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Abstract As a green filler comprising both nano-

and micro-sized fibrils, micro/nano white bamboo

fibrils (MWBFs) were treated with a silane coupling

agent (S-MWBFs) prior to their introduction in an

epoxy resin (EP). The sequential processes of steam

explosion, alkaline treatment, and micro grinding

were used to prepare to MWBFs. The effects of the

S-MWBFs on various characteristics of the cured EP

such as compatibility, fracture toughness, morphol-

ogy, mechanical property, and flame retardation were

studied. The fracture toughness and mechanical char-

acteristics of both the storage modulus and tand
maximum increased following addition of the

S-MWBFs to the EP. Notably, the fracture toughness

of the EP with 0.3 wt% of S-MWBFs was 22.2%

higher than that of unmodified resin. Scanning elec-

tron microscopy presented somewhat rougher surfaces

with shear deformation and tortuously twisting cracks,

resulting in a higher fracture toughness in S-MWBF-

modified epoxy samples. However, fire testing showed

that the presence of S-MWBFs increased the burning

rate of the EP.

Keywords Epoxy resin � Micro/nano white bamboo

fibril � Fracture toughness � Surface morphology �
Mechanical property � Silane coupling agent

Introduction

Epoxy resin (EP) has been regarded as one of the most

important organic engineering matrices for fabricating

composite materials due to its high modulus of

elasticity and strength, low shrinkage during cure,

and easy processability (Barbosa et al. 2016; Shin et al.

2017; Kang et al. 2017; Ren et al. 2017). Associated

with chemical structure of the EP, epoxy matrix-based

composites have been adopted in various industries,

such as aerospace, automotive, and marine construc-

tion (Heng et al. 2015), and have possessed desirable
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physical and mechanical properties, thermal stability,

and chemical resistance. However, due to the high

crosslink density after curing, epoxy has shown the

main disadvantage of being brittle, requiring relatively

low energy for its deformation and crack propagation;

this feature has limited its use in engineering appli-

cations that require high toughness (Li et al. 2016). For

this reason, an intermediate phase through blending or

chemical modification has been introduced to improve

the brittleness problem. Enhancement of the EP

toughness can be achieved by elastomers (Vijayan

et al. 2015; Quan and Ivankovic 2015), thermoplastics

(Liu et al. 2015), or solid particles such as silica

(Zhang et al. 2008; Dittanet and Pearson 2013),

graphene (Leopold et al. 2016; Hawkins and Haque

2014), graphene oxide (Wan et al. 2014), aluminum

beads (Sperandio et al. 2010; Zhao et al. 2008), or

core–shell nanoparticles (Liu et al. 2016).

Concurrently, researchers have also investigated

renewable and non-petroleum sources as modifiers for

EPs due to environmental concerns (Suyanegara et al.

2011; Minelli et al. 2010; Lu et al. 2008; Chiappone

et al. 2011; Yang et al. 2011). Cellulose, as one of the

most plentiful bio-polymeric substances, can be found

in plant cell walls, secretion from bacterial cell walls,

and some marine animals. When used as fillers, these

fibers enhance the mechanical characteristics of poly-

mer matrices. Therefore, cellulose fibers have become

the most attractive re-enforcer for enhancing the

material properties of polymers because they have

high strength and high modulus but are also environ-

mentally benign, biodegradable, and sustainable with

cheap price. Alamri and Low (2012) fabricated

recycled cellulose fiber-filled epoxy composite with

four different fiber loading up to 46 wt%, showing that

best mechanical characteristics were obtained for a

fiber content of 46 wt%. Yeo et al. (2017) used

microfibrillated cellulose modified with triethoxy(3-

glycidylpropyl) silane as the reinforcing filler for EP to

improve mechanical characteristics of the epoxy-

based composite. Both critical stress intensity factor

(KIC) and critical strain energy release rate (GIC)

exhibit enhanced interfacial adhesion between the

epoxy base and the cellulosic re-enforcer in the

triethoxy(3-glycidylpropyl) silane-modified microfib-

rillated cellulose/epoxy composites and increased

fracture toughness. Zhao et al. (2017) used cellulose

nanofibers with their surfaces modified with poly-

ethyleneimine to increase mechanical behaviors of EP.

Both tensile strength and Young’s modulus of the

obtained nanocomposites were 88 and 237%, higher

than those of the pristine epoxy, respectively, while

their storage modulus was improved a lot at temper-

atures either below or above the glass transition

temperature (Tg). Recently, Saba et al. (2017) inves-

tigated the effect of the cellulose nanofiber content on

the mechanical characteristics, morphology, and

structure of epoxy-based composites. The experimen-

tal analysis clearly revealed that 0.75 wt% was the

most effective content of cellulose nanofiber filler to

obtain the optimum values of both mechanical and

structural characteristics of the epoxy-based

composites.

Micro-fibrillated cellulose, which has a diameter in

the range of 10–100 nm possessing a web-like struc-

ture, is obtained from various cellulosic sources using

high pressure homogenization, fluidization, grinding,

and cryo-crushing (Grabr et al. 2010a, b; Spence et al.

2011; Alila et al. 2013). The Young’s modulus and

tensile strength of micro-fibrillated cellulose are

estimated at 100–140 and 2–3 GPa, respectively.

The Young’s modulus of micro-fibrillated cellulose

is known to be similar to that of a perfect crystalline

native cellulose (167.5 GPa) (Lavoine et al. 2012).

Although microfibrillated cellulose has been fabri-

cated from different sources and used as an effective

filler for EP, to the best of our knowledge both the

fabrication of micro/nano-sized white bamboo fibril

(MWBF) from white bamboo and its usage as a filler

for EP have been seldom reported. The combined

processes of steam explosion, alkaline treatment, and

micro grinding to produce the micro/nano cellulose

fiber are considered to be new. Furthermore, a slurry

state of the fabricated microfibrillated cellulose in

water was used as a source of fiber for the EP. This was

achieved by applying a solvent exchange method

without a drying process, which is a unique approach

of this work and differs from all other previously

reported strategies (Alamri and Low 2012; Yeo et al.

2017; Zhao et al. 2017; Saba et al. 2017), in which the

microfibrillated cellulose (via a dispersion method)

was dried before being incorporated into the EP.

The aims of this work are to examine the effect of

S-MWBF on fracture toughness, mechanical behav-

iors, surface morphology, dielectric properties, and

flame retardation of EP using methyl hexahydroph-

thalic anhydride (MHHPA) as a curing agent and

1-methylimidazole (NMI) as an accelerator. The
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MWBFs in this study comprised both micro- and

nano-sized fibrils and were modified with a silane

coupling agent prior to their incorporation into the

epoxy resin. Note that dispersion methods are required

to achieve good dispersion of fibrils in the EP on the

nanoscale.

Experiment and methods

The EP used was the diglycidyl ether of bisphenol A

(DGEBA) (Epon 828, Shell Chemical) with an

epoxide equivalent weight of 185–192 g/

eq. MHHPA (Lindau Chemical, UK) was selected as

a curing agent whereas NMI (BASF, Germany) was

used as an accelerator. The silane coupling agent (3-

glycidyloxypropyl) trimethoxysilane (GS) was pur-

chased from Sigma Aldrich. Dendrocalamus mem-

branaceus munro (white bamboo) (* 3 years old)

from Hoa Binh Province, Viet Nam was used as the

micro/nano fiber source. Ethanol and acetone (Tianjin

Yongda Chemical Reagent Co.) were used as solvents.

The chemical formulas of DGEBA, MHHPA, and

NMI are depicted in Fig. 1.

The MWBFs were synthesized from pristine white

bamboo via a steam explosion method followed by

alkaline treatment and micro-grinding mechanical

extraction. Raw white bamboo (* 3 years old) was

initially cut into bamboo culms 50–60 cm in length by

a saw and then placed into an autoclave for 1 h under

over-heated steam condition of 175 �C and 0.8 MPa.

The over-heated steam was then released quickly over

a period of 5 min and this sudden steam release

process was cycled 9 times. Subsequently, the samples

were continuously immersed in a 2% NaOH solution

at 70 �C for 5 h to ensure complete extraction of the

cell walls. A roller looser was then applied to extract

the slabs into short fibers. In a final step, the samples

were washed using fresh water until a neutral pH was

obtained and dried completely in an oven for 24 h at

105 �C. The obtained fibers were suspended in water

with a fiber concentration of 10 wt%, and then cut into

pulp fibers using a food mixer. The pulp-type fibers

were cycled 15 times between static grind and rotating

grind stones rotating at 1500 rpm (MKCA6-3,

Masuko Sangyo, Japan). The obtained aqueous

MWBF slurry with 90% water was treated with

ethanol to remove the water and filtered using a

vacuum pump to produce a sheet-type MWBF. The

filtered MWBF sheet was mixed with excess ethanol

using a stirrer at 5000 rpm for 15 min. The morphol-

ogy of MWBF was determined by SEM, as shown in

Fig. 2c.

The desired amounts of MWBF (0.1–0.4 wt%,

calculated based on EP) were dissolved in acetone

containing 2 wt% GS and then agitated using a

mechanical stirrer at 4000 rpm for 1 h in an ice bath

to ensure that no solvent evaporated. Subsequently,

the desired amount of epoxy was put and mixed for

60 min. The mixtures were stirred in a heating bath for

1 h at 45 �C, for 1 h at 75 �C, and for 2 h at 90 �C
sequentially. The mixtures were then continuously

heated at 90 �C for 4 h in an oven in order to

completely remove the solvent. Figure 3 presents the

detailed steps of this process.

The estimated amounts of the curing agent and

accelerator (mass ratio of EP/MHHPA/NMI = 100/

87/2.8) were mixed and then degassed in a chamber

under vacuum condition for 15 min. This mixture was

agitated for 30 min and then poured into a mold which

was preheated and treated by spraying a mold-release

agent. The curing step was processed at 130 �C for 1 h

and then continued for an additional 1 h at 150 �C in a

convection oven.

The KIC of the fabricated samples was determined

using a single edge notched beam tester in a three-

point bending flexure, in which the three-point bend-

ing measurement was proceeded using a universal

testing machine (Lloyd 500N, England) following the

ASTM D5045-99 test method.

Tensile tests were performed using a dumbbell-

typed sample (ASTMD638-91, Type I) via a universal

testing machine (Instron model 5582-100KN) at room

temperature with an extensional rate of 2 mm/min.

The obtained tensile stress–strain curves provided

ultimate tensile strength of the maximum stress,

ultimate elongation at break, and Young’s modulus.

The flexural test using an Instron (5582-100KN;

ASTM D790-86 test method) with a three-point bend

configuration and a sample dimension of

5 9 10 9 100 mm3 was repeated five times per

sample to obtain the average values.

The storage modulus and tand curves were mea-

sured using a dynamic mechanical analyzer (DMA)

(DMA8000; ISO 6721–1). The pristine epoxy and

composite samples with a dimension of 50 mm

(length) 9 8 mm (width) 9 2 mm (thickness) were

examined by three-point bending method for different
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temperatures from room temperature to 200 �C at a

heating rate of 5 �C/min and a fixed frequency of

6.28 rad/s. The glass transition temperature, Tg, of the

composites was obtained from the maximum peak of

the tand curves. Their fractured surfaces were further

observed by scanning electron microscopy (SEM)

(Joel JSM 6360, Japan).

The dielectric constant (e) and loss tangent value

(tand) were obtained using a Digital C-Tgd Meter

(mode 0194 C, CEAST) following ASTM D150 at a

Epoxy resin (EP)

CH2 CH

O

CH2C

CH3

CH3
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CH3

CH3

CH2
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On
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O

O

1-Methylimidazole (NMI)

N

N

CH3

(3-Glycidyloxypropyl) trimethoxysilane

OCH3

OCH3

SiCH3O CH2CH2 CH2 CH2 CH2O CH

O

Fig. 1 Chemical formulas of the raw materials
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fixed frequency of 1 MHz. The samples with a

dimension of 11 cm in diameter (same size of the

capacitor) and \ 1 mm in thickness, were prepared

from cured epoxy sheets and then inserted between

two capacitors. The gap between the two capacitors

was tuned to bring the sample as close as possible to

record the capacitance (C) and loss tangent. The e was
deduced from the following Eq. (1):

C ¼ ε � ε0 �
A

d
ð1Þ

where C is in Faradays (F), e0 = 8854 9 10-12 F/m,

A is the overlap area of the two capacitors, and d is the

gap between two capacitors, which is equal to the

sample thickness (Vu et al. 2016).

The limiting oxygen index (LOI) was tested on an

oxygen index meter (FTT, UK) as per ASTM D2863-

06 with a sample dimension of 130 9 6.5 9 3 mm3.

Furthermore, the vertical burning test (UL 94HB

test) was carried out using a vertical flame chamber

(UL 94, FTT, UK) with a sample size of

125 9 12.8 9 3 mm3 according to ASTM D635-14.

Fig. 2 Picture of white bamboo (a), prepared MWBF (b), and SEM image of MWBF (c)

Ice bath

MWBF/Ethanol
+acetone+silane

4000 rpm, 1h

+ Epoxy

Ice bath

4000 rpm, 1h 4000 rpm

Heating bath
(450C/1h +750C/1h+900C/2h)

Vacuum oven

Removal of solvent, 900C, 4h

MWBF/Epoxy

Fig. 3 Fabrication process of EP/MWBF
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The samples were stored in a desiccator at 23 �C and

relative humidity = 50% for 88 h prior to the test,

according to ISO 291. The ignition source was

designed according to ASTM D5025 with the flow

rate of methane fixed at 105 mm/min. A sample with

thickness \ 3 mm will reach the condition of

UL94HB if the rate of burning is lower than 76 mm/

min or the length of the fired part of the sample is

\ 10 mm. The rate of burning was calculated from at

least five samples.

The rate of burning (V) (mm/min) was calculated

from the following equation:

V ¼ 60� L

t
ð2Þ

where L is the length of fired sample (mm) and t is time

in seconds.

Results and discussion

The morphology of the MWBFs was characterized by

SEM, as shown in Fig. 2c. The MWBFs exist in the

form of micro-fiber networks with a diameter ranging

from 40 to 200 nm and a fiber length greater than

10 lm. Through several treatment steps, the produced

white-colored MWBFs were modified with a silane

coupling agent and used as a reinforcement material

for the EP. Figure 3 shows the modification and

dispersion processing of MWBF in EP.

Successful silanization of the surface of silane-

modified MWBF (S-MWBF) was verified from the

FTIR analysis, as shown in Fig. 4. The FTIR spectrum

of S-MWBF exhibited four new peaks relative to the

spectrum of MWBF. The absorption peaks at * 731

and * 1269 cm-1 are attributed to stretching and

bending vibrations of the C–Si linkage, respectively,

which verifies the condensation of silane on the

MWBF surface. In addition, the bands detected at 814

and 1721 cm-1 in the S-MWBF spectrum are

attributed to the epoxy group.

The silanization was further confirmed by elemen-

tal analysis (EDX). The EDX spectrum of pristine

MWBF shows carbon and oxygen peaks but no silicon

peak. After silanization, the EDX spectrum of

S-MWBF showed peaks of carbon, oxygen, and

silicon, as presented in Fig. 5.

The dispersion and compatibility of micro-fibrils in

EP are key factors that can affect the final character-

istics of the samples and must consequently be

examined. The dispersion of microfibrils in the matrix

can provide a measure of the processing effectiveness

of the silane-treated microfibrils. The ultimate aims of

silane treatment of the microfibrils are the enhance-

ment of compatibility, chemical affinity, and disper-

sion, and the prevention of fiber aggregation in the

base matrix. The compatibility and suspension of

nano/micro-fibrils in the EP were directly observed by

SEM images after the nano/micro-fibrils were

Fig. 4 FTIR spectra of pristine MWBF (solid black line) and

MWBF treated with silane S-MWBF (dash red line). (Color

figure online)
Fig. 5 EDX spectra of pristineMWBF andMWBF treated with

silane S-MWBF
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dispersed in the uncured EP matrix prior to the curing

processing, as shown in Fig. 6.

The SEM images in Fig. 6 show that S-MWBF has

good dispersion in the uncured epoxy matrix for all

samples with no aggregation and that all microfibrils

have been separated from each other as individual

single fibers. These results confirm the effectiveness of

silane treatment processing on enhancing the fiber

surface hydrophobicity. The fracture toughness (KIC)

of the resins measured by the single edge notched

beam measurement is plotted as a function of filler

weight percent (Fig. 7).

As seen in Fig. 7, the fracture toughness increased

with increasing S-MWBF in the EP and attained its

maximum value at 0.3 wt% S-MWBF. The neat ER

was brittle, with a KIC value of 0.63 MPa m1/2. In

contrast, the S-MWBF-modified EP with 0.3 wt%

S-MWBF had the KIC of 0.79 MPa m1/2, which is

22% higher than that of the pristine EP. This increase

might be due to deflection and pinning process of the

crack at the obstacles, which are proposed to play

important roles in their toughening mechanism (Zang

et al. 2010; Khan and Kim 2012; Gkikas et al. 2012).

Better adhesion between the fibers and the EP matrix

of the composite due to the presence of GS and to the

superior energy-absorbing capability of the fibers

suspended in the matrix could cause this improvement.

On the other hand, the decreased fracture toughness at

A B

C D

Bamboo fiber
Bamboo fiber

Bamboo fiber
Bamboo fiber

Fig. 6 SEM images of S-MWBF dispersion in the EP matrix with different MWBF contents (a, b 0.2 wt% MWBF; and c, d 0.3 wt%

MWBF)
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Fig. 7 Toughness values in terms of KIC as a function of

S-MWBF content for EP/S-MWBF composites
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the higher loading of 0.4 wt% S-MWBF may be

caused by S-MWBF aggregation.

Figure 8 presents a schematic representation of the

vital role of GS in modifying the fiber surface as well

as its incorporation into epoxy matrices.

The GS silane coupling agent with a structural

mono oxirane group helped to incorporate MWBF into

the epoxy main chain via the curing processing,

resulting in an improved fracture toughness.

The mechanical performances of the unmodified

EP and S-MWBF-modified EP were evaluated using

both flexural and tensile tests. The flexural strength

(rf) and elastic modulus (Eb) were measured by a

three-point bending test and estimated using the

following Eqs. (3) and (4) (Jiang et al. 2012; Jin and

Park 2008; Park et al. 2004):

rf ¼
3PL

2bd2
ð3Þ

Eb ¼
L3

4bd3
� DP
Dm

ð4Þ

where P is the input load (N), L is the length (mm), b is

the sample width (mm), and d is the sample thickness

(mm). DP is the force change in the linear portion of

the load–deflection curve, and Dm is the deflection

change corresponding to DP.
Table 1 illustrates that the flexural strength (rf) and

elastic modulus (Eb) of the composites slightly

improved with increased S-MWBF content. Their rf

values increased from 103.7 MPa for neat EP to

112.4 MPawhen the S-MWBFcontentwas 0.3 wt% in

the composite. These increased flexural strength and

elastic modulusmight be originated from the increased

interfacial bond strength at the fiber-matrix interface.

The effects of S-MWBF on the tensile properties

are given in Table 2, and Fig. 9 presents typical tensile

stress–strain curves of the EP samples for different

S-MWBF contents.

The tensile strength values, tensile moduli, and

maximum strains of the composites are improved in

the presence of S-MWBF. The slopes of the stress–

OH OH

OH

OH

OH

MWBF

(3-Glycidyloxypropyl) trimethoxysilane

O

O

Si O

O

O
O O

O O

Silane modified MWBF surface
(S-MWBF)

Epoxy resin

MHHPA
Epoxy chain

(MWBF)

Epoxy chain

(Curing processing)

Incoporation of microfilbrilated fiber on to epoxy chain

Fig. 8 Modification of MWBF surfaces with silane coupling agent and incorporation into the epoxy chain
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strain curve appear higher with increased S-MWBF

content. The tensile strength, tensile modulus, and

maximum strain of the EP/0.3 wt% S-MWBF com-

posite were 7.21, 6.59, and 15.5% higher than those of

the pristine cured EP, respectively. Again, these

results confirm the strong interfacial bonding between

the fiber fillers and the EP matrix. Subsequent to the

KIC tests, the fracture surface of the pristine epoxy and

EP/0.3 wt% S-MWBF composite was examined using

SEM (Fig. 10).

Figure 10a represents that fractured surface of the

pristine epoxy matched with a typical brittle fracture

property of thermosetting polymers. A smooth and

glassy mirror-like surface morphology with micro-

flow lines was revealed. In contrast, Fig. 10b shows a

rough fractured surface of the modified EP at 0.3 wt%

S-MWBF with shear-like stick–slip shapes. Rugged

multi-plane patterns appear more prominent than the

Table 1 Flexural

properties of unmodified EP

and EP modified with

different S-MWBF contents

Materials Flexural strength (MPa) Elastic modulus (GPa)

Unmodified EP 103.70 ± 0.31 2.050 ± 0.005

EP/0.1 wt% S-MWBF 112.40 ± 0.36 2.110 ± 0.006

EP/0.2 wt% S-MWBF 115.70 ± 0.23 2.330 ± 0.003

EP/0.3 wt% S-MWBF 117.40 ± 0.22 2.410 ± 0.005

EP/0.4 wt% S-MWBF 115.10 ± 0.49 2.130 ± 0.008

Table 2 Tensile properties

of unmodified EP and

S-MWBF modified-EP

Materials Tensile strength (MPa) Tensile modulus (GPa) Max strain (%)

Unmodified EP 48.22 ± 0.25 0.910 ± 0.007 4.550 ± 0.015

EP/0.1 wt% S-MWBF 54.85 ± 0.58 0.970 ± 0.002 5.210 ± 0.008

EP/0.2 wt% S-MWBF 57.03 ± 0.72 1.120 ± 0.005 5.670 ± 0.011

EP/0.3 wt% S-MWBF 59.81 ± 0.74 1.170 ± 0.009 5.830 ± 0.010

EP/0.4 wt% S-MWBF 54.37 ± 0.49 0.950 ± 0.004 5.470 ± 0.010

Fig. 9 Tensile stress–strain of unmodified EP (solid black line)

and EP/S-MWBF with different S-MWBF contents: 0.1 wt%

(dash dot red line), 0.2 wt% (short dash dot green line), 0.3 wt%

(short dot brown line), and 0.4 wt% (dash blue line). (Color

figure online)

Fig. 10 SEM images of composites after the KIC tests with:

a pristine epoxy; b 0.3 wt% S-MWBF
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neat epoxy surface. For this reason, the S-MWBF-

modified epoxy would likely require more energy than

that for neat epoxy to cause deformation and/or crack

propagation. The toughening result might come from

the fact that the matrix cracks faced obstacles of the

interfacial fiber bridging, which progressively

deflected and changed the crack direction (Grabr

et al. 2010a, b; Bortz et al. 2011; Hohnsen et al. 2007;

Chen et al. 2012).

The effect of S-MWBF on thermo-mechanical

property of the EP was measured using the DMA.

DMA test over an extensive temperature range is very

sensitive to the physical interactions and chemical

structures of the components in polymer composites,

allowing study of glass transition or secondary tran-

sition and yielding behavior related to the polymer

morphology. Results of the dynamic bending tests

performed on composites are given in Fig. 11 as a

function of temperature from 25 to 200 �C.

The storage moduli for the composites with differ-

ent S-MWBF contents are larger than that of the

pristine EP, possibly due to the interfacial interaction

between the MWBF and EP. The enhanced interfacial

interaction caused by MWBF hindered the mobility of

the local EP molecular chains around the MWBF.

The tand values of the composites were estimated

from the ratio of the loss modulus to the corresponding

storage modulus measured by the DMA test, as given

in Fig. 11. The maximum value of tand for the

unmodified EP was lower than those of the composites

with S-MWBF, possibly due to the fact that adhesion

between MWBF and EP supported the energy dissi-

pation from the EP matrix to the MWBF.

Figure 11 also shows that the Tg of the unmodified

epoxy resin and composite reinforced with 0.1, 0.2,

0.3, and 0.4 wt% S-MWBF were 104.1, 108.8, 109.4,

111.7, and 107.5 �C, respectively. A slight increase in

Tg in the composites with increasing S-MWBF content

from 0.1 to 0.3 wt% was observed. However, the Tg

decreased at a S-MWBF content of 0.4 wt%. This

result may be due to S-MWBF aggregation at higher

S-MWBF loadings in the EP.

The e and tand from the dielectric measurement of

the unmodified EP and modified EP with 0.1, 0.2, 0.3,

and 0.4 wt% MWBF were 2.18, 2.19, 2.23, 2.27, and

2.29, and 0.019, 0.002, 0.021, 0.022, and 0.023,

respectively. As seen, there is a slight increasing trend

for both the dielectric constant and the loss factor as

the S-MWBF content increases. However, these

values are small, indicating that the material possesses

an external electric field and that there is minimal loss

throughout these materials.

LOI and UL94 experiments were conducted to

examine effect of the S-MWBF concentration on the

flame retardation properties of the EP. The results in

Table 3 show that the LOI decreased as the S-MWBF

Fig. 11 Storage modulus and tand for unmodified EP (solid

black line) and EP composites with S-MWBF: 0.1 wt% (short

dot red line), 0.2 wt% (dash dot blue line), 0.3 wt% (dash purple

line), and 0.4 wt% (short dash dot olive line). (Color

figure online)

Table 3 Flame retardant properties of unmodified EP and

S-MWBF-modified EP

Materials LOI (%) V (mm/min)

Unmodified EP 21.7 34.3

EP/0.1 wt% S-MWBF 21.1 34.9

EP/0.2 wt% S-MWBF 20.6 35.2

EP/0.3 wt% S-MWBF 20.1 35.8

EP/0.4 wt% S-MWBF 19.4 36.4

5484 Cellulose (2017) 24:5475–5486

123



content increased. In contrast, the rate of burning of

the EP slightly increased in the presence of S-MWBF,

demonstrating that MWBF plays a vital role as a

flammable component to accelerate burning.

Conclusions

In summary, S-MWBF-reinforced EP composites

were fabricated as green composite materials. The

fracture toughness, morphological behavior, and

mechanical and thermo-mechanical characteristics of

neat EP and its composites with varied S-MWBF

content (0, 0.1, 0.2, 0.3, and 0.4 wt%) were studied.

The addition of S-MWBF increased the flexural

strength, flexural modulus, tensile strength, tensile

modulus, fracture toughness, and thermal property of

the EP. This increase in flexural and tensile moduli by

adding S-MWBF demonstrates an improvement in the

EP stiffness. Improvement of the fracture toughness

was proved from SEM images, which demonstrated

that a relatively rougher surface with jagged multi-

plane patterns appeared in the S-MWBF-modified

epoxy samples, thereby hindering deformation and

crack propagation. The DMA test showed a slight

increase of the storage modulus and Tg of the EP

following addition of S-MWBF. In the presence of

S-MWBF, the LOI decreased and the rate of burning

increased. The dielectric test showed that S-MWBF

had no positive effect on the dielectric constant or loss

factor.
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