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Abstract

Due to the graded micro-structure and high specific strength-stiffness, bamboo micro fillers are systematically utilized in
reinforcing different thermoset and thermoplastic polymers as replacement of conventional glass and carbon fillers. In this work,
micro-size bamboo particle fillers are reinforced in ‘specific grade’ thermoset epoxy matrix and its fracture properties has been
evaluated by following linear elastic fracture mechanics. To enhance its compatibility with the polymer matrix and to reduce the
hydrophilicity, the bamboo micro fillers are surface modified through alkaline treatment. The extent of surface modification and
removal of lower weight polymers from filler surface are examined and established by Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction analysis and thermogravimetric analysis. The fracture properties of bamboo-epoxy composite
material are observed to be increasing with the addition of bamboo fillers and the maximum value of fracture toughness is
0.678 MPa.m®> which is 32% higher than the same for neat epoxy samples. In addition, the mechanisms of notch initiated

fracture propagation have also been explained for the understanding of stress singularity present at the preexisted crack tip.

Keywords Bamboo - Particle filler - Epoxy matrix - Fracture toughness - Binary phase

Introduction

Emergent ecological attentiveness throughout the world has
elicited a paradigm shift towards designing materials well-
suited to the environment. Perpetually growing demand for
lighter in addition to stiffer material has resulted in the
large-scale industrial production and commercial use of
petroleum-based plastic materials [1-3]. Nonetheless, the
grave concern regarding the environmental pollution and
ecological misbalance due to their disposal at the end of
the life-cycle prompted the research interests towards the
development of environment friendly reinforced polymer
composite materials [4—6]. In this context, the reinforce-
ments derived from natural lignocellulosic biomass has
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gained significant attention for powerful feedstock as re-
placement of petroleum-based fossil materials in the
manufacturing of polymer composites. Amongst the numer-
ous lignocellulosic-based reinforcements, bamboo (a class
of perennial flowering plants) has several intrinsic benefits
like faster growth cycle, lighter weight and abundant avail-
ability. The bamboo fibre is also known as ‘natural glass
fibre’ due to its macroscopic graded structure and high spe-
cific strength to stiffness ratio [7, 8]. Regardless of afore-
mentioned benefits, certain inherent drawbacks are hydro-
philic and polar nature that lead to incompatibility and poor
adhesion between reinforcing fibre and polymer matrix,
eventually resulting in inferior mechanical properties.
However, adhesion issues can be overcome by modifying
fibre surface through any chemical or physical treatment
process. Several chemical treatment processes like alkaline
treatment, silane treatment to name few are available and
among this, alkali treatment using aqueous NaOH solution
is simple and effective [9, 10]. In recent times, numerous
research works have been conducted on bamboo fibre rein-
forced polymer composites [11-15] but very few works are
carried out on filler form of reinforcement of bamboo-based
lignocellulosic biomass [16, 17].

The micro-sized particle fillers are presently considered
as potential reinforcing material owing to its reinforcing
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capabilities along with improving properties of polymeric
resins. The micron and submicron size range fillers are
found to be superior to their nano counterpart because
diminished distances between fillers lead to better distri-
bution and continuous phase preferential immersion to the
phase with better surface affinity and pinned the phase
structure due to low mobility of the filler particles [18,
19]. Moreover, the phase separation (a critical factor in
decisive mechanical properties) is usually more prominent
in case of inclusion of micro size fillers in polymer blends
[20]. Recently, a work on size fractionated bio-carbon
reinforced poly(lactic acid) (PLA) based blend has dem-
onstrated the good mechanical properties and better dis-
persion of filler particles in the polymer matrix for a par-
ticle size range of 20-75 um [21]. Keeping in mind the
aforesaid facts, the present research work is defined to
investigate the effect of bamboo fillers of ‘particular size
range’ on the dispersion and fracture properties of ‘spe-
cific grade’ epoxy composite. Additionally, the bamboo
filler is chemically treated before reinforcement with
aqueous NaOH solution to remove waxy layers present
on the surface and improve the mechanical interlocking
with the matrix. The focus of the present work is to tailor
make the fracture properties (through a proper interaction
of filler with blending matrix) that play a key role in
determining its potential application for a wide range of
products. The mechanisms of notch initiated fracture ini-
tiation and propagation has also been explained in a lucid
manner for the deeper understanding of stress singularity
present at the preexisted crack tip. The findings in this
work will shed light on the toughening behaviour of ep-
oxy composites with bamboo micro particle filler rein-
forcement and subsequent opportunities of this material
as superior green composites.

Materials and experimental details
Matrix and reinforcing material

The standard ‘adhesive grade’ epoxy resin AW 106 and corre-
sponding hardener HV 953IN procured from Huntsman India, is
used as matrix material. The number average molecular weight
of the corresponding epoxy resin lies between 700 and 1100.
The chemical composition of resin and hardener is bisphenol F-
epoxy resin and 1,8-p-menthanediamine respectively [22]. The
molecular structure of the resin and hardener is shown in Fig. 1a,
b respectively. The specific gravity of hardener and resin are
0.92 and 1.17 g/cc respectively whereas resin-hardener mixture
viscosity is 45,000 cP at room temperature. The molar ratio of
resin and hardener used in the present work is 3.38:1.

The bamboo culms are received from local resources and
as-received bamboo culms are soaked in water for some time
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before subjected to extraction of the fibrous parts from it. The
extracted fibrous parts are dried and chopped to obtain bam-
boo fillers. Then the bamboo fillers are pulverized in powder
form with a planetary ball mill. The mechanical milling
through steel balls has produced various shapes of particles
as the fracture of particles took place by abrasion, impact and
cleavage [23]. To obtain the required particle size range, the
powdered bamboo filler is sieved through a set of sieves
placed in the descending order of their fineness as shown in
Fig. 2a. Afterward, the bamboo filler with the particle size less
than 75 pum is collected from the base container and subjected
to washing and oven drying. The stacking of sieves and par-
ticle size distribution (in %) are shown in Fig. 2a, b respec-
tively. The optical micrograph of the dried filler at two differ-
ent magnification are shown in Fig. 3a. The elemental distri-
bution of the bamboo filler is depicted in Fig. 3b as energy
dispersive spectroscopy (EDS).

The EDS analysis principally revealed the presence of oxy-
gen and carbon atoms in the bio-filler molecular structure. The
carbon and oxygen atoms present in filler molecules are in form
of carbonyl groups, hydroxyl groups and carboxyl groups as
observed in FTIR spectra. The corresponding weight % of
carbon and oxygen elements are 50.46 and 48.77 respectively.

Chemical treatment and composite fabrication

The bamboo particle fillers are subjected to alkali treatment
through 5% (w/v) NaOH solution and then heated to 50 °C,
maintained at the same temperature for 8 h. Initially 5 g of
NaOH pallet has been dispersed in 100 ml of distilled water to
prepare the required aqueous basic solution and after some time
8 g of bamboo filler is added to form a homogeneous suspension.
This solution is stirred at 870 rpm and 50 °C for 8 h to complete
the reaction. Later on, the soaked fillers are washed several times
with distilled water and acetone until neutral. Subsequently, the
washed fillers are oven dried at 70 °C for overnight and sealed in
an airtight polyethene bag until needed [24]. The reaction mech-
anism for this thermodynamically favored chemical reaction is
shown in Fig. 4. The percentage removal of lignin and other
lower weight polymers can be calculated by following Eq. 1.
The weight loss is measured primarily after 8 h of alkali treat-
ment and corresponding value (in %) are shown in Table 1.

W Wy

B

PwL x 100 (1)

Where Py,;—% Weight loss, Wz—Weight of filler before
treatment, W,— Weight of filler after treatment.

Binary composites consisting of thermoset epoxy and bam-
boo filler (weight % of 2.5, 5, 7.5, 10 and 12.5) are prepared by
hand layup technique. Initially, the resin and hardener are blend-
ed in a weight ratio of 10:8 (as recommended by manufacturer)
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Fig. 1 a Molecular structure of 0 H H
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and agitated for 5—6 min with the help of overhead stirrer. Next,
the required amount of bamboo filler is dispersed in the resin-
hardener mixture and again stirred for 1015 min at 100 rpm
under mechanical stirrer. The entire mixture is then degassed in
0.1 Torr vacuum desiccator. Subsequently, the whole mixture is
gradually poured in the silicon rubber mould of required dimen-
sion according to the ASTM standard (ASTM D-5045-14) and a
roller is passed over it to remove the excess material from mould
and air trapped during pouring. After the whole mould set up is
left at room temperature for 12 h and then in a hot air oven at
70 °C for post curing of samples. The employed post curing
time is 2 h. Later on, the composite specimens are taken out
and subjected to fracture toughness test.

Experimentation

Characterization of bamboo filler

The effect of alkali treatment on untreated bamboo filler is
assessed by Fourier transform infrared spectroscopy

(FTIR), X-ray diffraction (XRD) and thermogravimetric
analysis (TGA).

To analyze the presence of the functional group in the
sample, the structural analysis of treated and untreated
filler is carried out using Fourier transform infrared spec-
troscopy (FTIR) in transmission mode with spectra re-
corded in the transmittance range of 3900-450 cm™ ' hav-
ing resolution scans of 2 cm™'. The sample is prepared in
pallet form with dried and ground bamboo filler mixed
with potassium bromide (KBr) powder. The weight ratio
of bamboo filler and KBr powder used for the preparation
of solid pallet is 1:150 (2 mg of bamboo filler, 300 mg of
KBr powder). The number of scans used for the FTIR
experiment in the present research work is 65. The aver-
age particle size of bamboo filler is around 5—6 pum after
grinding process and the same particle size is used in the
sample preparation prior to the FTIR experiment.

The phase and crystallinity analysis of alkali-treated and
untreated bamboo filler material are carried out using wide-
angle Brucker D8 Advance X-ray diffractometer (XRD) op-
erated at 30 kV/15 mA. The diffraction intensities are record-
ed in a 20 scale from 10° to 45° at a speed of 2°/min in steps of
0.05° to show the clear distinction between the spectra of
treated and untreated filler. The wavelength of X-ray source
for the diffraction analysis is 1.54060 A.
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Fig. 2 b Stacking of sieves in descending order (b) Particle size distribution of bamboo filler
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Fig. 3 a Optical micrograph of
bamboo filler (b) EDS diagram of
bamboo filler
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For the quantification of improvement in the thermal sta-
bility of alkali treated filler as compared to untreated one,
thermo gravimetric analysis (TGA) of both fillers is recorded
from a thermal analyzer, STA 449 F3 Jupiter by conducting
the test from room temperature to 800 °C at a heating rate of
10 °C/min under nitrogen atmosphere to create inert medium.

Fracture property test

The plane strain fracture toughness test of nominal brittle ma-

(b)

bending (SENB) specimen having dimension of 55 mm x
12.5 mm x 6.25 mm at the crosshead speed of 10 mm/min
using universal testing machine (UTM) of test loads up to
50 kN. The schematic diagram of single edge notch bending
(SENB) specimen is shown in Fig. 5. Toughness, being the
one among important mechanical properties is calculated in
terms of critical stress intensity factor (K;.) that measures the
strength of stress singularity present at crack tip [25].

The value of plane strain fracture toughness (Kj.) has been
calculated using the expression (2) as follows.

terial ‘bamboo-epoxy composite’ samples are carried out in 05 [1:99-x(1%)(2.15-3.93x + 2.722)] 5
. . . Kie = osf()f() 6x 5 ()
accordance with ASTM D 5045-14 with single edge notch BW (1 4 2x)(1-x)
I OH | | Na+
A4 8 Hrs XA
1 A I 50 °C | gy
Untreated bamboo filler Treated bamboo filler

Fig. 4 Chemical reaction mechanism for surface modification of bamboo filler
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Table 1 Weight loss of bamboo filler after alkaline treatment

Weight % loss
Untreated filler Treated filler

8g 514¢g 35.75%

Where Pp=Load, B=Specimen width, W=Specimen depth,
O<x<l1.

On the other hand, the fracture energy values (Gy) is cal-
culated using following Eq. (3) written below.

U 18.64 +A
G = SO = 3
7 BWo dA ] dx 3)
Where

A= [16)3/(11)2] [8.9-33.717x + 79.616x*~112.952x" + 84.815x*-25.672x’|
P = [16x2/(1—x)2} [-33.717 + 159.232x-338.856x" + 339.26x°~128.36x*]

+ [32x/(1*x)3] [8.9-33.717x + 79.616x~112.952x" + 84.815x*-25.672x’]

Total fifteen (15) number of composite specimens are test-
ed and three for each filler content samples to ensure repeat-
ability. The values representing the Mode I fracture toughness
(K.) and fracture energy (Gy.) are taken an average from the
result of testing three samples from different lots. The results
obtained according to above-described method are considered
to be valid if following criterion is met.

B,a,(W-a) > 2.5(%¢/, )’ (4)

Where K- Conditional Kj.value, o, Yield stress of the
material, a- Crack length

Morphological observation

The morphology of prepared composite samples has been
assessed using scanning electron microscopy (SEM) operat-
ing at 20 kV to evaluate the filler dispersion and its adherence

Fig. 5 Schematic diagram of
single edge notch bend (SENB)
specimen

0.45 <a/W<0.55

to the matrix. In addition, the fracture surface of composite
samples are also analyzed to investigate about filler pullout
and crack development. The samples are previously coated
with platinum to avoid charging under the electron beam
and viewed perpendicularly.

Results and discussions
Fourier transform infrared (FTIR) spectra

The FTIR spectral analysis of untreated and treated bam-
boo filler is carried out in Attenuated Total Reflection
(ATR) mode for the functional group analysis and corre-
sponding graph is presented in Fig. 6a, b respectively.
Clear differences with respect to characteristic and location
of bands can be visualized in treated and pristine fillers.
The absence and reduction in transmittance and vibrational
energy of moieties present in filler molecules can be clear-
ly observed in case of treated bamboo fillers. The reduced
intensity around wave number 3200-3300 cm ' might be
due to the removal of hydroxyl groups (-OH) from untreat-
ed filler surface owing to the alkali treatment [26]. The
peaks around 2880-2899 ¢cm ' point to the presence of
alkane compounds and decreased transmittance in case of
treated filler revealing that the concentration of methylene
group (-CH,-) or methyne group (-CH<) is reduced. The
alkali treatment results to significant difference in fibre
structure. The surface of the fibre was covered with layers
of substances like pectin, lignin and impurities. After alkali
treatment along with hemicellulose component, pectin and
lignin got removed from the fibre which was reflected in
the infrared spectroscopy. The broad absorption band ob-
served in 3415 cm ' was related to hydrogen bonding (-
OH) stretching vibration. This peak append weaker in in-
tensity once it is treated with alkali. The vibration peak
around 28992912 cm ™', corresponding to the stretching
of - C — H aliphatic group decreases after alkali treatment

B=W/2
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Fig. 6 FTIR spectra of (a) untreated and (b) treated bamboo filler in Attenuated total reflection (ATR) mode

due to removal of hemicellulose component. The charac-
teristic peaks between 1800 and 1600 cm™' signify the
carbonyl group (-C=0) and carboxylic groups (-COOH).
Moreover the reduction in the molar ratio of hydrogen and
oxygen as a result of alkaline treatment caused by lowering
of the polarity of treated filler molecules. The downward
shift of infrared spectra of treated filler is associated with
the low energy excitations of the condensed aromatic
groups which is very much common in plant-based bio
fibrous material. The absorption peak for C=0 stretch of
acetyl group of lignin for untreated filler appears at
1721.7 ¢cm ', and that for the treated filler is at
1670 cm™'. This was due to the removal of lignin from
fibre surface after surface treatment. This may also be
due to the fact that alkali treatment removed the less polar
hemicellulose and lignin component which increased the

@ Springer

overall polarity of the sample. The assessment of FTIR
peaks is also presented in Table 2.

X-ray diffraction (XRD) analysis

The XRD analysis can directly provide structural along with
crystal information and therefore commonly used in identify-
ing various materials. The diffractogram of pristine and alkali
treated bamboo filler is depicted in Fig. 7. It can be observed
from the graph that the surface treatment through aqueous
NaOH did bring a considerable increase in crystallinity of
treated filler relative to the untreated counterpart. However,
the substantial increase in crystalline region after treatment
might be attributed to the partial removal of lignin and hemi-
cellulose after reaction with sodium hydroxide molecules in
form of reddish liquid [27]. Besides, the revised molecular
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Table 2 Peak assessment of

FTIR-ATR graph Filler type Hydroxyl group Alkane compound group Carbonyl group Acetyl group
Untreated filler 3269.9 and 3334 2884.5 1721.7 1241.7
Treated filler 3276.6 and 3334 2891.3 1670 1250 and 1208

structure of treated filler can be better understood with the
comparison between degree of crystallinity along with identi-
fication and placement of crystal planes before and after the
treatment [28]. Both of these diffractogram contain one main
peak corresponding to 22.3° and two shoulder peaks around
16° and 35°. Furthermore, the removal of —OH groups due to
the elimination of lignin and other noncellulosic molecules
has forced the reorganization of carboxylic and carbohydrate
groups, resulting in the change of crystallinity index. The
crystallinity index, a quantitative indicator of crystallinity is
defined as the volume fraction of crystallinity of one phase in
a given sample [29]. The extent of increase in the crystalline
region at the expense of reduction in the amorphous region is
calculated by the following equation by considering the XRD
peak height method given Segal et al. [30]. The crystallinity
index (Ic) and percentage of crystallinity of treated and un-
treated bamboo filler are calculated by following Eqs. 5 and 6.

L o021 am
Crystallinity index (I¢) = —2—" (5)
I o0
% o 1 o2
verystallinity = x 100 (6)

(T'oo2 + 1 am)

Where [yp,- Maximum intensity of (0 0 2) crystal plane,
1,,,- Maximum intensity of the amorphous phase at 20 =18 °.

ooz (true maximum intensity of (0 0 2) crystal plane after
subtraction of the contribution due to the amorphous phase) =
Tooz - Lim, 'am (true maximum intensity of the amorphous
phase at 2 theta equals to 18 degrees after baseline correc-
tion) = Iy, - Tpaseline-

The calculated % crystallinity in the untreated filler is
around 64.99%, whereas the same for treated filler is approx-
imately 85.41%. On the other hand, crystallinity index for
treated and untreated filler is found to be 0.83 and 0.46 respec-
tively. It shows the effect of alkaline treatment on the crystal
structure of bamboo filler. These crystallinity data are present-
ed in Table 3. The various crystal planes present in the pristine
and treated filler are (1 1 0) and (0 0 2) as also reported in
previous work [31]. The distance between the (1 1 0) and (0 0
2) peak in the pristine filler is 6.72 © whereas the distance
between the same for treated filler is 5.82 °. The two theta
(20) value of full width at half maximum (FWHM) for treated
and pristine bamboo filler is 3.46 ° and 4.57 ° respectively.
Moreover, the alkali treatment also resulted in the molec-
ular rearrangement of the initial atomic structure of un-
treated filler and even so formed a more thermally stable
substance that is evident from thermogravimetric analysis
of both fillers. The d-spacing of the two aforementioned
crystal planes is calculated for both treated and untreated
bamboo filler is presented in Table 4. The alkali treatment
has affected the d-spacing of various planes.

Fig. 7 X-ray diffractogram of 700
treated and untreated bamboo
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Table 3 Crystallinity percentage

and crystallinity index of raw and Filler type Too2 Lam Ipasetine ~ Lo02 Lam Crystallinity index ~ Crystallinity %
treated bamboo filler
Treated filler 186.15 6133 40 12482 2133  0.83 84.51
Untreated filler 542 271 125 271 146 0.46 64.99

Thermogravimetric analysis (TGA)

The practical importance of thermal behaviour is concerned
with the temperature rise above the ambient in unsolicited
circumstances like fire damage or forced situation like heating
and curing process. Considering this, thermogravimetric anal-
ysis has been carried out and the corresponding thermogram
(TG) along with its first derivative (DTG) for untreated and
treated bamboo filler are articulated in Figs. 8 and 9 respec-
tively. The worth observing point is the three-stage degrada-
tion phenomenon owing to the decomposition of various con-
stituents at different temperature range for both the pristine
and treated filler as the temperature increases from ambient
to 800 °C [18, 32]. The first stage of degradation for untreated
filler took place from 26 °C to 237 °C and associated with the
evaporation of moisture content/water molecules and elimina-
tion of light weight volatiles present in the molecular structure
[33]. The second phase of decomposition which started at
237 °C and continued till 359 °C, is attributed to the cleavage
of first cellulosic, then hemicellulosic and at last lignin part of
filler molecules. For treated bamboo filler, the first phase of
degradation occurred between 26 °C to 251 °C. Up to 100—
150 °C, the constituent water molecules gets eliminated and
further increasing temperature to 251 °C resulted in 8% of
filler weight loss. Moreover the major weight loss (from 17
to 60%) process ended at temperature 374 °C which is about
15 °C higher than the same for untreated one. The three stages
of weight loss are associated with both treated and untreated
filler, the first stage up to °C corresponds to 10—17% of weight
loss, and subsequent second stage up to 350 to 375 °C depicts
a weight loss of approx. 60%. This one is followed by the last
stage of decomposition extending up to 800 °C demonstrates
remaining weight loss and formation of residual mass. Several
parametric values like Topser, Ts50 and residual mass for pris-
tine and treated bamboo fillers are presented in Table 5. The
onset of major weight loss (obtained by the intersection of two
tangent lines to the thermogram curve) also occurs a slightly
higher temperature than the same for pristine filler as can be

Table 4  d-spacing of crystal planes of raw and treated bamboo filler

Filler type d-spacing of crystal planes (Angstrom)
(110) 002)

Treated filler 2.6756 1.9992

Untreated filler 2.8625 2.0276

@ Springer

observed in Table 5. A comparison of two thermograms
showed that the thermal stability of treated filler has been
improved to a significant extent as a result of alkaline treat-
ment. The residue (or ash content) leftover at the end of com-
plete degradation is approx. 23% for treated filler while the
same in case of pristine filler is 20%. The ashes (part of the
filler corresponding to the inert material) amount remaining
does not seem to be changing significantly after 600 °C to the
end temperature of 800 °C [34]. The remaining weight at the
end of the last leg of degradation represents the char or other
products obtained from decomposition reaction. As the tem-
perature is increased, the residual mass is decreased and also
exhibit greater oxidative stability. The values obtained from
the thermogravimetric analysis for treated and untreated filler
in the present work is quite expected and similar values are
reported for other natural bio fillers [32, 35].

The enhanced thermal stability in case of treated filler is
connected with the covalent bonding of sodium ions (Na*)
onto filler molecules as shown in Fig. 3. Due to the graft
copolymerization the hydroxyl group and other hydrophilic
functional groups are replaced by sodium grafted ionic groups
consequently improving the thermal stability of treated filler
[36]. The observations made from thermograms are also sup-
ported by DTG curves. The DTG curve displays the maxi-
mum rate of thermal decomposition peak along with two
upside-down shoulder and tail peaks corresponding to the
filler materials constituents. The two points of inflexion can
be observed for both the treated and untreated filler. The
first point of inflexion for both the treated and untreated
fillers are 84.3 °C and 83.9 °C respectively whereas the
second point is at 352.7 °C and 335.4 °C. The presence of
these two sharp upsides down peaks might be attributed to
the dissociation of lignin and hemicellulose molecular
chains. Initial sharp upside down peak of DTG curve sig-
nifies the water loss peak and inferred around 83—84 °C. The
main DTG peak for both the filler occurs between 330 to
360 °C. It clearly shows the some effects of chemical treat-
ment on maximum degradation rate temperature (MRDT).
Moreover, the decomposition behaviour of both the modi-
fied and pristine filler observed to be similar in TG variation
with a minor difference in DTG curvature around 300—
340 °C. As a final remark, the effect of alkaline treatment
to some extent succeeded in increasing the thermal stability
of bamboo-based filler materials. Therefore for bamboo fill-
er, a temperature limit of 280 °C might be considered as the
working environment for its commercial application and
reinforcing in various polymer matrices.



J Polym Res (2019) 26: 54

Page 9 of 15 54

Fig. 8 Thermogravimetric
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Table 5 Thermogravimetric analysis of untreated and treated bamboo
filler

Filler type IDT (Tonsey  MRDT Tso Final residue
Treated filler 72.8 °C 3527°C 3525°C  23.29%
Untreated filler  67.8 °C 3354 °C 336.7°C 20.64%

cracks) of some known size will already be present in the
material and utilize linear elastic fracture mechanics (LEFM)
to design the machine components. Mode I type of fracture
failure has occurred in all of the specimens due to the presence
of tensile stress normal to the plane of crack. The fracture
toughness (K;.) and fracture energy (Gj.) values for
bamboo-epoxy composite samples together with the neat ep-
oxy specimen is demonstrated in Fig. 10. The error bars here
indicate the maximum and minimum values.

The K. value for a composite sample of filler loading
2.5 wt.% is 0.435 MPa.m" which is approximately 38% low-
er than the same for neat epoxy samples. The neat epoxy
samples exhibited the fracture toughness value of
0.51 MPa m®”. Increasing the filler amount to 5% has further
decreased the fracture toughness values to 0.4164 MPa.m’>.
However, this decreasing trend has been reversed with filler
addition of 7.5% and the fracture toughness values has been
enhanced to 0.5954 MPa.m”™. The significant improvement
in fracture toughness values might be associated with the ob-
structions produced in the propagating path of crack fronts
with the presence of bamboo filler particles. The obstacles
have delayed the failure occurrence time and the samples sus-
tain a greater amount of applied load [37]. The increasing
amount of filler content to 10 wt.% has significantly improved
the plane strain fracture toughness to 0.6781 MPa.m®? but the
rate of increment drops in comparison to the increase in filler
inclusion. Moreover, the reinforcement of 12.5 wt.% has

adversely affected the toughness values as 42% drop as com-
parison to previous value, can be observed. The reason at-
tached to this expected behaviour is weaker bonding between
filler particles and matrix, resulting in easier crack penetration
through the interface. The findings are in line with the earlier
reported works on wood and coir filler composites [19, 35, 38,
and]. The material response in terms of stress-strain variation
for bamboo-epoxy composite sample can be observed from
Fig. 11 for better understanding of its design aspect.

On the other hand, fracture energy (Gy.) values observed to
be increased up to 5 wt.% of filler content and beyond that an
almost unfailing drop has been found. The Gy, value for the
base matrix is 239 J/m? whereas among composite samples,
maximum value of fracture energy is 1134 J/m?. It can be
observed that the addition of bamboo micron fillers has con-
siderably enhanced the fracture energy values roughly by 3 to
5 times (from 590 to 1134 J/m?) as compared with neat epoxy
value. The detected increase in strain energy release rate for
some filler loading might be linked to the toughening effect of
bamboo fillers when added to the base polymer. The lowest
fracture energy is depicted for 12.5 wt.% of filler content, but
still the observed value is higher than the neat polymer
samples. The observed value range of fracture energy in
the present work is significantly higher than the same for
glass particle reinforced epoxy composite material as re-
ported in previous investigations [37]. The fracture prop-
erties of bamboo-epoxy composite is compared with
existing different natural filler/synthetic filler based poly-
mer composite material as presented in Table 6.

The wood filler and coir filler based epoxy composites
demonstrated the lower value range for fracture energy but
higher value in case of fracture toughness [19, 35].
Moreover, the fracture energy of carbon nano bead reinforced
epoxy composite material is found to be around half of the
same for bamboo-epoxy composite samples. Another worth

Fig. 10 Fracture properties of 0.8
bamboo-epoxy composite )

0.5)

0.7 |-

06 |-

ol

04 |

"

Fracture toughness (MPa.m

- 1200

] 1 1000
S

1 P
! .

o fracture toughness (Kic) J 200
®  Fracture energy (Gic)

Fracture energy (J/mz)

0.0

@ Springer

] 1 1 1 1 0
25 5.0 7.5 10.0 12.5

Filler content (wt. %)



J Polym Res (2019) 26: 54

Page 11 of 15 54

1

=y Specimen #
o 1
= >
A \ =
4 \
| -
P
2 \
o —
S B
x
@
w

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

Flexure strain (Extension) [mm/mm]

Fig. 11 Stress vs. strain in 3-point loading of SENB specimen

discussing point is the practical importance of these fracture
results [39]. In industrial terms, these results mean that tradi-
tional materials used in shoe sole, ankle foot orthosis (AFO)
and in other like applications can be replaced with the devel-
oped bamboo-epoxy composites. Moreover, the drop in Gy,
values from filler loading of 7.5 wt.% and onwards is inter-
connected to the agglomerated and clustered filler particles,
high debondability with matrix thus ensuing the relatively
higher penetration of cracks across the particle array. The
schematic diagram of 3-point bending load of composite sam-
ples is demonstrated in Fig. 12a, b respectively for low and
high filler contents. The crack propagation line and obstruc-
tions confronted by the crack tip due to the presence of filler
particles can be observed. The penetration of cracks through
the material interfaces in presence of binary phase (solid bam-
boo filler and epoxy matrix) has been governed by following
fracture mechanisms.

Crack front twisting

The presence of weakly bonded secondary phase has instigat-
ed the seamless propagation of crack front consequently twist-
ing of'its tip until it attains the maximum angle of twist (®) as
shown in Fig. 13a. The crack propagation leaves tail lines
between the bamboo filler particle that came across which
signifies its direction. This creates an additional surface area
for crack propagation and extra dissipation of energy took

place, therefore, more weakening of filler-matrix interface
[40]. This type of fracture mechanism is mostly applicable to
low filler content samples like 2.5% and 5%. At a low amount
of filler loading, the separation of consecutive particles is
greater thus the crack mostly travels through the matrix phase
and also reducing the maximum twist angle.

Crack tip bowing

The crack tip bowing occurs as a result of the meeting of
primary cracks with particles and impeded by the encountered
particles resulting in bowing of crack front between consecu-
tive particles as depicted in Fig. 13b. The bowing crack (also
known as ‘secondary cracks’) bypasses the impenetrable par-
ticles and interacting with neighboring cracks when its shape
becomes semicircular [41]. The crack tip remains bowed state
under stress in form of a nonlinear crack front as long as the
particles bridge the crack. The stress intensity factor (Kj.)
decreases along the bowing section and moreover, a higher
energy is required to increase toughness.

Crack pinning

The impenetrable obstacles in form of bamboo particle fillers
have been instrumental in blocking or deflecting the crack
path, consequently resulted in kneeling of the primary crack
between the particles. This has led to formation of secondary

Table 6 Comparison of fracture properties of bamboo-epoxy composite with other existing natural filler/synthetic filler based polymer composites

Reported works Composite type/Neat epoxy Filler content Fracture toughness (MPa.m") Fracture energy (J/m?)
Kumar et al. 2018 Wood filler epoxy composite 10 wt.% 0.553 717.77
Kumar et al. 2017 Coir filler epoxy composite 5 wt.% 1.792 970.46
Goyat et al. 2015 Carbon nano bead-epoxy composite 2 wt.% 0.79 545
Present research work Neat epoxy 0 wt.% 0.51 239
Bamboo-epoxy composite 10 wt.% 0.678 1133.89
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Fig. 12 Fracture sample loading
diagram and crack propagation
line
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cracks that is pinned at the encountering places of several
particles present in the row [42]. The crack pinning mecha-
nism is demonstrated in Fig. 13c. The secondary crack length
is initially small but as propagates the length enlarges due to
the change in shape of the crack between the pinned positions.
This fracture mechanism is responsible for enhancement in
toughness values for particle reinforced composites.

Crack front blunting

The crack pinning is followed by blunting of propagating
crack fronts as depicted in Fig. 13d. The associated reason
for this phenomenon is localized shear yielding at the tip
of the crack front that resulted in destabilizing (like stick/
slip) the crack propagation. Here the crack growth is re-
tarded owing to the debonding of filler particles [43]. The
mechanism of fracture happening like this is expected to
take place for high filler loading samples like 10% and
12.5%. The formation of delamination induced crack per-
pendicular to a notch front acts as initiators for blunting
process. The tortuous route of crack propagation repre-
sents the unique style of blunting mechanism.

Maximum angle of twist

-0 00

(a) Crack front twisting

Pinning effect
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/V
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Fig. 13 Different fracture mechanisms in particle reinforced composites
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Crack tip shielding

The crack tip shielding effect is highly dependent on particle
size and its location. Larger the particle size, greater is the
chance of crack tip shielding. The crack shielding behaviour
reflects the actual level of plastic deformation associated with
the crack growth and also decreases the rate of crack growth.
The shielding of crack tip induces the transformation of parti-
cles dispersed at the crack tip and developed a residual strain
fields [44]. This has been resulted in enhanced fracture tough-
ness value and reduction in effective crack driving force. This
fracture mechanism arises as a consequence of plasticity gen-
erated both at the crack tip and along the crack flanks of
propagation line.

Morphological observation

The dispersion of the reinforced bamboo filler in the epoxy
polymer matrix is assessed and the observed morphological im-
ages have been depicted in Fig. 14a—c respectively for 5%, 7.5%
and 12.5% of filler content. As shown, the fillers are dispersed
discretely as well as homogeneously and appeared separately

Secondary crack formation
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(b) Crack tip bowing

Bowing down
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Fig. 14 Scanning electron micrographs (SEM) of composite samples of (a) 5% (b) 7.5% (¢) 12.5%

without overlapping each other in Fig. 14a. A two-phase micro-
structure is present and shows good wetting of fillers with a layer
of matrix resin covering it. Therefore the fibrillar interaction
between filler to filler and filler to matrix looks like excellent,
which converted into better fracture properties. Furthermore, the
included filler loading of 7.5% caused a significant increase in
population density of filler particles for a given matrix volume,
thus creating assemblage and cluster formation of fillers. This
can be evidently observed from Fig. 14b as yellow dotted circles
and directed by red arrows. At this stage, the fracture toughness
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Fig. 15 SEM images of fracture surface of SENB specimen

value is increased but a drop is observed in fracture energy
values. Meanwhile, the further filler addition displayed a more
congested, irregularly distributed and piling-up of fillers at sev-
eral places in the microstructure as depicted in Fig. 14c. The
accumulation of filler particles might have diminished the obvi-
ous interaction of filler-matrix and resulted in adversely affecting
the composite properties as validated from fracture properties
drop at aforementioned filler loading [45]. At this filler content,
the fracture toughness as well as fracture energy values found to
be the lowest among composite samples. In addition, the
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perceived filler clusters entrapped the resin and suppressed the
full-fledged bonding to be developed between matrix and filler.
Also matrix infiltration and wetting became difficult which could
have been prevented at the lower reinforcing amount of fillers.

The SEM images of the fractured surface of composite sam-
ples after the fracture test are described in Fig. 15a, b. The
debonding and cavities formed due to pull out of bamboo fillers
with and from the epoxy matrix can be apparently noticed. The
clear phase separation of aggregated fillers from matrix took
place as a result of pull out. However, the adhesive bonding
between filler and matrix looks good at some places as shown
in Fig. 15a. Nonetheless, the poor wetting of fillers and resid-
uals of matrix material can also be observed in Fig. 15b owing
to greater filler amount. The macro pores can also be seen at the
wrecked surface of composite samples. These pores (or voids)
might be the potential source for crack initiation and its rapid
propagation. The formation of pores is associated with the two
reasons, first one is related to the trapping of air bubbles in the
mould during pouring of the filler-matrix mixture and other one
being an inability of matrix resin to reach out the each and
every place in the casting mould.

Conclusion and remarks

The present work has been carried out on the utilization of
bamboo particle fillers of ‘micron size range’ in the pro-
duction of eco-friendly epoxy based polymer composite
material. The following conclusions can be deduced from
the described research work.

* The bamboo fillers are prepared from bamboo culms by
extracting, cutting, soaking and eventually grinding in a
ball mill to reduce to the desired micron size. The utilized
methodology for filler preparation can be applied to pro-
duce size range from ‘micron to nano’ in future works.

» The effectiveness of alkali treatment apparently reduces (or
to some extent removes) the hydroxyl groups from filler
molecules as evident from infrared spectra and thermogra-
vimetric analysis. The percentage of lignin and other
hemicellulosic material removal is around 35.75% as ob-
tained from the weight loss of bamboo filler after treatment.

* The crystallinity index and percentage of crystallinity
of bamboo filler has been increased by about 0.37 and
19.5% after the alkaline treatment respectively.
Therefore, it appears that aqueous NaOH solution of
5% (wl/v) is quite effective in enhancing the crystalline
region in filler molecular structure.

* The thermal stability of treated filler seems to be en-
hanced by merely 3% with respect to the untreated
counterpart in terms of residual mass at the end of
degradation. The difference between Tq,¢ Of treated
and untreated filler is 5 °C, first one being the

@ Springer

72.8 °C. The thermal decomposition of both the fillers
has followed the three step degradation process and
demonstrates the two points of inflection.

* The fracture toughness value is found to be increased by
21% as compared to virgin epoxy samples through the
inclusion of treated bamboo filler and the maximum value
is 0.678 MPa.m"”. The found fracture toughness value is
substantial and signifies the industrial application of the
developed material in shoe soles and ankle-foot orthosis
(AFO) of patients struggling with foot drop problem.

* The bamboo filler endowed significant gain in fracture
properties of epoxy polymer and mechanisms concerned
with fracture are crack pinning, crack front twisting and
crack tip blunting respectively for lower and higher filler
contents. These fracture mechanisms are principally appli-
cable to micron size filler particles.

Nevertheless, the present research is confined to bamboo
based micro-filler preparation and its application, the follow-
up works might be focused on balancing strength-toughness
property and further improvement in thermal stability of bam-
boo filler to employ in temperature sensitive applications. The
major benefits of the developed bamboo-epoxy composite
would be a relatively lower amount of filler content (up to
10%) where they have distinctive fracture properties as per
existing natural bio-filler based plastic material.
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