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Abstract In this study, the epoxidized soybean oil (ESO) was successfully syn-
thesized from soybean oil based on its double bond, and used to synthesize the ESO-
modified phenolic resin via reaction between ESO, phenol and formaldehyde. The
ESO contents used in this study vary in range from 0 to 40 wt%. Then, the obtained
ESO modified phenolic resin (ESO-PR) was used as resin matrices to fabricate
glass-fiber-based composites by using prepreg technique. The chemical structures of
both epoxidized soybean oil and phenolic resin modified with epoxidized soybean
oil were confirmed with the help of Fourier transform infrared spectrometry (FTIR).
The mechanical characteristics of fabricated composite materials examined include
the tensile property, flexural property, impact property as well as the mode I
interlaminar fracture toughness, while the morphology composite materials were
also confirmed by scanning electron microscopy. The test results showed that at
20 wt% of ESO-PR, the mode I interlaminar fracture toughness for both propaga-
tion and initiation, the tensile strength, flexural strength and impact strength were
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increased by 78.3 and 84.5%, 7.0%; 20.5 and 39.7%, respectively. The scanning
electron microscopy (SEM) observation indicated that the fracture surface of the
modified composite was rougher when compared to the fracture surface of the
pristine composite, and hence more energy was needed for the crack to propagate.

Keywords Epoxidized soybean oil - Resole-type phenolic resin - Mode
I interlaminar fracture toughness - Mechanical properties

Introduction

Phenolic resin (PR), a traditional resin, is the condensed product of phenol and
formaldehyde and has been widely used in different industries such as, adhesives,
coatings, wood binders, and laminates for a long time due to its excellent features
such as, thermal resistance, dimensional stability, and flame retardation [1].
However, the pristine phenolic resin have showed many disadvantages such as
brittleness, high curing temperature, and too high/low viscosity that they can hardly
being applied in some high technology areas such as carbon based composites, high
strength electronic devices, etc [2]. Many methods have been applied to improve the
toughness of pristine PR either by using porous particles [3], functionalized silica
sols [4], diacids [5], boron [6], rubber [7, 8] or silicone [9—11] or change the curing
mechanism from condensation polymerization to additional polymerization [12].
Hengyi Ma et al. [13] used organic elastomeric nanoparticles including nitrile
butadiene and carboxylic nitrile butadiene rubbers to modify PR. The fabricated
phenolic resin nanocomposite exhibited excellent impact strength, flexural strength
and heat resistance. Cevdet Kaynak et al. [7] used nitrile rubber and amino silane to
toughen phenolic resin. The results showed that the modification by using nitrile
rubber and amino silane together was much more effective than by using only nitrile
rubber. Megiatto Jr. et al. [14] investigated the toughening of phenolic thermoset
and its composites reinforced with sisal fibers, using hydroxyl-terminated polybu-
tadiene rubber (HTPB) as both impact modifier and coupling agent. The use of
nanofillers can be considered as the best way to enhance the fracture toughness and
mechanical properties of phenolic resin based on the last obtained results from
thermoset resin [15-17].

Because of many environmental benifits, the renewable and sustainable
tougheners have been attracting many researchers from around the world and
increasing to use for enhancement the properties of thermoset resins [18-21]. The
toughener based on plant oils has emerged as an effective modifier for either phenol
resin or other thermoset resin [22—-26]. The novelty of this study is focusing on both
synthesis of epoxidized soybean oil and using as toughner for phenolic resin,
phenolic resin based glass fiber composite.

In this study, we examine whether epoxidized soybean oil (ESO) is applicable to
PR for modifying the matrix of glass fiber/PR composites. It is also one of the
objectives to quantitatively determine as to what extent the mechanical properties
are improved in tensile strength, impact strength and mode I interlaminar fracture
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toughness. ESO was synthesized from soybean oil based on double bond via
epoxidation reaction.

Experimental section
Materials

Phenol (99%), formalin (37%), ammonia (25%) were obtained from Sigma-Aldrich
(USA). 1-Methylimidazole (NMI) was purchased from BASF (Singapore) to play a
catalyst role for reaction between hydroxyl group and epoxy group (Scheme 1).
Soybean oil (SO) was supplied by Cai Lan Oil and Fats Industries Co. Ltd
(Vietnam). Ethanol (99%), formic acid (98%), hydrogen peroxide (30%) and cloth
glass fiber were procured from Tianjin Chemicals (China).

Epoxidation process

Soybean oil and formic acid were added to a three-necked reaction flask fitted with a
mechanical stirrer and a thermometer along with a reflux condenser. The reaction
mixture was stirred at 1000 rpm at 50 °C for 20 min. Further, for the initiation of
the epoxidation, calculated amount of 30% aqueous hydrogen peroxide was added
drop-wise to the above reaction mixture for 1 h. In this reaction, formic acid acts as
an active oxygen carrier and hydrogen peroxide as an oxygen donor to form in situ
peroxyformic acid, which gave the product ESO (Fig. 1). The addition of hydrogen
peroxide should be slow, to avoid the possibility of explosion. After complete
addition of hydrogen peroxide, stirring was continued for 5 h at 50 °C to complete
the reaction. Afterwards, the reaction mixture was cooled to room temperature and
washed with water to remove excess acid. ESO was further dried with anhydrous
sodium sulphate and kept in oven at 65 °C for 12 h. The oxirane content (6.1%) was
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Scheme 1 Proposed reaction mechanism between ESO and PR
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Fig. 1 Epoxidation reaction of soybean oil

determined by titration method with direct 0.1 N hydrobromic acid solutions in
glacial acetic acid.

Synthesis of the epoxidized soybean oil-modified phenolic resins (ESO-PR)

The epoxidized soybean oil-modified phenolic resins (ESO-PR) prepared with
contents of epoxidized linseed oil varied from 0 to 40% by weight in comparison
with the sum of phenol and formaldehyde. The reactions were carried out in a glass
flask equipped with a magnetic stirrer, a condenser and heating equipment. Briefly,
70.0 g phenol (98%), 72.4 g formalin (37%) and 3.5 g NH3 (25%) were charged to
a 250 ml capacity of three-necked flask. The temperature was increased from room
temperature to around 60 °C while stirring and was kept for about 30 min. After
that, ESO in a specific content, and NMI 0.15% in comparison with the sum of
phenol and formaldehyde were also added to reactor. The temperature was
maintained at 60 °C for 30 min. In the next step, the temperature of the reaction was
increased to 90-95 °C and kept for about 90 min. Finally, the products were poured
into a ceramic bowl, washed several times with water and dried at 70 °C under
vacuum. The finished products obtained with liquid state had light yellow color.

In order to synthesis phenolic resin the analog procedure was applied with
absence of both ESO and NMI.
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Composite preparation

Composite materials based on PR and PR-ESO reinforced with glass fiber were
prepared by prepreg method with the resin/fiber weight ratio was 60/40. Resin was
dissolved in acetone to get the certain concentrations then was impregnated into the
glass fiber. The prepreg sheets were placed in air at room temperature for about
10-15 h to remove all the solvent.

The prepreg sheets then were stacked in a steel mold and pressed at 150 °C for
30 min prior to receive the final composite materials.

Characterization techniques

The morphology of the composite materials was examined with a JEOL JSM-6360
(Japan) scanning electron microscope (SEM). Prior to the SEM observations, all the
samples were coated with a thin layer of platinum to avoid the build-up of an
electrical charge.

The attenuated total reflectance of FTIR spectra were acquired at 25 °C on a
PerkinElmer Spectrum One spectrometer equipped with a Universal ATR sampling
accessory (diamond crystal) and a red laser excitation source (632.8 nm). Spectra
were recorded in the range between 4000 and 400 cm ™"

The thermal stability of the composites was analyzed by TGA using a Setaram
TG (France) at a heating rate of 10 °C/min. The temperature was scanned from
room temperature to 550 °C under a nitrogen atmosphere, with a purge gas flow rate
of 60 mL/min.

Tensile properties were measured with an Instron 5582-100 kN (USA) mechan-
ical tester at 23 + 2 °C and 50 + 5% RH, using a crosshead speed of 2 mm/min,
according to the ISO 527-1 standard. Five specimens for each type of composite
were measured.

Flexural properties were measured with an Instron 5582-100 kN (USA)
mechanical tester at 23 £ 2 °C and 50 £ 5% RH, using a crosshead speed of
2 mm/min, according to the ISO 178 standard. Five specimens for each type of
composite were measured.

Izod impact strength tests were carried out on a Tinius Olsen Model 92T (USA)
impact tester, according to the ISO 180 standard. Measurements were performed at
23 £ 2 °C and 50 + 5% RH. The data correspond to the average value of seven
specimens.

To measure the mode-I interlaminar fracture toughness, a mode I double-
cantilever beam test was carried out as described in ASTM: D5528-01. This
standard recommends a specimen size of at least 150 mm (L) by 20 mm (W) with
an initial crack length (i.e. the length of the insert from the line) of 50 mm. Hinges
of the same width as the specimen were attached to allow the application of the
load. The load and displacement were then related to the delamination length as
measured with a ruler at the specimen edge. The mode-I interlaminar fracture
toughness Gyc and Gyp for each ESO content were calculated using the modified
compliance calibration method and Egs. (1) and (2):

@ Springer



4774 Polym. Bull. (2018) 75:4769—4782
3m (P2 /BC\?

Gre = —2_ (Z2) (Z=)F 1

© 7 2(2m) <B> (N) )

o250 (29"

where Gic is the fracture toughness at the initial crack stage, Gyp is the fracture
toughness at the propagation stage, P, is the applied load, C is the compliance
corresponding to each crack length, a is the crack length, P, is the initial maximum
load, B is the specimen width, 2 h is the thickness in equation, N is the end-block
correction factor, F is the large-displacement correction factor, and m is the slope of
a plot of (BC/N)' versus (al2 h).

The sample dimensions and testing processing can be seen in Figs. 2 and 3.
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Fig. 2 Geometry of DCB specimen (all dimensions in mm: L = 150; h = 4; b = 20; a = 50)

Fig. 3 Picture of interlaminar
fracture toughness testing
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Fig. 4 FTIR spectra of SO and C=C-H c=C
ESO

100 A

90 -

80

70 4

T (%)

60 -

50 .
{——S0 C-0O-C oxirane

401 —Es0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Results and discussion
FTIR studies

The FTIR spectra of SO and uncured ESO were compared in Fig. 4 to confirm the
success of epoxidation reaction. SO presents intense signals at 1744 and 1160 cm™"
related to the C=0 and C-O stretching, respectively, in triglyceride molecules [27].
The peaks at 2925 and 2860 cm ™' arise from the asymmetric and symmetric C-H
stretching in methylene groups, while their asymmetric and symmetric bending
appears at 1460 and 1380 cm ™', respectively, and the bands at 3020, 1650, and
720 cm ™! respectively correspond to stretching vibrations of double bonds:=C-H,
C=C, and cis CH=CH. New signals can be observed in the spectrum of uncured
ESO at 1240, 828, and 780 cm ™" referred to different C—O—-C stretching modes of
the oxirane ring [28], together with the disappearance of the bands at 3020 and
1650 cm ™', thus corroborating the success of the epoxidation reaction. The bands
related to the epoxy group are hardly visible in the spectrum of the cured ESO,
simultaneous with the increase of the intensity of a band at ~ 1100 cm ™" related to
the C-O stretching of the ether group that overlaps with the C-O vibration of the
triglycerides.

Figure 5 shows the FTIR spectra of the samples: unmodified PR (1) and cPR-
ESO (2). The bands at 3414 cm ™! (curve 1) and at 3363 cm ! (curve 2) are the
characteristic absorption peaks for the —OH group in the phenolic resin. The peaks
between 2950 and 2800 cm ™' represent the absorption due to symmetrical and
asymmetrical stretching of —CH group in the phenolic resin. The peaks in the range
1620-1454 are due to the —C=C stretching in the aromatic ring. The bending mode
of vibration of —CH,— group resulted in the absorption at 1454 and 1375 cm™
(curve a); 1454 and 1381 cm ™! (curve 2). The peak at 1261 cm ™! (curve 1) is due to
the absorption by C-O stretching. The stretching of ether linkage, C-O-C, is
indicated by the absorption at 1009 cm ™' (curve 1).

In curve 2, strong increase is observed for the intensity in the 1010 and
1251 cm™" in comparison with 1009 and 1261 cm™' of curve a respectively
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Fig. 5 FTIR spectra of PR (1) and PR-ESO (2)

corresponding to the asymmetric stretch—shrink—vibrating peaks of phenol ether
linkage, which means the phenol hydroxyl is etherified by ESO suggesting that the
chemical reaction had happened between ESO and PR.

The proposed reaction mechanism between ESO and PR can be seen in
Scheme 1. Normally, for the oxirane group located in the head of main chain the
reaction between hydroxyl group and oxirane group can easily occur and don’t need
any other accelerator. However, in case of ESO the reaction between oxirane group
and hydroxyl group hardly happen as result of low reactivity of oxirane group
located in the middle of main chain so that need to use an accelerator. For this aim,
NMI was used as an accelerator for reaction between hydroxyl group in phenol or
phenolic resin and oxirane group in ESO. Firstly, the epoxy group was initiated by
NMI to produce a zwitterion as shown in Scheme 1. A produced alkoxide anion
reacts with hydroxyl group in phenol to give a ESO modified with phenol, which
reacts with formalin to give phenolic resin.

Mechanical properties

Tensile strength, flexible strength and izod impact strength of composite materials
based on PR and PR-ESO with different contents of ESO were investigated. The
results are shown in Figs. 6 and 7.

The effect of ESO contents on tensile properties, flexural strength, and impact
strength are presented in both Figs. 6 and 7. The flexural strength, tensile strength
and impact strength of the composite prepared with PR-ESO are higher than those
of pristine phenolic resins, with maximum value at the 20 wt% ESO content.
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Fig. 7 Effect of ESO contents on flexural strength and izod impact strength of composites

These results mean that the modification reaction with ESO helped to increase the
mechanical strength of phenolic resins, resulting in increased flexural strength,
tensile strength and impact strength of the composites based on PR-ESO. Namely,
the tensile strength, flexural strength and impact strength of PR-ESO composites
materials (20 wt% ESO) increased by 7.0, 20.5 and 39.7%, respectively, in
comparison with unmodified PR composites. The modification reaction with ESO
increases the ductility of phenolic resins, resulting in increased flexural strength
[22]. Furthermore, the modification of phenolic resin with ESO helped the
phenolic resin main chain to become longer and flexible. This is also the answer
for the question why modified PR have higher impact strength when compared to
pristine PR [5, 22]. The results in Fig. 6 also show that the cured PR seems to be
softer with the presence of ESO than pristine PR as a result of decreasing in
tensile modulus.
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Table 1 Gic and Gpp of PR and PR-ESO composite materials

Sample Gic (MBT), J/m? Gip (MBT), J/m?
Pristine composite 2175 259.6
PR-ESO (20 wt%)-based composite 387.8 478.9

Effect of ESO to the mode I interlaminate fracture toughness of composite

The mode-I interlaminar fracture toughness of a GF/PR composite was determined
using a double-cantilever beam test. The curves of the applied load versus
displacement were recorded during the interlaminar fracture test and are shown in
Fig. 8.

All the curves shown in Fig. 8 indicate that the force increased linearly until it
reached a maximum, and then decreased, producing a zig-zag plot due to the
difference between the resin-rich and fiber-rich regions along the longitudinal
direction, that is, the voids and fractures of bridged fibers. An ESO content causes
crack growth to be more stable and gradual than in the case of an unmodified
specimen. In addition, with absence of ESO, the crack growth between two steps
exhibits bad adhesion between each layer of a composite material. Both the force
required to initiate a crack (maximum force in Fig. 8) and the force required to
maintain the crack growth and displacement were higher with a ESO content than in
the case of the unmodified composite. The results shown in Fig. 8 also show that a
ESO content of 20 wt% in the epoxy matrix is the optimum value for attaining the
maximum force as well as more stable crack growth.

The Gic value corresponding to the initial crack initiation is determined from the
load point at which the initiation of the delamination was microscopically observed
at the edge of a specimen. Both the delamination initiation and delamination
propagation mode-I fracture toughness values are shown in Table 1.

@ Springer



Polym. Bull. (2018) 75:4769-4782 4779

The delamination initiation (Gyc) values were calculated from value of the first
load peak of the R-curves, while the delamination propagation (Gip) values were
taken from the plateau regions of the R-curves. As shown in Table 1, the Gc and
Gip values of the composites with 20 wt% of ELO contents were higher than those
of the unmodified composite. In addition, the propagation fracture values, Gp, were
higher than the initiation values, Gic, due to toughening due to the likes of fiber
bridging occurring only in the propagation state so that more energy was required to
grow the crack further. Many mechanisms have been used to explain these results
such as debonding between the fiber and resin, crack deflection, and fiber-bridging.
However, it is not easy to identify the main mechanism. Normally, the mechanism
enhancing the fracture toughness consists of more than one of the above-mentioned
mechanisms [19, 29].

Thermal stability

Conducted thermal analysis TGA with heating rate of 10 °C/min to measure the
thermal resistance of PR and PR-ESO. Results are show in Fig. 9.

According to TGA of PR (Fig. 9, black line) and PR-ELO with 20 wt% ESO
(Fig. 9, red line), both PR and PR-ESO start to decompose at about 350 °C. The
decomposition process is almost entirely at a temperature of about 600 °C.
Therefore, the thermal properties of ESO-PR resin are not much affected by the
presence of ESO.

SEM analysis

The scan electron microscope (SEM) of composite materials based on PR and ESO-
PR are shown in Fig. 10. For the PR sample, the SEM image is smooth, brittle
fracture surface, with almost no resin on the broken surface of the fiber. The PR-

110
100 4
90 4
80 +
70
60 = PR
50 o e ESO-PR

T (%)

40
30 4
20
10 4
0+

_10 L} L} L} L} L} L} L}
0 100 200 300 400 500 600

Temperature (OC)

Fig. 9 TGA diagrams of PR (black line) and PR-ESO (red line) (color figure online)
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Fig. 10 SEM images of fracture surfaces of composite materials based on PR and PR-ESO

ESO sample (20 wt% ESO) exhibits many small cracks on the surface, many
irregular ridges and deformation lines in PF-ESO continuous phase. It means that
the breaking process that takes place in the two materials is completely different and
the main cause is the presence of ESO in the matrix.

Conclusions

In this work, an ESO-PR-based composite with better mechanical properties and
interlaminar fracture toughness in comparison with pristine PR-based composite
was fabricated. The modification reaction of PR by using ESO is catalyzed by
1-methylimidazole. This process results in the grafting of ESO with phenolic resin.
The best ESO content in order to obtain the highest toughening effect was 20 wt%
based on the mass of phenol. At this ESO content, the tensile strength, flexural
strength and impact strength of composites based on ESO-PR were improved by
7.0; 20.5 and 39.7%, respectively; and the toughness (Gjc and Gyp) increased by
78.3 and 84.5%, respectively, in comparison with unmodified PR composites.
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