  Ecom, mV 107, mm/year
Variation in corrosion resistance with coating bath concentration level
Level 1 0.735 7.135 53.247 —-492.35 3.863
Level 2 1.041 0.165 25.219 —-469.15 2.696
Level 3 3.323 7.384 9.386 —-418.87 0.855
Level 4 1.739 5.954 19.579 —465.28 1.614
Level 5 0.751 6.486 49.532 —-492.35 3.783
Variation in corrosion resistance with nickel chloride concentration
10 g/I 1.271 4.014 54.240 -490.41 2.208
15 g/l 1.266 8.470 51.115 —485.79 2.217
20 g/l 3.323 7.384 9.386 —-418.87 0.085
25 g/l 2.675 13.310 18.866 —-450.43 1.049
30¢g/l 2.354 2.548 17.957 —-464.05 1.185
Variation in corrosion resistance with sodium borohydride concentration
0.40g/l 1.156 13.230 36.607 —-462.02 2.428
0.60 g/l 1.714 6.062 11.062 —454.43 1.638
0.80 g/l 3.323 7.384 9.386 —-418.87 0.085
1.00 g/l 0.677 6.096 73.832 —-478.26 4.144
1.20 g/l 1.090 3.394 42.841 —-478.21 2.575
Variation in corrosion resistance with sodium molybdate concentration
15 g/I 1.983 31.430 14.685 —-451.12 1.416
20 g/l 2.288 1.618 12.841 —454.43 1.066
25 g/l 3.323 7.384 9.386 —-418.87 0.085
30 g/l 1.633 16.250 19.963 —-472.93 1.638
35 g/l 1.086 3.510 35.502 —-478.21 2.585

The coatings obtained with Level 1 bath
concentration and the morphology presented in
Figure 5a show some visible cracks. The visible
crack is expected to permit the corrosive NaCl
solution to enter, lowering the coating's capability
to withstand corrosion. Figure 9a represents the
plot having two semi-circular loops at Level 1 bath
concentration, indicating that the NaCl solution
might have passed through the surface crack and
reached the substrate. The first loop depicts the
corrosion performance of the coated layers, and
the other loop is for the substrate material.
However, the surface becomes compact due to
further growth for bath concentration up to Level
3, as presented in Figures 5b and 5c. The coated
surfaces developed with bath concentration above
Level 3 are comparatively compact but possess
some wider surface boundaries, as may be seen in
Figures 5d and 5e. The wider surface boundaries

may have been exposed to NaCl solution, which
may have entered across the gaps. The penetration
of NaCl solution confirms a deterioration of
corrosion behaviours. However, the NaCl solution
failed to reach the substrate surface, which can be
confirmed by the presence of a single semi-circular
loop in the Nyquist plot.

The obtained EIS (R, and Cy) and PDP (E.,, and
leorr) test results are presented in Table 2, which
represents an increase in R, value with bath
concentration up to Level 3, and it decreased upon
further rise in level. The E., value increased, i.e.
E.orr value changed from —492.35 to —418.87 mV.
On the other hand, the /., value decreased from
53.247 to 9.386 mA/cm?. Both parameters indicate
an improvement in corrosion resistance. A higher
value of Ry and a lower value of Cy demonstrate
an enhancement in corrosion behaviour [8,13,16].
An increase in the E,, value and a decrease in the
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leorr Value is also a sign of improvement in corrosion
behaviour [8,13,16]. Hence, both the EIS and PDP
tests show similar results. Table 2 and Figure 9 are
well aligned with each other.
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The presence of boron in ENB-coated specimens
is seen to improve with NaBH, [5], and the NaBH,
content in the solution increased with bath
concentration level, which led to an improvement
in boron from 3.70 to 6.50 wt. %. The corrosion
behaviour of ENB-coated specimens is determined
by the presence of boron [5,6]. Therefore, a higher
amount of boron is expected to enhance the ability
to withstand corrosion. However, the inclusion of
Mo in ENB coating results in a rougher surface
caused by the development of high stress, which

ultimately reduces the corrosion resistance at
higher concentrations [8,13]. Initially, the ability of
Ni-B-Mo coated layers to withstand corrosion
increased, possibly because of boron content. The
same is seen to deteriorate upon further increase
in Na,MoOQO, content.

The fluctuation in corrosion behaviour due to
variation in NiCl, content is presented in Figure 10.
It demonstrates an improvement in the corrosion
behaviour of untreated Ni-B-Mo coated specimens
because of an increase in NiCl, from 10 to 20 g/I.
The corrosion behaviour deteriorates upon further
increase in NiCl, concentration up to 30 g/l.
However, the ability to withstand corrosion for the
coated specimens developed at 25 and 30 g/l
remained higher than the coating obtained with 10
g/l of NiCl,. Generally, corrosion resistance
deteriorates with increased Ra value. The Ra also
increased with NiCl, concentration, which is just the
opposite of the usual trend. The incorporation of
an increased NiCl, concentration might have filled
the gaps between the grain boundaries, resulting
in an enhancement in corrosion resistance.

However, the coated surfaces become
smoother  with increased nickel chloride
concentration from 25 to 30 g/l, probably due to
the smoothening of the surface upon the inclusion
of Ni ions. Conversely, increased NiCl,
concentration might have increased the Ni ions
and restricted the boron ion deposition. The
reduction in boron content usually results in a
reduction in the corrosion behaviour of boron-
based coated specimens. Hence, the deterioration
of corrosion behaviour with increased NiCl,
concentration is possibly due to a reduction in the
presence of boron. Overall, the untreated Ni-B-Mo
coated specimen developed at 20 g/l had the best
corrosion resistance, while the specimen
developed at 10 g/l had the worst.

The corrosion behaviour of untreated Ni-B-Mo
coated specimens developed by varying NaBH,
from 0.40 to 1.2 g/l is shown in Figure 11. It
demonstrates an improvement in corrosion
resistance with NaBH4 concentration from 0.40 to
0.80 g/l. With further increase in NaBH,
concentration, corrosion resistance decreases
below the corrosion resistance of 0.40 g/l
specimen. It is well known that the boron content is
followed by the corrosion resistance of ENB-based
coatings [5]. The presence of boron in ENB-based
coated specimens increases due to the increase of
borohydride concentration in the coating bath
[6,11]. The characterisation results also show a

48



M. Barman et al. | Tribology and Materials 4 (2025) 38-55

rising trend of boron due to increased NaBH,
concentration. However, the presence of NaBH,
increases the surface roughness, which may be
seen in Figure 8c, and it is supposed to worsen the
corrosion behaviour. The formation of the rougher
surface with increased NaBH, concentration may
be linked with the acceleration of the chemical
reaction process and random deposition of ions
[6,26]. The ability to withstand the corrosion of
boron-based coated surfaces usually increases due
to an increase in NaBH, concentration [6,11].
Therefore, this improvement in corrosion
behaviour up to 0.80 g/ of NaBH, can be correlated
with increased boron content and the deterioration
of corrosion resistance after 0.80 g/I of NaBH, may
be correlated with the rougher surface formation.
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The presence of boron and molybdenum in
coatings increased due to NaBH, and Na,MoO,
concentration, respectively, which is evident
from the EDAX results as displayed in Figure 6.
It is also noticed in Figure 8 that the surface
roughness also increases because of an increase
in NaBH, and Na,Mo0O, concentration. The
variation in corrosion resistance with Na,MoO,
concentration is shown in Figure 12, which
demonstrates an enhancement in corrosion
resistance up to Na,MoO, concentration of 25
g/l. The corrosion resistance is seen to reduce
with further increase of Na,MoO, concentration
up to 35 g/l. An increase in boron content in
ENB-based coatings usually improves coatings'
ability to resist corrosion attack [31]. On the
other hand, Ra value is also seen to increase
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with NaBH, and Na;MoO, concentration. The
increased NaBH,; concentration speeds up the
ion extraction process, resulting in a random
deposition of ions and a rougher surface
formation. The wider surface boundary or
rough surface texture usually favours the NaCl
solution to enter through the surface
boundaries, which is supposed to reduce
corrosion resistance. It is seen in Figure 5a that
the untreated Ni-B-Mo coated specimens
developed at Level 1 concentration possess
cracked morphology, which can act as an active
corrosion site. The same untreated Ni-B-Mo
coated surface turns into a rougher morphology
due to the incorporation of Mo in ENB coating,
ultimately decreasing its ability to withstand
corrosion [38].
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The presence of boron generally improves the
ability of coatings to resist corrosion attack by
restricting the entry of NaCl solution through
surface cracks or grain boundaries. Therefore, the
increased corrosion resistance up to Level 3 could
be linked to the higher amount of boron. The
untreated Ni-B-Mo coated specimens obtained at
concentration Level 3 possess closely packed and
uniform distribution of nodules, which is suitable
for resisting corrosion attack. A comparable
pattern of increased corrosion resistance has
been documented in earlier research [19,39]. The
untreated Ni-B-Mo coated specimens developed
at higher concentration levels possess some
cluster of nodules, which creates wider surface
boundaries. The rise in molybdenum and rougher
surface.  morphology with open surface
boundaries may have deteriorated the ability to
withstand  corrosion attack. The coating

developed at Level 1 concentration possesses
cracked morphology, resulting in a reduction in
corrosion performance.
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Figure 14. EDAX result of corroded surface obtained
at bath concentration Level 1

The untreated Ni-B-Mo coated specimens
undergone corrosion tests are also examined
under SEM. The SEM results are recorded in image
form, which is presented in Figure 13. It depicts
that the tested surfaces contain corrosion by-
products placed on top of an uncoated substrate.
The presence of those corrosion by-products is a
sign of corrosion attack.

All the coated surfaces contain some corrosion
by-products over the corroded surface. However,
coatings that developed a small amount of
corrosion  by-products with some spongy
appearance are the least affected ones. The same
surface may also be seen in Figure 13c. The
untreated specimens developed at Level 5

underwent a corrosion attack and are observed to
contain corrosion by-products with some corrosion
cracks, as presented in Figure 13e. Hence, the Ni-B-
Mo coating's capability to prevent corrosion attack
at Level 5 is the lowest compared to other variants.
The resistance against corrosion of borohydride-
reduced coatings varies with phase structure and

837K,
744K

651K

558K

465K b
37K

279K

186K P

[
093K

0.00K== -
000 080 1.60 240 320 400 480 560 640 720 800

Figure 15. EDAX result of corroded surface obtained
at bath concentration Level 2
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Figure 16. EDAX result of corroded surface obtained
at bath concentration Level 3

surface morphology [40]. It was reported earlier
that coatings with amorphous phases generally
show better resistance against corrosion attacks
compared to coatings with nanocrystalline phases
[1,40]. The amorphous nanocrystalline phase of
boron-based coatings with low boron s
transformed into an amorphous phase upon
increased boron content. This phase
transformation into amorphous may also
contribute to the ability to withstand corrosion
enhancement. Hence, the phase structure of the
coatings, shown in Figure 7, shows the changes in
phase and is well aligned with the corrosion test
results and the corroded surface SEM results.

The untreated Ni-B-Mo coated specimens with
corrosion compounds are investigated using EDAX
for chemical composition, which is presented in
Figures 14 to 18. The EDAX results represent the
peaks corresponding to the elements like Ni, B,
Mo, C, O, Na and Cl on the corroded surfaces. The
corrosion tests were conducted using the NaCl
solution. Hence, the peaks of Na and Cl in the
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Figure 17. EDAX result of corroded surface obtained
at bath concentration Level 4

corrosion by-products may be correlated with the
corrosive medium. The EDAX spectrum also contains
peaks corresponding to C and O. The entire Nyquist
plot contains a single semi-circular loop except the
one presented in Figure 9a. The single loop confirms
that the corrosive solution failed to penetrate
through the coatings and reach the substrate.
Hence, it can be concluded that the corrosion attack
remained limited to the coated layer only. The
EDAX tests are carried out using carbon tape,
which may be the source of C in the EDAX result.
The corrosion test findings and characterisation
findings are aligned well with each other. Therefore,
the Ni-B-Mo coated layer successfully prevented the
corrosion attack to safeguard the steel substrate.

4. Conclusion

The untreated Ni-B-Mo coated specimens are
developed at five different levels by varying the
concentrations of three different parameters to
analyse the impact of these parameters on
corrosion resistance.
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Figure 18. EDAX result of corroded surface obtained
at bath concentration Level 5

The cross-cut coating thickness is improved

from 13 to 42 um with increased bath
concentration level because of the acceleration in
the chemical reaction process with higher

borohydride concentration.

The untreated coated surfaces initially appear
bright and then become darker with an increase in
concentration level. They contain a uniform
distribution of nodules to form morphology
resembling cauliflower, which is very common in
boron-based coatings.

The presence of boron increased from 3.70 to
6.50 wt. % while the molybdenum content also
increased from 3.10 to 4.90 wt. %. Conversely, the
nickel content decreased from 91.70 to 86.10
wt. %.

The coated specimens developed at Level 1
possess cracked surfaces. The inclusion of Mo in
ENB coatings develops high stress, and increased
concentration of NaBH,; contributes to the
development of a rougher surface due to

accelerated chemical reaction. The Ra values range
from 0.23 to 0.86 um.

The corrosion resistance increases with the
increase of NaBH, and Na,MoQ, concentrations up
to their mid-level values, resulting in the best
corrosion resistance behaviour at Level 3. The
corrosion resistance declined with a further
increase in concentrations of NaBH, and Na,MoO,
due to rougher surface formation and cracked
morphology, respectively.
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