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Halloysite nanotubes (HNTs) and their modifications with either NH, (HNT-NH,) or NH,/
Polypyrrole (HNT—NH,—PPy) were electroless-deposited into the NiP matrix for the first
time to form NiP/HNT, NiP/HNT-NH, and NiP/HNT—NH,—PPy nanocomposite coatings. The
as-prepared nanocomposite coatings were heat-treated at 400 °C for 1 h. The trans-
formation in microstructure, nanoindentation, Vicker's micro-hardness, surface
morphology, and anti-corrosive properties of all prepared composite coatings were
compared to the HNT-free (NiP) coating. Incorporating HNTs in the NiP coating made an
appreciable enhancement in the hardness and corrosion resistance. Using the electro-
chemical impedance spectroscopy technique (EIS), the NiP/HNT-NH, and NiP/HNT—NH,
—PPy coatings showed more significant levels of enhancement in anticorrosion perfor-
mance, offering about 16.5% and 25.4%, respectively, an increase in the inhibition efficiency
of unmodified one (NiP/HNT), reached to 73 and 82%. Moreover, the modified HNT coatings
revealed slightly high levels of betterment in microhardness, about 9% and 5.4% for HNT
modification with NH, and NH,-PPy, respectively. In addition, the heat treatment extra
improved the hardness and the corrosion resistance of all HNTs nanocomposite coatings
compared to HNT-free coating. Furthermore, the heat-treated NiP/HNT has the highest
protection efficiency reached to about 95%, based on the polarization measurements. This
momentous improvement in the hardness and electrochemical properties reflects the ef-
fect of adding the pristine and the modified HNTs into the NiP matrix, resulting in the
development of high-performance NiP/HNT-NH, and NiP/HNT—NH,—PPy composite coat-
ings facilitating their use in various industries.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

A promising approach to protect environmentally soft mate-
rials from prolonged use is electroless nickel (EN)-based
plating. In many ways, electroless plating is similar to a
chemical reduction process despite their significant differ-
ences. Electroless plating encompasses the catalytic reduction
of metallic ions in a reducing agent-containing aqueous so-
lution [1—4]. Therefore, the metal's subsequent deposition
occurs in the absence of any external energy source. Some of
its distinguished advantages are its highly eco-friendly elec-
trochemical and mechanical characteristics. Electroless
nickel-phosphorus (E-NiP) coating is about 95% of EN-based
coatings [5]. They are widely used in industry and engineer-
ing applications due to their desirable characteristics,
including excellent hardness, uniform coating, promising
wear, corrosion resistance, high adhesion, and weldability
[6,7]. The addition of certain solid particles into the E-NiP
coating is attributable to the quest to enhance their charac-
teristics further. In the latest years, with tremendous evolu-
tion in nanotechnology, thanks to some reinforcements that
are utilized for the improvement of the E-NiP characteristics,
like Al,05 [8], W [9], C3N4 [10,11], TiN [12], TiO, [13], SiO, [14],
B.N. [15], TiNi [16], SiC [17], etc. Therefore, the resulting E-NiP
composite coatings mishmash the unique features of both the
conventional electroless nickel deposits and those of the
added solid particles, which helps the creation of unique
composite coatings and offers special applications. Undeni-
ably, one must pay attention to the surface conditions and
microstructures of the composite coatings, which are the
main factors affecting their electrochemical and mechanical
properties [18,19]. These factors are highly dependent on other
parameters like the type, size, and concentration of the rein-
forcement particles and on some treatment processes, for
instance, heat treatment of the coatings. The heat treatment
significantly changes the NiP coating from amorphous to
nanocrystalline [20] and in the reinforced NiP coating surface
conditions [21,22].

Halloysite nanotubes (HNTSs) are naturally occurring hol-
low nanotube clay. It is primarily made of a two-layered
aluminosilicate in a stoichiometric ratio of 1:1. One layer
consists of an alumina octahedron sheet, and the other is a
silica tetrahedron sheet with the composition of [Al,Si,Os
(OH)4-2H,0]. The chemical characteristics of the superficial
layers of the HNTSs' are comparable to the characteristics of
Si0,, but the characteristics of the central innermost cylinder
might be linked with the characteristics of Al,03 [23]. Due to
the chemical and physical characteristics of HNTSs, they have
been used in various applications in fields like optics [24],
catalysis [25], biological systems [26], drug delivery [27], elec-
tronics [28], and energy storage [29]. Moreover, another
application of HNTs is their utilization as a new type of filler
for polymers, such as polyvinyl alcohol, polypropylene, and
epoxy, to enhance the thermal and mechanical characteristics
of the composites [30,31]. In addition, HNTs are used to create
an innovative form of active protective coatings, which is
called self-healing coating, in which the HNTs are used as
nanocontainers and filled with suitable corrosion inhibitors
that are liberated, under certain conditions, in a controllable

way [32—34] An extra advantage of halloysite particles is the
easily accessible, modification and inexpensive in comparison
with other materials such as CNTs. Also, HNTs are easily
incorporated into the polymer/metal matrix or the solutions
due to their geometry, which looks like rods that never
interlace. As a result, the halloysite-based composites are
quickly fabricated through the electroless deposition. Despite
that, only a single study examined the influence of the direct
use of HNTs on the mechanical, electrochemical, and tribo-
logical characteristics of electroless Ni—P coating so far [35].
Notably, the use of modified HNTs has not been previously
studied in the electroless coating.

Thus, this paper comparatively analyzed the composite
coating's structure morphology, composition, and phase
modification in the presence of HNTs and modified HNTs using
the APTES (3-aminopropyltriethoxysilane) (HNT-NH,) and pol-
ypyrrole (HNT—NH,—PPy) into the NiP matrix. APTES contains
NH, that will serve as anchoring sites for the pyrrole under UV
irradiation and in the presence of the photosensitizer. In
addition, the microhardness and corrosion resistance behavior
of HNTs and modified HNTs reinforced composite coatings
have been studied. Furthermore, the influence of heat treat-
ment on the structure morphology, composition, roughness,
microhardness, and electrochemical characteristics of the
different reinforced composite coatings has been examined.

2. Experimental
2.1.  Materials and specimen treatment

20 x 15 x 5 mm of pipeline steel (API X120) specimens pur-
chased from Tianjin Tiangang Guanye Co. Ltd., (Tianjin,
China) have been utilized for the substrate. The specimen
constituent is 0.13% C, 0.54% Mn, 0.02% Ni, 0.1% Si, 0.04% Cr,
0.02% Cu, 0.01% Mo, 0.25% V and the balance is Fe. Differing
grit polishing papers were used to grind the specimens. Three
pm micro-polish suspension of alumina was used to ultra-
polish the specimens. Fifteen minutes (min) of acetone bath
was used for degreasing the specimens ultrasonically. Finally,
the specimens were submerged for 5 min at 80 =+ 5 °C in a
solution containing 30 g L~* NasPO,, 30 g L~ Na,COs and
50 g L~! NaOH. After that, they were etched for 20 s in a so-
lution of 15 wt % H,SO,. All solvents are from analytical grade
and purchased from Sigma—Aldrich. After every mechanical
and chemical pretreatment step, distilled water was used to
swill the specimens carefully.

2.2. HNTSs preparation, modification, and
characterization

Pyrrole, Silver nitrate, APTES (3-aminopropyltriethoxysilane),
and commercial/purified HNT clay were purchased from
Sigma-Aldrich. Our team prepared the hybrid nano-
composites [36]; HNT-NH, using the APTES as a coupling
agent, and the HNT—NH,—PPy were prepared by polymeriza-
tion of pyrrole, and using silver nitrate as a photosensitizer,
subsequently, used as a platform for the pyrrole in situ poly-
merization. Fig. 1 summarizes the rational design of the
HNT—-NH,—PPy. The HNT was first silanized using the APTES.
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HNT-NH,-PPy

PPy/AgNO,
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Fig. 1 — Graphical summary for modification of HNTs with NH, (HNT-NH,) and further modification with NH,-PPy
(HNT—-NH,—PPy). APTES is an abbreviation for 3-aminopropyltriethoxy-silane. PPy is an abbreviation for polypyrrole.

Prior to all modifications, 4 g of commercial and purified
HNT were dispersed in water (400 ml) for 5 min. To the clay
suspension, a solution of 3-aminopropyltriethoxysilane
(228 mg) in 50 ml of ethanol/acetic acid (95/5 v/v) mixture
was added. Silanization of HNT was left to proceed for 48 h at
80 °C. The silanized Halloysite (HNT-NH,) was washed four
times with deionized water and ethanol to remove the excess
of reactants and then redispersed in ethanol. The HNT-NH,
was finally dried at 80 °C for 48 h, then (2 g) of the obtained
HNT-NH,, was dispersed for 10 min in Aqueous AgNO;
solution (1.68 g in 200 ml) under vigorous stirring. At last,
pyrrole aqueous solution (0.5 mol/L) was injected and stirred,
and the glass vessel with HNT suspension was placed 13 cm
below the six lamps of the UV-reactor (Spectrolinker 1500)
and illuminated at 365 nm for 1 h; the power density was
~5 mW/cm? Photopolymerisation was conducted under
stirring. After UV exposure, the samples were thoroughly
cleaned with deionized water and ethanol to remove the
unreacted species. Finally, the samples were dried for 8 h at
40 °C in an oven.

A “Nova NanoSEM 450” scanning electron microscope
(SEM) from Thermo Fisher Scientific, Eindhoven, The
Netherlands, and transmission electron microscopy (TEM)
(FEI, TALOS F200X, USA) were used to distinguish the
morphology of the prepared Halloysite and the modified ones.
Energy—dispersive X-ray spectroscopy (EDX) (Bruker, Lei-
derdorp, The Netherlands) thatis connected with SEM and the
X-ray Photoelectron Spectroscopy (XPS) analysis (ESCALAB
250X equipment from ThermoFisher Scientific, Waltham, MA,
USA) were performed to determine the surface composition of
the as-prepared and the modified HNTs. The XPS was done
with 1 eV energy resolution and AlKa excitation radiation
(25 W, hu = 1486.5 eV). Thermal decomposition was tested
using PerkinElmer TGA-4000. About 15—30 mg of the sample

was heated from 30 °C to 800 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere.

2.3. Coating preparation

The electroless Nichem 3100 plating solution of NiP was used
to submerge the pretreated specimens directly. It is from
Atotech Deutschland GmbH (Berlin, Germany) and is made of
nickel sulfate and sodium hypophosphite. The former is the
main salt, and the latter is the reducing agent. 1 g of each
readied HNT, HNT-NH,, and HNT—-NH,—PPy was individually
put into 1 L of the deposition solution. Firstly, an ultra-
sonicator from Fisher Scientific UXK. Ltd. (Loughborough,
U.K.) was used to mix the composite electroless solution, e.g.
(NiP/HNT), for 3 h at room temperature. After that, a thermal
stirring magnetic mantel bought from Cole—Parmer (Staf-
fordshire, U.K.) was used to stir the electroless solution for 2 h
at 300 rpm. The deposition solution was set to a temperature
of 87 °C. The pH of the electroless solution was 4.5, preserved
during the deposition time by adding small amounts of
NH,4OH to the deposition bath. The coated specimens were
washed using deionized water after the plating time. In the
end, using blowing air, the coated specimens were dried. A
vacuum furnace (MTI Corporation, Richmond, CA, USA), at
20 °C/min heating and cooling rate, was used for annealing
(HT) some specimens at 400 °C for 1 h.

2.4. Coatings characterization

2.4.1. Morphology, composition, and structural feature

A Miniflex2 Desktop X-ray diffractometry (XRD), from Tokyo,
Japan, was used to examine the various phases and structures
of the reinforced coatings. SEM was used to identify the
change in the reinforced coatings morphologies. EDX was
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utilized to recognize the coatings' elemental compositions.
The coated samples were scanned at 26 angles from 30° to 60°.

2.4.2. Microhardness

In order to find the microhardness of the coated samples, both
Nano-indentation and Vickers microhardness testers were
utilized. F.M.—ARS9000, Future—Tech Corp Vickers hardness
machine from Tokyo, Japan, was used. A load of 200 g was
utilized through a holding time of 10 s. The outcomes were
repeated fivefold, and an average was acquired. The experi-
ments of nano-indentation have been done at room temper-
ature (R.T.) utilizing an MFP—3D Nano Indenter system
attached to a typical Berkovich indenter tip of the diamond.
The exerted forces and the penetration depths utilized were in
the mN range and the nm to pm, respectively. Thus, it was
possible to find the hardness (H) straightforwardly. The
indentation was created using a maximum load of about
1 mN, through 200 uNs~* loadings and unloading rate and 5 s
settling time at the maximum load. All the tests were repeated
for 6 indentations, and an average was acquired.

2.4.3. Roughness and hydrophobicity

An AFM (A MFP—3D Asylum Research, Santa Barbara, CA, USA)
was used to quantify the surface roughness of the coated
specimens. The AFM was attached to a silicon probe (Al reflex
coated Veeco model-OLTESPA, Olympus, Tokyo, Japan) set at
a resonant frequency of 70 kHz and a spring constant of
2 Nm . All the measurements were found at standard con-
ditions utilizing Standard Topography A.C. in the air. A con-
tact angle measurement was utilized to investigate the
hydrophobicity of the different coatings (OCA 35, Data Phys-
ics, Germany). In this experiment, we dropped a tiny droplet of
deionized water (2 uL) on the coated specimen's surface. Then,
the droplet's shape was pictured using the digital camera
(Canon-type). Finally, the tangent to the droplet was drawn,
and the angle between it and the coating's surface was
measured. For reducibility, measuring the contact angle for
each coating was repeated at least three times.

2.4.4. Electrochemical properties

For the study of the electrochemical performance of the
various reinforced coatings, at room temperature, in a brine
solution of NaCl (3.5 wt %), both potentiodynamic polarization
(P-P.) and electrochemical impedance spectroscopy (EIS) were
utilized. The electrochemical experiments were done using
3000 Gamry workstations (Gamry Instruments, Warminster,
PA, USA). A conventional flat corrosion cell was utilized,
including the working, reference, and counter electrodes. An
Ag/AgCl electrode and a platinum wire were utilized as the
reference and the counter electrodes, respectively. The coated
surface area exposed to the electrolyte (NaCl) was 1 cm?. The
utilized frequency range for the EIS experiments was
1 x 1072—1 x 10° Hz alongside an A.C. amplitude of 10 mV.
After attaining the open circuit potential (OCP), all recorded
data was found. In the P.P. experiments, a 0.167 mV s~ ! sweep
rate and +250 mV sweep potential range were employed
versus the OCP. The corrosion current (icory) and the corrosion
potential (Ecory) can be calculated from the Tafel curve by
extrapolating the straight-line section of the anodic and
cathodic branches.

3. Results and discussion
3.1. HNTs characterization
3.1.1. Morphology, composition, and structural features

(SEM, TEM, EDX, and XPS)

Fig. 2(a—f) shows the TEM and SEM images of the HNT, HNT-
NH,, and HNT-NH,—PPy. It is observed that the spherical
surface morphology of HNTs, is altered from smooth to rough
tubes upon modifications with PPy, moreover based on TEM
results, the used HNT present an inner diameter, an outer
diameter, and a length in the range of 40, 70, and 500 nm,
respectively, we noted as well an increase in the outer diam-
eter upon modification. It also shows that PPy and silver
nanoparticles were on the HNTSs' surfaces and wrapped inside
the tubes [36]. Moreover, Fig. 2h shows the chemical compo-
sition of HNT—NH,—PPy material, deduced from EDX; the
carbon content was equal to 17%, and Ag NPs were around
2.3%.

The surface composition of the as-prepared materials was
deduced from the XPS Analysis, and survey spectra for the
HNT and HNT—-NH,—PPy samples are presented in Fig. 3a. The
surface chemical composition of HNT and HNT—NH,—PPy
materials was reported in Table 1. Carbon and nitrogen are
present in the chemical composition of the halloysite nano
clay and the silane-coupling agent. The silver nanoparticles
are from the photosensitizer. Furthermore, Fig. 3b shows the
peaks at ~367.13 eV and 373.82 eV attributed to Ag3d5/2 and
Ag3d3/2, approving that the metallic state of silver formed
upon polymerization [37]. The N1s of HNT—NH,—PPy shown in
Fig. 2c are fitted in two components; the free amine (~399 eV)
and the quaternized amine at around (~401 eV) [37]. The Cls
region (Fig. 3c) shows an inflection point because of the
addition of the beta-carbon atom type from polypyrrole, as
previously confirmed [38]. A significant increase was noted in
C, N, and Ag contents after the polymerization process, and all
XPS results confirm the used process's success.

It is worthy to note that in the present work, we have used
the AgNO; as a photosensitizer, to initiate the photo-
polymerisation of pyrrole. After the complete reaction, the
final product was washed four times with deionized water and
ethanol in order to remove the excess of reactants, however
after performing XPS and EDX analysis, we have observed
another important aspect of this work, is the naturally
occurring silver nanoparticles generated from the photosen-
sitizer, through the photopolymerisation. Polypyrrole and
silver nanoparticles are generated simultaneously in the form
of a composite coating on dispersed, HNTs surfaces, which is
of upmost importance, in corrosion protection [39].

3.1.2. Thermal properties of HNT

The Thermogravimetric analysis (Fig. 4), was performed from
room temperature to 750 °C under air and at a heating rate of
10 °C/min to check the thermal decomposition of the HNT,
HNT-NH,, and HNT—NH,—PPy nanocomposite. Its normali-
zation curves can be found in Fig. S1. For all samples, it
revealed two-step thermal degradation. At lower tempera-
tures (less than 100 °C), the weight loss might be due to the
removal of moisture and solvent in the different samples, and
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Fig.2 —(a, b, and c) TEM and (d, e, and f) SEM images of HNT, HNT-NH, and HNT—NH,—PPy nanocomposites, respectively. (g)

EDX composition of the composite (HNT—NH,—PPy).

at higher than 489 °C, the thermal degradation is facilitated
due to the removal of HNT interlayer-trapped water molecules
[40]. As shown in Fig. 4, the used HNT is thermally stable up to
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dehydration process due to the removal of interlayer water,
for HNT-NH,, and HNT—NH,—PPy samples. The weight loss
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Fig. 3 — XPS spectra of the reference and modified Halloysite, (a) Survey regions of HNT and HNT—NH,—PPy, (b) Ag 3d, (c) N1s,

and (d) C1s regions for modified Halloysite.
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Table 1 — The atomic percentage from the surface chemical composition, determined from XPS, for HNT-NH,@Ag

materials.

Materials Si Al (0] c* N Ag Na K Ca
HNT 16.5 7.90 62.3 2.10 - - 2.80 0.11 0.50
HNT-NH,-PPy 14.2 17.4 45.2 18.0 2.28 2.30 traces 0.30 0.30

# Note that HNTs pristine shouldn't contain carbon; however, the presence of a small amount of carbon (2w%), probably comes from hydro-

carbon contamination.

observed between (498 °C—750 °C) is most probably due to the
dehydroxylation of HNT and the thermal degradation of both
NH, from silane and PPy polymer chain [41], and from the
weight loss of the samples, determined at the end of TGA at
750 °C. The NH, content was estimated to be 1.4 wt % and NH,-
PPy content was estimated to be approximately 2 wt % in HNT-
NH, and HNT—NH,—PPy nanocomposite, respectively. HNT
clay was first modified using an NH, coupling agent, and the
PPy conductive polymer chain was modified in the second
stage. It was found that it slightly improved the thermal sta-
bility (the tg slightly shifted toward the higher temperatures)
as compared to the neat HNT (from 489 °C to 500 °C; for
HNT—-NH,—PPy) due to the interfacial interaction [42], mainly
between HNT clay and the amino silane coupling agent,
serving as a cross-linking agent. Indeed, the NH, groups from
silane react through a condensation reaction with the free
hydroxyl functional groups of HNT, ensuring covalent
attachment to the clay sheets [43], and serving as a macro-
platform for the PPy polymer chains grafting [44]. Generally,
better interfacial interaction bonding imparts better proper-
ties to clay polymer nanocomposites, such as tensile strength,
hardness, high modulus, and anti-corrosion properties [45].

3.2 Coating characterization

3.2.1. SEM and EDX

The as-prepared and heat-treated NiP, blank NiP/HNT nano-
composite coatings, and their modified ones (NiP/HNT-NH,
and NiP/HNT—NH,—PPy) are exposed to SEM and EDX exam-
ination (Figs. 5—7). Generally, the NiP coatings convey a glossy
silvery whitish look, whereas their composites offer a slightly
blurred silvery physical appearance for the naked eye after
removing them from the deposition bath. Fig. 5 clarifies the

104
HNT
1004
HNT-NH2
96
>
£ 92
K=y
HNT-NH2-PPY
é’ 88
844
80

0 1 "50 3(')0 4&0 6(')0 7%0 9(')0 1050
Temperature(°C)

Fig. 4 — TGA thermogram of the bare HNTs and the
developed ones (HNT-NH, and HNT—NH,—PPy).

microscopic studies of the NiP coatings, which characterize a
cauliflower-like feature consisting of granules or grains that
include fine nodules. These nodules become more and larger
upon heat treatment, as shown in Fig. 5b. Growing the circular
nodules in the NiP coating indicates the rising deposition of
the nickel in the coating matrix, which is proved by the EDX
measurements shown in Fig. 5 (c and d). This indicates that
the as-prepared NiP coating has an amorphous structure,
whereas the heat-treated NiP coating moves to be less amor-
phous (semi-crystalline) structure, as shown in Fig. 5 (c and d)
since the high percentage of the P (>10 wt%) in the coating
refers to amorphous structures and less than 5 wt% notifies
the pure crystalline structure.

Fig. 5 displays the SEM photos of the NiP/HNT nano-
composite coating, its modified ones, and its EDX mapping.
Compared to NiP coating, the changes in the surface mor-
phologies are due to the existence of HNTs and their modifi-
cations with NH, and PPy in the NiP matrix. All
nanocomposite coatings shown in Fig. 6 (a, b, and c) have
finer-grained nodules close to each other, giving a compact
and homogeneous structure compared to the NiP coating. In
addition, Fig. 5 (b and c) showed a slightly rougher surface
compared to Fig. 5a, which is expected due to the presence of
NH, and NH,-PPy attached to the HNTs after their modifica-
tion leads to an increase in the branching of HNTs. Further-
more, it is noted that the NiP/HNT-NH, has a slightly wrinkled
shape, whereas the NiP/HNT—NH,—PPy has some medium
standalone nodules. The successful deposition of the HNTs
and their modifications in the NiP matrix can be clearly shown
in the representative Fig. 6a', which is the magnification of
Fig. 6a. Fig. 6a', also demonstrated that the diameter of hal-
loysite nanotubes ranges around 60 nm, which is consistent
with the TEM results of the HNT diameter, before deposition
and embedding in the NiP matrix. For more representation,
EDX mapping for the NiP/HNT surface and each element
separately is done, as shown in Fig. 5c and d, respectively,
which reflects the homogeneous and even distribution of HNT
in the metallic matrix surface. The representation of Si, Al,
and O proves the presence of HNT, and the representation of
Ni and P proves the presence of the NiP matrix and are shown
by blue, red, purple, yellow, and green, respectively.

In addition, the prosperous penetration of the HNTs and
their modifications particles through the core of the NiP ma-
trix and their good adhesion to the substrate can be confirmed
by the SEM/EDX mapping of the cross-sectional specimen of
the as-prepared NiP/HNTs as a representative photo, as
shown in Fig. 7. The distribution of each element of the
composite coating proves their homogeneity inside the NiP
matrix. It is revealed that the thickness of the HNT composite
coating is approximately 11 um, which agrees with several
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Fig. 6 — SEM images for a, b, and c) as-plated and the corresponding d, e, and f) heat-treated NiP/HNT, NiP/HNT-NH,, and NiP/
HNT-NH,—PPy nanocomposite coatings. a) SEM image of NiP/HNT at higher magnification, a") EDX mapping of the NiP/HNT
at higher magnification, and a") The EDX mapping of each HNT and NiP matrix element shows as Al in red, Si in blue, O in

purple, Ni in yellow and P in green.

studies in the literature [46,47]. It is worth mentioning that no
cracks, pores, voids, or defects were observed at the interface
between the nanocomposite coating and the substrate illus-
trating the superior adhesion of the nanocomposite coatings.

In contrast to the as-prepared nanocomposite coatings, the
corresponding heat-treated ones have detectible differences
in morphology. They have more significant nodule sizes and
rougher surfaces. However, a closer look at the heat-treated
nanocomposite coatings' surface topography revealed that
their compactness was maintained because of the much
dense and closer nodules to each other. Moreover, both
modified HNTs coatings (NiP/HNT-NH, and NiP/HNT—NH,.
—PPy) offered fewer compactness structures after heat treat-
ment than the blank one (NiP/HNT), especially NiP/HNT-NH,
coating that became more wrinkled structure.

Fig. 8 depicts the EDX measurements for the as prepared
and the corresponding heat-treated NiP/HNT, NiP/HNT-NH,,
and NiP/HNT—NH,—PPy nanocomposite coatings. The suc-
cessful incorporation of HNTs and their modification particles
in the NiP matrix before and after heat treatment is

demonstrated, as clarified in Fig. 8. In general, the amount of P
in the electroless coatings plays a vital role in the power of
their properties [48]. It is seen from Fig. 8 that the insertion of
either HNTs or their modification particles in the electroless
NiP bath causes a reduction in the P content in the composite
coatings as compared to the plain NiP coating (Fig. 5). For
example, the P content in the as-prepared NiP coating is 13 wt
%, which decreases to 11.6 wt % in the as-prepared NiP/HNT
coating. The HNT-NH, and HNT—NH,—PPy particles further
reduce the P content to 10.9 and 9.99 wt %, respectively, in
their composites. Further reduction is observed in the P con-
tent of the heat-treated composite coatings compared to the
plain NiP coating and their corresponding as-prepared ones.
The most significant reduction occurs in the heat-treated
HNT—NH,—PPy, reaching a minimum of 7.11 wt %, which is
approximately a 32% and a 29% decrease compared to the
heat-treated plain NiP coating and its corresponding as-
prepared one, respectively.

As mentioned in the previous SEM section, the decrease in
the Ni deposition in the NiP coating leads to a decrease in the
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Fig. 7 — Representative SEM/EDX mapping for the cross-sectional image for the as-plated NiP/HNT and distribution of each
element present in the composite coating separately, such as; Fe in light purple, Ni in yellow, P in green, Al in red, Si in blue

and O in dark purple.

number of the coatings' nodules. Moreover, it is observed that
the weight percentage of the Ni is decreased upon the inclu-
sion of HNTs or their modification in the NiP matrix. This
means that the EDX results are consistent with the SEM re-
sults. For instance, the heat-treated composite coatings have a
higher Ni wt. % than the corresponding as-prepared ones,
consistent with the increased nodules in the composite
coating after heat treatment.

Several factors impact the incorporation of the second
phase materials in the electroless NiP matrix comprising the
size, charge, inertness, concentration, type of particles, de-
gree, and technique of the bath agitation, and the particles'
compatibility with the matrix [48]. Therefore, it is found that
the modification of the HNTs particles plays an essential role
in influencing its incorporation level. The modified HNT with
NH, minimizes the Al and Si, representing the HNT incorpo-
ration content in the NiP matrix of about 50%, as shown in
Fig. 8b. Further modification of the HNTs with NH,-PPy leads
to a further decrease in the wt. % of both Al and Si. This is due
to an increase in the branching of the HNTs particles, causing
an increase in the mean distance between them, resultingin a
further decrease in its level of incorporation.

3.2.2. Roughness and hydrophobicity

The topological features and the hydrophobicity of the as-
prepared and heat-treated NiP and its composites with blank
HNTs (NiP/HNT) and their modification with NH, (NiP/HNT-
NH,) and NH,-PPy (NiP/HNT—NH,—PPy) coatings are analyzed
using AFM and contact angle measurements, respectively.
Fig. 9 shows 3D images and the roughness profiles (R,) of the
different nanocomposite coatings before and after heat
treatment. It can be noticed that adding the HNTs and derivate
materials, as well as the heat treatment of the coatings has an
effect on the surface profile, topography, and roughness of the
NiP coating, as seen in Fig. 9. The as-prepared NiP coatings
generally have the smoothest surface, which moved to
contain tiny hills and valleys by adding the HNT. Fig. 9 (AFM

characterization) clarified the nodular structure of the NiP
surface and presence influence of HNTs and their modifica-
tion particles on the homogeneity of the NiP coating. In
addition, the quantitative analysis results show an increasing
trend in average surface roughness (R,) of NiP coating from
4.72 nm to 6.85 nm after adding HNT, leading to a 1.45 times
surface roughness improvement. Furthermore, about 1.26 and
1.98 times enhancement in the roughness of the HNT com-
posite coating after its modification with NH, and NH,-PPy,
respectively, are noticed. The rise in surface roughness can be
attributed to the increased branching of the modified HNT
with NH, or NH,-PPy, which obstructs the smooth movement
of the AFM cantilever probe tip across the coated surfaces,
creating a barrier. This parallel with previous research in
literature [49—-56] confirms that the addition of the second
particles to the NiP matrix results in an increase in surface
roughness. Commonly, the degree of roughness alteration
resulting from the addition of second particles is reliant on a
number of factors, including particle type, size, volume concen-
tration, and coating thickness [57]. Xiang et al. [58] propose that
by introducing nanoscale diamond particles (0.52—2.21 wt %)
into the electroless Ni—P matrix, the surface transforms from
a smooth, shiny appearance to a hazy, rough surface with
nodular protrusions spreading across the whole surface. A
quantitative comparison with previous work can be found in
Table S1 [49—56].

The probable reason for the increased Ra roughness after
annealing is that annealing treatments offer the atoms
enough activation energy to diffuse to the site with the lower
surface energy in the horizontal direction. The atoms' rear-
rangement leads to a rougher surface and an increase in the
grain size of the composite coatings [59,60]. That is why, the
heat-treated composite coatings offered further increments of
about 10, 20, 30, 40, and 50% in their roughness compared to
their corresponding as-prepared ones.

Additionally, it is observed that all coatings indicated a
hydrophobic nature where their WCA is higher than 90, except
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Fig. 8 — EDX measurements for a, b, and c) as-prepared and the corresponding a, b, and c; heat-treated NiP/HNT, NiP/HNT-

NH,, and NiP/HNT—NH,—PPy nanocomposite coatings.

the heat-treated plain NiP, which shows a hydrophilic nature
where it has a WCA of around 87 + 1°; this is due to the for-
mation of the nanocrystalline structure after Ni recrystalli-
zation that leads to change in the surface chemistry. The
hydrophobicity of all composite coatings is higher than that of
the plain NiP coatings, as the water contact angles (WCAs) of
the coatings are mentioned in Fig. 9. In contrast, there is no
change in the hydrophobicity of the blank NiP/HNT nano-
composite coatings and their composites after modifications
(NiP/HNT-NH, and NiP/HNT—NH,—PPy) before or after heat
treatment. The hydrophobicity of the plain NiP coating is
about 105 + 1° whereas those of the composite coatings before
and after heat treatment are around 110 + 1°. This is due to the
presence of the pristine and modified HNTs in the NiP matrix,
enhancing the composite coatings' compactness.

3.23. XRD

Fig. 10 shows the XRD patterns of HNTs and their modifica-
tions, as-prepared and heat-treated NiP, NiP/HNT, NiP/HNT-
NH,, and NiP/HNT—NH,—PPy nanocomposite coatings. The
face-centered cubic structure of the Ni (111) plane is indicated
by a predominated broad peak at 26 of 44.5° in the XRD spectra

of the as-prepared NiP coating displaying an amorphous
structure [60]. This is due to alloying the nanocrystalline Ni
with high P in the deposition process resulting in the distor-
tion of the Ni lattice. Noticeably, all as-prepared HNTs com-
posite coatings have an analogous peak at the same position,
as shown in Fig. 10a, without any recognition peaks appear-
ance fo either the pristine or the modified HNTs. The disap-
pearance of the pure and modified HNTs could be attributed to
their fine size and their small amount that is deposited in the
NiP coating, as seen in EDX results, and due to the high Ni
diffraction peaks density as well. In addition, the similar
structures of all HNTs composite coatings with the plain one
confirm the non-influence of our added materials on the
crystallization process of the NiP coating. It is noteworthy to
mention that there is an obvious difference between the
values of the full width at half-maximum (FWHM), which is
acquired from the XRD pattern, of the plain NiP and the HNTs
composite coatings, such as the FWHM of the plain coating
which is 0.5110, whereas that one of the NiP/HNT coating
which is 0.1535. This proves the refinement of the NiP nodules
and the boosting of the crystalline phase formation due to the
presence of the HNTs in the NiP matrix. However, the
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Fig. 9 — 3D-AFM topographic images along with respective surface-roughness profiles of NiP, NiP/HNT, NiP/HNT-NH,, NiP/
HNT-NH,—PPy coatings before and after heat treatment. The water contact angle (WCA) values of all coatings are

mentioned.

modification of the blank HNTs with NH, and NH,-PPy slightly
increases the FWHM values of their composite coatings, as
they are 0.2047 and 0.2093, respectively.

Fig. 10b shows the XRD peaks of all coatings after heat
treatment. The crystalline diffraction peaks corresponding to
the Ni and NisP phases are noticed in the NiP coating, clari-
fying the transformation of its amorphous structure before

annealing to become a crystalline one, which is in line with
several literature research types [61,62]. Similarly, all heat-
treated HNTs composite coatings have identical XRD pat-
terns to those of the plain heat-treated NiP coating, reflecting
that the pristine and modified HNTs do not influence the peak
positions of the NiP coatings. However, they slightly change
the intensities of the Ni and NisP peaks.
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400 °C for 1 h.

3.2.4. Microhardness

Vickers hardness and Nanoindentation techniques were uti-
lized to assess the mechanical strength and the hardness
characteristics of all as-prepared and heat-treated nano-
composite coatings, compared with the corresponding plain
one before and after heat treatment. The results are exhibited
in Fig. 11 and Table 2.

Fig. 11a depicts the Vickers microhardness outcomes of the
as prepared and heat-treated NiP and NiP/HNT, NiP/HNT-NH,,
and NiP/HNT-NH,—PPy nanocomposite coatings. It is note-
worthy that the NiP coating has a microhardness of about 490
HVy00, which is increased by about 12% with the production of
NiP/HNT nanocomposite coating, as seen in Table 2. The
nanocomposite coatings of NiP/HNT-NH, and NiP/HNT—NH,.
—PPy offered about 22.5 and 18.5%, further increase in the
microhardness of the plain NiP coating, respectively. More-
over, it is clarified that the further modification of the HNT-
NH, with PPy caused a slight reduction in the microhardness
of its composite coating (NiP/HNT—NH,—PPy) compared to the
one that is modified with NH, only (NiP/HNT-NH,). This is
attributed to the extra branching of the modified HNTs with
NH,-PPy, which slightly weakens the hardness effect of NH,,
which acts as a hardener that causes, to some extent, the
enhancement of the cross-linking of the material. Therefore,
the NiP/HNT-NH, nanocomposite coating has the highest
microhardness.

Generally, the enhancement of the microhardness of the
HNT nanocomposites coatings can be explained based on the
strengthening mechanism of alloys and polycrystalline
metals [63], which is described on the grain refinement from
Hall-Patch relationship, solid solution strengthening, crystal
orientation, and dispersion strengthening. Therefore, the
uniform distribution of the HNTs and their modifications
particles in the NiP matrix, as seen in the SEM/EDX mapping
(Fig. 7), can suppress the grain growth of the NiP alloy and
refine them, resulting in the reduction of the plastic defor-
mation of the matrix under loading. On the other hand, a grain
refiner can function as a heterogeneous nucleation site during
solidification through the grain refining process [64]. Hence,
dispersed HNT in the deposition bath can provide many

heterogeneous nucleation sites, thereby enhancing the
nucleation rate, preventing the lateral growth of grains, and
forming fine-grained structures. The following equations (Egs.
(1) and (2)) are the Hall-Petch equations [65] that describe grain
refinement strengthening.

oy =09 + kd~1/2

(1)

HV =30, @)

where gy Is the yield stress, oy is the material stress constant
required to start dislocation motion, k is a constant, d is grain
diameter, and H.V. is microhardness.

The heat treatment causes an extra enhancement in the
microhardness of the NiP coating and the HNTs nano-
composite ones, as shown in Fig. 11a and Table 2. About 260
HV,q0 increase in the microhardness of the heat-treated NiP
coating compared to its corresponding one before heat treat-
ment. Similarly, the heat-treated NiP/HNT, NiP/HNT-NH,, NiP/
HNT—-NH,—PPy nanocomposites coatings displayed approxi-
mately 49%, 55%, and 50% improvement in their microhard-
ness compared to their corresponding as-plated ones,
respectively, as clarified in Table 2. As shown in the XRD re-
sults (Fig. 10), the creation of the challenging NisP phase in the
coatings and the amorphous phase transition to the crystal-
line one after heat treatment are the essential key factors
behind the microhardness upgrading of the heat-treated
coatings [66,67]. It is worth mentioning that the trend of
reduction and enhancement in the microhardness of the
heat-treated coatings is similar to the corresponding as-plated
ones.

This technique is utilized to measure the nanomechanical
properties of the coatings in the submicron range with
nanometer resolution [68]. The nanoindentation test for the
plain NiP coating and the different HNTs nanocomposite
coatings, before and after heat treatment, is done, and the
outcomes are represented in Fig. 11b, which displays the
relationship between the loads and the penetration depths.
The penetration depths reflect the hardness of the coatings;
therefore, the increase in the hardness of the coating reduces
its penetration depth.
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and after heat treatment (a) Vickers microhardness, (b) nanoindentation load-displacement curves and (c) the magnification

of the marked area in (b).

Fig. 11c shows the magnification of the marked area in
Fig. 11b to clarify the differences in the indentation depths for
the various coatings. It is observed that the as-prepared plain
NiP coating has the most significant penetration depth,
around 60 nm, and has a minor hardness (4.94 GPa). By the
insertion of the pristine and (NHT-NH, and NHT-NH,—PPy) in
the NiP matrix, the indentation depth of the plain coating is
reduced approximately 22, 32 and 29 nm, respectively, as
shown in Fig. 11c, and their hardnessis increased. The smaller
displacements indicate the higher resistances offered by the
HNTs nanocomposite coatings to the indenter, as illustrated
in Table 2. Furthermore, a higher decrease is noticed in the

Table 2 — Vicker's microhardness and hardness values

obtained from the Nanoindentation test of the different
coatings before and after heat treatment at 400 °C for 1 h.

Coating's name Vickers Nanoindentation

microhardness hardness (GPa)

(HV200)
Before HT After HT Before HT After HT

NiP 490 750 4.94 6.95
NiP/HNT 550 820 5.98 7.17
NiP/HNT-NH, 600 930 6.12 11.2
NiP/HNT—NH,—PPy 580 870 5.61 8.14

indentation depths of the heat-treated coatings, in contrast to
their corresponding as-prepared ones, confirming their higher
hardness. Moreover, the heat-treated NiP/HNT-NH, nano-
composite coating has the lowest penetration depth, which is
about 40.5% and 32.7% less compared to its corresponding as-
prepared coating and the heat-treated plain NiP one, respec-
tively, as shown in Fig. 11c. This is attributed to the modifi-
cation of HNT with NH,, which acts as a hardener, leading to
better cross-links in the composite and enhancing its micro-
hardness composite coating.

Generally, the effects of grain refinement and dispersion
hardening, as previously mentioned, in addition to the for-
mation of composite structures, are the main reasons for the
development of the coating hardness [69—71]. The role effect
of the composite structure formation in enhancing the HNTs
nanocomposite coatings can be calculated using the below Eq.
(3) related to the mixture law [71].

Ec=EnVam +E,Vp

(3)

where E represents the hardness value, V is for the volume
fraction, ¢ mentions for composite, m mentions for matrix,
and p mentions nanoparticles.

Finally, it is worth mentioning that the increasing and
decreasing trend in the microhardness values of the different
coatings obtained from the Nano-indentation technique
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Fig. 12 — (a) Bode/phase angle and (b) Nyquist plots of the different as—prepared NiP nanocomposite coatings immersed in

3.5 wt % NaCl solution at room temperature.

coincides with those obtained from Vickers microhardness, as
shown in Table 2.

3.2.5. Electrochemical properties

Electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization electrochemical techniques are applied
at room temperature to illustrate the anticorrosion properties
of the plain NiP coating and the HNTs nanocomposite coat-
ings. A 3.5 wt% NaCl solution was utilized when recording the
electrochemical behavior and the corrosion protection
enhancement influence of the HNTs and their modification
(HNT-NH, and HNT—NH,—PPy) on the NiP coating.

3.2.5.1. Electrochemical impedance spectroscopy (EIS). Fig. 12
displays the EIS results in Bode-phase angle and Nyquist
plot formats obtained under static conditions and at open
circuit potential (OCP) for different nanocomposite coatings
(NiP/HNT, NiP/HNT-NH, and NiP/HNT—NH,—PPy), as well as
NiP as a control sample.

In Bode plots, at low frequencies (|Zo o1 Hz|), the higher the
absolute impedance value for the inspected sample, the
greater its corrosion resistance [72,73]. As shown in Fig. 12a,
the as-prepared NiP coating has the lowest absolute imped-
ance value compared to the other composite coatings. Upon
incorporation of HNTs in the NiP matrix, the absolute
impedance value of the NiP/HNT nanocomposite coating has
increased compared to that of the HNT-free coating.
Furthermore, it is noticed that the modification of HNTs with
either NH, or NH,-PPy greatly enhances the absolute
impedance value of both modified nanocomposite coatings
(NiP/HNT-NH, and NiP/HNT—NH,—PPy), where the highest
absolute impedance value is obtained for the HNT nano-
composite coating that is further modified with PPy (NiP/
HNT—NH,—PPy).

In general, the protective behavior of the NiP coating is due
to the interaction of the water with the present phosphorous
in the matrix, producing a hypophosphite layer that passiv-
ates the nickel and keeps it from hydration in the corrosive
solution [74]. However, the improvement in the absolute
impedance values for the unmodified and modified HNT
nanocomposite coatings is mainly attributed to the protective
strength of the HNTs and their modification particles, in
addition to their excellent distribution in the NiP matrix.
Moreover, the good compactness and well adhesion of the
HNT nanocomposite coating on the substrate, as previously
described in SEM results, reduce the active sites for the
diffusion of the electrolyte and corrosion attacks. Moreover,
the further enhancement in the absolute impedance value of
the NiP/HNT—NH,—PPy nanocomposite coating is attributed
to the popular conducting polymer “polypyrrole,” known for
its solid protective ability in different corrosive media. In
addition, including the Ag atom in the preparation process of
the NiP/HNT—NH,—PPy nanocomposite coating offers an extra
effect in improving the protective properties of the coating.

Besides, the higher maximal peak values () observed in
the phase angle plots of the different HNT-nanocomposites
coatings compared to that of the HNT-free coating illus-
trates their high corrosion protection properties. The NiP/
HNT—NH,—PPy nanocomposite coating has the highest (6)
value compared to the other HNT-nanocomposite ones,
affirming its superior protection behavior, as shown in
Fig. 12a. It is worth mentioning that the different
HNT-nanocomposite coatings have phase angle plots with
similar shapes indicating that the exact electrochemical
corrosion mechanism occurs.

The corresponding Nyquist plots for the as-prepared NiP
and un-modified and modified HNT-nanocomposite coatings
are shown in Fig. 12b. It is known that the wider the diameter
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of the Nyquist semicircle, the larger the inhibitive ability of the
coating. It is observed that the Nyquist plots for all different
coatings have the same appearance as the depressed semi-
circles with different areas under the curves. Accordingly, it
can be said that all coatings have the exact corrosion mech-
anism with different degrees. Comparing the Nyquist curves
of all coatings to their bode plots, it is noticed that they have
the same enhancement and reduction trend in the protection
efficiencies of the coatings. For example, adding HNT in-
creases the size of the semicircle of the HNT-free coating, and
the increase is more significant with both modifications of the
HNTs. Moreover, further modification of HNT with PPy leads
to a further increase in the area under the semicircle curve of
its nanocomposite coating. Hence, the modified HNT with
both NH, and PPy creates a more dense, compact composite
coating that isolates the substrate from the electrolyte solu-
tion resulting in the largest Nyquist semicircle size with the
highest phase angle maxima.

The equivalent circuit shown in Fig. 13 was implemented
when the impedance behavior of different coated specimens
was modeled using Gamry's Echem Analyst software. As
shown in Fig. 12, the matching between fitting and experi-
mental plots reflects the concurrence between the equivalent
circuit's model and the actual impedance behavior of the
coated samples. The equivalent circuit is shown in Fig. 13 and
consists of two-time constants; where the first one contains
the solution resistance (Rs), which is connected to the coating
capacitance (CPEoat), which is parallel to the pore resistance
(Rpo)- The second time constant consists of the charge transfer
resistance (R.) and the double-layer capacitance (CPEg) to
account for the interface between the coated layer and the
electrolyte. Appearance of Warburg diffusion element (W) in
the circuit is due to the existence of electrolyte diffusion [75].
The presence of the pseudo-capacitive element (CPE) is to
standardize the deflection of the surfaces' inhomogeneous,
due to the irregularity in the current circulation at the surface
or the roughness [76], from the idealistic capacitive perfor-
mance. The Equation shown below (Eq. (4)) is applied to
calculate the impedance value of CPE [77],

1
ZCPE = W (4)

The CPE constant is mentioned by (Yo). The j, w, and n,
respectively, symbolize the unreal number, the A.C. signal’
angular frequency (1/rad), and the CPE exponent. The n value
fluctuates from 0 to 1. The CPE exhibits exemplary capacitor
behavior if n turns into 1. Furthermore, the double-layer
capacitance (Cq)) of the coating can be analyzed by following
Eq. (5) [78].

Yo
Cdl: W (5)

Y. signifies the coating’ CPE constant, and R, mentions to
the charge transfer resistance. As shown in Fig. 13, the high-
frequency time constant is referred to the interface between
the coating and the solution and is demonstrated by the
grouping of CPEcqqa; and Ry,. In addition, the grouping of CPEg
and R is related to the low-frequency time constant, which
reflects the electrochemical reactions at the interface between

the substrate and the coating. The fully fitted and modeled
parameters are presented in Table 3.

Table 3 shows that the R.; of the HNT-free coating (NiP) is
about 2.3 times less than that of the obtained composite
coating after inserting the blank HNTs into the NiP matrix.
This indicates the significant protection behaviors of the NiP/
HNT nanocomposite coating. Furthermore, the modification
of the HNT with either NH, or NH,-PPy leads to a furtherrise in
the R value of their composite coatings by about 1.6 and 2.4
times, respectively, compared to that of the blank HNT one.
Therefore, the highest protection efficiency (82%) is observed
with the NiP/HNT-NH,—PPy nanocomposite coating. This
confirms the uniform distribution of the blank HNTs and their
modification particles in the NiP matrix and the excellent
adherence of their composites with the substrate.

Similarly, it is noted that the Ry, (pore resistance) values of
the various as-prepared NiP and HNTs nanocomposite coat-
ings have the same enhancing trend as their analogous Rt
values. For example, as shown in Table 3, the further modifi-
cation of HNT with NH,-PPy raises the Ry, value of the
resulting NiP/HNT—NH,—PPy nanocomposite coating by about
205 and 226%, respectively, compared to the analogous Ry,
values of the HNT-free coating (NiP) and blank HNT nano-
composite coating (NiP/HNT). In addition, the presence of
HNTs or their modification particles in the NiP matrix exhibits
lower values of CPE4 than that of the HNT-free coating, as
shown in Table 3, signifying the reduction in the interaction
between the substrate and the electrolyte. The lowest value of
CPEg4 of the NiP/JHNT—NH,—PPy coating confirms that this
coating extra seals off the voids and instructs greater sepa-
ration between the substrate and the electrolyte, reflecting its
efficient impermeability and ascendant protection capability
against corrosion.

On the other hand, Bode/phase angle (a) and Nyquist (b)
plots of the heat-treated HNT-free (NiP) and HNTs nano-
composite (NiP/HNT, NiP/HNT-NH, and NiP/HNT—NH,—PPy)
coatings are elucidated in Fig. 14. The heat-treated coatings
have higher impedance behavior than their analogous as-
prepared ones. For example, Nyquist and Bode plots of the
heat-treated NiP have a higher absolute impedance value and
a larger area under its semicircle than those of the corre-
sponding as-prepared one, as compared in Fig. 12 (a and b) and
14 (a and b), respectively. The heat-treated coatings do not

Interface

Fig. 13 — Two-time constants equivalent circuit.
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Table 3 — EIS fitting results of the different—as prepared NiP nanocomposite coatings immersed in 3.5 wt % NaCl solution at

room temperature.

Rs (Q-cm?) Rpo (Q-cm®)  CPEcoar (WF-cm™?S™) R (Q-cm® CPEg (WF-cm™2S™) n  LE. (%)
Coating (as-prepared)
NiP 17.4 867 179 8600 169 0.76 =
NiP/HNT 16.5 1306 113 19,810 31.7 0.89 56.6
NiP/HNT-NH, 18.9 1780 45 31,950 24.9 0.93 73.1
NiP/HNT—NH,—PPy 21.8 1960 43 47,800 20.5 0.97 82.0

have the same impedance behavior as their corresponding as-
prepared ones. Therefore, both heat-treated modified HNT
nanocomposite coatings (NiP/HNT-NH, and NiP/HNT—NH,.
—PPy) have lower absolute impedance values than the heat-
treated blank HNT nanocomposite coating (NiP/HNT).

Consequently, the blank HNT nanocomposite coating has
the highest absolute impedance value amongst the other
heat-treated coatings. Nevertheless, the heat-treated modi-
fied HNT nanocomposite coatings still have higher absolute
impedance values than the HNT-free coating, as shown in
Fig. 14a. Additionally, the absolute impedance values of the
NiP/HNT—NH,—PPy coating are still higher than the NiP/HNT-
NH, coating due to the protective polypyrrole impacts. The
less impedance of the modified HNT composite coatings may
be due to the slight degradation of the organic part of HNT
(NH, and NH,-PPy) during the heat treatment process, despite
their high thermal stability that is previously shown in TGA
measurements (Fig. 4). Another reason may be due to the
decreased compatibility of both NH, and NH,-PPy with the
crystalline structure of NiP coating obtained after heat treat-
ment, see SEM photos in Fig. 6, which display the decreased
compactness of their nanocomposite coatings in comparison
to the blank NiP/HNT nanocomposite coating.

Additionally, the changed shape of the phase angle plots of
the modified HNT nanocomposite coatings related to the
blank HNT and HNT-free ones indicate that they follow a
different fundamental electrochemical process. They show a
more transparent two-relaxation process, validating the two-
time constant's behavior. Moreover, the phase angle plot for
the heat-treated NiP/HNT coating has the maximum peak (6).
Itis worth mentioning that the corresponding Nyquist plots of
various heat-treated coatings showed a similar impedance
behavior trend to their corresponding heat-treated Bode plots,
as shown in Fig. 14 (a and b). On the other hand, the Nyquist
plots of different heat-treated coatings exhibited higher
semicircle diameters compared to their corresponding as-
prepared ones. The highest semicircle diameter is noted
with the NiP/HNT nanocomposite coating, as clarified in
Fig. 14b.

Warburg diffusion element (W) is observed in the case of
the heat-treated NiP coating. Similarly, the impedance
behavior of various heat-treated coatings is fitted following
the two-time constants equivalent circuit is shown in Fig. 13.
The fitted parameters of the impedance behavior of the
different coatings are summarized in Table 4.

As demonstrated in Table 4, the enhancement in the total
corrosion resistances (R, and Rc) of the various heat-treated
coatings concerning their corresponding as-prepared ones is
distinctly noticed. In addition, there is a decrease in the
capacitance values (CPE.oat and CPEg)) of the different coatings

after heat treatment. This indicates the decreased perme-
ability and increased compactness of the heat-treated coat-
ings that impede the electrolyte flow to the substrate. Notably,
Rpo and R values of the heat-treated NiP coating are improved
by about 3.7 and 3.5 times, respectively, in comparison with
those values before heat treatment. The formed dense and
less porous structure of NiP coating, due to the formation of
new phases after the proper heat treatment as described in
the XRD section, is the main reason for the enhancement of its
protection ability, as clarified in the literature [79].

Contrary to the as-prepared coatings, the heat-treated NiP/
HNT has the highest R;,, and R values, in comparison to the
other heat-treated ones, pursued by a reduction in its Ry, and
R.: values, respectively, by about 37.8 and 45%, upon modifi-
cation of HNT with NH,, and by about 20 and 29.4%, upon
further modification of HNT with NH,-PPy, as shown in Table
4. This excellent protection enhancement (89.5% efficiency) of
the heat-treated NiP/HNT coating can be related to its
outstanding homogeneity and compactness, as previously
explained in the SEM section. Further, it is worth mentioning
that the Ry, and R values of both heat-treated modified HNT
nanocomposite coatings are higher than those of the heat-
treated HNT-free coating. NiP/HNT-NH, and NiP/HNT—NH,.
—PPy coatings offered a protection efficiency reaching 81 and
85%, respectively, compared to the as-prepared NiP coating.

3.2.5.2. Potentiodynamic polarization measurements (P.P.).
Fig. 15 shows Tafel plots of the as-prepared and the corre-
sponding heat-treated NiP, NiP/HNT, NiP/HNT-NH, and NiP/
HNT-NH,—PPy nanocomposite coatings in 3.5 wt % NaCl so-
lution at room temperature. Table 5 outlines the main
extracted electrochemical parameters from the Tafel curves,
which are the E, (corrosion potential), the i.oy (corrosion
current density), and the Tafel slopes (b. and b,). In addition,
Table 5 includes the corrosion inhibition efficiencies (L.E. %) of
the various coatings before and after heat treatment, which
were calculated compared to the as-prepared NiP coating as
the control sample, as illustrated in the Equation below (Eq.

(6))-

i i .
LE. = corr(Nll.’) corr(HNT) % 100 %
1covv(NiP)

(6)

where icon(nip) @nd icorr@ant) linked to the corrosion current
densities for the NiP coating and different HNTs nano-
composite coatings, respectively.

As elucidated from Tafel data (Fig. 15a and Table 5), Eqorr Of
the NiP coatingis —654 mV, while E..,, for the NiP/HNT coating
is noticeably moved to the noble direction reaching - 467 mV.
In addition, the NiP/HNT coating decreases the i, value
about 2.6 times compared to that of the HNT-free coating,
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Fig. 14 — (a) Bode/phase angle and (b) Nyquist plots of the different heat-treated NiP nanocomposite coatings immersed in

3.5 wt % NaCl solution at room temperature.

indicating good protection ability due to the presence of HNTs.
Furthermore, the Tafel curve of the modified NiP/HNT nano-
composite coating with NH, (NiP/HNT-NH,) compared to the
HNT—free coating’ curve displays a successful increase in its
Ecorr associated with a decrease in its .oy, suggesting an
improvement in the corrosion resistance of the NiP coating in
the presence of HNT-NH,. Further modification of HNT-NH,
with PPy leads to further minimizing the i of the nano-
composite coating about 1.6 times in comparison to the
modified one with NH, only, as shown in Fig. 15a and Table 5.
Hence, the NiP/HNT—NH,—PPy nanocomposite coatings have
the highest corrosion protection efficiency, getting 85.9%,
compared to the as-prepared NiP, as shown in Table 5. As
previously mentioned, this is attributed to the presence of the
conducting polymer (PPy) and the Ag atom, which have an
acceptable protection behavior for the steel.

Unexpectedly, the heat-treated NiP, NiP/HNT, and its
modifications nanocomposite coatings showed increasing
and decreasing trends in their i, values compared to those
of their corresponding as-prepared ones. Nonetheless, their
Ecorr is further moved to the positive direction, and their icoy,
were smaller, as shown in Table 5. This illustrates that the
different coatings' corrosion resistance has significantly
enhanced after heat treatment. As clarified in Fig. 15b and

Table 5, the ico,r Of the heat-treated NiP is almost 74.8% lower
than the corresponding as-prepared one. Markedly, the NiP/
HNT nanocomposite coating has the smallest icopy
(0.28 pAcm™?), displaying superior protection efficiency of
about 95%. This is due to the extra compactness of the heat-
treated NiP/HNT nanocomposite coating, as clarified in SEM
results concerning the modified HNT ones. Contrary to the as-
prepared one, the heat-treated NiP/HNT-NH, and NiP/
HNT—-NH,—PPy nanocomposite coatings displayed high icorr
values compared to the non-modified one (NiP/HNT), referring
to a reduction in their protection efficiencies about 11.7% and
5.3%, respectively. This may be due to the degradation of the
organic part of these composites after heat treatment at a high
temperature, 400 °C, for a long time, 1 h. However, they still
have about 8.7% and 15% higher protection efficiencies than
the heat-treated HNT-free coating. It is valuable to mention
that the results acquired from the electrochemical Tafel
analysis agree with the outcomes of EIS technique.

3.2.6. Electroless co-deposition of the pristine and modified
HNTs mechanism

Generally, many researchers have extensively researched and
discovered the mechanism of the electroless deposition of NiP
coating reaction, making it significantly develop in various

Table 4 — EIS fitting results of the different heat-treated NiP nanocomposite coatings immersed in 3.5 wt % NaCl solution at

room temperature.

Rs (Q-cm?) Rpo (Q-cm?) CPEcon (WFcm 2S ™) W (S.s¥?) R, (Q-cm?) CPEg (F-cm 2S™™) n  LE. (%)

Coatings (heat-treated)

NiP 16.0 3186 158
NiP/HNT 16.0 6570 7.50
NiP/HNT-NH, 18.5 4087 19.5

NiP/HNT—NH,—PPy 18.0 5260 18.6

7.30 30,100 141 0.84 714
= 82,170 2.16 0.96 89.5
= 45,280 15.4 0.96 81.0
= 58,020 15.6 0.96 85.2
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Fig. 15 — Tafel plots of the different a) as-prepared and b) heat-treated nanocomposite coatings.

industrial applications [80—82]. The primary basis of the ki-
netics of the electroless NiP coatings is the metal surface
production and adsorption of atomic hydrogen capacities.
After that, the reduction of Ni*" and hypophosphite ions and
the co-deposition of nickel and phosphorus onto a metal
surface. For NiP nanocomposite coatings, the second phase's
physical adsorption occurred during the co-depositing of the
Ni and P, as illustrated in the schematic diagram in Fig. 16.

Egs. (7)—(9) describe the complete chemical reactions that
occur during the electroless NiP deposition. Eq. (7) describes
the reaction of the hypophosphite ions with the water mole-
cules, which produces atomic hydrogen that is adsorbed onto
the metal surface, creating an active site for the co-depositing
of the Ni—P. Meanwhile, the reduction of the hypophosphite
and nickel ions in the bath is done by the atomic hydrogen, as
described by Egs. (8) and (9), which produces co-depositing
nickel-phosphorus (NiP) that is adsorbed on the substrate
replacing the present atomic hydrogen. After that, the new
atomic hydrogen is adsorbed into the NiP deposit, followed by
the new co-deposition of Ni and P. Lastly, consumption of the
produced Haqgs occurs, and the Ni and P are successfully co-
deposited, forming a thickness of NiP coating.

H,PO, +H,0 — H' + H,PO}™ + 2H ?)

Ni** +2H — Ni + 2H" (8)

H,PO, +H - H,O0+OH +P 9)

Throughout the mechanism of the electroless deposition
of the NiP coatings, the physical deposition of the pristine or
modified HNTs (HNT-NH, and HNT—NH,—PPy) occurs. A two-
step adsorption mechanism occurs for the co-deposition of
the added materials. The transportation of the dispersed
particles (HNTs or HNT-NH, or HNT—NH,—PPy) in the bath to
the electrode surface through mechanical action, followed by
their physical adsorption due to the fluidal attack, is the
first step. For the second step, the dehydration of the phys-
ically adsorbed occurs due to the irreversible chemical
adsorption on the substrate and the strong electric field of
the Helmholtz layer of the electrode, followed by the
embedding of the adsorbed materials by reduced alloys or
metals [83]. In order to improve the quality of the electroless
NiP nanocomposite coatings and prevent the agglomeration
of the HNTs and their modified particles in the suspension,
ultra-agitation should be followed. Thus, their surfaces
should be upward oriented to ease their occlusion in the
deposit [84].

The outline of the electrochemical mechanism for the NiP
plating is shown below [Egs. (10)—(12)], under the assumption
that catalytic oxidation occurs to the hypophosphite ions,
while reduction occurs to the nickel and hydrogen ions along
the catalytic surface.

Anodic reaction:

Table 5 — Tafel fitting results of the different a) as-prepared and b) heat-treated nanocomposite coatings.

Coating —Ecorr (MV) icorr (HAC™2) b, (V/decade) b. (V/decade) LE. (%)
NiP 654 5.74 0.54 0.18 -
NiP/HNT 467 2.19 0.32 0.27 61.8
NiP/HNT-NH, 313 1.30 0.34 0.18 77.3
NiP/HNT—NH,—PPy 247 0.81 0.15 0.14 85.9
NiP (HT) 518 1.45 0.21 0.16 74.7
NiP/HNT (HT) 156 0.28 0.16 0.13 95.1
NiP/HNT-NH, (HT) 232 0.95 0.13 0.18 83.4
NiP/HNT—NH,—PPy (HT) 251 0.58 0.16 0.13 89.8
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H,PO; +H,0 — 2H' + H,PO; + 2~ (10)

Cathodic reaction:

Ni*" +2e” — Ni (11)
2H" +2e” —H, (12)
4. Conclusion

The pristine (HNTs) and modified HNTs (HNT-NH, and
HNT-NH,—PPy) were successfully introduced in the NiP
matrix electroless-deposited with good adherence on the
steel. Microscopic mapping images distinctly identified the
uniform distribution of the HNTs. SEM and XRD measure-
ments demonstrated the compact, fine-grained, crystalline
structure of HNT nanocomposite coatings, especially after
heat treatment. The hardness and electrochemical mea-
surements revealed that adding HNTs in the NiP coating
causes remarkable mechanical and corrosion resistance
enhancement. The hardness and corrosion protection of the
NiP coating were greatly enriched through the insertion of
the modified HNT with either NH, or NH,-PPy particles.
Noteworthily, the heat treatment of different HNT nano-
composite coatings  (NiP/HNT, NiP/HNT-NH,, NiP/
HNT—NH,—PPy) led to further significant improvements in
their hardness and corrosion protection efficiency. Subse-
quently, it is highly recommended to use NiP/HNT nano-
composite and their modified coatings as highly protective

coating in chloride solution with better mechanical
properties.
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