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1. Introduction

Particle surface engineering at the nano-micro
scale interfaces of metal-nonmetal bonded
polymeric coatings: experimental and in silico
evaluations

Suman Yadav,? Sarvesh Kumar Pandey*” and Shikha Awasthi (2 *2

Polyvinyl alcohol (PVA) is a well-known and cost-effective synthetic polymer that offers a variety of appli-
cations, including medical, food, aerospace, automotive, and material industries, for the construction of
structures. However, the weak adhesion, low wear resistance, and mechanical properties of PVA usually
limit their functionality and durability. Herein, the strength and bonding of the polymeric matrix were
enhanced by metallization and reinforcement of carbonaceous allotropes. The nickel and diamond-con-
taining PVA coating (PVA-Ni-D) was found to be the most wear-resistant coating with the lowest wear rate
(7.34 x 107> mm?), reduced penetration depth (19.2 um) and highest scratch hardness (4.92 GPa) com-
pared to the carbon nanotubes (PVA-Ni-CNT) and graphene (PVA-Ni-Gr)-containing composite coatings.
The significant enhancement in the wear resistance of the composite coatings was further linked with the
contact depth, contact radius and shear stress, as calculated by different theoretical models. The results
from the interfacial interaction estimation demonstrated a strong strengthening of the diamond particles
with the matrix due to particle-matrix interaction. Meanwhile, the large surface area per unit volume (in
the case of CNT and graphene) results in inter-particle interactions, followed by easy sliding of these
reinforcements from the matrix, which causes decreased mechanical strength and tribological perform-
ance. Density functional theory (DFT) was used to perform electronic structure calculations on the metal-
lized polymeric composite models (two configurations were used), and the in silico research seemed to
promote relevant and evocative outputs for the diamond-encapsulated PVA-Ni system. Therefore, the
improved strength and bonding of the PVA-Ni-D coating make it a promising composite coating for
multi-functional applications in materials industries.

their low weight, low cost, and processing benefits, polymers
and their composites are widely employed in the aerospace,

Polyvinyl alcohol (PVA) is a synthetic (thermoplastic) polymer
that has a wide variety of applications mainly in film coatings
and is well characterized in terms of its toxicity and biocom-
patibility in the medical, textile, food, and material industries.
PVA is cheap, has excellent interfacial adhesion properties
with reinforcement materials, and possesses excellent thermal
properties that are useful for composite fabrication." In the
last fifty years, nearly every industry in the world, including
manufacturing, transportation, building, mining, and edu-
cation, has adopted and profited from the use of polymer-
based materials. The use of polymers has increased owing to
their cost-effectiveness and unique characteristics. Because of
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automotive, electronic, and sports industries for the construc-
tion of structures. However, intrinsic flaws, including low
bioactivity, low adhesion, weak wear resistance, and low
thermal and electrical conductivity, in the polymeric materials’
surfaces usually limit their functionality and longevity.> The
polymer coatings’ efficacy and lifespan are improved by the
incorporation of metals and metal oxide. According to C.
Verma et al,’ the metal-polymer and metal oxide polymer
frameworks have anti-corrosion properties, providing excellent
surface protection. This facilitates their use in many appli-
cations in various industries, including materials and coating,
supercapacitors, catalysis, automotive, and ships.*

The automobile and aerospace sectors are the main users
of nickel, with applications including wheels, pinion shafts,
slip yokes, carburettors, gasoline connectors, supercapacitors,
power generation turbines, rocket engines, magnetic and elec-
trical devices, and metal manufacturing.? Practically speaking,
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nickel plating can provide a surface with greater thickness,
enhanced wear resistance, good thermal stability, a high
surface-volume- ratio and corrosion resistance. It can enhance
the attractiveness, lustre, and brightness.”® Nickel is fre-
quently employed because it also offers superior adhesive
capabilities for subsequent coating layers. It protects light-
weight plastics from abrasion and offers superior protection
against electromagnetic interference (EMI).”® Nickel-based
coatings are often used in aerospace applications, defence,
automotive, and electronics.”'® Because of their facile modifi-
cation, conductivity, surface area, hardness, electrical pro-
perties, thermal stability, high corrosion resistance, and bio-
compatibility, carbonaceous allotropes (CNT, graphene,
diamond) are beneficial and have a larger range of appli-
cations as electrodes, supercapacitors, sensors, and
electrodes.'™"?

PVA has high water solubility and absorption capacity,
which is a drawback of the PVA films, so its fabrication with
carbonaceous reinforcement increases the mechanical
strength of the PVA composite. Enhanced hardness and coeffi-
cient of friction (COF) and less water uptake were observed by
Sonker et al.™® in a PVA cross-linked composite reinforced with
tungsten disulfide nanotube nanoparticles. An enhancement
in the corrosion resistance, adhesion, thermal optical pro-
perties, and thermal and electrical conductivity was observed
by Verma et al. for the multiwalled CNT-PVA composite when
compared to the pure thermally controlled PVA coating using
the dip coating method (at 200 °C, 2 h) on aerospace alloys."*
The GO-PVA composite was also found to have remarkable tri-
bological properties in comparison to the pure PVA and gra-
phene oxide coating.'> Mechanical and tribological studies
have been previously conducted on a fluorinated ethylene pro-
pylene polymer coated with stainless steel. Results showed that
the FEP coating has excellent mechanical properties (hardness
(57 GPa) and Young’s modulus (1.56 GPa)), high adhesion,
good scratch resistance, and tribological, corrosion resistance.
Increased wear volume, low friction coefficient and low wear
coefficient (3.1 x 10™* mm?® Nm™) were also observed in the
FEP coating deposited by the spray process.'® A study of the tri-
bological properties of PVA with Uncaria gambir extract by heat
treatment has been reported. Results showed improvement in
the tribological properties, thermal properties, a reduced COF,
enhanced wear rate and hardness, and a reduced coefficient of
friction (0.08) compared to that of the pure PVA (0.26) using
the ball-on-disk test.'” A study of the mechanical, electrical,
thermal and tribological properties of PVA with multiwalled
graphene, CNT was performed by J. Joseph et al.'® The results
showed enhanced hardness, better wear resistance and
reduced coefficient of friction (COF), reduction in the thermal
stability, and improvement in the optical property (electromag-
netic interference shielding effectiveness).

In understanding the properties and determination behav-
iour for a diverse range of materials and their applications,
computational modelling and simulations are unique tech-
niques that can complement experimental studies.'® To assist
the experimental outcomes and develop coatings with tuned
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features and functionalities, in silico approaches have increas-
ingly been applied by researchers, scientists, and engineers in
the modern research era.”®?! For example, the structural, opto-
electronic, mechanical, magnetic, anti-microbial, anti-icing,
and adhesive properties, and the anti-corrosion performance
are all directly affected at the atomistic/molecular level by
coating particles, and by the interfacial interaction between
two coating matrix/components (including the surface), which
can effectively be determined using various computational
tools. Importantly, resources and time can also be saved by
these tools based on computational modelling approaches for
the design and construction of new products.?*??

While some of the previously listed studies have reported
on the mechanical and tribological behaviours of electrode-
posited PVA-graphene/CNT coatings, these observations invol-
ving carbonaceous reinforcements and metals in the PVA
polymer matrix are conspicuously absent from the literature.
Studies based on scratch resistance investigations of polymeric
composite coatings are lacking in the literature. In this work,
the strength and bonding of PVA were increased by creating a
synergistic effect of metallization (using nickel metal) and car-
bonaceous reinforcement encapsulation in the PVA matrix.
This study explores the mechanical and tribological aspects
(using micro-scratching for the first time on polymeric coat-
ings) of electrodeposited PVA, along with Ni and carbonaceous
reinforcements like carbon nanotubes (CNT), graphene (Gr),
and diamond (D). The experimental wear values were linked
through the theoretical tribological parameters using various
models. As per the literature, no computational studies have
been reported hitherto on the novel PVA-Ni-based composites
using three different carbonaceous materials components,
including diamond (with and without hydrogen atoms), CNT,
and Gr. In this work, the interaction between the transition
metal (Ni)-doped PVA and carbonaceous materials has great
importance. In particular, there appears to be significant
metal-nonmetal bonding interaction. This novel and unique
feature motivated us to computationally examine the struc-
tural, stability, and electronic properties of such composite
materials (PVA-Ni-D, PVA-Ni-CNT, PVA-Ni-Gr) for the first time.
Quantum chemical calculations were performed using mole-
cular modelling and electronic structure calculations
approaches with density functional theory (DFT). The results
from the mechanical, tribological, interfacial interaction calcu-
lations and computational studies demonstrated the enhanced
strength and bonding for the diamond-containing PVA-Ni com-
posite coating, which is attributed to a synergistic effect of
metallization and carbonaceous reinforcement, and can be a
potential material for a range of applications mainly in the
marine, automotive, aerospace and electronics industries.

2. Materials and methods
2.1. Electrodeposition of coatings

The metallization of polymer coatings was done by adding
nickel metal in the polyvinyl alcohol (PVA) suspension for elec-

This journal is © The Royal Society of Chemistry 2025
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trodeposition of the coatings. Initially, a clear aqueous PVA
solution weighing 0.8 g 17" was produced by dissolving polyvi-
nyl alcohol in deionized water at a temperature of 90 °C while
stirring. The PVA-Ni coating was fabricated using a Watt’s bath
(bath I, Fig. 1) containing a PVA mixture in the aqueous solu-
tion of NiSO,-7H,0 (200 g 17"), NiCl,-6H,0 (40 g 1) and addi-
tives (such as 40 g 1™* boric acid, 5 g 1" saccharin, and 2 g 1™
sodium dodecyl sulphate) in the electrolyte. The composite
coatings were subjected to electrodeposition for one hour at
55 °C, pH 5, and 8 A dm™? current density. Nickel plate served
as the anode or counter electrode, and a mechanically
polished stainless-steel plate served as the cathode or working
electrode. When boric acid is absorbed on the cathode during
electrophoretic deposition, it forms nickel borate, which
increases the Ni*" deposition potential, increases the hydrogen
overpotential, and reduces the emergence of H, during electro-
phoretic deposition.>**> Also, on the cathode with the least
amount of surface pitting, the sodium dodecyl sulphate
improved the reduction of nickel. A surface area of 1 cm” was
used for the electrodeposition, with Teflon tape covering the
remaining region of the working electrode. For the uniform
dispersion of particles, the electrolytic cell was placed on an
Eltek Digimag M3D model magnetic stirrer spinning at 250
rpm. Moreover, to improve the mechanical characteristics,
refine the microstructure, and improve the surface morphology
of the PVA-Ni coatings, carbonaceous allotropes (carbon nano-
tubes: CNT, graphene: Gr, and diamond: D) were added separ-
ately to the electrolyte with the concentration of 0.5 g 17" for
both CNT (bath I, Fig. 1) and Gr (bath III, Fig. 1) and 10 g 1™
for diamond powder (bath 1V, Fig. 1).>*° The carbon nano-

Bath Types for Coatings
Bath1 Bath III

i
=

Bath II

& “ Electrodeposition Process

CNT Graphene Dl%nond

Fig. 1 Schematic representation of the bath types used in the electro-
deposition process of the PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr and PVA-Ni-D
composite coatings.
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tubes (95% purity, 30-50 nm diameter), graphene nano-
particles (xGnP® grade H with an average thickness of approxi-
mately 15 nm) and diamond powder (3 pm size) were procured
from Nanostructured and Amorphous Materials Inc., U.S., XG
Sciences Inc., U.S., and Dev Tech India Pvt. Ltd, Maharashtra,
respectively. Thus, by adding nickel and carbonaceous allo-
tropes, four types of coatings were prepared by the electrodepo-
sition process. These four coating types are represented in the
schematic in Fig. 1 and named as PVA-Ni, PVA-Ni-CNT, PVA-
Ni-Gr and PVA-Ni-D.

2.2. Microstructural, elemental, and phase characterizations

Electrochemically produced PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr
and PVA-Ni-D coatings were examined for top surface mor-
phology and chemical elemental analysis using a scanning
electron microscope (JEOL-JSM-6010LA). The surface rough-
ness of the composite coatings was observed through a surface
profilometry test. Furthermore, to determine the presence of
diamond, CNT, and graphene in the PVA-nickel matrix, Raman
spectroscopy (Princeton Instruments, STR Raman, TE-PMT
detector) was utilized in the backscattering mode with a
633 nm wavelength of a He-Ne red laser. The accumulation
time and exposure duration were 15 and 25 seconds,
respectively.

2.3. Mechanical property evaluation

A material’s resistance to surface deformation, such as
scratches and indentations, is measured by its hardness. It
gauges a material’s resistance to localized plastic deformation
or piercing by a sharp object. Hardness gives information on
the resistance to wear and abrasion. Hardness may be
measured using a variety of techniques, including the pendu-
lum, Brinell, Vickers, and Rockwell tests. The tensile strength
and hardness of steel are approximately proportionate. It is
crucial to remember that the tensile strength and hardness are
two separate mechanical attributes that describe various facets
of the behaviour of the material under various forms of
mechanical stress.>” The depth of an indenter’s penetration
under a heavy load, concerning the preload’s penetration, is
measured by the Rockwell test. The scale name and the HRC
symbol are used to denote the hardness number. A 300g force
on the coatings was used to measure the hardness.*®

2.4. Tribological property evaluation

The electrochemically fabricated PVA-Ni-based composite coat-
ings were scratched using a spherical Rockwell indenter with a
100 pm tip radius and an Instrumented Micro-indentation
scratch tester from CSM International. The abrasive phenom-
ena of the materials are influenced by the indenter geometry.
Work hardening causes an increase in the hardness and wear
resistance for a spherical indenter. While some ploughing and
plastic deformation occurs, it is not as much as that produced
by the work-hardening mechanism. The increase in hardness
brought on by work hardening, however, is insufficient to
boost the abrasion resistance when utilizing a conical inden-
ter.”® Therefore, metal composites are scratch-tested using a

Nanoscale, 2025,17,1053-1068 | 1055


https://doi.org/10.1039/d4nr03431g

Published on 11 November 2024. Downloaded on 10/29/2025 6:13:55 AM.

Paper

Rockwell spherical indenter. Strain hardening of the surface
layers may result from increased applied load. However,
beyond a certain point, the wear rates for all coating systems
increase linearly with applied load because higher loads
remove the coating’s topmost surface, exposing the surface
below it to the counter body.® On the upper surface of the
electrodeposited coatings, a 1 mm scratch length was created
by applying a constant normal load of 10 N at a transverse
speed of 12 mm min~".**

2.5 Computational studies

In this work, four cases have been taken by choosing three
components-based composite models. Two composite models
related to the diamond (two types, one with and one without H
atoms) as PVA-Ni-D (with and without H), one PVA-Ni-CNT,
and one PVA-Ni-Gr have been modelled to gain new insights
into their structural stability in terms of the energetics and
electronic features. The optimization and frequency calcu-
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lations for the computationally probed systems (components
and composite models) were performed using the quantum
chemical calculations approach in the framework of the elec-
tronic structure calculations package Gaussian 09.%* After the
optimization process was performed for all systems, all fre-
quencies were detected to be positive, which showed that the
systems are all stable. The DFT approach using the functional
B3LYP and basis set 6-31G was applied for all computationally
inspected systems.

3. Results and discussion

3.1. Microstructural and phase analysis of the composite
coatings

The scanning electron microscopic, surface profilometric and
EDS images of the electrodeposited PVA-Ni and PVA-Ni-carbon-
aceous coatings can be observed in Fig. 2. The surface mor-
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Fig. 2 Scanning electron microscopic, surface profilometry images and EDS spectra, respectively, for the (a, b and c) PVA-Ni, (d, e and f) PVA-Ni-
CNT (inset at high magnification), (g, h and i) PVA-Ni-Gr, and (j, k and 1) PVA-Ni-D (BSE mode at inset) composite coatings.
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phology of the PVA-Ni coating (Fig. 2a) is smooth without any
additive features in the coating, while the dispersed CNTs and
graphene can be clearly detected from the PVA-Ni-CNT and
PVA-Ni-Gr coatings (Fig. 2d and g). The insets of the corres-
ponding figures show the high-magnification images of CNTs
and graphene. The PVA-Ni-D coating (Fig. 2j) exhibits the well-
dispersed diamond particles, and the backscattered electron
mode of the image of dispersed diamond particles is given in
the inset. The similar SEM images of PVA indicated that the
nanofillers have excellent adhesion and interfacial bonding to
the PVA matrix with a positive effect on the mechanical
strength due to the strong interfacial interaction, as reported
by Hajeeassa et al.*® Furthermore, as there are no papers avail-
able on metallization- and carbon allotrope-incorporated PVA
coatings, a comparison was made using the PVA-MGr-CNT
composite coatings.

The surface profilometric images for the composite coat-
ings revealed a sharply decreased roughness (R, 0.38 pm) for
the PVA-Ni-D coating (Fig. 2k) compared to that of PVA-Ni (R,
0.74 pm, Fig. 2b), agglomerated PVA-Ni-CNT (R, 0.45 pm,
Fig. 2e) and PVA-Ni-Gr (R, 0.51 pm, Fig. 2h) composite coat-
ings. The reduced surface roughness in PVA-Ni-D was due to
the better dispersion of diamond particles. Additionally, the

; @ D-band A G-band H2D-band
PVA-Ni-D
A -
. PVA-Ni-Gr
r MJL,./\J D
) o)
L)
2 e | PVA-Ni-CNT
£ O 0
s A / \\ /‘\
[ / / o\ AN
Tl N [P, S
2p 2M
i, PVA-Ni
WWW"“W«WWW
1000 1500 2000 2500

Raman Shift (cm™1)

Fig. 3 Raman spectra of the PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr and
PVA-Ni-D composite coatings.
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energy-dispersive X-ray spectroscopy (EDS) measurements of
the samples demonstrated the existence of C, O, and Ni
elements (Fig. 2c, f, i and 1) for all coatings due to the occur-
rence of PVA, Ni, and carbonaceous allotropes.****> No other
peaks can be seen in the EDS spectrum, which illustrates that
no impurity was generated during the deposition of the
coatings.

Furthermore, each composite sample was studied via
Raman spectroscopy to confirm the presence of carbon nano-
tubes, graphene, and diamond in the PVA-Ni matrix (Fig. 3).
The PVA-Ni coating shows Raman peaks at ~1410 cm™" and
~1620 cm™" due to two-phonon (2P) and two-magnon (2 M)
light scattering, respectively, for Ni. However, for the PVA-Ni-Gr
coatings and PVA-Ni-CNT, the distinctive bands of graphene
and CNT were found, contributing to a D-band (at 1355 cm™"),
G-band (at 1580 cm™'), and 2D-band (at 2690 cm ).
Furthermore, the PVA-Ni-D coating exhibited a distinctive
sharp peak for diamond (disorder-generated D-band sp® hybri-
dized carbon atoms) at around 1333 cm™", devoid of any com-
bination of graphitic-induced sp> hybridized G-band. This
suggests an appropriate dispersion and high-quality coating of
PVA-Ni-D.

3.2 Mechanical and tribological properties investigations

A Rockwell hardness tester was used to assess the mechanical
strength of the coatings. The results showed that the PVA-Ni-D
coating had the maximum hardness (59 HRC), which allowed
it to bear the load more substantially (Table 1). The hardness
was reduced comparatively for the PVA-Ni (33 HRC), PVA-Ni-
CNT (48 HRC) and PVA-Ni-Gr (44 HRC) composite coatings. In
the current work, metallization and addition of carbonaceous
reinforcements in the PVA matrix remarkably increased the
mechanical performance of the composite coatings when com-
pared to the previous work reported on PVA coatings.>® The
previous literature completely lacks the scratch testing of any
polymeric coatings and the current work reported first-time
scratch analysis of polymer-based composite coatings. The
results from a tribological investigation using micro-scratch
testing divulge that the coefficient of friction value for PVA-Ni-
D coating is minimum (0.37), however for the other coatings,
it starts to rise and approaches 0.48, for instance, COF for
PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr were 0.48, 0.45, 0.44, respect-
ively (Fig. 4).

Furthermore, from eqn (1), following micro-scratching
testing, the scratch wear volume (W,) of the coatings was deter-

Table 1 Characterization of the electrodeposited materials via scratch testing

Hardness Scratch  Penetration Residual Scratch Scratch Scratch wear Scratch wear rate
Samples (HRC) COF (n) depth 7z, (1m) depth &, (pm) width (um) hardness (GPa)  volume (10~° mm®) (107° mm® Nm™)
PVA-Ni 33 0.48 26.6 16.3 122.67 1.72 10.29 £ 0.25 10.29 £ 0.25
PVA-Ni-CNT 48 0.45 23.9 17.2 86.44 3.45 8.18 £ 0.16 8.18 £ 0.16
PVA-Ni-Gr 44 0.44 23.4 15.1 94.15 2.89 8.65 £ 0.21 8.65 £ 0.21
PVA-Ni-D 59 0.37 19.2 13.4 72.29 4.92 7.34 £0.17 7.34 £ 0.17

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Graph of the coefficient-of-friction and scratch length at 10 N
load during the scratching of the PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr, and
PVA-Ni-D composite coatings.

mined using the scratch length (L), indenter radius (R), and
penetration depth (%,).>"*

W, = L[R2 arccos <1 - %) —(R— hp)m} (1)

Additionally, the wear volume (W,), force (F, 10 N), and
scratch length (1 mm) were used to compute the wear rate.>®

Wy

Wy = —
R™FL

(2)

The PVA-Ni coating has a high wear volume of 10.29 x 10~°
mm?® when compared to that of the PVA-Ni-CNT (8.18 x 107>
mm?), PVA-Ni-Gr (8.65 x 10~ mm?®) and PVA-Ni-D (7.34 x 107>
mm?) carbonaceous coatings. Consequently, it was found that
adding carbonaceous reinforcements to an electrolytic solution
results in a lower COF and wear volume, which leads to
increased wear resistance compared to other coatings. The
depth profile (Fig. 5) illustrates how deeply the coatings pene-
trate. For the PVA-Ni-D coating, it can be observed that the
penetration depth is the minimum value (19.2 pm). Thus, the
usual penetration profile is more uniform because of the coat-
ing’s smooth and flat surface in contrast to those of the
PVA-Ni, PVA-Ni-Gr, and PVA-Ni-CNT coatings, which all have
cracked, delaminated surfaces (Fig. 5 and Table 1).

The measurement of the coatings’ resistance to normal
penetration can be computed using the width of the scratches
(d) and applied load (F) to get the scratch hardness (Hy) via the
following equation:*°

8F
= ®)

In the PVA-Ni-D coating, a decreased scratch width
(72.29 pm) was observed (Fig. 6), which demonstrated a higher
scratch hardness (4.92 GPa) and greater resilience to the
applied force. As shown in Fig. 6, the end portion of the micro-
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scratch and enlarged view within the scratches demonstrate
that the PVA-Ni-D coating has venerable wear resistance
without chipping, delamination, cracking, or loss of surface
cohesiveness (Fig. 6d, h and Table 1). A smoother scratch track
surface is grafted onto PVA-Ni-D. Conversely, the PVA-Ni
coating exhibits cracks, grooves, and delamination on the
scratch surface as a result of direct interaction between the
indenter and the coating’s upper surface. Moreover, the
PVA-Ni-CNT and PVA-Ni-Gr coatings exhibit similar surface
structures with comparatively less scratch width and damaged
surface from PVA-Ni, but higher width and cracked surface
from PVA-Ni-D. The main mechanism for such type of wear of
coatings was presumed to be 2-body abrasion wear. There were
some mild abrasive wear lines visible in the sliding direction
on the scratched surface. This type of wear is caused by debris
that is created during sliding and becomes caught between the
coated surface and the indenter, resulting in micro-ploughing
due to 2-body abrasion.*"*

3.3 Models to compare the theoretical values with the
coatings’ experimental wear and friction behaviour

The experimental tribological parameters of the PVA-based
composite coatings were compared with the theoretical values
of depth and pressure. To appraise the wear performance of
the polymeric coatings theoretically, some reported models are
implicated.*?

hy,+h
hc = p2 - (4)
a = \/2Rh, — h.? (5)
F
Pe=15 (6)

The extent of contact between the coated surface and the
indenter can be explained by the following three parameters,
contact depth (%), contact radius (a), and contact pressure
(Pc), which can be computed using the penetration depth (%),
residual scratch depth (k,), applied force (F), and indenter
radius (R). For the PVA-Ni-D coating, the lowest value of
contact for depth (16.3 pm) and contact radius (54.8 pm) with
an increased value of contact pressure (1.07 GPa) was
obtained. Meanwhile, the maximum contact depth, contact
radius and reduced contact pressure were calculated for PVA-Ni
(Table 2). These values are almost similar in the case of
PVA-Ni-CNT and PVA-Ni-Gr, which show the damaged surfaces
in the PVA-Ni, PVA-Ni-CNT and PVA-Ni-Gr coating.

The friction mechanism of the scratch formed during
testing can be explained by two domains. In the coefficient of
friction (COF), there are two parameters to be considered: the
initial parameter is the ploughing COF, which has a low load
scratch, showing the plastically deformed surface of the com-
posite with damage at both ends of the groove. The second
parameter is adhesive COF, which has an increasing load and
comprises micro-cutting grooves. These parameters of COF

This journal is © The Royal Society of Chemistry 2025
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l. 44 l. ,45

were reported by Venkatachalam et al.™* and Xiao et a and

can be defined as follows:
1= g+ .

The following is an expression for the ploughing friction
coefficient:

4a

= 3R (8)

Hp
here, p, is the friction coefficient of adhesion, yj, is the friction
coefficient of ploughing, and R is the indenter radius. The
PVA-Ni-D coating’s improved wear resistance with a lower
ploughing and adhesion coefficient-of-friction (0.23 and 0.13,
respectively) were also indicated by the estimated sub-para-
meters of the COF. In contrast, PVA-Ni, PVA-Ni-CNT, and
PVA-Ni-Gr exhibit more wear resistance with bigger COF (0.48),
ploughing COF (0.26 and 0.25, 0.25, respectively), and
adhesion COF (0.21 and 0.19, 0.18, respectively). A model per-
taining to the normal force on the surface and the tangential
force (Fy) on the tip during the scratch testing was put out by
Benjamin and Weaver.”® Three components make up the
model associated with the tangential force: a ploughing force
that can push away the detached film, a force that can peel the

This journal is © The Royal Society of Chemistry 2025

coating off the substrate, and a force that can distort the sub-
strate. The model has many parameters, including scratch
width (d), indenter radius (R), substrate and coating hardness
(H. and Hy), coating thickness (¢), and shear stress () at the
coating-substrate interface.
3
F, = i_RHS + Zrdz + dtH, (9)
However, the measurements of the metal coatings on the
glass substrate did not correlate well with this concept.
Consequently, a second model utilizing the substrate hardness
and contact radius (a) was presented by Benjamin and
Weaver®® in relation to the shear stress at the indenter’s tip

(7).

Hga

vVR2 — a2

This theoretical model was a standard model used to give
approximative data on the coating adherence. Eqn (4) was uti-
lized to derive the contact radius (@, Table 2) in this model,
which was employed to test the adhesion. The substrate’s
hardness of 2.4 GPa was acquired from the literature.*”
Compared to the PVA-Ni coating (1.89 GPa) and CNT, gra-

75 = (10)

Nanoscale, 2025, 17,1053-1068 | 1059


https://doi.org/10.1039/d4nr03431g

View Article Online

Nanoscale

Cracks and grooves

Delaminated surface

Cracked layer

s
<
B
&
o
©
0
N
=
N
3
A
S
c
]
B
K|
<]
E
3
[a)]
<
N
=
5
o]
§
3
P4
—
i
c
S]
T
ki
2

\ 2a

Smoother scratch track

10 um

Fig. 6 End parts of the micro-scratched samples (a, b, c and d) and assessment of the enlarged portions within the scratch (e, f, g and h), respect-
ively, for the PVA-Ni, PVA-Ni-CNT, PVA-Ni-Gr and PVA-Ni-D composite coatings.

1060 | Nanoscale, 2025, 17,1053-1068 This journal is © The Royal Society of Chemistry 2025



https://doi.org/10.1039/d4nr03431g

Published on 11 November 2024. Downloaded on 10/29/2025 6:13:55 AM.

Nanoscale

Table 2 Calculating the amount of contact between the surface of the
electrodeposited samples and the scratch indenter

Samples he(um) a(um) P.(GPa) u, Ha 75 (GPa)
PVA-Ni 21.4 61.9 0.83 0.26 0.21 1.89
PVA-Ni-CNT  20.6 60.8 0.86 0.25 0.19 1.83
PVA-Ni-Gr 19.3 59.0 0.91 0.25 0.18 1.75
PVA-Ni-D 16.3 54.8 1.07 0.23 0.13 1.56

phene-added coatings, PVA-Ni-D exhibits the lowest shear
stress and, consequently, the highest adhesion strength with
the substrate (1.56 GPa) (Table 2).

3.4 Discussions based on the interfacial interactions of the
composite coatings

Furthermore, the mechanical characteristics of the composites
are significantly influenced by the interface between the
matrix and reinforcements, which is contingent upon the geo-
metry of the reinforcements. The volume percentage and
efficient surface area per unit volume of the reinforcements
(@), which may be computed using the following relations,
provide the basis for an explanation of the interfacial
interaction.”*

o\ 2
sp T (TD) 6
ap = D _ — 5= (11)
VD 4 (dD) dD
Zxl =
3 2
deCNTZ
N Vonr denr? lont
n lont
T
Sar ndgrtgr + Z—Zfr 2(2 + 6Gr)
agr = — = = 13
or VGr J'[dGth dGr ( )
4 Gr

where the subscripts D, CNT, and Gr stand for the diamond,
carbon nanotube, and graphene reinforcements, respectively,
and d, [, t, and ¢ for the diameter, length, thickness, and
aspect ratio of the reinforcements. Due to the non-functionali-
zation of CNT and graphene, they cannot make strong chemi-
cal bonds with the matrix and therefore, could not offer strong
interfacial anchoring. Due to particle-particle interaction
(higher volume % and a of CNT and graphene, Table 3), the

Table 3 The reinforcements’ geometrical features and properties

View Article Online
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enhanced reinforcement interface® of CNT and graphene
results in a reduction in the mechanical and tribological
values (Table 1) relative to diamond. Furthermore, because of
their larger surface areas, the lubricating graphitic properties
of graphene and CNT tend to adhere to the particles when
they are loaded, making the particle sliding easier. They also
do not help to prevent matrix deformation. Conversely,
because of the larger size (3 pm), the stiff sp® network of the
diamond resists matrix deformation and has a strong mechan-
ical interlocking (particle-matrix interaction) with the matrix.

4. Computational results and
discussion

A range of in silico-based studies can be seen in the reports,
where diverse kinds of structural, stability/energetics, and elec-
tronic features have been reported.*® Importantly, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are the Frontier molecular orbitals
(FMOs), which show the properties related to the bulk and
surface states, respectively, along with taking care of the
HOMO-LUMO gap (Eg,p) showing the optoelectronic features,
including singly occupied molecular orbital (SOMO) in some
cases. Fig. 7 demonstrates the optimized/equilibrium struc-
tures of five component models (PVA, Gr, D with and without
H, CNT) and one Ni-based PVA composite model. Some impor-
tant and chosen Ni-O and Ni-C bond lengths for the PVA-Ni
and all four PVA-Ni-carbonaceous moieties-based composite
models can be discerned from Table 4. The bond length
between the O atom of the PVA and Ni metal has been calcu-
lated as 1.796 A. Moreover, it is important and interesting to
note that all composite models have been designed by keeping
in mind the experimental facets where the transition metal
(Ni)-allied with the PVA was anchored with the D (with and
without H atoms), Gr, and CNT, separately using the molecular
modelling approach, followed by electronic structure calcu-
lations approaches.

The optimized structures of all four composite models are
displayed in Fig. 8. First having a look into the Ni-O metal-
nonmetal bond length of the PVA-Ni-D (with and without H),
the Ni-O bond distances for both composite models (ranging
from 1.828 A to 2.195 A) have been found to be greater than
the PVA-Ni composite model (1.796 A), as expected. A similar
trend for the Ni-O bond lengths (see Table 4) can be seen for
the other two composite models (PVA-Ni-Gr and PVA-Ni-CNT),

Area (D band of Raman Theoretical vol % (area of D band/ Geometric Aspect ratio
Reinforcements spectrum) Total area  total area) parameters (%) a
CNT 90 598.7065 330385.8 15 denr = 40 nm 375 0.100
lonr =15 pm
Gr 28 809.6855 1879869 27 dgr =15 pm 1000 0.133
ter =15 nm
D 4672270.00 41800000 11 dp=1.5pm 1.5 0.004

This journal is © The Royal Society of Chemistry 2025
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Table 4 Some selected and important geometrical (metal-nonmetal bonding) parameters of the Ni-doped PVA (PVA-Ni) and four composite
models [PVA-Ni-D (with and without H atoms), PVA-Ni-CNT, and PVA-Ni-Gra] at the B3LYP/6-31G level of approach

Composite models (trimer complex)

PAM-Ni-CNT PVA-Ni-D (without H) PVA-Ni-D (with H) PVA-Gra
Metal-nonmetal bond Metal-nonmetal bond Metal-nonmetal bond Metal-nonmetal bond
Ni27-014 (1.909 A) Ni27-014 (1.828 A) Ni27-010 (2.195 A) Ni27-014 (1.958 A)
Ni27-C58 (1.856 A) Ni27-010 (1.932 A) Ni27-014 (1.983 A) Ni27-010 (1.994 A)
Ni27-C49 (1.858 A) Ni27-C32 (1.901 A) Ni27-C52 (1.902 A) Ni27-C31 (1.871 A)
Ni27-C40 (1.905 A) Ni27-C28 (1.900 A) Ni27-C32 (1.902 A)

Ni-allied PVA Composite Model (PVA-Ni)
Ni-O (1.796 A)

where the bond distances have been found to be larger stable (more favourable) complex/composite, as expected in
(1.909 A to for the PVA-Ni-CNT and 1.958 A and 1.994 A for the accordance with the supramolecular approach.

PVA-Ni-Gr systems) than that of the PVA-Ni composite (1.796 A) Importantly, the average intermolecular Ni-C bond lengths
alone. Such increased structural/geometric (Ni-O bond (a prime structural parameter) between the PVA-Ni component
lengths) parameters clearly indicate the formation of the and the other components, carbonaceous materials, like D, Gr,
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and CNT, were calculated as 1.873 A, 1.887 A, and 1.901 A for
the PVA-Ni-CNT, PVA-Ni-D, and PVA-Ni-Gr, correspondingly,
which give an indication of the significant interfacial metal-
nonmetal (Ni-C) bonding interaction(s) that stabilize the com-
plexes/composite models. Both kinds of intermolecular and
influential metal-nonmetal interactions (Ni-C and Ni-O)
appeared to be due to significant (d—-p overlap) between
the d-orbital of the Ni metal and p-orbital of the carbon
framework of the carbonaceous-based components. The
other imperative stabilizing parameters/factors are shown in
Table 5.

Moreover, in gaining new insights into the binding inter-
action between the Ni metal of the PVA-Ni component and C
atoms of the carbonaceous materials, the binding energy (BE)
(in the presence of metal) has been calculated in the frame-
work of the supramolecular approach.’®”" In the case of the
PVA-Ni-D composite model, a total of two cases, PVA-Ni-D (with
H) and PVA-Ni-D (without H), have been considered here in
this research work. It is astonishing to see that the BE was
detected to be positive (gives an indication of endothermic
reaction and thermodynamically unfavourable) with a large
value (HF: 260.3 kcal mol™" and DFT: 245.9 kcal mol™") for the

Table 5 Some chosen and useful electronic parameters of the Ni-doped component (PVA-Ni) and four composite models [PVA-Ni-CNT, PVA-Ni-
Gra, and PVA-Ni-D (with and without H atoms)] at the B3LYP/6-31G level of theory

PVA-Ni-D PVA-Ni-D
System (diamond without hydrogen) (diamond with hydrogen) PVA-Ni-CNT PVA-Ni-Gra
Binding energy (in kecal mol™) —271.7 245.9 —136.5 —67.1

(-257.4 HF/3-21G) (260.3 HF/3-21G) (—122.2 HF/3-21G) (—52.7 HF/3-21G)
HOMO (in eV) —5.434 —3.146 —4.406 -3.491
LUMO (in eV) —3.478 0.460 —3.069 -0.797
HOMO-LUMO gap (in eV) 1.956 2.686 1.337 2.664
Dipole moment (in Debye, D) 7.7 11.6 8.5 15
Natural charge (e) PVA-Ni (0.735) PVA-Ni (0.819) PVA-Ni (1.110) PVA-Ni (0.899)

D (—0.735) D (-0.319) CNT (-1.110) Gra (—0.899)

This journal is © The Royal Society of Chemistry 2025
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PVA-Ni-D (with H) composite model. However, notably, the BE
value (HF: —257.4 kcal mol™" and DFT: —271.7 kcal mol™") for
the PVA-Ni-D (without H) has been analyzed to be the most
negative (indicating an exothermic reaction and thermo-
dynamically stable), and the highest among all other three
composite models’ cases [PVA-Ni-D (without H), PVA-Ni-CNT,
and PVA-Ni-Gr]. The order of the BE (indicating the stability) is
found to be PVA-Ni-D (without H) (HF: 257.4 keal mol™" and

View Article Online
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DFT: 271.7 keal mol™") > PVA-Ni-CNT (HF: 122.2 kcal mol™
and DFT: -136.5 kcal mol™") > PVA-Ni-Gr (HF: —-52.7 kcal
mol™ and DFT: —67.1 kcal mol™"), which is consistent with
the experimentally observed parameters [penetration depth
(hp), scratch volume, and scratch hardness].

Very interestingly, by examining the HOMO-LUMO gap
(Eqap) values of all four composite models, the order of the
Egqp values is as follows: PVA-Ni-D (with H) (2.686 €V) > PVA-Ni-

HOMO LUMO
. o LUMO % *
0.460 eV
6,
Ca G ® 5 ‘“‘i e )
. e :‘;’.f; 2.686 eV e | wf“‘z I:
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Fig. 9 HOMO and LUMO isosurface maps of the PVA-Ni-D (with H and without H), PVA-Ni-Gr, and PVA-Ni-CNT composite models.
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Gr (2.664 eV) > PVA-Ni-D (without H) (1.956 eV) > PVA-Ni-CNT
(1.337 eV). This clearly shows that the former PVA-Ni-CNT con-
sisting of the lowest Eg,, value has the highest tendency to
excite the photoelectron from the HOMO to LUMO.*” It should
be noted that the Eg,, of the PVA-Ni-D (without H) is smaller
than that of the PVA-Ni-D (without H), which could be due to
the exclusion of H in the D and involvement of delocalized pi-
electrons therein. The above marked Eg,, values clearly indi-
cate that the D (without H) shows better optoelectronic pro-
perties (quick photoelectron excitation from the HOMO to
LUMO level). The order of the dipole moments of the three
species as shown in Table 5 has been computed as follows:
PVA-Ni-D (without H) (7.7 Debye) < PVA-Ni-CNT (8.5 Debye) <
PVA-Ni-Gr (15 Debye). This clearly indicates that PVA-Ni-D
(without H) is the least reactive (the most stable) among all
nanocomposites. Notably, as the charge transfer (CT) phenom-
enon plays an important role in several processes, Table 5
shows the highest charge (CT) between PVA-Ni (1.11e) and
CNT (-1.11e) for the PVA-Ni-CNT composite model, which
indicates that the CT takes place from PVA-Ni to the CNT com-
ponent.”? Very interestingly, a similar pattern can also be seen
in all other composites, where the CT process occurs from
PVA-Ni component to the carbonaceous components (see
Table 5).

Now, let us closely examine the FMOs (HOMOs and
LUMO:s) of all probed composite models playing an important
role in the photoelectron excitation (from HOMO to LUMO
level).>* The plotted three-dimensional (3D) isosurface maps
of all species can be discerned from Fig. 9. The SOMO of the
PVA-Ni-D (with H) appears to be spread over the N-metal and
the HOMOs near the four C atoms of D (close to the Ni-metal),
whereas the LUMOs are revealed to be located mainly over the
two C and two O atoms of the PVA component. However, in the
case of the PVA-Ni-D (without H) species, the HOMOs have
been detected to be close to one O, two C, and the Ni atom of
the PVA-Ni component, while the LUMOs are significantly
spread over the C atoms of the D component. Interestingly,
having a view on the PVA-Ni-Gr composite model, the HOMOs
are distributed over the some of the C atoms of the Gr and the
SOMOs are located on the Ni-metal atom of the PVA-Ni com-
ponents. However, the LUMOs are spread over almost all C
atoms of the Gr component. Finally, the HOMOs of the
PVA-Ni-CNT system have been seen throughout the Ni metal
and top segment of the CNT moiety, whereas the LUMOs are
found to be near the lower fragment of the CNT component.

The combined effects of the volume fraction, surface rough-
ness and reinforcement morphology on the strength (mechani-
cal and tribological) and bonding performances of the electro-
deposited Ni-PVA composite coating with diamond, carbon
nanotube, and graphene reinforcement are discussed. The
agglomerated (higher surface roughness of 0.45 pm) lubricat-
ing graphene’s graphitic layers slide off from the matrix
during micro-scratching, and CNTs responded in the same
way because of their weak connection with the Ni-PVA matrix.
Additionally, because of their small size (less than hundreds of
nm), they become caught in the Ni-PVA matrix and are unable

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Schematic showing a bird’s eye view of the current work.

to limit their deformation (Table 3). However, by acting as the
supporting structure, a comparatively bigger sized and well-
dispersed (reduced surface roughness of 0.38 um) diamond
particle (~few pm) seems to limit the rotation or sliding of
small grains (~tens of nm size). Therefore, the stronger protec-
tive coatings are produced by the improved particle strengthen-
ing of the electrodeposited Ni-PVA-D, rather than by CNT and
graphene reinforcement. The synergistic effect of adding metal
(Ni) and carbonaceous allotropes (diamond, CNT, and gra-
phene) in the PVA matrix resulted in the strengthening with
strong mechanical interlocking and bonding to the polymeric
material. A schematic of the overall summary of the current
work is presented in Fig. 10.

5. Conclusion

Electrodeposition was used to design composite coatings of
PVA with the encapsulation of metal (nickel) and various car-
bonaceous reinforcements (graphene, carbon nanotubes, and
diamond) to protect various engineering devices. Because of
the synergistic effects of metallization and carbonaceous
reinforcements, the mechanical strength and scratch wear
volume of the coatings grafted with carbonaceous reinforce-
ments decreased relative to that of PVA-Ni coating (from 10.29
x 107> mm?® to 7.34 x 10~ mm?®). Moreover, the mechanical
and scratch testing prefer diamond as an adroit additive over
graphene and CNT due to the lower surface roughness of
PVA-Ni-D coating that can effectively seal cracks, crevices, and
pores, leading to strong interfacial interlocking between
reinforcements and matrix. The improved wear resistance of
composite coatings was further allied with theoretical tribolo-
gical parameters (contact depth, contact radius and shear
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stress) and interfacial interaction calculations. The composite
coating’s geometrical, bonding, and electrical feature calcu-
lations, which revealed the highest binding energy, further
supported the diamonds’ strong interlocking. Owing to its
amended mechanical, tribological and bonding character-
istics, PVA-Ni-D coating exhibits potential utility in several
engineering applications.
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