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ABSTRACT: In this study, a novel approach to toughen biobased epoxy polymer with different types of siloxanes was explored. Three
different modified siloxanes, e.g., amine-terminated polydimethyl siloxane (PDMS-amine), glycidyl-terminated polydimethyl siloxane
(PDMS-glycidyl), and glycidyl-terminated polyhedral oligomeric silsesquioxane (POSS-glycidyl) were used as toughening agents. The
curing and kinetics of bioepoxy was investigated by differential scanning calorimetry and Fourier transform infrared spectroscopy.
The mechanical, thermal, and morphological properties of the cured materials were investigated. Rheological characterization revealed
that the inclusion of POSS-glycidyl slightly increased the complex viscosity compared to the neat resin. The morphology of the cured
bioresin was characterized by transmission electron microscopy and scanning electron microscopy. The inclusion of POSS-glycidyl to
bioepoxy resin resulted in a good homogeneity within the blends. The inclusion of PDMS-amine or PDMS-glycidyl was shown to
have no effect on tensile and flexural properties of the bioresins, but led to a deterioration in the impact strength. However, the
inclusion of POSS-glycidyl enhanced the impact strength and elongation at break of the bioresins. Dynamic mechanical analysis
showed that the siloxane modified epoxy decreased the storage modulus of the bioresins. The thermal properties, such as decomposi-
tion temperature, coefficient of linear thermal expansion, and heat deflection temperature were improved by inclusion of POSS-
glycidyl. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42451.
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Recently, a number of biobased epoxy resins made from plant
oils have been reported.®'? Plant oils, which contain long chain
fatty acids, are available widely from various natural resources.

INTRODUCTION

In recent years, renewable raw materials for the production of
thermoplastic and thermoset polymers have attracted a great
deal of attention from both the academic and industrial com-
munities to substitute petroleum based polymers." Epoxy resins
are one of the key commercial thermoset polymers owing to
their superior chemical resistance, mechanical properties and
good processability. Therefore, epoxy resins are useful in differ-
ent applications, such as adhesives, coatings, insulating materi-
als, electronics and structural composites. Nowadays, epoxy

Soybean oil and linseed oil were found to be the most common
oils used today due to their availability and low cost."” Epoxi-
dized soybean oil (ESO), which is derived from soybean oil, has
been used in many applications, such as plasticizers for plastics,
stabilizers, or as a toughening agent for petroleum-based epoxy
resins.'* ESO shows superior potential as a renewable and an
inexpensive material for some industrial applications."

resins are used in automobile assembly, aircrafts, aerospace, and
wind turbine blades." However, epoxy resin has some disadvan-
tages such as high cost, brittleness, low elongation at break, and
impact strength as well as a poor resistance to crack growth.”
Many efforts have been made to overcome the drawbacks of
epoxy resins by the addition of inorganic fillers,”* use of ther-
moplastic particles.” or the addition of a second rubbery
phase.”™”

© 2015 Wiley Periodicals, Inc.
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ESO can be used to enhance the toughness of epoxy resin and
its addition to epoxy helps also to decrease the cost of the final
product. Ratna'® reported a blend of ESO with an epoxy resin.
Phase separation was found in the blend resulting in higher
impact strength. Miyagawa et al.’ prepared a biobased epoxy
blend from diglycidyl ether of bisphenol F (DGEBF) and ESO
with an anhydride curing agent which showed enhancement in
the impact strength and fracture toughness due to the phase
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separation. Gupta et al'® studied the effect of addition ESO
into a diglycidyl ether of bisphenol A (DGEBA) based epoxy
resin with different weight ratios. It was reported that the lower
the concentration of DGEBA based epoxy resin, the better the
impact properties. Nowadays, biobased epoxy resins with differ-
ent amount of epoxy groups are commercially available and can
be used in different applications.'”'®

However, biobased epoxy has some disadvantages such as low
mechanical performance and heat deflection temperature com-
pared to commercial epoxy resin. Fillers are required to overcome
some of these hurdles and to fulfill certain industrial require-
ments.'" Polydimethyl siloxane (PDMS) is a type of silicone rub-
ber that possesses superior properties, such as good chemical and
thermal resistance, high elasticity, and good hydrophobic proper-
ties."”?' The addition of PDMS into the epoxy system is typically
a challenge due to the immiscibility between polar epoxy resin
and nonpolar PDMS polymer before and after curing.*>** An
alternative way to enhance the compatibility between PDMS and
epoxy resin is to functionalize PDMS with amine or hydroxyl
group to enhance its miscibility with epoxy. It is expected that
hydroxyl or amine terminated PDMS can bond to epoxy resin
leading to an enhancement in some mechanical properties due to
incorporation of a rubbery segment in the network. Gong et al.*>
were able to toughen epoxy resin with a block copolymer consist-
ing of amine-terminated PDMS and a hydroxy-terminated-oligo
(hydroxyether of bisphenol A). In another study, epoxy resin was
modified using hydroxyl-terminated PDMS in the presence of
dibutyltindilaurate as a catalyst and y-aminopropyltriethoxysilane
as a crosslinking agent.”® They found that a siliconized epoxy sys-
tem has a higher thermal stability and a heterogeneous morphol-
ogy compared to a regular epoxy system.

Another approach to toughen epoxy resin is to introduce a
hybrid inorganic—organic composition of polyhedral oligo-
meric silsesquioxanes (POSS), a nanosized cage structure, into
the polymeric chain via covalent bonding. POSS possesses a
desirable balance of toughness and stiffness as well as a good
thermal stability.”>*” The addition of functionalized POSS
into the epoxy resin can enhance the mechanical proper-
ties.”®>? In this regard, glycidyl-terminated POSS (POSS-gly-
cidyl) can be used as a toughener for epoxy system to
enhance the toughening behavior of epoxy. Kim et al.>® dis-
played the thermo-mechanical and morphological properties
of POSS-epoxy based on octaglycidyl-epoxy-polyhedral-
oligosilsesquioxane (OG-POSS) using different ratios of a
hardener (4,4'-diaminodiphenyl sulfone (DDS). They found
that by increasing the amount of DDS, the glass transition
temperature (T,) increased and the structure become more
homogeneous. Li et al.>* showed the increasing POSS concen-
tration in POSS-glycidyl-modified epoxy resin enhanced the
thermal stress coefficient.

The aim of this work is to develop a novel siliconoized bioepoxy
using different functionalized siloxanes, such as amine-
terminated PDMS, glycidyl-terminated PDMS, and POSS-glycidyl
in the bioepoxy resin. The kinetics, mechanical, thermal, and the
morphological properties of biobased resin modified with differ-
ent siloxanes were then characterized and analyzed.
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Materials

Biobased epoxy resin (bioepoxy) was a Super sap INF that was sup-
plied by Entropy Resin, composed of epoxy and hardener in liquid
form. The bioepoxy contain biobased renewable materials extracted
as a coproduct from waste streams of industrial processes, such as
biofuel and wood pulp production. The epoxy is a mixture of
epoxidized pine oils, bisphenol A/F type, and benzyl alcohol. The
hardener is a mixture of cyclohexanemethanamine, 5-amino-1,3,3-
trimethyl isophoronediamine (20-50%), polyoxy propylene dia-
mine (30-60%), tris—2,4,6-(dimethylaminomethyl)phenol (10—
20%), bis(dimethyl-amino-methyl)phenol (<10%), benzyl alcohol
(<10%), piperazine (<10%), and aminoethyl piperazine (<5%).
Bioepoxy is claimed to have up to 19% biobased content. The rec-
ommended bioepoxy resin to hardener ratio was 100:33 by weight.
Polydimethyl siloxane-bis(3-amino propyl) terminated (PDMS-
amine) with average molecular weight (M,,) of 2500 and polydi-
methyl siloxane-diglycidyl ether terminated (PDMS-glycidyl) with
average M, of 800 were purchased from Sigma-Aldrich. The POSS-
glycidyl used is a polyepoxyglycidyl silsesquioxane cage mixture
(EP0409 glycidyl POSS cage mixture, from Hybrid Plastics).
The POSS-glycidyl has an epoxide equivalent weight of 167 g/equiv.
The chemical structures of all modified siloxanes are shown in
Scheme 1.

Sample Preparation

Biobased formulation were prepared by mixing bioepoxy with 5
wt % of PDMS-amine, PDMS-epoxy, or POSS-glycidyl. All
compositions were mixed at room temperature until the mix-
ture was homogeneous. Then, the hardener was added to all
systems. The mixtures were degassed at room temperature to
remove bubbles and poured into the prepared mold for com-
plete curing. The bioresins were cured at room temperature for
24 h and then at 100°C for 1 h and postcured at 150°C for 1 h.

Characterization

The attenuated total reflection infrared (ATR-IR) was conducted
through the use of a Nicolet™ 6700 FTIR spectrometer
(Thermo Scientific) with transmittance range of 400-4000 cm !
and resolution of 4 cm™" with 64 scans per sample.

Instron 3382 (universal testing machine) was used to achieve
flexural and tensile properties in accordance with ASTM D790
and D638 standards, at speed of 14 and 5 mm/min, respectively.
Impact strength was performed on a TMI 43-02 impact testing
device in accordance with ASTM D256 using 5 ft-1b pendulum.
The notched depths of 2 mm were conducted using a TMI
notching cutter. All samples (5 samples) were kept at room
temperature for 48 h before performing the tests.

Thermal behavior and kinetics of the bioepoxy and modified
bioepoxy were performed by differential scanning calorimetry
(DSC) (TA Instrument DSC Q200) under nitrogen atmosphere
with flow rate of 50 mL/min at rate of 10°C/min. In dynamic
tests, the samples (5-8 mg) were heated from —50 to 300°C at
various heating rates (2, 5, 7, 10, and 20°C/min).

Thermal stability of the bioresins was tested using TGA Q500
(TA Instruments, USA) under nitrogen gas flow rate of 60 mL/
min and heating rate 10°C/min.
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Scheme 1. Chemical structure of PDMS-amine, PDMS-epoxy, and glycidyl-POSS.

The static heat-resistant temperature (7;) is calculated by the
equation:

T520.49 [T5+06 ( T30_ T5)} (1)
where T5, T3 are the weight loss at 5 and 30%, respectively

Dynamic mechanical analysis (DMA) was achieved using a
DMA (TA Instruments Q800). A clamp was used at oscillating
amplitude of 15 mm and frequency of 1 Hz. The bioresins were
scanned from —70 to 110°C at a rate of 3°C/min.

Heat deflection temperature (HDT) of the bioepoxy resins was
measured using DMA in three point bending mode under the
applied load of 0.455MPa. Samples were heated from room
temperature to desired temperature at a ramp
2°Cmin~'. Temperature corresponding to a deflection of
0.25 mm was recorded as the HDT of the sample.

rate of

The CLTE (coefficient of linear thermal expansion) of the neat
bioepoxy and modified bioepoxy were measured by an expan-
sion probe using a TMA (TA Instruments 2940). Testing was
performed at a heating rate of 5°C/min with force of 0.IN and
temperature range of 35 to 160°C. The CLTE was calculated
from the straight line in the range of 100-150°C.

The viscosity of bioepoxy and modified bioepoxy were tested
on a rheometer Anton Paar MCR302 (Graz, Austria) using Ball
measuring system (BMS). The experiment was done at room
temperature with fixed strain (1%) and fixed angular frequency
(1 rad/s).

Morphological examination of the fractured impact surfaces of
the bioresins was performed using a Phenom ProX w/Prosuite
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high resolution desktop scanning electron microscope (SEM),
from nanoScience Instruments, USA at voltage of 20 kV.

(TEM) was
through microscope FEI Tecnai G2. Around 80 nm thick section
were cut with ultramicrotome Leica Ultracut UCT using dia-
mond knife (Leica Microsystems).

The transmission electron microscopy taken

Density was measured using electronic densimeter (Alfa Mirage
MD-300 S) according to Archimedes principle.

RESULTS AND DISCUSSION

Curing Behavior and Curing Activity

The dynamic (nonisothermal) curing of neat and siloxane-
blended bioepoxies were studied by DSC. Figure 1 displays the
DSC of neat bioepoxy at different heating rates between 2 and
20°C/min. DSC of neat bioepoxy resin exhibits a single broad
exothermic peak. This is due to reaction between epoxide
groups of bioepoxy with the amino group of the hardener. The
reaction starts at around 34°C and the temperature of maxi-
mum rate occurs between 75 and 120°C depending on the heat-
ing rate. By increasing the heating rate, the magnitude of the
exothermic increases as well. The maximum temperature exo-
thermic peak shifts to a higher temperature by increasing the
heating rate. In Figure 2, the initial (Tpiar), maximum (Taxi-
mum)> and final temperature (Tg,,) were collected and plotted
versus heating rate. The linear fit of Tj,ja and Th,a at heating
rate equal to zero is used as a reference for curing temperature
and postcuring temperature, respectively.’® In order to confirm
the completion of curing, temperature from 0 to 20°C higher
than T and Tgna are used as the cure and postcure
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Figure 1. Nonisothermal DSC cure behavior of neat bioepoxy resin at dif-
ferent heating rates. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

temperatures. From Figure 2, the T, and Tg,a values are 35
and 110°C, respectively. The neat bioepoxy was cured at room
temperature overnight then cured at 100°C for 1 h then post-
cured at 150°C for 1 h.

The activation energy of neat bioepoxy was studied using two
approaches: the first one is Kissinger’s approach:*®

B\ _ . [AR\ [ E
() - () (&) @

where f is the constant heating rate, T; is the square of maxi-
mum temperature of the exothermic peak, A is the pre-
exponential factor, and R is the gas constant (R=8.314
kJ/molK). The values of activation energy (E,) and pre-
exponential factor (A) can be obtained by plotting In %
sus 1/T, and calculating the slope of the linear fit. !

ver-

The second one is Flynn-Wall-Ozawa approach where the
degree of conversion is constant at different heating:”’

—0.4567E,
logh= —o

+C 3
RT, ; (3)

where f is the constant heating rate, T, is the maximum tem-
perature of exothermic peak, R is the gas constant, and C is a
constant. The activation energy and C can be obtained from the
slope and the intercept, respectively, by plotting log /3 versus 1/
T,. We selected these two approaches since they do not need
any information of the reaction mechanism to calculate the
kinetics. Figure 3(i,ii) shows the plots of In (f/ T;) versus 1/T,
based on Kissinger’s approach (equation (2)) and logf versus
1/T, based on the Flynn-Wall-Ozawa equation (3) for neat bio-
epoxy. The E, can be calculated from both equations and was
found to be 55.419 and 52.14 kJ/mol, based on egs. (2) and (3),
respectively.

The kinetics of bioepoxy with different siloxanes was studied
using Flynn-Wall-Ozawa and Kissinger equations [Figure 3(iii)].
It was found that the activation energy of the blended bioepoxy
had a higher value compared to the neat bioepoxy as shown in
Figure 3(iii). This could be due to the phase separation of

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42451 (4 of 12)

Applied Polymer

IENCE

PDMS amine or PDMS glycidyl that could hinder the reaction
between the epoxy group and the curing agent. Thomas et al.”
reported the activation energy increased with the introduction
of acrylonitrile liquid rubber (CTBN) and carboxyl-terminated
copolymer of butadiene to DGEBA. The author explained that
the increase in the activation energy is attributed to the phase
separation between the liquid rubber and the bioepoxy matrix.
However, the frame network formed by POSS-POSS interaction
led to an increase of the pseudocuring density which increased
the activation energy of bioepoxy modified with POSS-glycidyl.
It can be observed that the activation energy calculated by
Flynn-Wall-Ozawa method is slightly higher than the activation
energy obtained by Kissinger method for all resins as observed
in other traditional epoxy systems.*®

Curing Study of the Bioepoxy Modified with Siloxane by FTIR
The FTIR spectra of neat bioepoxy, neat hardener and bioresin
after different crosslinking conditions are shown in Figure 4,
and characteristic bands are tabulated in Table I. The peak
attributed to the crosslinking reaction of epoxy group with
hardener (860 and 915 cm™") gradually decreased with increas-
ing temperature. Also, the peak at 771 cm™' corresponding to
the amino group, decreased.

To confirm complete curing of modified bioepoxy samples,
FTIR spectra were taken and shown in Figure 5. All bioresins
showed the disappearance of epoxy band at 914 cm™'. The
reaction between bioepoxy and PDMS terminated amine and
glycidyl was confirmed by the presence of strong absorption
bands around 1230, 11001000, and 798 cm™' corresponding to
CH; symmetric bending, Si—O—Si stretch and Si—C stretch,
respectively.”® Moreover, the absorption band at 1100 cm™'
confirms the existence of siloxane Si—O—Si vibration of POSS-
glycidyl in the modified bioepoxy.

Effect of Additives on the Viscosity

In order to investigate the effects of different siloxanes on the
gelation process, the pot-life time of the bioresins must be
measured through reaction kinetics. The experiment was per-
formed at room temperature with fixed strain (1%) and fixed

180 -
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Figure 2. Tinital, Tmaximum> and Tgna of bioepoxy resin at different heating
rates. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 3. Plot for the determination of activation energies based on Kissinger method (i) and Flynn-Wall-Ozawa method (ii) for neat bioepoxy and bio-

epoxy modified by siloxanes, respectively. (iii) Activation energy of neat bioepoxy and bioepoxy modified by siloxanes obtained by Kissinger and Flynn-

Wall-Ozawa method. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

angular frequency (1 rad/s). Figure 6 shows the graphs of the
logarithm of complex viscosity versus time for neat and modi-
fied bioepoxy. Neat bioepoxy showed an improvement in the
viscosity with respect to time. This is due to the reaction
between the amino group present in the hardener and the
epoxy group present in the bioepoxy which leads to crosslink-
ing. Moreover, all three modified siloxane bioepoxy showed
an enhancement in the viscosity similar to the behavior of
the neat resin. However, at the room temperature (25°C), the
inclusion of POSS-glycidyl increased the complex viscosity
from around 2 to 2.25 Pa S compared to neat bioepoxy,
which may be due to excess of glycidyl group present in the
POSS-glycidyl which accelerate the epoxy-network forma-
tion.” The time necessary for the formation of the POSS-
glycidyl network is higher than that of PDMS-amine and
PDMS-glycidyl.

Morphology of Bioresins

The SEM micrographs of neat bioepoxy resin and siloxanes
modified resin are displayed in Figure 7 (i). Neat bioepoxy
shows an irregular-layer break morphology [Figure 7(i) a]. Bioe-
poxy with PDMS-glycidyl or amine-terminated displays
domains with white and dark particles as shown in Figure 7(i)
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b and (i) c. These domains are preferentially dispersed as sphere
shape in the continuous bioepoxy resin. The approximate
diameters of these domains were in the sort of around 10 um

915

o )
At150C H

T (%)

Hardener

Neat bioepoxy

L e e LA B m
900 850

Wave number (cm‘w)

LI |

1000 850 750

Figure 4. FTIR spectra of neat bioepoxy, hardener, after mixing, at room
temperature, at 100 and 150°C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table I. Attribution of the FTIR Absorption Bands of Bioepoxy and
Hardener

Wavenumber (cm™1) Assignments

Bioepoxy resin

771 Rocking CHo

827 Stretching C—0—C of oxirane group
and out of plane deformation of the
aromatic CH

860 Stretching C—0—C of oxirane group

915 Characteristic vibration band (sym-
metric) of the epoxy ring

1034 Stretching C—0—C of ethers

1182 Stretching —C—C—0—C

1362 Deformation CHz of C— (CH3)2

1454 Deformation C—H of CH> and CHz

1508 Stretching C—C of aromatic

1606 Stretching C=C of aromatic rings

2800-2990 Stretching C—H of CH» and CH aro-

matic and aliphatic

3057 Stretching of C—H of the oxirane
ring

3521 O—H stretching

Hardener amine

1456 Secondary N—H deformation

1597 Secondary N—H deformation

2840-2950 Stretching of C—H of the oxirane

ring
3360, 3280, 3180 Primary amines, doublet (reflecting
the symmetric and antisymmetric

stretching modes)

in the resins. The dispersed phase surface is clear and flat bor-
ders exist which suggest the poor compatibility between the
phases (Scheme 2). However in Figure 7(i) d, the surface of bio-
epoxy with 5%POSS-glycidyl had a smoother break with no evi-

- @)

T (%)

—— a) Bioepoxy uncured
— b) Bioepoxy cured
—— ¢) 5%PDMS-amine
—— d) 5%PDMS-glycidyl
— ¢) 5%POSS-glycidyl

1408 cm’!

Y 9mem’

1230 em” 1100cm”
T T T T T T 1

2000 1800 1600 1400 1200 1000 800

Wavenumber (cm’' )

798 em™

Figure 5. FTIR spectra of uncured and cured neat bioepoxy and cured
bioepoxy modified by different siloxanes. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Complex viscosity versus time of neat bioepoxy and bioepoxy
modified by different siloxanes. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

dence of phase separation. Ni et al.*' showed that the inclusion

of POSS—NH, modified with n-butyl glycidyl ether displayed
rough section surface with epoxy resin. Here, the POSS-glycidyl
uniformly dispersed in the bioepoxy resin which represents
improvement in the compatibility between the matrix and the
modifier (Scheme 2).

The dispersion of POSS-glycidyl in bioepoxy was further con-
firmed by TEM analysis. Figure 7(ii) shows the TEM micro-
graph of bioepoxy/5%POSS-glycidyl in different sections. It can
be seen that the POSS-glycidyl (dark areas) are well dispersed in
the bioepoxy matrix [Figure 7(ii) a]. The spherical domain size
in the bioblend is approximately 20-60 nm. However, a number
of dark spots and agglomeration appear in Figure 7(ii) b with a
size of approximately 60-100 nm. The strong POSS-POSS inter-
action leads to aggregates within bioepoxy matrix. Strachota
et al*? assumed some nanoaggregates by the incorporation of
POSS into network of DGEBA. This is due to the steric hin-
drance in the POSS-glycidyl which provides inhomogeneous
distribution of POSS-glycidyl within matrix.

Mechanical Properties

The mechanical characteristics of the bioepoxy resin modified
with siloxanes are shown in Figures 8 and 9. In general, neat
bioepoxy resin has low impact strength and elongation at break
with high tensile and flexural properties. The tensile modulus
and strength of neat bioepoxy was found to be 3.28 GPa and
68.8 MPa, respectively (Figure 8). The incorporation of PDMS-
amine or PDMS-epoxy showed a slight decrease in the tensile
and flexural strength compared to the bioepoxy resin. These
results indicate that the incorporation of elastomeric PDMS seg-
ments results in a reduction in the crosslinking density, which
decreases the tensile properties.*> Moreover, there is no compat-
ibility between the polar bioepoxy and nonpolar functional
PDMS, leading to phase separation at the interface as indicated
by the SEM analysis. However, the incorporation of 5%POSS-
glycidyl showed a 7% increase in the tensile strength. This is
due to the reaction between the glycidyl groups of POSS with
the bioepoxy system, which increases the crosslinked density of
the network and decreases the free volume of epoxy backbone.**
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Figure 7. (i) Scanning electron microscope images of (a) neat bioepoxy (1500X), (b) bioepoxy/5%PDMS-amine, (c) bioepoxy/5%PDMS-glycidyl, and
(d) bioepoxy/5%POSS-glycidyl. (ii) Transmission electron microscope images of bioepoxy/5%POSS-glycidyl at different areas (a and b).

The tensile and flexural moduli of all resins were found to be
equivalent to the moduli of neat bioepoxy.

The impact strength and elongation at break of neat bioepoxy
and siloxane modified bioepoxy are shown in Figure 9. The
addition of functionalized PDMS-amine showed deterioration
in the percent of elongation and the impact strength. This may
be due to the fact that the elastomeric PDMS was heterogene-
ous and immiscible in the bioepoxy matrix, which decreased
the interaction between the matrix and the modifier resulting in
a decrease in the toughness of the resin. The addition of
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PDMS-glycidyl slightly enhanced the elongation at break of the
final product.

The incorporation of POSS-glycidyl enhanced the elongation at
break and impact strength as presented in Figure 9. The impact
strength and elongation at break enhanced by 16 and 29%,
respectively, compared to neat epoxy resin. This is due to the
presence of nanosized and caged framework of the POSS struc-
ture that can absorb impact energy. Moreover, the effect of the
epoxy group present in the POSS-glycidyl increased the cross-
linking density and produced more anchors in the resin.*”
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Scheme 2. Formation of network structure and surface in bioepoxy resin containing PDMS-amine or glycidyl and with POSS-glycidyl. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Tensile and flexural properties of neat bioepoxy and bioepoxy
modified by different siloxanes. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Dynamic Mechanical Analysis

The viscoelastic behaviour of neat bioepoxy resin and biepoxy
modified with different siloxanes are given in Figures 10 and
11. Figure 10 shows that the storage modulus of all bioepoxies
with siloxanes is slightly lower than those of neat bioepoxy resin
at lower temperature (lower than T,). For example, the storage
modulus values of neat bioepoxy, bioepoxy modified with
POSS-glycidyl, PDMS-amine and PDMS-glycidyl at 25°C are
3371, 3281, 3054, and 2936 MPa, respectively. At around 95°C
(higher than Tg) the storage modulus of POSS-glycidyl and
PDMS-glycidyl are substantially equivalent to neat bioepoxy.
The storage modulus values of neat bioepoxy, bioepoxy modi-
fied with POSS-glycidyl, and PDMS-glycidyl at 100°C are 14,
18, and 15 MPa, respectively. The same behavior was observed
for epoxy modified with POSS.*> This indicated that modified
bioepoxy with POSS-glycidyl and PDMS-glycidyl has greater
dimensional thermal stability than neat bioepoxy.

The tand, the glass transition temperature (T,) of neat bioepoxy
resin and modified bioepoxy are shown in Figure 11. Neat bioe-
poxy and modified bioresins showed only a single broad T,. All
modified bioepoxy showed decreased T, values compared to
neat bioepoxy. For example, the T, values of neat bioepoxy and
bioepoxy modified with PDMS-amine, PDMS-glycidyl, and

|- 50
g Elongation at break (%) r
5 7] ® Impact strength (J/m)
] S 40
e 4]
< ] N g
e | \ - ¥
g 2 NN ' g
ER N g
E L N
&, e
5 <71 [ g
= ] =
1] 10
{)—‘ ]

BioEpoxy 5%PDMS-amine 5%PDMS-glycidyl 5%POSS-glycidyl
Figure 9. Elongation at break and impact strength values of neat bioepoxy
and bioepoxy modified by different siloxanes. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Storage modulus values of neat bioepoxy and bioepoxy modi-
fied by different siloxanes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

POSS-glycidyl are 87, 85, 82, and 84°C, respectively. The
decrease in T, values compared to neat bioepoxy may be due to
plasticization effect of the flexible —Si—O—Si— linkage.*’

Heat Deflection Temperature (HDT) and Coefficient of
Linear Thermal Expansion (CLTE)

HDT is the temperature at which a test sample deflects a spe-
cific amount under specific load. It represents the upper limit
of the dimensional stability of polymers in service. The HDT
values for neat bioresin and the modified bioresins in this study
are presented in Figure 12. Neat bioepoxy has HDT value of
61°C. The addition of PDMS terminated with amine or glycidyl
did not affect the HDT. However, the addition of POSS-glycidyl
has significantly raised the HDT by around 14% compared to
neat bioresin. Tucker et al*® observed an increase in the HDT
when blending epoxy resin with POSS. The author clarified the
improvement in the HDT resulted from POSS, which works as
a crosslinking hub and restricts the chain mobility of the epoxy
matrices. POSS-glycidyl has outstanding heat resistant resulting
from the caged structure and nano size of POSS as confirmed

) T,=87°C
"

b) T,=85C — 1§

) T,=82'C ——= iy

d) T,=84°C ——rfa

Tan Delta

[
]
]
]
[l
]
]
[l
]
"
]

—— a) Bioepoxy

-------- b) Bioepoxy/5%PDMS-amine
- == ¢) Bioepoxy/5%PDMS-glycidyl
= = d) Bioepoxy/5%POSS-glycidyl

5 SV

™
LI I B N I e I L B N N L N N L ) B
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Temperature (“C)

Figure 11. Tan 6 values of neat bioepoxy and bioepoxy modified by dif-
ferent siloxanes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 12. Heat deflection temperature and coefficient of linear thermal
expansion values of neat bioepoxy and bioepoxy modified by different
siloxanes. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

from TEM.?® Therefore, the incorporation of POSS-glycidyl to
neat bioepoxy provides high HDT values which is useful for
fabricating high temperature resistant composites compared to
neat bioepoxy.

Figure 12 represents the effect of different types of siloxanes on
the coefficient of linear thermal expansion (CLTE). The CLTE
for modified bioepoxy blends increased with different types of
siloxanes compared to neat bioepoxy. This behavior is due to
the higher thermal expansion of the filler compared to neat bio-
epoxy. However, the CLTE values of bioepoxy modified with
POSS-glycidyl showed higher value than terminated PDMS due
to the constraint from the hard POSS like clay or layered
silicates.™

Thermal Properties

The effect of siloxane additives on the thermal stability of the
neat bioepoxy resins was examined using TGA. Figure 13 dis-
plays the TGA and derivative TGA graphs of neat bioepoxy and
modified bioepoxy blends. The degradation temperatures at 5
wt % (T5) and the residue at 800°C are presented in Table II.

Bioepoxy resin is an aliphatic molecule containing epoxidized
pine oil and provides lower thermal stability. The introduction
of 5%PDMS-amine into neat bioepoxy decreased the thermal
stability and reduced the degradation temperature as shown in
Table II. This could be because the residual amine hardener did
not react with PDMS-amine and decomposed at lower tempera-
tures. In contrast, the introduction of 5%PDMS-glycidyl did
not show any effect on the thermal properties. However, the

Table II. TGA of Neat Bioepoxy and Siloxane Modified Bioepoxy®

Temperature ("C)
Figure 13. TGA and DTG curves of neat bioepoxy and bioepoxy modified
by different siloxanes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

addition of 5%POSS-glycidyl improved the thermal stability of
the bioresins. T5 improved 9°C by the addition of 5% POSS-
glycidyl to the bioresins. This could be due to presence of the
nanosized POSS network which has a high heat resistance
proper‘[y.32

To calculate the thermal stability of the bioresins, the static
heat-resistant index (T;) was used.*®*” It is calculated from Ts
and T3 weight loss of the bioresins. From Table II, the T; values
of the bioresins were equivalent to the behavior of the thermal
degradation of all bioresins. These results indicated that the bio-
epoxy modified with PDMS-glycidyl possessed a higher thermal
stability compared to neat bioepoxy. In contrast, PDMS-amine
possessed a lower thermal stability compared to neat bioepoxy.
Neat epoxy modified with 5%POSS-glycidyl showed a higher
char yield value compared to other bioresins indicating that
there is an improved flame retardance.*® This is due to presence
of POSS-glycidyl which restricts the thermal motion and retards
the organic decompositions.

The values of T, of neat bioepoxy and modified bioepoxy are
presented in Figure 14. All siliconized bioepoxies exhibit a single
T, which indicates the existence of intercrosslinking structure.
The T, values of all modified bioepoxies are decreased com-
pared to neat bioepoxy. Li et al.*’ reported that the addition of
polyphenylsilseqioxane to epoxy resin decreased the T, of mate-
rial. This is due to decreasing in the crosslinking density. Here,
the decreased Tis resulted from the plasticization of siloxane on
bioepoxy matrix.

Code Ts (°C) Rsoo (%) Ts Density (g/cm®)
Bioepoxy 242 7.5 151 1.142+0.001
Bioepoxy/5%PDMS-amine 228 6.2 148 1.133+0.001
Bioepoxy-5%PDMS-glycidyl 244 4.6 151 1.136 +0.001
Bioepoxy-5%P0OSS-glycidyl 251 10.38 154 1.152 +0.004

2Ts, Ts: are the decomposition temperatures at 5% and the static heat-resistant index, respectively. Rgoo is the char yield at 800°C.
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Figure 14. DSC curves of neat bioepoxy and bioepoxy modified by differ-
ent siloxanes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Density

The density of neat bioepoxy and siloxane modified bioepoxy
are presented in Table II. Neat bioepoxy has a density of 1.14 g/
cm’, which is lower than commercial epoxy resin 1.18-1.35 g/
cm®***® The bioepoxy modified with PDMS-amine or glycidyl
had a density lower than neat bioepoxy of approximately
1.136 g/cm® due to low molecular weight of the modifier. How-
ever, with the incorporation of POSS-glycidyl, the density of the
bioresin increased slightly to a value of 1.15 g/cm’. This result
was in agreement with the previous study of POSS/epoxy
system.”*

CONCLUSIONS

A new hybrid system based on bioepoxy resins and 5 wt %
functionalized siloxane was successfully prepared and examined
through morphological and thermomechanical analysis. The
cure kinetics of all bioepoxy systems was investigated using Kis-
singer and Flynn—-Wall-Ozawa equations and found that the
activation energy (E,) exhibits a higher value compared to neat
bioepoxy. SEM and TEM images indicated that the incorpora-
tion of POSS-glycidyl displayed a good miscibility between the
matrix and the modifier, homogeneous at the nanoscale. The
incorporation of PDMS-amine or PDMS-glycidyl was shown to
have no drastic effect on the tensile and flexural properties of
the bioresins, but could lead to a deterioration in the impact
strength compared to neat bioepoxy. However, the inclusion of
POSS-glycidyl enhanced the impact strength and percent of
elongation of the bioresins. DMA analysis revealed that the
functionalized siloxane decreased the storage modulus of the
bioresins. The thermal properties, such as decomposition tem-
perature, HDT, and CLTE were improved by inclusion of POSS-
glycidyl. Finally, through the analysis of the morphological and
mechanical properties, the bioepoxy with 5% POSS-glycidyl had
the best properties compared to other fillers and can be a good
candidate for enhancement the properties of epoxy resin.
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