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Abstract

Fibre reinforced polymer composites have become a new generation of structural materials due to their unique
advantages such as high specific strength, designability, good dimensional stability and ease of large-area monolithic
forming. However, the problem of interfacial bonding between the resin matrix and the fibres limits the direct use

of reinforcing fibres and has become a central difficulty in the development of basalt fibre-epoxy composites. This
paper proposes a solution for enhancing the strength of the fibre-resin interface using maize starch nanocrystals,
which are highly yield and eco-friendly. Firstly, in this paper, corn starch nanocrystals (SNC) were prepared by hydroly-
sis, and were deposited on the surface of basalt fibers by electrostatic adsorption. After that, in order to maximize

the modification effect of nano-starch crystals on the interface, the basalt fiber-epoxy resin composite samples were
prepared by mixing in a pressureless molding method. The test results shown that the addition of basalt fibers alone
led to a reduction in the strength of the sample. Deposition of 0.1 wt% SNC on the surface of basalt fibers can make
the strength consistent with pure epoxy resin. When the adsorption amount of SNC reached 0.5 wt%, the tensile
strength of the samples was 23.7% higher than that of pure epoxy resin. This is due to the formation of ether bond
homopolymers between the SNC at the fibre-epoxy interface and the epoxy resin, which distorts the originally
smooth interface, leading to increased stress concentration and the development of cracks. This enhances the bind-
ing of basalt fibers. The conclusions of this paper can provide an effective, simple, low-cost and non-polluting method
of interfacial enhancement modification.
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1 Introduction

As an emerging green industrial material, basalt fiber-
epoxy composites are widely used in many fields such
as aviation, ships and automobiles [1]. Reinforced phase
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the basalt fibres and epoxy resin. The composite has bet-
ter mechanical properties than traditional glass fibre
reinforced epoxy composites and is cheaper to manufac-
ture than carbon fibre reinforced epoxy composites [5].
This makes basalt fibre-reinforced epoxy composites con-
sidered to be the most widely used fibre-reinforced com-
posites of the future [6].

Poor interfacial bonding between basalt fibers and
resin matrix is the main reason limiting the application
and promotion of basalt fiber-epoxy resin composites [7,
8]. This is due to the inert surface of the basalt fibres and
their high smoothness [9, 10]. These disadvantages make
it difficult to introduce groups on the surface of basalt
fibres that can bind to polymers and have poor wettability
with epoxy resin substrates, fibres do not provide excel-
lent mechanical load-bearing during service [11-13].

Current research into improving the interface bond-
ing between fibres and matrix materials suffers from
environmental pollution, reduced mechanical proper-
ties of composites, chemical corrosion. For instance,
the modification of the resin matrix by the addition of
silane coupling agents to the composite, oxidation of the
fibre surface or addition of third phase nanoparticles [5,
14-17]. These methods require the use of highly corro-
sive and polluting chemical agents for surface activation,
which will reduce the mechanical properties of the fibres,
and the addition of nanoparticles can cause unknown
harm to the environment [18-21]. Therefore, an effec-
tive and non-polluting method to improve the interfa-
cial bonding of basalt fibers with resin matrix is urgently
needed.

The starch nanocrystals, from maize starch may offer
a new solution to the above core problems. Cellulose
nanofibres (CNF) and cellulose nanocrystals (CNC),
which are also polysaccharide nanocrystals, have been
added to the epoxy resin composites as reinforcing
phases to improve the mechanical properties of the com-
posites [22—25]. SNC has been studied more in the field
of lifting rubber and composite films, but less in the field
of epoxy composites [26-28]. By introducing a small
amount of starch nanocrystals (SNC) into basalt fibre-
epoxy composites, particularly at the basalt fibre-epoxy
interface, this study aims to determine whether SNC can
improve the mechanical properties of the composite,
alter the interfacial bonding and elucidate the underlying
mechanism of its effect. Such an approach could provide
an environmentally friendly solution to the fundamental
challenges faced by basalt fibre-epoxy composites, while
expanding the use of natural polymers such as SNC in
epoxy resin-based composites.

In this paper, we are aimed at the need to improve the
interface bonding between basalt fibres and resin matrix,
and based on the great potential of maize industrial
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treatment products in this field, we investigate the modi-
fication of the basalt fibre-resin matrix interface using
starch nanocrystals (SNC), a natural polymer extracted
from maize starch. In order to comprehensively dem-
onstrate the reinforcing principle of the widely available
natural polymer, starch nanocrystals (SNC), at the fibre-
resin interface, the experiment used the most intuitive
and non-reinforcing method of sample preparation, the
pressureless moulding technique. The resulting speci-
mens were then subjected to mechanical tensile tests.
After the tests, the morphology of the specimens was
characterised. The mechanism of the reinforcing effect of
starch nanocrystals on the interface between the basalt
fibre and the resin matrix was analysed.

2 Materials and Methods

2.1 Materials

The resin matrix category chosen for this study is bisphe-
nol A. epoxy resin (Wuxi Xinyehao Chemical Co., Ltd.,
GM-128, density 1.15 g/cm?). The selected reinforcing
fibre is basalt fibre (Jilin Tongxin Basalt Co., Ltd., length
7+0.3 mm, diameter 12+0.3 pum). Starch nanocrystals
(SNC) were produced from maize starch by sulphu-
ric acid digestion hydrolysis and the crystallinity of the
starch granules obtained after 6 days of acid digestion
was 64.7%.

2.2 Preparation of SNC

Starch nanocrystals prepared by sulphuric acid hydroly-
sis [29]. Waxy maize starch was dispersed in an aque-
ous solution of 3.16 mol/L sulphuric acid, the mass of
the starch was 10% (w/v) of the volume of the sulphuric
acid solution. The mixture was stirred continuously at a
speed of 200 r/min at 40 °C for 6 days. After 6 days, the
hydrolysed product was centrifuged and washed with
water until the pH reached 6-8. At the end, the starch
nanocrystals (SNC) were obtained by lyophilisation fol-
lowed by grinding. As shown in Figure 1, the starch
nanocrystal (SNC) samples were obtained after 6 days of
sulphuric acid digestion hydrolysis of waxy maize starch
and their electronic SEM and XRD images.

2.3 Sedimentary SNC

SNC in different mass percentages (0.1 wt%, 0.3 wt% and
0.5 wt%) of the basalt fibre composites were dispersed in
anhydrous ethanol by ultrasonic treatment. Anhydrous
ethanol and SNC were mixed in a ratio of 5:1 and the
mixture was treated with ultrasound at a temperature
of 35 °C and a frequency of 60 kHz. After dispersion, an
equal amount of basalt fibres (0.5 wt%) was added to the
SNC-alcohol suspension, and the mixture was stirred at
a speed of 600 r/min. Following thorough mixing, the
solution was transferred to a culture dish and placed in
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Figure 1 Starch nanocrystals and SEM/XRD images: (a) Sample of SNC, (b) SEM image of SNC, (c) XRD image of SNC

Table 1 Comparison of quality before and after drying of basalt
fibre deposited SNC

SNC concentration (wt%) 0.1 0.3 0.5
Before the deposition (g) 0.65 0.86 1.08
After the deposition (g) 0.58 0.74 0.93

a vacuum drying oven set at a temperature of 40 °C for
40 h. After drying, the samples were removed, weighed,
and the mass comparison before and after deposition was
documented in Table 1.

2.4 Specimen Preparation
In order to strengthen the interface by various means, the
current methods of preparation of fibre-reinforced com-
posites are generally pressure processing, such as vacuum
introduction, pressure tanks. For a more accurate analy-
sis of the strengthening effect of nano-starch crystals on
the interface, the influence of the process method on the
interface needs to be excluded. Therefore, the method
used in this experiment was compressionless forming.
Basalt fibres with different percentages of SNC were
combined with epoxy resin at a stirring speed of 1000 r/
min for 5 min. Epoxy hardener was then added for a sec-
ond stirring phase at the same speed of 1000 r/min for
1 min. The homogenised mixture was then poured into a
tensile mould to produce tensile specimens as described
in Ref. [30]. These specimens were systematically labelled
according to the categorisation in Table 2. The detailed
specimen preparation procedure is shown in Figure 2.

2.5 Scanning Electron Microscopy (SEM)

After the tensile test, the microstructure of each speci-
men section was observed by scanning electron micros-
copy (Chech TESCAN, VEGAS3). Before the scanning
electron microscope observation, all specimen surfaces
were gold sprayed with a vacuum evaporato (Japan JEOL

Table 2 SNC and CBF content of each specimen

Specimen number SNC content (wt%) Basalt fiber
content
(wt%)

BS-0 0 0

BS-1 0 0.5

BS-2 0.1 0.5

BS-3 03 0.5

BS-4 0.5 0.5

Corporation, JFC-1800) to improve the electrical con-
ductivity of the specimen fracture surfaces.

2.6 FTIR Analysis

The samples were analysed using Fourier infrared spec-
troscopy (Japan Shimadzu Corporation, IRAffinity-1) to
assess the compositional changes of the samples tested.
FT-IR spectra of samples recorded in the range of 400—

4000 cm ™! with a resolution of 2 cm™.

2.7 Mechanical Properties

2.7.1 Tensile Test

Tensile test using the universal testing machine (United
States MTS Systems Corporation, WSM-10KN) at Key
Laboratory of Bionics Engineering, Ministry of Educa-
tion, Jilin University. The tensile strength, Young’s mod-
ulus and elongation at break of the tensile specimens
were determined by stretching the specimens at a load-
ing rate of 1 mm/s [30]. Five replicate tests were car-
ried out on each type of sample and the average of the
five tests was taken as the sample test result. The force
and displacement of the specimen during the test are
recorded by load and displacement transducers. Based
on the distruction surface of the specimen after each test,
the cross-sectional dimensions of the samples are accu-
rately calculated, the formula for calculating the tensile
strength is as follows:
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where o is the tensile strength, F), is the maximum tensile
force at breakage of the sample, S, is the fracture area, the
value of F, can be obtained from the test data. Young’s
modulus was obtained from the slope of the stress-strain
curve and elongation at break was obtained from experi-
mental data.

3 Results and Discussion

3.1 Experimental Analysis of Mechanical Properties

The effect of different levels of SNC on the mechanical
properties of basalt fibre composites was investigated by
tensile tests. The picture of each specimen after stretch-
ing is shown in Figure 3(a). Three important performance
indicators are examined in the tensile test, including ten-
sile strength, Young’s modulus and elongation at break.
Figure 3(c) shows the tensile strength, Young’s modulus
and elongation at break of each specimen after the addi-
tion of different levels of SNC.

Tensile test results show that the tensile strength of
the specimen decreases from 19.6 MPa to 14.7 MPa with
the addition of SNC only. This indicates that instead of
improving the mechanical properties of the resin, the
addition of SNC created a large number of defects in the
resin due to the lack of an effective interfacial bond. This
results in the formation of a stress concentration within
the specimen during tension, leading to a decrease in its
tensile strength. As can also be seen in Figure 3(c), poor
interfacial bonding also led to a reduction in the elon-
gation at break of the samples. When 0.1 wt% SNC and
0.5 wt% CBF were added to the resin, the strength of the
specimen increased by 13.6% to a value of 16.7 MPa. As
the mass of SNC deposited on the CBF surface increases
to 0.3 wt% and 0.5 wt%, the specimen strength also
increases from 16.7 MPa to 19.75 MPa and 24.25 MPa.
Owing to the deposition of SNC on the CBF surface via
electrostatic effects, SNC is distributed within the com-
posite at the interface. The observed enhancement in
the composite’s strength, attributable to the addition of
SNC, signifies that SNC exerts a reinforcement/modi-
fication effect at the fiber/resin interface. Furthermore,
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the increase in SNC content not only completely com-
pensates for the defects formed at the interface in the
composite, but also gives the basalt fibres a significant
strengthening effect by reinforcing the interface.

The data on the tensile strength of the test specimens
give the following main types of information. Firstly, the
addition of small amounts of basalt fibres not only does
not enhance the mechanical properties of the composite,
but also reduces the tensile strength of the composite.
Secondly, the tensile properties of the composites show
an increasing trend with the addition of a small amount
of SNC, but there is still a certain gap between the ten-
sile properties of pure epoxy resin materials. When the
SNC addition content becomes 0.3 wt%, the stress and
strain values of the epoxy resin exceed the values asso-
ciated with the pure epoxy resin material. This indicates
that when the SNC content of the resin is increased,
the mechanical properties of the material are improved.
When the SNC addition content becomes 0.5 wt%, the
highest tensile strength of the specimen can be seen in
Figure 3(c).

At the meantime, with the increase in SNC content, the
elongation at break of the composite recovered and sur-
passed that of the pure resin material. This indicates that
there are no stress concentrations and local distortions
due to defects arising from bad interfaces during the
stretching process. As can be seen, the change in Young’s
modulus of each sample is not significant. This indicates
that no new chemical substance is formed in each sample
after the addition of SNC and that the chemical bonding
of each sample does not change significantly.

3.2 SEM Analysis

Figure 3(d) shows the microstructure of the individual
specimens at break in tension. As seen in Figure 3(d),
the fracture of BS-0 is characterized by cleavage frac-
ture, which is consistent with the brittle fracture of pure
epoxy resin. With the addition of CBF, a large number
of holes were visible in the section of specimen BS-1.
These smooth holes are caused by the fibres pulling out
of the resin matrix during the stretching process. This
indicates that no effective interfacial bond was formed
between the basalt fibers and the resin. This causes
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stress concentrations to form at the interfacial junction
of the composite during the tensile process, resulting
in a reduction in the tensile strength and elongation of
the composite. As seen on specimen BS-2, although the
CBF with 0.1 wt% SNC deposited on the surface was also
pulled out of the resin during stretching. However, basalt
fibres that fracture in tandem with the epoxy have also
emerged, with the epoxy resuming its rational fracture
characteristics. This indicates that the interfacial bonding
between CBF and epoxy resin was improved after depos-
iting a small amount of SNC. During this period, the
fracture reappears as a cleavage fracture feature, which
indicates that the resin plays a major load-bearing role
and the tensile strength of the specimen is recovered.

As seen on specimen BS-3, the number of holes in
the composite cross-section decreased significantly
with further increase in the SNC content deposited on
the CBF surface, and simultaneous fracture of fibers

BS-1 BS-2 BS-3 BS-4 I

Figure 3 Tensile test results and interface characterization: (a) Picture of each specimen after stretching, (b) FT-IR spectra of each specimen, (c)
Tensile strength, Young's modulus and elongation at break for each specimen, (d) SEM image of tensile fracture surface

and resin was common. This indicates that the fibres
start to play a load-bearing role during the stretching
process, which is also consistent with the stretching
results. It is worth noting that around some of the fibre
fracture locations, the epoxy resin shows features of
plastic deformation. This indicates that the addition of
SNC has transformed the toughness of the epoxy resin
around the basalt fibres. As the amount of SNC depos-
ited increases, this effect becomes more pronounced
in the SEM image of sample BS-4. This transforma-
tion not only shows that the deposition of SNC on the
surface of basalt fibres significantly strengthens the
interfacial bond between the fibres and the resin, but
also effectively improves the coordination between the
resin matrix and the fibres during load-bearing. This
phenomenon is reflected in the mechanical properties
of the specimen in the form of an increase in tensile
strength and elongation at break.
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3.3 FT-IR Analysis

Although tensile tests and SEM tests have shown that the
addition of CBF with SNC attached helps to improve the
interfacial bonding between the fibres and the resin in
fibre-reinforced composites. In order to more precisely
characterise the mechanism of action of the CBF addi-
tion, infrared spectroscopy tests were used to character-
ise the chemical reactions at the interface.

Figure 3(b) shows the infrared spectra of each speci-
men. 1184 cm™!, 831 cm™! and 916 cm™! are the charac-
teristic bands of the epoxy resin. It is clear from the graph
that the intensity of the wave peak at 916 cm™ of speci-
men BS-4 becomes significantly lower. This indicates
that during the exothermic curing of the resin, the right
amount of SNC causes crosslinking reaction between
the resins and between the fibres. An excellent interfa-
cial bonding is formed between the resin matrix and the
basalt fibres, allowing the curing reaction of epoxy resin
more fully in response. At the meantime, the strength
of the non hydroxy-terminated —OH stretching vibra-
tion is enhanced, generating a reticulate homopolymer
containing an ether bond C-O-C structure, promotes
the formation of a three-dimensional cross-linked net-
like structure within the epoxy resin system. This further
explains the significant increase in tensile strength of
BS-4 specimens containing 0.5 wt% CBE, 0.5 wt% SNC.

The results of the infrared spectra corroborate the pre-
vious analysis. When using the non-pressure forming
method, as shown in Figure 4(a), the smooth basalt fibre
surface does not form a good interfacial bonding with the
epoxy resin. The epoxy resin surrounding the basalt fibres
forms a hole with a smooth inner wall, this hole forms a
stress concentration when stretched. This leads to rapid
crack expansion between the holes and reduces the

No Force
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mechanical properties of the composite. As shown in Fig-
ure 4(b), CBF with SNC deposited on the surface reacts
chemically with the epoxy resin during the curing pro-
cess, resulting in a homopolymer with an ether bonded
C-0O-C structure in the form of a network. This allows
the CBF to be force-constrained, exerting a load-bearing
role during tension, and also avoiding the appearance
of holes and stress concentrations. The addition of SNC
enhances the interfacial bond between the epoxy resin
and the CBE, enabling the CBF to achieve an effective
load-bearing effect and improving the mechanical prop-
erties of the composite.

4 Conclusions

The approach outlined in this paper, involving the rein-
forcement of basalt fibre-epoxy resin composites with
starch nanocrystals, offers significant potential for the
use of starch nanocrystals derived from agricultural
crops in the field of composite materials. The following
conclusions can be obtained from this paper:

(1) Under compressionless forming conditions, the
addition of basalt fibres alone does not strengthen
the epoxy resin, but rather reduces the strength of
the composite.

(2) With the addition of SNC deposited on the sur-
face of the basalt fibres, the tensile strength of the
composite is restored and gradually becomes higher
than that of the resin matrix. When SNC was added
at 0.5 wt%, the tensile strength of the composite
increased by 23.7% compared to the sample without
the addition of SNC.

(3) Microstructural analysis shows that the basalt fibres
alone do not play a reinforcing role in the com-

Figure 4 Schematic of the mechanical properties of SNC reinforced composites
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posite because no effective interfacial bonding is
formed during the pressure-free forming process.

(4) During the stretching process, smooth holes form
on the fracture surface due to the pull-out of the
basalt fibres. The smooth holes create stress con-
centrations that reduce the mechanical properties
of the composite.

(5) As the SNC content deposited on the CBF surface
increases, simultaneous fracture of the CBF and the
epoxy resin begins to occur. This is due to the addi-
tion of SNC facilitating the curing reaction of the
epoxy resin, resulting in an increase in the strength
of the stretching vibrations of the non hydroxy-ter-
minated —OH and the formation of a homopolymer
with an ether bond C—O-C structure in a network.
This enhances the interfacial bond between the
fibres and the matrix, allowing the fibres to per-
form an excellent mechanical load-bearing role and
increasing the strength of the composite.
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