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ABSTRACT: The f-CaSiO; nanoparticles (NPs) were prepared using calcium carbonate from egg shells and silica as precursors. These
NPs were incorporated (1-4 wt %) into bio-based epoxy resin to fabricate nanocomposites. Thermal and mechanical tests were car-
ried out on these composites. The results of dynamic mechanical analysis showed significant improvement in the storage modulus of
1 and 2 wt % composites. The thermomechanical analysis data revealed ~19 and 20% of reduction in coefficient of thermal
expansion for 1 wt % of CaSiO; before and after glass transition as compared to the neat epoxy system. Thermogravimetric analysis
results also showed delayed thermal degradation of the composites by significant amounts (17-35°C) for 5% of decomposition, a
proportional increase in residues corresponding to the loading concentrations. The flexure tests showed significant improvements in
strength (17-36%), modulus (5-33%), and toughness for 1-4 wt % of reinforcement of f-CaSiO; NPs. Theoretical calculations of
the reinforcement effect on the flexure modulus of the composites agree well with the experimental values. The scanning electron
micrograph of the fractured surfaces revealed better interfacial interactions in the composites and enhancements in crack path

deflections over the neat specimen. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40867.
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INTRODUCTION

The evolution of composite technology in recent times has led
to the development of functional hybrid materials with proper-
ties falling in between those of the inferior and superior parent
materials. These composite materials are indispensable in the
aerospace industry, marine, armor, automobile, railways, civil
engineering structures, sport goods, and many others." Polymers
are poor in stiffness and strength by nature. To enhance these
properties for advanced applications, particulate fillers, such as
micron or nano-SiO,, glass, Al,Os;, Mg (OH),, and CaCO; par-
ticles, carbon nanotubes, and layered silicates, are often added
to polymer composites." These composites combine the advan-
tages of their different constituent phases, size-dependent, and
surface properties to improve the deficient properties of poly-
mers.” It has been reported that phased matrix based on poly-
(MMT) exhibits unexpected
properties such as reduced gas permeability, improved solvent
resistance, enhanced mechanical-, and flame-retardant proper-
ties."” Similar investigations also showed that epoxy resins
modified with inorganic particles such as carbon, TiO,, SiO,,
ALOs, and clay demonstrated improved performances.™ In
composites, the size of particles and the interfacial adhesion
immensely influence the mechanical properties of the matrix.

mers and montmorillonite
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Good dispersion of inorganic fillers in a polymer matrix and
their affinity to organic phases significantly determine the over-
all improvement in performance.” The use of nanosized materi-
als in high-performance polymers for property modification has
shown considerable promise. Different from micron-sized fillers
which are consumed in quantities of more than 30 wt % to
effect significant improvement, considerable improvement can
be achieved with <10 wt % of exfoliated nanosized fillers."

Reports emphasize that calcium silicate is one of the most ver-
satile, functional filler with unique properties which can
enhance the performance of plastics, paints and coatings, con-
struction, friction and ceramic materials, as well as in metallur-
gical applications.*” Though ceramic materials possess high
compressive strength, CaSiO; ceramics which are used in these
applications are unfortunately very brittle and poor in tensile
and torsional properties.® Owing to the challenging as well as
the advantageous properties of bioceramics and polymers, a
good approach is to combine these materials to obtain hybrids
with intermediate properties. The use of [-CaSiO; as filler in
polymers showed promise in improving mechanical properties,
mostly in thermoplastic but similar application in thermosetting
polymers is very limited, probably due to economic constraints
on production in the sol-gel and rock mining processes. This
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can be resolved by resorting to cheap sources like the egg shell
for the production of f-CaSiO; NPs in a more sustainable way
for filler applications. Hence, we derived f-CaSiO; NPs (<50
nm) from egg shells and silica through ball milling and sono-
chemical method and incorporated specific quantities into ther-
mosetting polymer to alter its microstructure for enhanced
thermal and mechanical properties for advanced applications.
The polymer used in this study is a bio-based epoxy, Super
sap” 100/1000. Super sap® 100/1000 was chosen because it con-
tains 37% of biorenewable materials as coproducts from wood
pulp and biofuel production, unlike conventional epoxies which
are primarily made from petrochemicals.” This helps in advanc-
ing our goal of developing environmentally sustainable materials
from biowaste. The natural components in this resin exhibit
excellent elongation and very good adhesive properties. The
ability to fast cure at room temperature and low content of sen-
sitizing ingredients improve user’s safety. These make it more
advantageous over conventional epoxy systems. Also, the relative
medium viscosity and great adhesion to most substrates make it
an excellent resin for composites. The biorenewable content sug-
gests the use of green chemistry which eliminates or reduces
adverse environmental impacts. The material safety data sheet'®
indicates that it can potentially reduce carbon monoxide and
greenhouse gas emissions by a minimum of 50%. This earned it
the United States Department of Agriculture (USDA) BioPrefer-
red®™ Product classification using ASTM D6866."" The choice
of this resin supports global efforts on conducting environmen-
tally benign research on alternative functional materials to sat-
isfy societal needs. Attempts to produce bio-based materials
using natural fibers and bio-based resins have been made, but
such environmentally friendly composites suffer from several
limitations such as low mechanical properties due to low
strength in reinforcement, and inadequate interfacial bond
strength.'> NPs have shown significant potential as reinforce-
ment in many polymer materials and can be used in the bio-
based formulations for potential property enhancements. Hence,
improvement in mechanical properties can be explored with the
bio-sourced f-CaSiO; NP which is one of the most suitable fill-
ers because of its low absorption to moisture as opposed to the
challenge in high moisture absorption by most natural rein-
forcement and the bio-based epoxies."

MATERIALS AND METHODS

Synthesis and Characterization of CaSiO; Nanofiller

The f-CaSiO; was synthesized from egg shell and amorphous
SiO; by ball milling about 10 g of 1 : 1 ratio (CaCOj : SiO,) for
100 min in an 8000D mixer-mill. The ball milling was carried out
in two separate canisters which contained ~5 g each of the pre-
cursors and eight pieces of 6-mm diameter steel balls. About 6 g
of the mixture was then sintered to 1000°C at a rate of 10°C/min
and allowed to stay for 3 h and then cooled at the same rate to
room temperature in a vacuum tube furnace (GLS-1300X). The
solid product (~3.5 g) was then crushed in a ceramic mortar and
ball milled again for 10 h using liquid polypropylene glycol as the
medium. It was then washed four times with absolute ethanol
and centrifuged at 12,000 rpm for 10 min in Beckman Coulter
(ALLEGRA-64R). This was then dispersed by mixing with abso-
lute ethanol to a volume of 50 mL and sonicating with Sonics
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vibra cell ultrasound (WCX 750) at an amplitude of 50%, at 25°C
for 3 h, then centrifuged at 12,000 rpm in Beckman Coulter
(ALLEGRA-64R) and vacuum dried for 24 h.

X-ray diffraction (XRD) analysis of CaSiO; was carried out to
confirm its crystal structure using D-max 2100 X-ray diffrac-
tometer. This test was carried out at 40 KV and 30 mA, 5°C/
min sampling rate, sampling width of 0.020 and 3 to 80, 20°.

Transmission electron microscopy (TEM) was carried using a
Joel 2010 microscope. The sample was prepared by dispersing
1 mg powder sample in 5 mL of absolute ethanol for 10 min in
an ultrasonic bath and placing a drop of the colloidal solution
of the specimen on a copper grid and used for analysis.

Fabrication of Super Sap® 100/1000 epoxy/f-CaSiOs
Nanocomposites

In this study, f-CaSiOs; NPs were used to reinforce a bio-based
epoxy resin developed by Entropy Resin (San Antonio, CA,
USA) to evaluate the effect of the NPs on their thermal and
mechanical properties on the composites. The Super Sap® 100/
1000 system is composed of Super Sap® 100 epoxy, a modified,
liquid epoxy resin, with Super Sap®1000 hardener. Different
from conventional epoxy systems that are composed mainly of
petroleum-based materials, Super Sap® formulations contain
biorenewable materials sourced as coproducts or from waste
streams of industrial processes, such as wood pulp and biofuel
production. Study specimens were prepared by mixing a ratio
of 2 : 1 of Parts A and B for each batch of specimen. Approxi-
mately, 100 g of Part A was measured into a plastic beaker, the
required weight percent of NPs (1, 2, 3, and 4) was added and
magnetically stirred at 1200 rpm for 8 h to achieve uniform
mixing. The mixture was then transferred into a 300-mL sample
holder and 48 g of Part B was added, mixed, and defoamed for
3 min each at 1200 and 1000 rpm, respectively, in a Thinky
mixer (Model ARE-250). This was then poured into standard
silicone rubber molds for flexure (13 mm (w) X 89 mm () X
5 mm (f)) and dynamic mechanical analysis (DMA) (15 mm
(w) X 60 mm (I) X 5 mm (¢)) specimen and left to cure at a
controlled room temperature of 25°C for 24 h and postcured at
48.8°C for 2 h in an Isotem oven 200 series (Model 230F). They
were then allowed to cool to 25°C for 3 h. These were cut and
sand to the standard dimensions for thermomechanical analysis
(TMA), DMA, thermogravimetric analysis (TGA), and flexure
tests.

Thermal Characterization of the Nanocomposites

Dynamic Mechanical Analysis. DMA instruments allow the
application of a dynamic force in addition to the static force of
TMA on to a specimen. In the DMA, the phase lag between an
applied dynamic force and the response yields a complex modu-
lus, which can be mathematically separated into storage or in-
phase elastic response E and loss or out-of-phase viscous
response E’.'° All DMA samples were cut to approximately 60 X
12 X 3.5 mm, according to ASTM Standards (D4065-06).'* These
dimensions were obtained by rotor sanding under constant flow
of water to avoid the damage of the specimen surface by the sand-
paper. DMA was done using TA Q 800 equipment purge with N,
gas at a flow rate of 50 mL/min and a frequency of 1 Hz in a
three-point bending mode. The average sample dimensions
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(thickness and width) were entered and analyzed by ramping at a
rate of 5°C/min to 150°C. TA universal software was used to ana-
lyze the results for storage modulus.

Thermomechanical Analysis. TMA is a technique for determin-
ing dimensional changes in materials. It is very accurate in the
measurement of expansion and contraction of materials such as
nanocomposites.”> In a TMA experiment, a probe is lowered
onto the surface of a sample and the movement of the probe is
measured as the sample gets heated. With a load applied to the
probe, a combination of modulus change and expansion of the
sample are observed. Depending on the probe to sample contact
area and the load applied, the glass transition (7T,) can be
detected by either an upward (expansion) or a downward (pen-
etration) movement of the probe. With large contact areas and
low forces, expansion is primarily observed, whereas for small
contact areas and high forces penetration is primarily observed.
Coefficient of thermal expansion (CTE) is determined by the
ratio of change in dimension per unit dimension and change in
temperature, and this is designated as (Al/L)/AT where Al is the
change in length, L is the original length, and AT is the change
in temperature.'® The effect on dimension changes due to the
incorporation of CaSiO; NPs in the epoxy matrix was evaluated
using TA Q 400 equipment in the expansion mode. Each of the
three specimens was cut to about 10 X 10 X 5 mm and ana-
lyzed under inert N, gas atmosphere at a flow rate of 50 mL/min
and ramped at 5°C/min to 150°C with a constant probe force of
0.2 N. CTE [o] was determined at specific ranges before (30—
70°C) and after (110-140°C) the T, regions by using the slope of
the line of best fit method in the TA universal software.

Thermogravimetric Analysis. TGA was performed to evaluate
the effects of CaSiO; NPs on the thermal stability of the com-
posite. This was done by using TA Q500 equipment. A speci-
men weight of approximately 12 mg each was used in the test.
The tests were run in a N, gas atmosphere at a flow rate of 60
mL/min, ramped at 10°C/min up to 600°C. The data were
retrieved and analyzed using TA universal software.

Flexure Test

Flexure testing is an important characterization process for many
materials because it provides relevant information on the materi-
al’s response under real application. Especially for composite
materials which are often used in aerospace, automotive, and
other structural applications; it is critical to understand how
much flex the material can tolerate and still maintain its strength.
The flexure test involved specimen with the span-to-thickness
ratio, I/d, chosen to produce flexure failure. The specimen dimen-
sions were 89 mm X 12.7 mm X 3.7 mm. This gave the recom-
mended span-to-thickness ratio of 16, and a span length of 60
mm. ASTM D790-10,'7 standard test method B, was followed to
execute the test as the polymer system has high toughness and
undergoes large deflections during testing. In this test, the speci-
men is deflected until tensile or compressive rupture occurs, or
the maximum specimen strain is reached. Data from six speci-
mens of each nanocomposite were averaged and used for the
analysis. The thickness, length, and width of each sample were
measured using a digital caliper. The thickness of the middle por-
tion of each specimen was used in the test, whereas the width was
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Figure 1. XRD pattern of (a) CaSiO; standard and (b) synthesized CaSiO;
NPs.[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]

an average measurement along the length of each specimen. The
strain rate for this test was 0.10 mm/mm/min as specified by
ASTM D790-10 method B.'” The crosshead motion rate of 1.6
mm/min was used based on the specimen thickness and span
length. Based on the results of the three-point bending test, load
versus deflection (stress vs. strain) curves can give all the impor-
tant information needed to determine the flexure strength and
modulus as well as other mechanical properties as desired. The
flexure strength as determined by the equipment makes use of the
equation: S = 3Pl/2bd* where P is maximum failure load, ! is sup-
port span, b is width of specimen, and d is thickness, whereas the
flexural modulus is computed using E= Pm/4bd® where m is
slope of the tangent to the initial straight-line portion of the load
deflection curve. This test was done using Zwick/Roell Z2.5 mate-
rial testing system with 2.5 kN of load cell. The distance between
separations of the two supports (span length) was set to 60 mm
on the support scale, based on the I/d ratio of the specimen. Test
parameters were entered according to ASTM Standard D790-
10."” The crosshead speed of 1.6 mm/min and strain rate of 0.10
mm/mm/min were used in the analysis.

Scanning electron microscopy (SEM) microstructure analysis of
the fractured surface dispersion, fracture mode, nature of surface,
as well as microstructures of the neat and nanocomposites was
characterized using SEM JEOL JSM-5800 operated at 10 KV. The
fractured samples were cut and held with carbon tape on a 4-in
wide sample holder of the SEM. This was then sputter coated
with gold—palladium for 5 min in Hummer 6.2 sputtering system
purged with N, gas and operated at 20 mT, 5V, and 15 mA.

RESULTS AND DISCUSSION

XRD and TEM Characterization of the Synthesized CaSiO; NPs
The XRD pattern of the final product is shown in Figure 1(b).
This reveals prominent peak intensities at Bragg’s angles,
20° =23.2, 25.3, 26.8, 28.9, 30.0, 32.9, 35.4, 36.2, 38.2, 39.1,
41.3, 44.7, 45.7,47.3, 48.3, 49.1, 49.7, 51.9, 53.1, 53.3, 55.2, 57.3,
59.5, 62.7, 65.0, 68.9, 74.8, and 78.8. These angles correspond,
respectively, to the crystal planes (400), (002), (20-2), (202),
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Figure 2. Transmission electron micrograph of the synthesized CaSiO5; NPs. (a) Low magnification and (b) high magnification.

(320), (40-2), (42-1), (122), (520), (20-3), (521), (52-2), (603),
(800), (720), (72-1), (040), (004), (52-3), (72-2), (341), (722),
(32-4), (324), (24-3), (10, 0,2), (044), and (92-4) of standard f-
CaSiO; phase in an ascending order of the diffraction angles. It
matches very well with the Joint-Committee-on-Powder-
Diffraction-Spectra (JCPDS) Pdf file #98-000-0463 [Figure 1(a)]
as well as the literature findings on CaSiOs;, especially the posi-
tion of the parent (signature) peak at (320) crystal plane.w_20
The TEM micrographs in Figure 2(a,b) show the CaSiO; NPs
with sizes of <50 nm. This confirms that polycrystalline CaSiO;
NPs as revealed by the XRD were obtained in the process.

Thermal and Mechanical Properties of the Nanocomposites
Thermogravimetric Analysis. The effect of CaSiO; NPs on
the thermal stability of the composite was evaluated using
TGA. The onset of decomposition, first (minor) and second
(major) decomposition temperatures, temperatures at 5 and
50% weight loss, and residues were determined. These results
are summarized in Table I. As shown in Figure 3(a), the
polymer has two different maximum transitions. This suggests
double degradations of two components with different ther-
mal stabilities. The first (minor) decomposition is a compo-
nent of 37% of biorenewable content, whereas the major
degradation (second) is due to the degradation of the more
stable components.

The thermogram shown in Figure 3(a) is the full thermal profile
of CaSiOs-filled nanocomposite from which portions with
major changes have been plotted separately to show magnified

views of these changes. These portions clearly show the trends
in thermal decomposition. The addition of CaSiO5; NPs revealed
improvement ranging from 1 to 3°C in onset temperature and
significant delays of about 17-35°C on 5% of decomposition
temperature [Figure 3(b)]. Another enhancement of about 3—
6°C was realized at 50% of weight loss and it is shown in Figure
3(c). Zhou et al.' found a 6°C increase in decomposition tem-
perature of 1-4 wt % carbon/clay/epoxy nanocomposites com-
pared to the neat carbon/epoxy. This suggests that the 17-35°C
improvement, we found, is very significant compared to their
findings though different silicates were used in both cases. The
residue at 550°C also showed an increasing trend from the low-
est load to the highest which is shown in Figure 3(a). The
improvement in the onset, 5 and 50% of degradation, as shown
in the shift of the curves to the higher temperatures in their
respective region on the percentage weight loss curves in Figure
3(b,c) can be associated with the high thermal stability of
CaSiO; which is capable of shielding heat energy from rapid
transfer to the polymer molecules not in direct contact with the
particles.

The TGA of polypropylene—clay composite showed that degra-
dation took place at a higher temperature in the presence of
clay*' This was associated with a diffusion effect, which
impedes the emission of the gaseous degradation products,
resulting in an increase in the thermal stability of the material.
It was further elaborated that the clay enhanced thermal stabil-
ity by acting as a mass transport barrier to the volatile product

Table L. Effect of CaSiO; on the Thermal Stability of Super Sap® 100/1000 Epoxy System

Decomposition temperature (°C)

Onset of major

Maximum decomposition

temperature (*C) Residue at 550°C

Specimen decomposition At 5 wt % At 50 wt % First Second %

Neat 32754+211 186.20+5.80 37580+0.85 201.75+0.63 371.27+136 3.73+x0.47
E+1% CaSiOs 328.04+258 217.15+3.61 379.95+1.05 208.88+294 370.04+022 533+0.12
E+2% CaSi0O3 330.42+0.78 216.15+10.54 37830+0.85 200.81+1.05 369.43+042 571+0.19
E+3% CaSi0Os 32891 +0.62 203.20+0.57 379.75+0.32 190.93+243 36895+1.03 6.71+0.03
E+4%CaSi0z 330.05+0.88 221.00=1.84 381.21+041 20029+228 371.48+0.54 9.28+0.78
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Figure 3. TGA thermographs showing the effect of CaSiO5; NPs on the ther-
mal stability of Super Sap® 100/1000 epoxy system. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

generated during decomposition, as a result of a decrease in
permeability.®’ This suggests that the nanostructure is critical to
the improvement of thermal stability of nanocomposite materi-
als and our results on different nanosilicate support this finding.
Also, Liang et al.** found that MMT possessed high thermal sta-
bility and its layer structure advantageously exhibited great bar-
rier which hindered the evaporation of the small molecules
generated during the thermal decomposition and slowed the
decomposition of the photosensitive polyamide matrix.** This
further suggests that with good dispersion of CaSiOs, similar
property enhancement is achievable though CaSiO; is not lay-
ered like MMT to influence the properties isotropically. The res-
idue measured at 550°C showed an increasing trend as the NP
amount increased. This shows that the decomposition is
reduced at the increase of the NPs from one level to another.
Hence, fire retardancy of the composite is enhanced by the pres-
ence of the NPs. Also, the remnants of the matrix (char) con-
tributes to the amount of residue. As the onset, 5 and 50%
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Figure 4. Storage moduli of Super Sap® 100/1000 epoxy system infused
with CaSiO; NPs. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40867 (5 of 10)

Applied Polymer

CIENCE

decomposition, temperatures showed improvements, the char
yields owing to the delayed degradation of the matrix was
higher in the composites in a proportional manner compared
to that of the neat system.

The formation of char at the initial stage is a key reason for the
improvement of the decomposition temperatures and the resi-
due. Char formation has been sited to be responsible for the
impermeability of volatile-degraded components that have the
potential to accelerate combustion.*"*?

Dynamic Mechanical Analysis. Storage modulus, the ability of
a material to store mechanical energy when subjected to varia-
tions in temperature, was measured for the neat epoxy system
and the nanocomposites. This was used to evaluate the effect of
the NPs on the damping properties of the polymer. The results
of this test shown in Figure 4 reveals that the addition of
CaSiO; NPs led to enhancements in the storage moduli of the
nanocomposites over that of the neat epoxy system from room
temperature to 50°C. The maximum improvement in this prop-
erty was observed in 1 wt % loaded specimen (296.76 * 55.58
MPa). However, further increment in CaSiO; loads (2—-4 wt %)
showed a decreasing trend from that of 1 wt %. After 50°C, the
storage moduli for 3 and 4 wt % of loaded specimen fell below
that of the neat as shown in Figure 4. This indicates brittleness
in the specimen and the inability to elastically store energy
above this temperature. The probability of an increase in the
number of agglomerates as the concentration of particles
increases becomes higher with NPs. This is one reason why the
storage modulus decreased in such a trend. The earlier reports
of the DMA on nanocomposites with MMT revealed significant
improvements in the storage moduli of polymers, such as
PVDE, PP, and PMMA.?**"?° Zhou et al.! also found a phenome-
nal increase in the storage modulus in 1-4 wt % carbon/clay/
epoxy nanocomposites compared to the neat carbon/epoxy. Our
findings support theirs’ in the case of 1-2 wt % of loading, but
also show that higher loads (3—4 wt %) can compromise the
damping properties of the matrix.

Improvement in the storage modulus has been attributed to
enhancements in the rigidity of polymer molecules which
restricts their movement with increase in temperature, good dis-
persion of nanofillers into the structure of polymers, and the
strength of the interface affinity between the matrix and the
fillers.””*®

Thermomechanical Analysis. In determining the effect of
CaSiO5 NPs on the dimensional change in Super Sap® 100/1000
epoxy system, the CTE in specimens at each load category was
determined using an expansion mode in the temperature ranges
between 30-70 and 110-140°C before and after the T, region,
respectively. The results of these analyses are shown in Figure 5
(dimension change) and Figure 6 (bar plots of CTEs).

The incorporation of CaSiO; NPs improved the dimensional
stability of the epoxy resin by a minimum of 10% (2 wt %
loading) and a maximum of 19% (1 wt % loading) compared
to that of the neat system before the T, region as shown in Fig-
ure 6. The addition of 3—4 wt % of CaSiO; showed ~17% of
reduction in CTE which is a significant improvement. Though
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Figure 5. Dimension changes of Super Sap® 100/1000 epoxy composite.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the other specimens showed reductions in CTE, it is desirable
to obtain optimum improvements with a small quantity of a
nanomaterial. Hence, the CTE reduction by about 19% at 1%
of loading of CaSiO; is good because higher concentration can
greatly compromise the strength and toughness of the matrix.
The CTE determined after the T, region compares well with
those obtained before, though the percentage changes which
ranged from 12 to 20% were slightly higher than those deter-
mined before the T, for the various respective specimens. The
CTEs of conventional epoxy filled with 50 wt % of seven differ-
ent inorganic compounds and cured with two different harden-
ers showed reduction ranging from 6.98 to 37.98% in CTEs.*’
This suggests that our finding is significant, with just 1-4 wt %
of CaSiO; giving maximum improvements of 19 and 20%
before and after T, respectively.

In Figure 5, the results of the nanocomposite show straight-line
regions with slopes lower than that of the neat system. This
indicates increased dimensional stability. Past reports have
shown that inorganic reinforcing fillers are stiffer than the
matrix and highly resistant to deformation, and hence their
inclusion causes an overall reduction in the matrix strain; espe-

B CTE Before Tg BCTE after Tg

- - w !x

= w (=

= o (=] (=]
'

CTE -a (um/m.°C)

2

Neat 1% 2% 3% 4%
% of CaSiO, NPsin Super Sap 100/1000 epoxy resin

Figure 6. The mean and standard deviation values of CTE of Super Sap®
100/1000 composite.
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Figure 7. Flexure behavior of CaSiOs—Super Sap® 100/1000 epoxy com-
posite. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

cially, in the area near the particle as a result of the particle to
matrix interface while increasing the dimensional stability.”® In
support of this, the CTEs of composites based on matrices such
as polyamide-6, polypropylene, and polyamides'>*>*!>* have
been found to be lower than those of their respective neat poly-
mers, especially with the incorporation of small amount of
organically modified montmorillonite.*>** Reports also show
that the trend in the amount of CTE reduction depends on the
particle rigidity, on the dispersion of the clay platelets in the
matrix, and also on an efficient stress transfer to clay layers. It
is believed that the retardation of chain segmental movement
through incorporation of organically modified clays also leads
to decrease in the CTE.*

Flexure Test

The flexural strength and modulus of CaSiOs—Super Sap® 100/
1000 epoxy composites were evaluated using the three-point
bending test. The results are shown in the stress—strain plots of
Figure 7, and the derived mechanical properties are shown in
Figure 8. This shows an improvement in flexure strength, elastic

B Maximum Strength BModulus

120 4 r3

(=

(=3

(=]
L

Flexure Strength (o)-MPa
2
-

-
h
Flexre Modulus (E)-GPa

=
th

S44482448444888888
$330545388043330559341
2940400084000 00000008

pesssissasisasiasssiasiaangy

Neat 1% 2% 3% 4%

Percentage of CaSiO; NPs in super Sap 100/1000 epoxy
resin

Figure 8. The mean and standard deviation values of flexure strength and
modulus of CaSiOs—Super Sap® 100/1000 epoxy composites.
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modulus, and toughness of the CaSiO;—bio-based epoxy nano-
composites compared to the neat epoxy system.

As shown in Figure 8, the percent improvements in flexure
strength ranges from 17.12 to 36.22% owing to 1-4 wt % of
loading of CaSiO; NPs into the matrix. This is promising in the
sense that the maximum strength of the neat epoxy system as
reported by the manufacturer is 77 MPa but our findings
revealed a maximum strength of about 70.21 MPa. An improve-
ment ranging from 5.22 to 18.64 MPa still exists if these results
are compared to the manufacturer’s reported maximum
strength of 77 MPa though our comparison is made with a
maximum strength of 70.21 MPa. The inability to reproduce
the manufacturer’s data is due to the differences in skill levels,
equipment used, changes in environmental conditions under
which specimen were prepared, and tested among others.

Similarly, the trend in the improvement of flexure modulus
matches those in flexure strength with respect to the specific load-
ing. The improvement in modulus is much in 3 wt % loading of
CaSiOs, followed by 1, 4, and 2 wt % loads, respectively (Figure
8). This shows that 3 wt % loading of CaSiO; NPs gave the best
improvement in strength and modulus among the specimens.
One striking property which informed the choice of the Super
Sap® 100/1000 epoxy system is its exceptional toughness over
other epoxy systems. This is because our reinforcement material
is a bioceramic and very brittle in nature, and since the matrix
has good toughness, the improvement of other properties of the
composite could be explored without much compromise in the
material’s toughness. The stress—strain curve in Figure 6 clearly
shows that flexure strength, modulus, and toughness have been
considerably improved with the addition of CaSiO; NPs. Even at
a test speed of 16 mm/min, there is no sign of failure up to 6% of
strain. Though the failure occurred in the samples with 3 and 4%
loadings of CaSiOs3, this happened after 6% of strain, and suggests
that the composite retains its improved toughness even beyond
the acceptable maximum strain of 5% emphasized in ASTM
Standard.” Hence, the adverse effect of the brittle ceramic par-
ticles may not be felt during the application of the composite
unlike other conventional systems that become very brittle and
susceptible to failure. Improvement in strength and modulus sug-
gests that favorable interactions may have been established
between the NPs and the polymer matrix such that more energy
or load is required to cause the failure of composite material than
it is required to cause similar effects in the neat specimen. Zhou
et al.' found about 13.5% of improvement in flexural strength of
1-4 wt % of carbon/clay/epoxy nanocomposites.

Reports have shown that improvement in strength depend on the
ease in stress transfer between the reinforcement materials and
the matrix.”® Applied stress is effectively transferred between par-
ticles and matrix in instances where good adhesions exist and
lead to enhancement in the strength.’® Major contrasts of reduc-
tion in strength occur when the interaction is very poor or the
particle sizes are large.>

It has also been demonstrated that polycaprolactone composite
films containing 5 wt % of CaSiO; and Na,CaSiO, submicron
particles (250 nm) showed improved nanotopography, increased
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compressive stiffness, and elastic modulus under quasi-static com-
pression load.” Again, an investigation on both unmodified and
surface-modified f-CaSiO; particles with dodecyl alcohol dispersed
in poly(pr-lactic acid) (PDLLA) matrix improved the tensile
strength of the composite over the neat PDLLA.® On the other
hand, Zhang and Chang” found that electrospun composite with
modified [-CaSiO; nanowires and unmodified -CaSiO; showed
that the unmodified -CaSiO; in poly(butylene succinate) matrix
decreased the tensile strength in a trend proportional to increased
p-CaSiO; content. However, the tensile stresses of composite due
to modified f-CaSiO; revealed an increase of about 40% com-
pared to those containing unmodified $-CaSiOs.”” This suggests
that the differences in matrix affect their affinity to the particles
and will either require surface modifications or not. Furthermore,
the evaluation of diisocyanate-modified bioglass NPs (diameter,
~40 nm) in poly(i-lactide) (PLLA) revealed improvement in the
tensile strength (56.7-69.2 MPa as a result of the addition of 4 wt
%), tensile modulus, and impact energy of the composites due to
increased phase compatibility. Also, they found that the structure
of a fractured surface of this composite was surface grafted with
well-dispersed bioactive glass in the PLLA matrix.”® Another inves-
tigation on a scaffold with varying wollastonite content revealed
that strength significantly increased by the addition of 50% of sin-
tered wollastonite phase.”® Also, f-CaSiO; has outstanding filler
properties such as binding properties, strength, modulus, and low
CTE. It is thermally insulating, incombustible, and less moisture
absorbing.*

One issue with thermosetting resins is their extreme brittleness
but it has been found that inorganic particles have good tough-
ening mechanisms that help subdue this brittleness in compo-
sites.” Though improvement in toughness is insignificant
compared to that of rubber inclusions, improvement in modulus
and hardness has been enormous.” The extent of enhancement in
mechanical properties of composites resulting from the addition
of fillers depends on the particle size, particle-matrix interface
adhesion, and how good the particles are dispersed in the matrix.
Reports emphasize that smaller CaCOj5 particles lead to increase
in strength of filled polypropylene and high-fracture toughness
in high-density polyethylene composites.*’ This supports our
finding with CaSiO; which has a similar structure to CaCOs.
Perhaps, because C and Si belong to the same periodic group
and demonstrate similar reactivity.

The effect of the nanofiller in the composite was determined
theoretically and compared with the experimental results. These
calculations were carried out using the Halpin—Tsai rules of
mixture, egs. (1) and (2). 474

1_
1 @ + ﬁ (for lower bound ) (1)
E E  E,
E=E+E,(1-Jy) (forupperbound ) (2)

where E = modulus of composite, ;= CaSiO; (filler) volume
fractions, Ey= CaSiOs (filler) modulus, and E,, = modulus of
matrix (epoxy).

Filler effect (CaSiO; NPs) on the modulus of the bio-based
epoxy matrix is compared to the calculated moduli based on
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Table II. Theoretical and Experimental Effect of CaSiO; on the Super Sap® 100/1000 epoxy

E—calculated (lower limit)

E—calculated (upper limit)  E—experimental (flexure)

Specimen Filler volume fraction (&)

E+1% CaSi03 0.004 1.97
E+2% CaSiOz 0.008 1.98
E+3% CaSi03 0.012 1.98
E+4% CaSi03; 0.016 1.99

2.30 220+0.11
2.60 2.07+0.10
2.96 2.61+0.09
3.30 2.13+0.03

the theoretical modules of rules of mixtures by Halpin—Tsai
(Table II). The theoretical moduli, E, of the composites were
calculated using CaSiO; modulus (Ef=85.2 MPa) from litera-
ture* and the CaSiO; volume fractions (9¢) and modulus of
matrix (E,) used in our experiment. The lower limits of the
theoretical values were obtained using Haplin-Tai’s eq. (1),
whereas the upper limits were evaluated using eq. (2). The
experimental moduli are those obtained from flexure analysis of

the composites. The experimental results agree well with those
from the theoretically moduled equations. It is evident that the
experimental flexure moduli fall within the lower and upper
limits of the calculated theoretical values. The
between the theoretical values and the experimental values
because theoretical modules assume ideal conditions of uniform
shape, constant dimensions, unidirectional, good bonding, uni-
form modulus, and dispersion of the filler. However, the reality

differences

Figure 9. SEM micrograph showing the microstructure of the fractured surface (a) neat, (b,c) 3 wt % CaSiO3; NPs, and (d,e) 4 wt % of CaSiO; NPs.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in experiments is quite different and complex; fillers can be
nonuniform in shape, length, and thickness, misaligned,
agglomerated, and weakly bonded, and can change in morphol-
ogy among others.**

SEM Analysis of Fractured Surfaces of the Nanocomposites
The fractured surfaces were probed through a scanning electron
microscope. The micrographs in Figure 9 show the fractured
surface of the neat sample and those of the nanocomposites
with two different filler concentrations after the flexure test.

The fracture surface of the neat specimen does show smooth
vertical paths owing to the cracks which propagated across the
thickness direction as evident in the micrographs shown in Fig-
ure 9(a). The pallets seen at isolated portions in this micro-
graph are pieces of the polymer which cracked partially, but still
loosely bound to the fractured surface. The nature of this frac-
tured surface suggests a brittle failure mode because the crack
propagation is uninterrupted. The failed surfaces of the nano-
composites show rough ridge patterns and river markings on
the fracture surface as shown in Figure 9(b,c). The roughness of
the fracture surface is an indication of crack path deflection and
ductile nature of the cracks. The fractured surface microstruc-
ture reveals cracks and particles spread on the entire surface. It
is clear that the mode of crack propagation is very different
from that of the neat specimen. The rough ridge patterns and
river markings, suggesting that the cracks propagated around
these shapes to delay failure during the flexure test. This is the
reason for the improved toughness over the neat system. The
surfaces also show areas with microvoids, agglomerates, and
cracks in the composite. These are evident in the micrographs
for the 4 wt % loaded composite [Figure 9(d,e)] and explains
the reason why its mechanical properties fell below that of
3 wt % loaded. Agglomerate and voids serve as stress concentra-
tion points in materials. It has been found that voids drastically
reduce the strength and modulus as well as causing premature
failure, whereas agglomerates reduce strength, toughness, and
strain to failure.® This revelation suggests that the mechanical
properties were compromised to some extent in the composite.
Hence, the reported improvements could have been more if
voids and agglomerates were eliminated to a large extent.

CONCLUSIONS

The results of XRD and TEM confirmed that nanoscale CaSiO;
was obtained from the waste egg shells and amorphous silica
precursors. DMA showed better storage moduli with the incor-
poration of lower concentrations compared to higher loads of
CaSiO;. This means that higher loads made the composite very
rigid and brittle, limiting the polymer molecules from flexing.
Significant improvement in the dimension stability by the addi-
tion of 1 wt % of CaSiOj; also suggests that CaSiO; can be used
as filler, especially in space structure where dimensional stability
is a major issue. Also, the evaluation of the thermal profiles of
the composites showed that the CaSiO; NPs can improve the
thermal decomposition temperatures of epoxy systems signifi-
cantly as well as amounts of residue. Flexure strength and mod-
ulus revealed significant improvements owing to the
incorporation of CaSiO; NPs. Also, toughness improved consid-
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erably below 8% of strain, but the strain to failure was reduced
in the composites. This result suggests that the bio-sourced
CaSiOs; is good reinforcing filler and can be used to enhance
the mechanical properties of materials engineered for both bio-
medical and structural engineering applications. The SEM
micrographs of fractured surfaces for the composites revealed
microstructures that are similar in surface roughness and topol-
ogy, but the nature of these surfaces suggests that CaSiO;
strongly interacted with the matrix. The fracture surface of the
neat epoxy system exhibited uninterrupted crack propagation
(undeflected crack path), resulting from the brittle failure. In
contrast, fractured surface of nanocomposites showed an
improved toughness characterized by crack path deflection,
rough, and ridge patterns with river marking lines. They
revealed that the cracks were interrupted and deflected on the
entire cross-section. Hence, the improvement in toughness of
the composite was due to the action of phase-separated inor-
ganic fillers as crack-arresting points. The revelations of voids
and agglomerates suggest that our reported moduli and
strengths are not the optimum attainable improvements and
could be further improved. Putting together the various
improvements, the justified conclusion is that bio-sourced
CaSiO; NPs are good at enhancing the thermal and mechanical
properties of polymers intended for advanced applications. A
comparison of the flexure moduli of the composite with those
calculated from theoretical equations to examine the filler
effects showed good agreement. They should be relied on as an
alternative to the unsustainable rock-mined and sol-gel-derived
CaSiO; fillers.
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