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ARTICLE INFO ABSTRACT

Keywords: Wear resistance and transparency are critical properties of polymer coatings. In this study, a novel nanocoating
Epoxy resin filler composed of one-dimensional inorganic magnesium borate hydroxide (MBH) nanorods was used to
Transparency improve the wear resistance and transparency of epoxy resin (EP) coatings. After successfully synthesizing MBH
;f:;zgr;:zﬁtance nanorods, different amounts were added to EP coatings to prepare EP/MBH nanocomposites, denoted as EXMBH
Nanocoating (x =1, 5, and 10 wt% MBH). The transparency and wear resistance of the neat and MBH-filled EP coatings were

estimated using optical transmittance and nanoscratch testing, respectively. The results indicate that E10MBH
displays a transmittance of more than 85 % in the visible region and a low value in the UV region, resulting from
the similar refractive indices of the MBH filler and EP. Additionally, the scratch recovery index and scratch
hardness increase by 53 % and 22 %, respectively, while the plastic deformation energy decreases by 67 %
compared to that of the neat EP coating. The E10MBH nanocoating presents excellent wear resistance due to the
formation of a solid three-dimensional network structure between EP and MBH. This paper demonstrates an
effective strategy for designing inorganic nanofillers to improve the mechanical durability and optical properties
of EP nanocoatings.

1. Introduction

Because of their eco-friendliness, chemical resistance, high adhesion,
and low costs, epoxy resin (EP) coatings are frequently employed in
optical devices, electric appliances, and architecture [1,2]. Neverthe-
less, they are vulnerable to scratching and perforation because of their
low Young's modulus and wear resistance, which limits their wider
application as coatings [1]. Thus, extensive research has been focused
on improving the wear resistance of EP coatings by incorporating
inorganic and organic polymer nanoparticles into the EP matrix, which
can produce nanocoatings with enhanced mechanical performance.

Considering organic polymer nanocomposites, the mechanical
robustness and long-term durability of EP coatings have been improved

using waste tire rubber, carbon nanotubes, carbon nanofibers, graphene,
and fluoroepoxy oligomers as filler materials. In particular, crosslinks
form between wrinkled graphene flakes and the polymer matrix, thereby
increasing the mechanical and tribological strength of the EP. However,
the dispersion of the incorporated reinforcing agents is usually poor,
particularly at higher volumes, which leads to aggregation, decreased
transparency, and environmental pollution. Moreover, using lower
volumes of organic nanofillers to circumvent the clustering of re-
inforcements only provides a limited enhancement effect.

To improve wear resistance further, numerous studies have investi-
gated filling polymeric materials with inorganic nanoparticles, such as
TiO5 and SiO5 nanofillers [3-6]. In addition to the inherent hardness of
the inorganic filler, the composite strengthening mechanisms are
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associated mainly with the interfacial connection between the filler and
the EP, which resists deformation. Such nanosized fillers can reduce the
stress and surface energy of the EP, improving the adhesion between the
composite and fillers. Inorganic nanoparticles allow the deposition of
inorganic films with optimal mechanical properties and reduce accu-
mulated stress compared to neat films. Interfacial polymers with nano-
scale fillers enable an increase in the interfacial area compared to that
achieved in traditional composites.

Although the incorporation of inorganic nanoparticles improves the
scratch resistance of polymers, the visible-light transparency of the EP
coating is generally reduced. To overcome this effect, Wei et al. [7]
presented a laminated SiO2@TiO2/ZnO coating where the ZnO exhibi-
ted a transmittance of 57.2 % in the visible region, suggesting that the
ZnO nanofillers were not severely detrimental to the transparency of the
coating. In addition, Song et al. [8,9] reported a transparent EP com-
posite coating incorporating halloysite nanotubes; after Taber falling
sand abrasion testing, the composite material continued to display
reasonable light transmittance. Furthermore, after synthesizing ZrO,
nanoparticles using a nonaqueous approach with benzyl alcohol as a
coordinating solvent, Tao et al. [10] successfully prepared ZrOs/epoxy
nanocomposites with ZrO, contents as high as 50 wt%, displaying high
optical transparency in the visible range. Despite these efforts, the
fabrication of coatings with high scratch resistance and transmittance
properties remains challenging because a trade-off exists between these
two factors; a method for enhancing scratch resistance without sacri-
ficing the transmittance properties is still lacking.

In this study, a novel, eco-friendly, and low-cost material namely,
one-dimensional magnesium borate hydroxide, xMgO-yB203-zH20
(MBH) was employed to prepare EP/MBH nanocoatings, denoted as
ExMBH (x = 1, 5, and 10 wt% MBH). The transparency and wear
resistance of the neat and MBH-filled EP coatings were determined using
optical transmittance and nanoscratch approaches, respectively. The
morphology of the scratches was characterized by atomic force micro-
scopy (AFM) and scanning electron microscopy (SEM) to investigate the
deformation mechanisms after conducting the nanoscratch measure-
ments. This study demonstrates coatings with enhanced scratch resis-
tance without sacrificing high transparency.

2. Experimental procedures
2.1. Materials

Magnesium nitrate hexahydrate, Mg(NO3),-6H20, was purchased
from Sinopharm Chemical Reagent Co., Ltd., China; boric acid (H3BOs3),
Tianjin Kemiou Chemical Reagent Co., Ltd., China; ammonium hy-
droxide (NH3-H30), Baiyin Liangyou Chemical Reagent Co., Ltd., China;
the EP (Epoxy E44), Nantong Xingchen Synthetic Material Co., Ltd.,
China; and 4,4'-diaminodiphenylmethane (DDM), Shanghai Aladdin
Bio-Chem Technology Co., Ltd., China.

2.2. Preparation of ExXMBH (x = 0, 1, 5, and 10 wt% MBH) composite
coatings

All reagents were of analytical grade and used without further pu-
rification. The products were synthesized using a modified hydrother-
mal reaction with Mg(NO3),-6H20, H3BO3, and NH3-H»O solutions in a
molar ratio of 2:3:4. Following a standard procedure, 1 mol of NH3-H,0
was added to a certain volume of H,O and heated to 50 °C. Subse-
quently, 0.5 mol of Mg(NO3),-6H20, 0.75 mol of H3BO3, and 300 mL of
H,0 were mixed with magnetic stirring for 30 min at 50 °C to obtain a
homogeneous solution. The mixture was added dropwise to the
NH;3-H0 solution, and thereafter, the slurry was placed in a stainless
steel autoclave (Multichem-600, Beijing Century Senlong Experimental
Apparatus Co., Ltd.) at 190 °C for 10 h. Subsequently, the solution was
allowed to cool to room temperature and then filtered, washed repeat-
edly with deionized water and ethanol, and dried at 100 °C for 8 h,
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yielding a white MBH powder.

To ensure good dispersion of the MBH nanorods in the EP matrix, the
EP was heated in an oil bath at 90 °C until it melted, and the MBH was
slowly added to the resin to form a mixture, which was subsequently
stirred at 200 rpm using a magnetic mixer at 90 °C for 2 h. DDM (18 wt
%) was added to the mixture and stirred continuously until it completely
dissolved. Thereafter, the mixture was placed in a vacuum drying
chamber at 100 °C for approximately 5 min and then poured into a mold
to prepare the specimens, which were cured at 100 °C for 2 h and then at
150 °C for an additional 2 h. The pristine EP was also obtained using the
same process for comparison.

2.3. Microstructural characterization and mechanical property testing

The structure of the composites was analyzed using an American
PANalytical X'Pert Pro MPD X-ray diffractometer. K, radiation (A =
0.154 nm) generated from a Cu target was used as the diffraction source.
The voltage and current parameters were 40 kV and 30 mA, respectively.
The samples were coated with thin layers of gold, and the particle
morphology and the fracture surfaces of the samples were characterized
using a scanning electron microscope (Helios NanoLab 600i, FEI) at an
accelerating voltage of 5 kV. Transmission electron microscopy (TEM)
was conducted using a field-emission gun transmission electron micro-
scope (Talos F200X, FEI) equipped with an energy-dispersive X-ray
spectrometer (EDS) and operated at an accelerating voltage of 200 kV.
The TEM samples were dispersed in acetone before observation, and the
scanning transmission electron microscopy (STEM) mode was employed
to analyze the elements and their distribution. Fourier transform
infrared (FTIR) spectra of the samples were obtained from 4000 to 400
em™! using the KBr pellet technique with a Thermo Nicolet Nexus FTIR
instrument (Thermo Fisher Nicolet 5700 spectrometer, USA). Raman
spectra of the powder were acquired using a Thermo Scientific Raman
instrument (Thermo Scientific DXR2, USA). The spectra were obtained
using 532-nm laser light excitation over the wavenumber range of
100-6400 cm!. Thermogravimetric analysis (TGA) was performed
from room temperature to 700 °C under a nitrogen atmosphere with a
heating rate of 10 °C/min using a thermogravimetric analyzer (Q50,
USA). The refractive index of the pure EP was evaluated using the oil
immersion method at a constant temperature of 20 °C under a micro-
scope (Ernst Leitz Wetzlar, Germany), with a transformer frequency of
50/60 Hz. The refractive index of the MBH powder was obtained by
extrapolation using a single-cylinder Abbe refractometer (OPTON
11290, Germany). The transmittance and absorbance were measured
using a UV-Vis spectrophotometer (TU-1810, Beijing). All samples were
cleaned with ethanol, and five parallel samples were obtained from each
specimen type. The Young's modulus was determined using a universal
electromechanical testing machine (INSTRON 5966) under a maximum
load of 2 kN, according to the ISO 527-2 standard, and the extension rate
was 0.5 mm/min. Placed the samples in ultraviolet (UV) climate resis-
tance test chamber (HJW/ZN-P-A, China), and treated them in accor-
dance with GB/T 14522-2008, 24 h was selected as the common
condition. The wavelength of UV light was 280-340 nm and the radia-
tion intensity of the sample surface was 0.89 W/m?2.

The nanomechanical measurements of the EP and EP/MBH nano-
composites were performed by nanoscratch testing using a Hysitron TI
950 TriboIndenter. A spherical diamond tip with a 10 pm radius was
used as the indenter probe. The nanoscratch tests involved making
scratches 250 pm in length using a constant normal force (F,,) at different
loads (5, 10, 30, and 50 mN). As shown in Fig. 1(a) and (b), each
scratching procedure comprises three steps. First, a prescan with a
constant normal force of 2 mN was performed to obtain the initial sur-
face information (height and roughness) of the tested sample, which
could then be used to correct the final penetration depth (Py) and re-
sidual depth (Rg; i.e., the tilt correction). The tip was subsequently
turned back and was allowed to scratch the composites at a rate of 0.5
mm/s, with the normal load increasing uniformly while maintaining a
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Fig. 1. (a) Schematic representation of nanoscratch tests on the surface of the samples, where F, and F, are the normal and tangential loads, respectively; (b) load
function of the nanoscratch test under the constant load of 50 mN; and (c) representative nanoscratch curves corresponding to the three scratch stages — prescan,

scratch, and postscan.

constant load (e.g., 50 mN). Finally, a postscan of the tip with a normal
force of 2 mN was performed to obtain the residual depth information of
the scratch [11]. The arrows in Fig. 1(c) indicate the scanning directions
during the experiment (left to right for the pre and postscans, and right
to left for the scratch stage). The difference between the height profiles
of the pre and postscans indicates the permanent residual deformation
caused by the scratch, corresponding to Ry in Fig. 1(a). Additionally, the
difference between the height profiles obtained during the scratching
and postscan stages was due to elastic recovery. The elastic and plastic
deformations can be derived from P4 and the total normal displacement,
as shown schematically in Fig. 1(a). The two significant parameters, the
scratch recovery index (f;) and the plastic energy (P,), were evaluated
using Egs. (1) and (2), respectively [12]:

_Pi—Ry
=5

By (€Y

P,=R;xF, (2)

where Py is the penetration depth, Ry is the residual depth, and F,, is the
normal force.

The scratch tracks on the samples were analyzed to determine the
widths of the scratches, and their average values (b) were used to
calculate the scratch hardness (Hs) using Eq. (3):

_ 8F,
s = b?

3

The topography of the scratches was characterized using a Park AFM
instrument.

3. Results and discussion
3.1. Characterization of MBH

As shown in Fig. 2, the phase composition and structure of MBH were
examined by X-ray diffraction (XRD), and all the diffraction peaks can be
indexed as MBH (PDF No. 01-070-1762) [13]. The XRD spectrum reveals
only the MBH crystalline structure, without other detectable peaks,
indicating perfect crystal growth [14].

The morphology and size of MBH were characterized using SEM and
TEM. The product exhibits typical nanorod morphology with lengths of

Magnesium Borate Hydroxide

=

Intensity (a.u.)

PDF:01-070-1762

10 20 30 40 50 60 70 80
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Fig. 2. A representative XRD spectrum of MBH.
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approximately 500-800 nm and widths of approximately 30 nm, as
shown in the SEM image in Fig. 3(a). Representative TEM and selected
area electron diffraction (SAED) images in Fig. 3(b) and (c) illustrate the
crystalline structure of MBH and the corresponding SAED pattern. The
constituent elements were confirmed by TEM, as shown in Fig. 3(d),
indicating that the sample is mainly composed of Mg, B, and O, as shown
in Fig. 3(e)~(g).

The FTIR and Raman spectra of MBH are shown in Fig. 4(a) and (b),
respectively. In Fig. 4(a), the typical O—H stretching, H-O-H bending,
B(s)-O antisymmetric stretching, B-O-H in-plane bending, B(s)-O outside
bending, B(4)-O antisymmetric stretching, and Mg—O stretching vibra-
tions can be observed in the FTIR spectrum [14-17]. In Fig. 4(b), the
strong peaks at 3965 and 3564 cm ™! represent the O—H stretching vi-
brations; the B4)-O antisymmetric stretching is detected at 1060 cm™';
the peaks at 833 and 319 cm™! are the symmetric and antisymmetric
stretching vibrations of B4)-O, respectively; and the peak at 612 cm™!
corresponds to the symmetric stretching of B(3)-O [15,18]. These results
are consistent with the XRD and chemical analysis in Figs. 2 and 3,
which illustrates that the vibrational modes of Mg—O, B—O, B-O-H, and
H-O-H are detectable. Additionally, the FTIR and Raman spectroscopy
results verify that MBH was successfully prepared.

To determine the composition, a sample was weighed, dissolved in
nitric acid, and transferred to a 100-mL volumetric flask. The magne-
sium ion content was determined using the EDTA method, and the total
boron content (represented by BoO3) was measured using the mannitol
method [17,19]. The specimens are composed of 42.58 % MgO, 41.61 %
B20s3, and H20 according to the MgO:B,03:H20 mole ratio of 1.06: 0.60:
0.88. The thermal stability results show that the total weight loss is
14.57 % from 50 to 550 °C, as presented in the TGA curve in Fig. 5. This
corresponds to a loss of 1.5 water molecules compared with the initial
value of 14.42 %, indicating that the chemical formula for this product is
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2Mg0O-B,03-1.5H0.

3.2. Transparency of the EP and its nanocomposites

Optical transparency is of great importance for applications in the
field of encapsulation materials in the visible range [20]. The trans-
parencies of the 1 mm-thick EP and EP/MBH nanocoatings after double-
sided polishing are shown in Fig. 6; double-sided polishing provides a
more practical reference value compared to single-sided polishing [21].
In the visible region, all patterns could be observed in these samples,
indicating high transparency for all the synthesized ExXMBH (x = 1, 5,
and 10 wt% MBH) nanocoatings. Only a minor effect on transparency
was observed for an increase in the amount of MBH up to 10 wt%.

To further examine the impact of MBH on the optical properties of
the composites, the optical transmittance of the EP/MBH nanocoatings
was measured in the visible and UV wavelength range of 200-800 nm.
Fig. 7 depicts the transmittance spectra of the 1 mm-thick EP/MBH
nanocoatings with different MBH loadings after double-sided polishing.
In Fig. 7(a), the cured epoxy shows a transparency of 90 % in the visible
region and a sharp UV cutoff at 350 nm [10]. Above 400 nm, with
increasing MBH content in the neat EP, the EP/MBH nanocoatings
continue to display high transparency; even at a concentration of 10 wt
%, a transparency of more than 85 % is maintained in the visible region.
ExMBH shows a low transmittance in the UV region due to its UV ab-
sorption capacity. One reason for the high transparency of nanocoatings
is the refractive index matching between the epoxy matrix and MBH
[22,23]; the refractive indices of neat EP (1.61) and MBH (1.64)
correspond to this observation [21]. After the incorporation of MBH, the
nanocoatings maintained excellent optical transmittance. However,
compared with that of the neat EP, the transmittance of E10MBH
decreased by approximately 6 %. According to Rayleigh's scattering law,

N
o

10.0 1/nm

Fig. 3. (a) SEM images of MBH morphology; (b) TEM images of MBH and (c) its corresponding SAED pattern; (d) HAADF-STEM image and (e) STEM-EDX mapping of

Mg, (f) B, and (g) O; and (h) the elemental EDS spectrum of MBH.
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the volume fraction and average radius of particles play important roles
in determining the optical transmittance [10,23]. Previous studies have
shown that dispersion and particle size have a significant impact on the
transparency of nanocomposites [24-26]. Proceed from the practical
anale, the UV aging behaviors of EP/MBH nanocoatings are shown in
Fig. 7(b). For pure EP, the transparency lost by 4.8 % after 24 h of
irradiation, while ExXMBH lost slowly. Comparing the aging performance
of pure EP, it could be observed that ExXMBH exhibit a stable trans-
parency performance after the UV irradiation. Clearly, the ExXMBH
possess obvious advantages against the UV irradiation compared to pure
EP.

To further investigate the dispersion of MBH in the EP, SEM images
of brittle fracture sections were obtained, as presented in Fig. 8(a)~(d).
After MBH was added to the EP matrix, part of it was evenly dispersed in
the composites. Notably, the remainder of the MBH also exhibited even
dispersion by forming tiny agglomerates and bundles (marked by the
orange arrows). Redundant interfaces arise in MBH and EP with the
increasing MBH concentration per unit area, which refract incident light
multiple times and cause the light transmittance to gradually decrease.

3.3. The mechanical properties of the neat EP and EP/MBH composites

The effect of MBH on the dynamic mechanical properties of the neat
EP and EP nanocomposites was evaluated using a dynamic mechanical
analyzer. Fig. 9(a) plots the storage modulus as a function of the tem-
perature for the neat EP and ExMBH (x = 1, 5, and 10 wt% MBH)
nanocomposites. The curves include three stages: the primary
(40-140 °C), secondary (140-160 °C), and tertiary steady states. In the
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Fig. 9. (a) Dynamic mechanical and (b) thermal behavior analysis of the neat
EP and EP/MBH nanocomposites.

primary stage, the storage modulus of ExMBH changes slightly,
increasing from 1582 to 1752 MPa with the addition of 10 wt% MBH.
Moreover, the storage modulus of the ExXMBH nanocomposites gradually
decreases as the temperature increases. In the secondary stage, the
values of the storage modulus of both the EP and ExXMBH composites are
similar and rapidly decrease as the temperature increases, reaching
approximately 0 MPa at 160 °C. Fig. 9(b) plots tan § versus temperature
for the neat EP and EP/MBH nanocomposites to indicate the glass
transition temperature (T), determined from the peak of the curve.
Compared to that of the neat EP, the T, values of ExMBH are slightly
increased. This occurs because the diffusion rate of one-dimensional
MBH limits the relative relaxation of the polymeric segment at the Ty,
and the transition from the rubber state to the glass state is stymied
[27,28].

ST L dk VS

Fig. 8. SEM images of the sample: (a) and (a’) EOMBH, (b) and (b’) EIMBH, (c) and (c’) ESMBH, and (d) and (d’) E1I0MBH. The orange arrows indicate the MBH

nanocomposite fillers in the EP.
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Nanoscratch tests with a normal load, F, (5, 10, 30, and 50 mN),
were performed on the neat EP and ExXMBH nanocomposites to elucidate
the effect of the MBH nanofillers on scratching resistance. According to
the scratch curves, the recovery depth (Ry) and penetration depth (Pg)
were determined using the methods described in Fig. 1(a). The varia-
tions in the scratch depth (after the tilt correction) are plotted as a
function of the lateral displacement at a normal load of 5 mN, as shown
in Fig. 10. The representative scratch curves comprise three stages: the
prescan, scratch, and postscan stages. The average normal displacement
was determined for lateral displacements ranging from 50 to 200 pm.
The fluctuations in the EIOMBH composite indicate that the addition of
10 wt% MBH increases the friction between the tip and the sample.

The average depth values provide acceptable accuracy and repro-
ducibility. Fig. 10(a) shows a total scratch depth (Pg) of 560 nm, of
which only ~380 nm is elastically recovered (Ry), leaving a residual
scratch depth of 180 nm when the normal load is released. In Fig. 10(b)
~(d), the residual scratch depths of EIMBH, ESMBH, and E10MBH are
129 + 6.5, 55 + 26, and 14 + 8 nm, respectively, which are less than
those in the neat EP samples. This suggests that the samples with 1, 5,
and 10 wt% MBH show substantially enhanced scratch resistance and
less plastic deformation displacement. Moreover, the normal displace-
ments in the pre and postscan stages overlap closely, indicating that the
surface suffers no plastic deformation under the load of 5 mN. Therefore,
the recovery ability and wear resistance of the EP/MBH composites are
significantly enhanced compared to those of the neat EP. Comparable
results are obtained for the neat EP and EP/MBH composites under a
normal load of 30 mN (Fig. S1, Supporting Information). To illustrate
the scratch morphology, the scratched surfaces of the neat EP and EP/
MBH composites were examined. From Fig. 11, the scratch morphol-
ogies reveal that the recovery displacement after scratching decreases as
the wt% of the MBH increases. Meanwhile, the EXMBH composites
require more energy to deform, in agreement with the increased T
values in Fig. 9.

To qualify the scratch properties of these composites, the recovery
index (fs) and plastic energy (P.) parameters were obtained according to
Egs. (1) and (2), respectively. In Fig. 12(a), f; increases to 0.72 + 0.02,
0.92 £ 0.04, and 0.98 + 0.01 with the addition of 1, 5, and 10 wt%
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Fig. 11. SEM images of the scratch morphologies in the neat EP and EP/MBH
composites under a normal load of 30 mN: (a) EOMBH, (b) EIMBH, (c) ESMBH,
and (d) EIOMBH.

MBH, respectively. The f; indices are enhanced by 12.5, 43.8, and 53.0
% compared to that of EOMBH (0.64 + 0.03) under a load of 5 mN. In
addition, the opposite trend is observed for fsEOMBH with the maximum
P., whereas E10MBH exhibits the lowest value at all indentation load
variations in Fig. 12(b). The scratch hardness (H;) in Fig. 12(c) is another
parameter for evaluating the scratch resistance and was calculated based
on Eq. (3). The width of each scratch was determined using AFM
topography images, as shown in Figs. S2 and S3 in the Supporting In-
formation. A noticeable enhancement in Hy, namely, the wear resistance,
is observed with the addition of MBH at loads of less than 30 mN. For
instance, under a load of 10 mN, the lowest H; value is obtained for
EOMBH, which is improved by ~9, ~18, and ~21 % after the incorpo-
ration of 1, 5, and 10 wt% MBH, respectively. This suggests that the
enhanced scratch resistance in the EP coating is induced by the MBH
nanofiller, as shown in Fig. 12(d). To eliminate the size effect, the
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difference between the neat EP and EP/MBH scratch mechanisms under
a load of 30 mN, rather than 10 mN, is considered in the following
discussion.

The surface morphologies of the scratched samples under a normal
loading of 30 mN were characterized using AFM 3D imaging, as pre-
sented in Fig. 13. The topography close to the end of the scratch displays
the distinctive plowing and plastic deformation in the EP without MBH
fillers. The scratch sliding surface in the EP is rougher than that in the
MBH-filled materials, as shown in Fig. 13(b)~(d). Because the neat EP
coating is fragile to the extent that it can crack and break away from the
surface of the specimen, as compared to the case for the MBH-filled
composites, a more distinctive piling-up area appears along the tracks
in the EP. The EP/MBH composites exhibit a relatively smooth surface
upon scratching, which further confirms their higher abrasion wear

(b)

%,

resistance, as shown in the red regions in Fig. 13(a). The corresponding
wear depths around the scratch for the neat EP and EP/MBH composites
are 1.4 and 0.6 pm, respectively, as illustrated in Fig. 13(e). The results
reveal a larger pile-up region along the scratch track in the EP sample.
The wear of the bulk material plowing regions is generally dependent on
the presence of fillers in the EP, which can significantly affect the shear
strength of the sliding interface [29]. An increase in the contact shear
strength owing to the modified modulus of EP/MBH composites can
notably enhance wear resistance by amplifying the stress. Moreover, as
shown earlier in Fig. 1(a), the penetration depth and scratch resistance
depend on the normal force (F,) and resistance to the tangential force
(Fp) during the sliding process. This induces different stress fields,
including compressive stress in front of and tensile stress behind the
indenter tip. For all the composites, the matrix beneath the indenter is
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Fig. 13. Topography of the end of the scratch for (a) EOMBH, (b) EIMBH, (c) ESMBH, and (d) E10MBH at a load of 30 mN; and (e) the wear depth of the EP/

MBH composites.
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expected to show both viscoelastic and viscoplastic deformation because
of the difference in the stress field [12]. During the scratch process, the
plastic energy is associated with the plowing region. Elastic energy is
released in the form of thermal energy and results in frictional heating,
which can be absorbed by the composites. Energy is absorbed by the
matrix instead of inducing more plastic deformation, which helps
explain the lower pile-up region and smoother slide trace for the MBH-
filled composites.

As shown in Fig. 14(a)-(f), shear stress is applied only to break the
C—C bonds in the EP. In the EP/MBH composites, the chains between
the EP and MBH interfaces can fracture as the elastic energy is increased.
This mechanism indicates that chain scission is favorable in EP/MBH
composites, leading to a much smoother scratch [30]. Studies have re-
ported that the improvement in the wear performance of polytetra-
fluoroethylene is ascribed to certain inorganic particles modified by
carboxylate end-group bonds. Therefore, the reinforced tribofilms
possess robust sliding surfaces, giving rise to a significant reduction in
wear resistance [31,32]. In nanocrystalline metals, high thermal sta-
bility is associated with low wear properties [29]. The thermomechan-
ical stability of materials can mitigate the stress-driven microstructural
evolution at elevated contact stresses and, ultimately, suppress delami-
nation wear.

Furthermore, incorporating inorganic fillers, such as nanoscale ZnO,
Al;03, MgO, and B,0s3, into composites can effectively decrease the wear
rate [33-36]. The wear mechanisms are related to the destruction of the
banded structure of the matrix and the physical interactions at the
polymer/filler interface. Herein, the possible reasons for the enhanced
wear resistance are associated with the higher crosslinking density,
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which is influenced by the distribution of the chain-like structure and
shape of the MBH nanofillers. The proposed recovery mechanism is
attributed to the effect of one-dimensional MBH nanorods inter-
connecting to form a three-dimensional network, as illustrated in
Fig. 14. The dispersion of MBH in the EP matrix can release the stress
concentration when the tip scratches the surface of the specimen [29]. A
few researchers have postulated that the enhancement in material yield
strength and elastic modulus can allow the material to resist scratching
by plastic deformation and plowing along the scratch track [9]. Hence,
nanoparticle-filled composites and transfer film generation can enhance
scratch resistance.

4. Conclusions

In summary, one-dimensional MBH was successfully synthesized
using a simple method and employed as a filler in an EP to balance its
mechanical durability and optical properties. The roles of the MBH
fillers in the transparency and nanoscratch properties of the neat EP and
ExMBH (x = 1, 5, and 10 wt% MBH) composite coatings were investi-
gated. EIOMBH exhibits the highest scratch resistance and maintains a
transmittance of over 85 %. The significantly improved wear resistance
can be attributed to the uniform dispersion of MBH in the polymer
matrix, in addition to the interfacial properties, higher crosslinking
density, and nanoparticle network, which are influenced by the one-
dimensional shape and structure of the MBH nanofillers. The refrac-
tive index matching between the EP and MBH and the dispersion of the
particles play key roles in the transmittance of the nanocomposite. As a
representative of eco-friendly and novel inorganic materials, MBH
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Fig. 14. (a) to (f) Schematic illustration of the mechanism of the nanoscratch technique using a nano-indenter. The inset figures depict the debonding in the films.
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demonstrates strong potential for various applications, including light-
emitting diodes, solar cells, and coatings.
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