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Abstract

This study presents novel mechanochemical methods for the synthesis and
chemical modification of bismuthene nanosheets (BINS) using a high-speed
blender and planetary ball milling. Atomic force microscopy (AFM) measure-
ments confirmed successful exfoliation of 1.5-nm BINS. Epoxy/BINS nanocom-
posites exhibited enhanced mechanical properties, thermal stability, and
chemical resistance. Chemical modification via ball milling improved the
interface and dispersion of BINS within the epoxy matrix, leading to significant
enhancements in mechanical performance and chemical resistance. Compared
to neat epoxy, at 0.75 vol% m-BINS, Young's modulus, impact strength and
fracture toughness Kjc were respectively enhanced by 30%, 88.6%, and 144.4%
while these increments were 10%, 55.7%, and 97.8% for pristine BINS-based
epoxy nanocomposite. A 3D finite element model of the impact test of the
nanocomposite was developed to predict its behavior under high-strain rate
loadings; the numerical model showed high agreement with experimental
measurements. Epoxy/m-BINS nanocomposites demonstrated exceptional
chemical resistance, attributed to the small lateral dimensions of m-BINS,
which fill the spaces between cross-linked epoxy molecules and uniformly dis-
tribute within the matrix. These findings highlight the crucial role of interface
and dispersion in defining the mechanical properties of nanocomposites. Over-
all, this study provides a facile and scalable method for synthesizing and modi-
fying bismuthene, showcasing its potential for developing functional polymer
nanocomposites.

Highlights

« Bismuthene nanosheets & modified BINS (m-BINS) are prepared by eco-
friendly method.

« m-BINS is ~1.5 nm thick and ~0.5 pm wide.

« m-BINS shows good dispersion and strong interface adhesion within epoxy
matrix.
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high-strain rate.
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1 | INTRODUCTION

Graphene,* MXene,** hexagonal boron nitride,””” a-ZrP
nanosheets,®*’° and many other 2D materials have
attracted significant attention from the scientists for vari-
ous applications owing to their unique features and
advantages depending on its bulk counterparts. For
example, graphene and its derivatives'’™"® (graphene
oxide, reduced graphene oxide, and graphene platelets)
feature superb thermal and electrical conductivity and
remarkable mechanical strength where they are
employed not only in reinforcing polymers but also for
developing thermally and electrically conductive
polymers for various applications.'*"” The plate-like
structure of the 2D materials make them unique among
other geometries specifically nanotubes or nanorods'®;
plate like structure at the nanoscale offers the most uti-
lized contact surface area with the host matrix provided
that complete exfoliation with uniform distribution is
attained. Despite significant advancements in nanocom-
posite materials, there remains a need for novel synthesis
methods and effective modification strategies to enhance
their mechanical, thermal, and chemical properties.

Bismuthene is an emerging 2D material,'” consisting
of monolayer or few-nanosheets of bismuth. It features
high carrier mobility, outstanding specific surface area,
high in-plane anisotropy, and buckled honeycomb 2D
structure with large lattice constant of 4.357 A.** Com-
pared with other 2D materials in groups IVA and VA,
bismuthene has low toxicity, high biocompatibility, and
chemical and air stability. This makes bismuthene envi-
ronmentally friendly and hence attracts researchers to
explore its use in various applications, such as catalyst for
CO, capturing and N, fixation.*'

Mechanochemical method is one of the top-down
approach to exfoliate bismuthene nanosheets (BINS)
where mechanical forces are used to break van der Waal
forces and separate individual nanosheets from a bulk
bismuth.?* The delamination of bismuth layers into BINS
is accomplished by mechanical grinding, milling or
shearing. A high-speed blender has been employed
recently to prepare BINS with high yield; it applies high
shear forces with immense turbulence that can facilitate
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« Impact strength and K;c of epoxy/m-BINS nanocomposite are enhanced by
88.6% and 144.4%.
« Numerical model for impact strength is developed to predict behavior at

bismuthene, functional coating, mechanical property, mechanochemistry, nanocomposite

23,24 such

the exfoliation process of a plate-like materials,
as bismuth, Ti;AIC, (MAX),?® and graphite.*

Incorporating BINS into polymer matrices is antici-
pated to open new opportunities for a diverse range of
advanced materials and applications, such as flexible and
resilient electronics, flexible gas sensors, and biomedical
devices. Although bismuthene features unique physical,
chemical, and mechanical properties, there is scarcity to
find reports or studies on its polymer composites where
mechanical and/or chemical properties are investigated.
To the best of our knowledge, there is no reports on
bismuthine/thermoset nanocomposites. In the current
study, we provide a green approach to synthesis and
chemically modify BINS. They are exfoliated and modi-
fied via a mechanochemical method in two steps. Ini-
tially, bismuth powder undergoes exfoliation process
using a high-speed blender to produce BINS. Subse-
quently, a planetary ball-milling is employed to modify
BINS with Jeffamine D-400 (they are so-called modified
BINS (m-BINS)) to hinder their restacking within the
host matrix. Finally, epoxy composites were prepared by
incorporating BINS and m-BINS separately. The BINS
and its epoxy nanocomposites are thoroughly character-
ized, and their structure—property relations are exten-
sively investigated including a numerical analysis. The
study gives insights into a sustainable production of func-
tional polymer/bismuthene nanocomposites for various
applications.

This study aims to synthesize and chemically modify
BINS using novel mechanochemical methods, namely a
high-speed blender and planetary ball milling, and inves-
tigate their effects on the mechanical, thermal, and
chemical properties of epoxy nanocomposites. The objec-
tive is to enhance our understanding of the role of inter-
face and dispersion in defining the properties of
nanocomposites, and to develop a scalable method for
the synthesis and modification of BINS for use in func-
tional polymer nanocomposites. This work contributes to
the field by providing insights into the design and devel-
opment of advanced materials with improved perfor-
mance characteristics. More importantly, this research
distinguishes itself by investigating novel mechanochemi-
cal methods for synthesizing and modifying BINS,
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leading to significant enhancements in mechanical prop-
erties and chemical resistance of epoxy nanocomposites,
while also developing a validated numerical model for
high-speed impact loading.

2 | EXPERIMENTAL AND
NUMERICAL MODELING DETAILS
2.1 | Materials

Bismuth powder (200 mesh) was purchased from Anhui
Zesheng Technology Co. Ltd. Epoxy (E51, diglycidyl ether
of bisphenol-A) was ordered from Nantong Xingchen Syn-
thetic Material Co. Ltd. Jeffamine D 230 and Jeffamine

D400 were provided from Huntsman Pty Ltd. Ethanol
(99% purity) was purchased from the local market.

2.2 | Preparation

Figure 1 illustrates the process for preparing bismuthenes
(BINS). 1 g of bismuth powder and 100 mL of ethanol are
added to a plastic container. The container is placed on a
Vitamix high-speed blender (Model number E310) for
15 min at 25,900 rpm (7th gear). The blending time
divided into three 5-minute intervals; after each interval,
the blender is allowed to cool down for 10 min. Once the
blending is complete, the resulting suspension is trans-
ferred to a plastic tube and centrifuged for 15 min at
3000 rpm. The tube is then dried in an oven at 60°C for
2 h. The dried product is BINS. It noteworthy to mention
that the yield is 30%; 0.3 g of BINS for every 1 g of bis-
muth powder.

The process of modifying bismuthenes (BINS) with
Jeff-amine D-400 (D400) is depicted in Figure 1. BINS are
combined with D400 in a stainless-steel pot at a weight
ratio of 1:1. The mixture is then ball-milled using
stainless-steel balls of various sizes at a weight ratio of

Mod|f|cat|on

Exfoliation

Bismuth

[ P () P - -

Ball

BINS + D400

I
I
I
I
I
I
I
|

. High-speed blender Belkmiling

L A - - - - -

50:1 to the BINS and D400 mixture. The planetary
ball-milling process is performed for 6 h at 400 rpm, with
10-min breaks every 30 min to prevent overheating. The
resulting mixture is washed at least twice with 100 mL of
ethanol and dried at 60°C for 2 h resulting in m-BINS.

The process for preparing epoxy composites with
BINS and m-BINS is also shown in Figure 1. Epoxy resin
was prepared using E-51 and Jeffamine D230 (hardener)
at ratio of 1:0.33. Predetermined quantity of BINS or
m-BINS is added to the epoxy resin, the composite mix-
ture manually stirred for 5 min then magnetically stirred
for 10 min. The mixture is degassed in a freeze dryer for
10 min to remove any trapped air bubbles. The mixture is
poured into a waxed-PTFE mold for curing. The curing
process is conducted in fan oven for 12 h including:
(i) 4 h to increase the temperature from 20 to 120°C at
rate 25°C/h and (ii) 8 h at constant temperature of 120°C.
Epoxy composites with BINS or m-BINS are prepared at
fractions 0.25%, 0.5%, 0.75%, and 1%.

2.3 | Characterization
Chemical groups attached to the BINS and m-BINS are
studied using a Fourier transform infrared spectroscopy
(FTIR) with a Thermo Scientific Nicolet iS50, within the
range of 4000-400 cm ™ '. Thermogravimetric analysis
(TGA) was performed using a Shimadzu DTA-50 at the
scan rate of 10°C/min, and the fraction of grafted mole-
cules was characterized by weight loss from room tem-
perature to 800°C in N, atmosphere.

The grafting percentage (G,) can be calculated using
the following formula:

Gp=—"—, (1)

where W, is the weight of the grafted sample after reac-
tion, W} is the weight of the original sample before

Cure
Mixture Specimens
CUN FIGURE 1 Schematics for
preparation of bismuthene
nanosheets (BINS), modified
Coating BINS (m-BINS), and their

nanocomposites.
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reaction. This formula calculates the percentage increase
in weight after grafting, relative to the original weight of
the sample before grafting, and expresses it as a
percentage.

Atomic force microscopy (AFM) was used to measure
the thickness and lateral size of BINS and m-BINS using
a Bruker Dimension Icon instrument. The AFM samples
were prepared by suspending BINS or m-BINS in acetone
at 0.005 wt% via 30 min of sonication and dropping the
suspension on mica sheets, followed by drying in a fan
oven at 80°C.

Scanning electron microscopy (SEM, ZEISS Sigma
300) was employed to examine the fracture surface of
epoxy composites with BINS or m-BINS at 10 kV. X-ray
diffraction (XRD) test was conducted epoxy composites
using a Rigaku Dmax Ultima+, where Cu Ka radiation
was applied at 40 kV and 40 mA. The diffraction patterns
were then collected in a reflection mode geometry within
26 range of 10°-80° at a scanning rate of 10°/min.

Tensile testing was performed on dumb-bell shaped
samples at an extension rate of 5 mm/min using a ten-
sile machine (WDW-100E) according to ASTM D-638.
The tensile specimens were 170 x 10 x 4 mm?>, with a
gage length of 115 mm. Compact tension (CT) test was
carried out using a tensile machine (XIANGMIN),
where the Kjc and Gjc values were calculated accord-
ing to ISO 13586. The impact strength was carried out
on a Charpy impact testing machine (AELTA XJJY-50)
with the specimens of dimensions 65 x 12 x 4 mm®.
Five samples were tested for each nanocomposite frac-
tion for the tensile, CT and impact tests. Dynamic
mechanical analysis (DMA) was conducted at a fre-
quency of 1Hz using a DMA Q800 TA Instrument,
Inc., USA. DMA was run using samples of dimensions
35.5 x 13 x 3 mm® within temperature range 25-150°C.
Chemical resistance was tested according to ISO
1817-2005.

Sample

Dimensions: 6512 x4 mm
3D stress elements
Element type: C3D8R
FE mesh size: 0.3x0.3 0.3 mm

FIGURE 2
the 3D finite element

(FE) model of the Charpy é
impact test.

Details about
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3 | NUMERICAL MODELING OF
IMPACT TEST

A 3D finite element (FE) model of the Charpy impact
test was developed in Abaqus software to investigate the
contribution of bismuthene on the performance of the
neat epoxy. A schematic depiction with some details of
the model is shown in Figure 2. To prevent a convergence
issue in the solutions, an explicit time integration method
was employed in the simulations rather than an implicit
one. This allowed for the capture of the workpiece's sud-
den failure during the test. The workpiece has dimen-
sions of 65x 12 x 4mm>, in accord with the
experiments. Eight-noded linear brick elements with
reduced integration and hourglass control were used to
describe its behavior. Element size of 0.3 x 0.3 x 0.3 mm
was used in the discretization. The mesh convergency
was verified by this mesh size since the workpiece's
energy absorption ratio to that of the finer mesh
(0.15 x 0.15 x 0.15 mm) was less than 5%. Rigid ele-
ments (R3D4) were used to model the striker and stop-
pers, with a mesh size of 0.4 x 0.4 x 0.4 mm. They were
coarser than the workpiece sample with their slave sur-
faces because, in contact modeling, they were master
surfaces. With an impact speed of 3.8 m/s and a mass of
2.077 kg, the impactor generates an impact energy
of 15 J. Its surface is plane. The stoppers are fixed in all
directions. A general contact algorithm was implemented
between the striker-sample and sample-stopper with a
friction coefficient of 0.25.%

Elasto-plastic with ductile damage model*® was used
to represent the behavior of neat epoxy and epoxy/
m-BINS nanocomposite samples. The onset of damage is
based on the equivalent plastic strain, i.e. when the strain
reaches to a critical value, the damage initiates in the
sample. Later, the evolution of the damage is governed
by the following energy equation:

Interaction properties
Normal behaviour: Hard contact

Tangential behaviour: Penalty (u = 0.25)

40 mm Stoppers
Fixed in all directions.
Rigid elements

Element type: R3D4

Striker

Energy: 1517
t Mass: 2.077 kg
X Impact speed: 3.8 m/s (in—y dir.)

Rigid elements
Element type: R3D4
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ﬁ?l = 2Gt/oy0,(2)where ﬁ?l is the effective plastic dis-
placement at failure, G is the fracture energy per unit
area, and oy is the yield strength at the time when the
failure criterion is reached. The elements in the mesh
were deleted upon the complete damage was reached.*
The material constants obtained from this work and the
literature were used (see Table 1).

4 | RESULTS AND DISCUSSIONS

41 | Morphology of nanosheets

AFM is employed to measure the thickness of BINS and
m-BINS as shown in Figure 3A,B. Figure 3A illustrates
an AFM micrograph of bismuthene which has width of
~2 pm and thickness of ~1.5 nm indicating successful-
ness of high shear blending in exfoliating bismuthene.
Figure 3B shows the thickness profile of randomly
selected sheet recording thickness of 1.6 nm with width
of 0.5 pm. Figure 3C,D shows histograms of thickness
and width of m-BINS where the majority of sheets have
thickness of ~1.6 nm and width of ~0.4 um. The AFM
results indicate that BINS were successfully exfoliated via
mechanochemical method using a high-speed blender.
Since the process of modification is performed by high-
speed planetary ball milling, BINS can break into smaller
lateral dimensions. Also, it is obvious that ball milling
develops damages over the BINS surface in the shape of
irregular holes as shown in Figure 3C. This is due to the
high shear effect and friction between the ball milling
spheres and BINS surface. The thickness of m-BINS is
larger than pristine BINS due to the attachment of chem-
ical surfactant D400 onto the surface.

FTIR is commonly used to study the functional
groups on the surface of nanomaterials after modifica-
tion.*'** Figure 3E shows FTIR spectra of BINS, m-BINS,
and D400, illustrating the grafting of D400 molecules
onto the surface of BINS. Upon modification, several new
peaks emerged: two peaks represent the N—H stretching
vibration at 3446 m ' and 1630 cm '; two peaks assigned
to the CH; stretching vibration at 2970 m' and
2873 cm ™% one peak ascribed to the CH; flexural vibra-
tion at 1373 cm !; and one peak attributed to the
C—0—C stretching vibration at 1106 cm~'. The above

grafted chemical groups are from the nucleophilic substi-
tution and ring opening reaction. The FTIR spectra con-
firm the success of BINS modification with D400 using
planetary-ball milling.

TGA was also conducted in order to quantify the
grafting ratio of D400 on BINS surface. Figure 3F shows
the TGA curves of BINS, m-BINS, and D400. The curves
of BINS and m-BINS show a slight weight loss of 0.5% at
100-150°C which is attributed to the evaporation of
absorbed water molecules. In the curve of m-BINS, an
obvious weight loss is observed in the temperature range
of 200-400°C, indicating the pyrolysis of the grafted
groups. The grafting ratio was calculated as 3.0% by com-
paring the weight loss of BINS and m-BINS at 800°C as
shown in the inset in Figure 3F.

In Figure 3G, both BINS and m-BINS show the same
diffraction peaks as bismuth, except for two negligible
oxidation diffraction peaks, and they have similar heights
of diffraction peaks. However, m-BINS exhibit a broader
diffraction peak at 20 = 27.22° in Figure 3H. This can be
caused by the intercalation of some molecules of D400
into the layers of BINS. The change in diffraction peaks
between BINS and m-BINS confirms further the success
of modification.

Two epoxy nanocomposites at 0.75 vol% are studied
by transmission electron microscopy (TEM), as shown in
Figure 4A-D. Figure 4B highlights the presence of thin-
ner BINS, indicated by the yellow arrow, while a signifi-
cant number of BINS aggregates, marked by red arrows,
can be observed. This signifies inadequate dispersion of
BINS within the epoxy matrix. Conversely, in Figure 4C,
m-BINS are uniformly dispersed throughout the entire
matrix. Abundant m-BINS, indicated by the yellow
arrow, are visible, with minimal aggregation. This indi-
cates excellent dispersion of m-BINS within the epoxy
matrix. Furthermore, these nanosheets exhibit thinner
thickness and smaller width, facilitating a superior inter-
face with the epoxy matrix. This enhanced interface con-
tributes to the improved performance of various
properties in the composite material.

XRD was also used to investigate the microstructure of
epoxy/BINS and epoxy/m-BINS composites. Figure 4E,F
shows the XRD patterns of neat epoxy, BINS, m-BINS,
and their 0.75vol% nanocomposite. In Figure 4E, neat
epoxy shows a wide diffraction peak from 10° to 30°,

TABLE 1 Constants of neat epoxy and epoxy/m-BINS (0.75 vol%) used in FE analysis.
Elastic modulus, Critical equivalent plastic Fracture
Sample E (GPa) Poisson’s ratio, v strain (Onset of damage)>’ energy, G; (J/m?)
Neat epoxy 1.40 0.33 0.25 0.2
Epoxy/m-BINS (0.75 vol%) 1.83 0.25 0.5
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FIGURE 3 Atomic force
microscopy image, histogram of
thickness and width for (A, C)
BINS and (B, D) m-BINS; (E)
Fourier transform infrared
spectra of BINS, m-BINS, and
D400; (F) Thermogravimetric
analysis curves of BINS,
m-BINS, and D400; and (G, H)
X-ray diffraction curves of BINS
and m-BINS.
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which is attributed to the scattering of the cured epoxy
molecules; similar results were observed in previous stud-
ies.*> The XRD patterns of epoxy nanocomposites with
pristine BINS or m-BINS show same peaks. However, the
intensities are much less in the case of m-BINS system.
When the peak around 26 = 27.22° is zoomed in as shown

in Figure 4F, it appears that the peak of epoxy/m-BINS
nanocomposite is much wider than that of epoxy/BINS
system. Quantitively, the peak of each system was ana-
lyzed by OriginLab software; the FWH of m-BINS's peak is
1.38 times the FWHM of pristine BINS's peak. Similar
measurement was observed of the peak area, the area of
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FIGURE 4 (A,B)
Transmission electron
micrographs (TEM) of the

0.75 vol% epoxy/BINS
nanocomposite; (C, D) TEM
micrographs of the 0.75 vol%
epoxy/m-BINS nanocomposite;
and (E, F) X-ray diffraction
patterns of neat epoxy and its
nanocomposites.
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m-BINS's peak was 66% less than of BINS one. Large
FWHM and small peak area suggest better dispersion and
less BINS filler concentration in the measurement area.
This indicates that chemical modification enhances disper-
sion of BINS within the matrix; similar conclusion was
reported in previous studies.***”

4.2 | Mechanical properties

Figure 5A-C shows mechanical properties of neat epoxy
and its nanocomposites with pristine BINS and m-BINS.
It is evident that BINS have positive impact on the
mechanical performance of epoxy. The mechanical prop-
erties including tensile strength and impact strength
steadily increase with the addition of BINS, in particular

at low fractions. Figure 5A compares stress—strain curves
of neat epoxy, 0.75vol% BINS and 0.75 vol% m-BINS
nanocomposite. It is evident that pristine BINS-based
nanocomposites exhibited brittle rupture, while m-BINS-
based nanocomposites showed an early necking behavior
which resembles the fracture behavior of neat epoxy
reflecting the effect of small lateral dimensions of
m-BINS. Remarkably, m-BINS increase the mechanical
properties of epoxy in comparison with BINS; at 0.75 vol
% of BINS, the tensile strength increases from 62.5 MPa
of neat epoxy to 69.6 MPa, representing an 11.4% incre-
ment. Meanwhile, at the same content, m-BINS increases
the tensile strength of epoxy to 75.4 MPa, showing a
20.6% increment. In a similar fashion, Young's modulus
of epoxy marginally increases with the addition of pris-
tine BINS while it has evident increment when m-BINS
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is incorporated as shown in Figure 5C. For example, at
0.75 vol%, Young's modulus gained an increment of 30%
with m-BINS while this increment was only 10% in case
of pristine BINS. However, as the BINS content increases
to 1 vol%, the mechanical property either starts to drop
like the tensile strength or it has marginal increment as
in Young's modulus.

Figure 5D presents the impact strength of neat
epoxy and its nanocomposites. The impact strength of
both systems shows a significant increase at 0-0.75 vol
%, but the enhancement diminishes at 1 vol%. Once
again, the effect of chemical modification is highlighted
when comparing. The impact strength of epoxy/m-BINS
nanocomposites with epoxy/BINS nanocomposites. At
0.75vol% of pristine BINS, the impact strength
increases from 8.8 kJ/m?® of neat epoxy to 13.7 kJ/m?,
representing a 55.7% increment while this increment is
elevated to 89% when m-BINS is added. For epoxy/
BINS nanocomposites, the presence of aggregations and
clusters of BINS filler particles is evident, which can
lead to stress concentration and reduced mechanical
properties. In contrast, the epoxy/m-BINS nanocompo-
sites exhibit a more uniform distribution of m-BINS,
which can enhance load transfer and improve mechani-
cal properties.

In the light of the obtained results of tensile
strength properties and impact strength, it is evident

Filler fraction (vol%)

that bismuthene improve the mechanical performance
of epoxy. Also, it is evident that chemical modification
of BINS with Jeffamine D400 further enhances this
performance in comparison with pristine BINS. This
can be explained as following: (i) the contrast in
mechanical properties of BINS and matrix makes BINS
effectively able to reinforce epoxy matrix provided that
uniform dispersion is attained. The calculated in-plane
stiffness of monolayer bismuthene is 25 N/m>®; since
there is no reports about stiffness of bismuthene in
N/m?, we followed analogy of the published data of
graphene's stiffness: graphene's Young's modulus is
330 N/m and 1 x 10" N/m?; this will give an approxi-
mate of bismuthene's Young's modulus of 76 GPa
while the Young's modulus of neat epoxy is within
range 1-3 GPa. (ii) Modifying BINS with Jeffamine
D-400 surfactant wraps the sheets and prevent them
from restacking within the matrix. This increases the
contact surface area between BINS and matrix leading
to strong interface and effective stress and load trans-
fer between them. Also, the free amine group on
D-400 surfactant may covalently bonded with epoxide
group in the matrix which can further strengthens the
interface with the matrix. On the other hand, pristine
BINS did not show similar increments compared with
m-BINS mainly because the high chance of restacking
and weak interface with the matrix.
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Figure 6 shows the plane-strain fracture toughness
Kic and critical strain energy release rate Gic of neat
epoxy and its nanocomposites with BINS and m-BINS.
The Kic and Gic of both systems show a significant
increase with filler content range 0-0.75 vol% then starts
to decrease. Additionally, the Kjc and Gjc of epoxy/m-
BINS nanocomposites are significantly higher than those
of epoxy/BINS nanocomposites. At 0.75 vol% of BINS,
the Kjc increases from 0.45 MPa-m'? of neat epoxy to
0.89 MPa-m'/?, representing a 97.8% increment while it
increased by 144.4% when 0.75 vol% of m-BINS is added.
Similarly, at 0.75vol% Gic increases from 206 J/m?* of
neat epoxy to 435 J/m?* (115% increment) in case of pris-
tine BINS; this increment was 150% upon modifying
BINS. However, as the volume fraction of filler increased
further, the Kjc and Gjc began to decrease at 1 vol% due
to stress concentration caused by filler aggregation.

The results are explained as follows. Upon modifica-
tion, m-BINS exhibits a better interface and dispersion in
the epoxy matrix since the chemical bond grafted on the
m-BINS' surface strengthens the interface with
the matrix. This strong interface results in high energy
release. Additionally, the incorporation of m-BINS
restricts the mobility of the epoxy's chain, resulting in
higher stiffness. At low filler fraction (<0.75 vol%), fillers
have plenty of space to disperse, enabling them to estab-
lish strong interactions with the matrix. Consequently,
stress transferring and load sharing between the filler
and matrix are significantly improved. However, at high
filler fraction, the fillers tend to swarm and aggregate,
leading to the formation of clusters. These aggregates can
create stress concentration sites where cracks are more
likely initiated. As a result, the mechanical properties are
negatively affected.

Also, lateral dimensions of nanofiller plays a crucial
role in achieving uniform dispersion. Since modifying
BINS was via planetary ball milling, they break down
into smaller sheets; in case of pristine BINS, they have an
average width of ~1.5pm compared with 0.5 pm of

Filler fraction (vol%)

m-BINS. Therefore, the dispersion of m-BINS in the
matrix is further improved after modification. Large
fillers could form aggregates through overlapping with
the adjacent fillers. Excessive overlapping can weaken
the stress sharing between the matrix and filler, and act
as stress concentration locales. This is another reason
why higher increments in mechanical properties occur in
epoxy/m-BINS nanocomposites in comparison with pris-
tine BINS system.

The FE simulation of the Charpy impact test was per-
formed. The strain rate during the impact test was
approximately 10°s™', as our first FE simulations
showed. As a result, the quasi-static yield strength values
shown in Figure 6 cannot be used in the simulations.
Jung et al.*® identified the mechanical properties of neat
epoxy and carbon nanotube reinforced epoxy composites
at high strain rates using Split Hopkinson pressure bar
test. This investigation showed that neat epoxy acted like
a brittle material with elastic and very limited perfect
plastic characteristics at higher strain rates. This study
reported that the neat epoxy strength value was
105.90 MPa and the failure strain was 0.40 at a strain rate
of 1200 s~ L. In contrast, these values were 53.4 MPa and
5.0 when the sample was under a quasi-static loading. In
the simulations here, the properties from® obtained at
high strain rate (very much close to that of impact test),
therefore, they were used.

Figure 7A,B demonstrates the deformed shapes of
neat epoxy specimen obtained experimentally and
numerically with the distribution of onset of damage,
where they are observed to be consistent. Figure 7C pre-
sents the change in the speed of the striker during the
impact test obtained from the simulations. It was
observed that upon the contact of the striker to the sam-
ple, its speed started to decrease until reaching to
3.7426 m/s at t = 0.40 ms. That means the complete fail-
ure of the specimen, that is end of the energy absorption
of the specimen, occurred at this instant. With the help
of this figure, the impact strength of the neat epoxy can
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be computed as follows: the sample's energy absorption,
the striker's kinetic energy decreases during the impact,
divided by the area of its cross-section where the failure
happened (12 x 4 mm). It was computed to be 9.36 kJ/
m?, which is consistent with the experimentally obtained
value, 8.80 kJ/m” as shown in Figure 7D.

After verifying the developed FE model, the predic-
tion was performed for epoxy/m-BINS (0.75 vol%) show-
ing the best mechanical performance among all the
specimens in the experiments. As the epoxy/m-BINS
exhibited better dispersion, compatibility and interface
with epoxy matrix compared with epoxy/BINS, its
description with the FEs with homogenous material
model was expected to be better; therefore, it was consid-
ered here. However, its yield strength under high strain
rate is not available. For this purpose, 127.75 MPa was
considered here (called as Scenario 1, see Table 2) as this
number was calculated based on the ratio of yield
strength values for the epoxy/m-BINS (0.75 vol%)
(53.40 MPa) and neat epoxy (44.30 MPa) obtained in this
study. It was assumed that the ratio of their yield strength
values obtained quasi-statically here was considered
to be identical at higher strength values (127.65 to
105.90 MPa). The respective FE simulation demonstrated
that the impact strength value was 13.33 kJ/m?, around
20% less than the one observed in the experiment in this
study, 16.63 kJ/m? (see Figure 5D). This result revealed
that epoxy/m-BINS (0.75 vol%) behaved much stronger
under impact loading, therefore it absorbed excessive

Neat epoxy Epoxy/m-BINS (0.75 vol%)

amount of energy. Our further FE simulations demon-
strated that for the yield strength value of 165.46 MPa
(called as Scenario 2), the impact strength was calculated
to be 16.51 kJ/m?, which was in line with the experimen-
tally observed one. This strength value was around 56%
larger than that of the neat epoxy, whereas this difference
was around 21% for quasi-static loading condition as pre-
sented in Table 2. In the simulations, the critical failure
strain was considered to be identical for both neat epoxy
and nanocomposite (see Table 1). However, with the
addition of m-BINS into epoxy, the failure strain was
observed to decrease in quasi-static experiments here (see
Figure 5A). If this would be the case at higher strain rate,
the ratio of the strength of epoxy/m-BINS (0.75 vol%) to
neat epoxy would be even larger than 1.56. Overall, it
was revealed that with the contribution of m-BINS into
epoxy, the increase in the strength of nanocomposite was
much larger when it was subjected to higher loading
rates in comparison to that subjected to quasi-static
loadings.

4.3 | Dynamic mechanical analysis

DMA was conducted to assess the effect of adding BINS
into epoxy matrix and evaluate the interface effect on
thermal properties of epoxy nanocomposites. DMA is a
justified measurement tool to examine the molecular
relaxation process and determine the glass transition
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TABLE 2 Mechanical properties of neat epoxy and epoxy/m-BINS used in and obtained from finite element analysis.
Neat epoxy Epoxy/m-BINS (0.75 vol%)
Yield
Yield strength  Impact strength Impact Ratio of yield strength of
(MPa)3° strength (kJ/m?) (MPa) strength (kJ/m”) nanocomposite to neat epoxy
105.90 9.36 Scenario  127.65 13.33 1.21
1
Scenario  165.46 16.51 1.56
2
1.00F (A) 1.00[ (B) FIGURE 8 Tan delta for
AT (A) epoxy/BINS and (B) epoxy/
— Neat epoxy T 025 valh AN e m-BINS nanocomposites. BINS
075} 0.25 vol% BINS 0.75} - - - 05 vol% m-BINS Yo P ) ’

- = = 0.5vo0l% BINS I
0.75vol% BINS

0.75 vol% m-BINS
— =1vol% m-BINS

bismuthene nanosheets;
m-BINS, modified BINS.

1

o — =1vol% BINS o
c 0.50 | €0.50 |
© ©
- -
0.25F 0.25F
7/
7/
TR B
0.00 . . . - 0.00 .
25 50 75 100 125 150 25 50
Temperature (°C)
TABLE 3 Glass transition temperature of neat epoxy and its
nanocomposites.

. . Glass transition temperature, T; (°C)
Filler fraction

(vol%) Epoxy/BINS Epoxy/m-BINS
0 89.2 89.2
0.25 94.2 96.7
0.5 95.9 98.9
0.75 92.1 96.5
1 86.3 93.4

temperature (T) where the polymeric molecules are rear-
ranged and transferred from glassy state to viscoelastic
state. Figure 8A,B presents the tan § for neat epoxy and
its nanocomposites with pristine BINS and m-BINS as a
function of temperature. A decrease in tan § amplitude
signifies a significant restriction in matrix chain
motion,** which is observed in both pristine BINS and
m-BINS-based nanocomposites. This is due to the exis-
tence of stiff filler, BINS, which restricts the mobility of
epoxy at high temperature. Similar behavior was
observed in epoxy/graphene nanocomposites.

Table 3 summarizes the T, values for both neat epoxy
and its nanocomposites. Notably, T, of epoxy increases
with the addition of pristine BINS (0-0.75vol%) or
m-BINS (0-1vol%). However, the increments in T,

75 100 125 150

Temperature (°C)

values in m-BINS are more pronounced; for example, at
0.5 vol%, T, increased by 10°C in case of m-BINS while it
is 6°C for pristine BINS. The chemical modification effect
was more evident at high fraction; pristine BINS showed
a decline in the T, of epoxy by ~3°C at 1 vol% in compar-
ison with neat epoxy, while it is still higher than the neat
epoxy by ~4°C in case of m-BINS. This is another confir-
mation that strong interface and uniform dispersion are
important and can be attained when chemical modifica-
tion is employed on BINS before mixing with epoxy. At
lower fractions, the improvements in T, are primarily
attributed to two factors: (i) the uniform dispersion of
m-BINS, which enhances and strengthens the crosslink-
ing density; and (ii) the strong interface resulting from
D-400 molecules bridging BINS with the epoxy matrix.
Conversely, T, reductions at higher filler fractions occur
due to filler aggregation.

4.4 | Fractography analysis

SEM was investigate the fracture mechanism of epoxy
nanocomposites and to detect any agglomeration or clus-
ters. The SEM images of the fracture surface from tensile
testing and CT of neat epoxy are not presented here, as
neat epoxy exhibited a smooth, featureless fracture sur-
face.*” Two specific filler fractions, 0.25 and 0.75 vol%
were selected as they represent the beginning and
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FIGURE 9

maximum reinforcement of mechanical properties, mak-
ing them valuable for analyzing the strengthening mech-
anism of BINS and m-BINS in epoxy.

Figure 9 shows the SEM images of fracture surfaces
after tensile testing the epoxy/BINS and m-BINS nano-
composites. The SEM image of the 0.25 vol% m-BINS
nanocomposite reveals a rougher fracture surface, and
the distribution of the energy release area appears more
uniform compared with the fracture surface of pristine
BINS-based composite. Similarly, the SEM image of the
0.75 vol% m-BINS nanocomposite displays highly rough
fracture surface in comparison with the 0.75 vol% BINS
nanocomposite. Figure 9B1 displays aggregations of
BINS, marked with white circles; Figure 9B2 shows a typ-
ical example of an aggregation. On the other hand, the
fracture surface of the 0.75 vol% m-BINS nanocomposite
shows some m-BINS, highlighted with yellow circles and
only one aggregation, identified by a white circle.
Figure 9D2 shows a possible crack initiation in the host
matrix marked with a yellow circle; this can confirm the
strong interface between m-BINS and the matrix. It is
noteworthy to mention that in most polymer composites
the crack origins are usually at the interface between
filler and matrix.

4.5 | Chemical resistance

The chemical resistance and liquid penetration measure-
ments are needed to assess polymers in some applica-
tions, such as marine industry and coating. Therefore,

Scanning electron microscopy images of fracture surface of tensile testing samples with: (A1, A2) bismuthene nanosheets
(BINS) at 0.25 vol%; (B1, B2) BINS at 0.75 vol%; (C1, C2) modified BINS (m-BINS) at 0.25 vol%; and (D1, D2) m-BINS at 0.75 vol%.

samples were cut and weighed. Then, they were soaked
in various liquids, namely, deionized water, 5 wt%
H,SO, and 5wt% NaOH solutions for a duration of
7 days. The samples were weighed every day; the weight
gain rate was calculated following the equation:
mass gain (%) = (Wp—W,) x 100/Wy,, where Wy, and
W, are the weights of the sample before and after soak-
ing. Neat epoxy and its 0.75-vol% nanocomposite were
chosen as representative samples for chemical resistance
tests. Figure 10A-C represents mass gain of neat epoxy
and its nanocomposites in water, H,SO,, and NaOH solu-
tions. It is evident that liquid intakes are faster and para-
mount in the first 3 days, especially for neat epoxy. Then,
the increments in the intakes slow down and almost satu-
rated by the end of the seventh day. Acidic environment
is harsh for polymers; therefore, it is noticed that neat
epoxy absorbed and gained larger mass in H,SO, solution
in comparison with water and alkaline solution (NaOH);
neat epoxy gained mass of 2.25% in H,SO, solution; and
1.75% in both water and NaOH solutions after 7days
immersion.

Upon adding plate-like structure fillers, such as BINS,
epoxy matrix intakes are much lower than neat epoxy as
shown in Figure 10A-C. The effect of modification on
the chemical resistance of epoxy nanocomposites is
highly noticeable. Epoxy/m-BINS nanocomposite reaches
saturation in absorption for all three liquids by the fourth
day, and almost ceases to absorb any of the liquids over
the subsequent 3 days. Also, the amount of gained mass
is marginal in comparison to neat epoxy or pristine BINS
nanocomposite; for example, after 7 days in water,
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The chemical resistance behavior of neat epoxy and
nanocomposites can be explained as follows:

Neat epoxy consists of 3D crosslinked molecules.
Although those molecules are entangled, they still
have spaces for liquids to penetrate and gain mass.
This is schematically presented in Figure 10D; the
liquid paths within the matrix are many and direct.

When pristine BINS added into epoxy matrix, they work
as physical barrier for the liquid attack. In addition, the
fillers work as solid substances filling the voids within
the matrix so that the matrix does not have space to
intake much liquid. Therefore, the matrix absorbs less
liquid. However, pristine BINS were not undergone ball
milling which means large overlap distance and high
chance of clustering due to van der Waal forces. This
will allow some liquid to get into the matrix though it is
less than the neat polymer as shown in Figure 10E.
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GURE 10

Chemical resistance of neat epoxy and its nanocomposites: (A) deionized water; (B) 5 wt% H,SO,; and (C) 5 wt% NaOH.
Schematic of liquid penetration into epoxy nanocomposites: (D) neat epoxy; (E) epoxy/BINS; and (F) epoxy/m-BINS.
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GURE 11 Tafel polarization curves of neat epoxy and its nanocomposites: (A) 5 wt% NaCl; (B) 5 wt% H,SO,; and (C) 5 wt% NaOH.

BINS, bismuthene nanosheets; m-BINS, modified BINS.
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+ Upon modifying BINS via ball-milling process, they
were broken into smaller sheets and wrapped with
D-400 surfactant. This helps in uniformly distribut-
ing m-BINS within the matrix. In addition of being
physical barrier, the well-distributed m-BINS create
a more intricate pathway for water absorption in the
epoxy as shown in Figure 10F; thereby enhancing
the material's resistance to liquid penetration.
Improving the compatibility and interaction between
the filler and the matrix can enhance the adhesion
of the interface region. Consequently, it prevents the
matrix expansion caused by chain redirection and
reduces the occurrence of structural instability, ulti-
mately limiting the material's ability to absorb addi-
tional solvents.

4.6 | Electrochemical tests

Electrochemical testing is widely used to analyze the
corrosion resistance of materials. In this study, three
typical examples were tested: neat epoxy, 0.75vol%
epoxy/BINS nanocomposite, and 0.75vol% epoxy/m-
BINS nanocomposite. The materials were subjected to
simulated environmental corrosion using 5 wt% NacCl,
5 wt% H,SO,, and 5 wt% NaOH, respectively. The Tafel
polarization curves of the three materials are presented
in Figure 11.

In the salt solution, the breakdown voltage of 0.75 vol
% epoxy/BINS nanocomposite was significantly higher
than that of pure epoxy, and the breakdown voltage of
0.75 vol% epoxy/m-BINS nanocomposite was further
improved. While 0.75 vol% epoxy/BINS nanocomposite
exhibited a slight increase in breakdown voltage in salt
solutions, 0.75 vol% epoxy/m-BINS nanocomposite dem-
onstrated a significant increase. This indicates that
0.75 vol% epoxy/m-BINS nanocomposite exhibits supe-
rior resistance to acid corrosion, possibly due to the
improved dispersion and stronger interface of m-BINS in
the epoxy matrix. These nanofillers enhance the barrier
properties of the composite, reducing the diffusion of cor-
rosive agents into the material.

Both composites showed a gradual increase in break-
down voltage in alkaline solutions. The increased
breakdown voltage of the materials indicates that both
composites possess enhanced corrosion resistance, with
0.75 vol% epoxy/m-BINS nanocomposite demonstrating
the highest corrosion resistance among all three environ-
ments. Based on the findings of this study, we have iden-
tified several areas for future research: exploring different
nanofillers, long-term performance and durability,
application-specific studies, advanced characterization
techniques, and scaling up the synthesis process.
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5 | CONCLUSIONS

This study demonstrated the successful synthesis and
chemical modification of BINS using mechanochemical
methods. The addition of m-BINS into epoxy matrix
resulted in significant improvements in mechanical prop-
erties, thermal stability, and chemical resistance. For
instance, at 0.75 vol%, the Young's modulus and impact
strength of epoxy increased by 30% and 89%, respectively,
compared with pristine BINS, which showed increments
of only 10% and 55.7%. The FE simulations for high-
speed impact loading showed a substantial strength gain
with the addition of m-BINS. Furthermore, the epoxy/m-
BINS nanocomposite exhibited exceptional chemical
resistance, with significantly lower liquid intake rates
compared with neat epoxy and epoxy/BINS nanocompo-
sites. These results underscore the importance of inter-
face and dispersion in enhancing the mechanical and
chemical properties of polymer nanocomposites. The
findings of this study provide a scalable method for syn-
thesizing and modifying BINS and offer insights into
developing functional polymer nanocomposites for vari-
ous industrial applications.
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