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One of the main disadvantages of epoxy resins is brittleness and flammability, which is one of the biggest threats and the reason for
limiting advanced applications. In this study, Epikote 240 (EP) epoxy resin was plasticized with epoxidized flaxseed oil (ELO) at
different concentrations (EP/ELO ratios 95/5; 90/10; 85/15; 80/20; 75/25). Then, nanoclay additives and MWCNTSs are si-
multaneously dispersed into the EP/ELO blend by using ultrasonic vibration. The dispersion of ELO and nanoclay additives
(nanoclay and MWCNTS) in epoxy resin is observed by using the scanning electron microscope in combination with the XRD
method. The effect of ELO, nanoadditives on mechanical properties, and flame retardants is assessed by tensile strength, flexural
strength, compressive strength, impact resistance, UL 94HB method, and limiting oxygen index. Experimental results have shown
that the mixing ratio of 90/10 w/w is the ratio for good compatibility, high mechanical properties, and fire retardation compared
with other ratios. When adding MWCNTs as well as nanoclay 1.30E to Epikote 240 epoxy, the mechanical strength and fire
resistance have changed greatly: tensile strength of 85.45MPa, flexural strength of 116.32 MPa, compressive strength of

189.25 MPa, impact resistance Izod of 24.37 kJ/m?, and fire resistance reached at V1.

1. Introduction

Epoxy flaxseed oil is one of the biological polymers, and it is
more advantageous compared with petroleum-based poly-
mers, due to its eco-friendly nature and biodegradability.
Therefore, biopolymers are used to replace synthetic poly-
mers derived from petroleum oil. The development of
biodegradable polymers using “green materials” is impor-
tant [1-5]. Vegetable oil is a valuable resource in the pro-
duction of biodegradable polymers. Due to the low cost and
environmental advantages of epoxidized vegetable oils, they
have been synthesized for use as a new biodegradable
polymer by many researchers [6-9]. Bisphenol F based
epoxy resin (DGEBF) has been replaced by epoxyzed flax-
seed oil with a content of 50% by weight, and 5% by weight of
nanoclay was added [10]. The mixture including DGEBF and
ELO was treated with methyl tetrahydrophthalic anhydride
(MTHPA) as a curing agent and 1-methylimidazole as an

accelerator. As a result, with the presence of ELO, the glass-
transition temperature (Tg) of DGEBF decreased and de-
creased sharply when adding nanoclay. When using curing
agents related to amine group, the Tg increased due to the
limiting of the transition of the fractions caused by the
borders between organic phase (amine) and inorganic phase
(clay). Alam et al. reported the study on adding ELO into
polylactic acid (PLA) with presence of MWCNTs to decrease
Tg and improved the mechanical properties of materials. In
this study, such various amounts of ELO as 5, 10, and 15% by
weight were used and the decrease of Tg as well as the in-
crease of the plasticity of PLA were proved. However, when
adding MWCNTs, Tg of materials got slightly increased. It is
caused by the adhesion and cross-links between MWCNTs
and resin [10].

ELO and nanoclay were added into epoxy resin for the
first time to improve the mechanical and retardant
properties of materials which was reported by Das and
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Karak in 2009 with a study on retardant properties of
epoxy/nanoclay nanocomposite based on vegetable oils.
As aresult, the tensile strength and hardness of materials
were tripled. The limiting oxygen index (LOI) and UL 94
experiments proved that nanocomposite based on the
vegetable oil Mesua ferrea L was be able to retard fire
[11, 12]. The above said data show that when adding ELO,
which is a natural and eco-friendly oligomer, several
properties of polymers were changed, for example, de-
crease in Tg and improvement in plasticity. However,
studies on producing composite materials based on ELO
with the presence of ELO are not enough, especially
studies on fire-retardant properties and adding MWCNTs
and nanoclay at the same time into epoxy resin. Nanoclay
additives (nanoclay and MWCNTs) are also used si-
multaneously to enhance the mechanical and flame-re-
tardant properties of nanocomposites based on epoxy
[13, 14]. However, at present, there have been no re-
searches on manufacturing epoxy resin nanocomposites
based on the synergies of three components: nanoclay,
MWCNTs, and ELO. The goal of this work is to increase
several mechanical properties of epoxy polymer material
by mixing epoxidised linseed oil and epoxy resin and find
the optimal mixing ratio. In this study, the flame retar-
dants like antimony trioxide and chlorinated paraffins
were combined with epoxy Epikote 240 resin/epoxidised
linseed oil cured by diethylenetriamine (DETA) hard-
eners in order to increase the flammability and maintain
the mechanical strength of this material. The combustion
resistance and limiting oxygen index (LOI), UL 94
methods with transmission electron microscopy (FE-
SEM), and XRD methods were used.

2. Experimental

2.1. Materials. Epoxy Epikote 240 (EP) resin was from Dow
Chemicals (USA) with an epoxy group content of 24.6%,
Mw 5100-5400 mmol/kg, density 1.12 g/ml, and viscosity at
25°C: 007-1.1 Pa.s. Diethylenetriamine (DETA) was from
Dow Chemincals (USA) with a density of 0.95 g/ml, boiling
point 207°C, and Mw 103. Epoxidised linseed oil (ELO) is
available commercially from a number of outlets and was
obtained as Lankroflex E2447 from Akcros Chemicals
Limited.

MWCNTs with a diameter of 40-45nm and a length of
around 3 um were provided by Showa Denko Japan Co.
Chlorinated paraffin-S52 (CPs) was purchased from China
and contained a maximum of 52% of chlorine. Antimony
oxide (ATO) was received from China as fine white powder,
was melted at 656°C, and had a specific gravity of 5.7.
Antimony trioxide is over than 99.0%, and the amount of
antimony metal is approximately to be 83%. The average size
of fine powder antimony trioxide was found to be 1.5ym.
Nanomer® I.30E nanoclay (NanocorUSA) is a surface-
modified montmorillonite mineral which will disperse to
nanoscale in epoxy resin systems. The dispersion creates a
near-molecular blend commonly known as a nano-
composite. This new type of composite exhibits enhanced
strength and thermal and barrier properties. 1.30E is
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supplied as a white powder which disperses to particles so
thin that they are nearly transparent in the resin matrix.

2.2. Preparation of Epoxy/Epoxidised Linseed Oil/MWCNTSs/
Nanoclay Mixture. Epoxy Epikote 240 resin was mixed
with epoxidised linseed following other ratios (Table 1) in
250 ml round-bottomed three-neck flask, the mixture was
stirred 1500 rounds/minute in 1 hour, and it had a
thermal stability at 80°C. The homogeneous mixture was
cured by DETA at the room temperature in 24 hours, and
then it was dried at 80°C in 3 hours. After 7 days, the
mixture was analyzed and mechanical properties were
measured.

MMT (2 wt%) and MWCNT (0.2 wt%) were dispersed in
epoxy Epikote 240 resin (90 phr)/ELO (10 phr) and stirred at
3500 rpm for 8h (HS-100T, WiseStir, Korea). In order to
break up the MWCNT bundles and disperse the additives, it
was sonicated using an ultrasonic bath (Elmasonic S300 H,
37 kHz, Germany) for 6h, 65°C [15].

2.3. Analysis. 'The curing level was determined by extracting
with acetone in soxhlet in 24 hours.

The tensile strength was determined according to the
ISO 178-1993 standard in INSTRON (USA) equipment with
a crosshead speed 5mm/min, temperature 25°C, and hu-
midity 75%.

The flexural strength was determined according to the ISO
178-1993 standard in INSTRON (USA) equipment with a
crosshead speed 5mm/min, temperature 25°C, and humidity
75%. The compressive strength was determined according to
the ISO 178-1993 standard in INSTRON (USA).

The Izod impact strength was determined according to
the ASTM D265 standard in Tinius Olsen (USA) at a
temperature 25°C and humidity 75%.

The compressive strength was determined according to
the ISO 178-1993 standard in INSTRON (USA) equipment
with a crosshead speed 5 mm/min, temperature 25°C, and
humidity 75%.

FE-SEM (Evacseq error codes, S-4800) was used to in-
vestigate the morphological effects of adding antimony
trioxide and chlorinated paraffins to the epoxy resin. Every
sample was sputter-coated with gold-palladium and placed
under room vacuum to take FE-SEM images.

The flame-retardant properties were tested by the lim-
iting oxygen index (LOI) (Yasuda Seiki Seisakusho Ltd,
Japan) according to JIS K720-1976, with sheet dimensions of
120 X 6.5 x 3.2 mm.

The UL-94 rating was tested according to the UL-94
(ASTMD635-12) with sheet dimensions of 125 + 5 mm long
by 13.0+0.5mm wide and minimum thickness, 3.0
(=0.0+0.2) mm.

The combustion rate was measured by COMBUSTION
RESISTANCE COD 6145000 according to the ASTM D757-77
standard. Specimen’s dimensions were 3.17 x 12.7 x 121 mm”.
The mechanical properties were measured on an INSTRON-
5582 100 KN (USA) according to ISO 527-1993 with an ex-
tension speed of 5mm/min. All data were the average of five
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TaBLE 1: Level curing and time curing of the blend samples.

Epoxy Epikote Epoxidised linseed ~ Gel time  Gel content  Epoxy Epikote  Epoxidised linseed ~ Gel time  Gel content
240 (phr) oil (phr) (min) (%) 240 (phr) oil (phr) (min) (%)
100 0 72 89.05 45 55 120 24.76
95 5 75 85.03 40 60 122 32.74
90 10 76 83.83 35 65 132 20.06
85 15 77 82.62 30 70 185 07.03
80 20 79 84.63 25 75 686 07.49
75 25 82 30.85 20 80 3362 05.06
70 30 86 32.29 15 85 — —
65 35 95 44.10 10 90 — —
60 40 103 38.42 5 95 — —
55 45 114 42.21 0 100 — —
50 50 117 28.17

independent measurements; the relative errors committed on
each data were reported as well.

3. Results and Discussion

3.1. Investigation of Curing Process of Epoxy Epikote 240 Resin/
Epoxidised Linseed Oil Mixture with Other Ratios.
Table 1 shows that the level curing of the EP/ELO mixture
decreased and time curing increased with increasing of ELO
phr. The sample with the EP/ELO ratio is 20/80, had 3362
minutes of time curing, and 5.06% of level curing. For
samples with EP/ELO ratio from 15/85, time curing was not
identified, and after 7 days, the 100 ELO phr was not cured.
Based on results of time curing and level curing, we chose the
samples with EP/ELO ratios 95/5, 90/10, 85/15, 80/20, and
75/25 to study. Although the difference samples had suitable
time curing, they were destroyed before measuring the
mechanical properties because they had low mechanical
properties. This showed that mixing ability and mechanical
properties of materials decreased much when the content of
ELO reached a limit.

3.2. Effects of Content of Epoxidised Linseed Oil on Mechanical
Properties of Epoxy Epikote 240 Polymer. Table 2 shows that
the sample with EP/ELO ratio 90/10 had the highest me-
chanical strength with 88.7MPa of flexural strength,
52.8 MPa of tensile strength, and 121.36 MPa of compressive
strength. Compared with the initial epoxy polymer, the
flexural strength increased by 2.24% and compressive
strength lightly decreased because epoxidised linseed oil
acted as a plasticized filler which improved the brittle
property of the material.

When replacing partial synthetic polymers with different
weights, the mechanical properties not only remain high
compared with the synthetic polymers without mixing but
also improve in some durability; in this case, the flexural
strength increases, especially the Izod impact strength in-
creases by 21.65%; this is a good result compared with the
works being studied by Samper et al. [16, 17]. Thus, when
replacing a part of fossil-derived substances with substances
of biological origin (ELO), gel time and mechanical strength
are maintained at a good level [18]

The impact of ELO content on the fire retardant property
of EP/ELO materials is presented in Table 3. From Table 3, it
is seen that the ELO content is more or less also affecting the
flame-retardant property of the epoxy resin. When the
content of ELO increases, the compatibility decreases,
resulting in an unstable structure and causing the material
fire retardation to decrease. Especially, the mixing ratio of
90/10 w/w is the ratio for good compatibility, high me-
chanical properties, and fire retardation compared to other
ratios.

3.3. Investigation of Structure of Epoxy Epikote 240/Epoxidised
Linseed Oil. In Figure 1, the results showed that the sample
with EP/ELO ratio 90/10 had a homogenous structure and
did not have a splitting phase. When the content of ELO
increased, the splitting phase appeared and ELO particles
precipitated like the 80/20 sample that had ELO particles
with nonuniform distribution and large size due to pre-
cipitation. The 90/10 sample with 20.000 times of resolution
showed that the average size of ELO particles was 0.5 ym and
they had uniform distribution and uniform size (Figure 2).
The surface of ELO particles was covered by epoxy resin
substrate. In this study, the blending process between epoxy
and ELO is carried out at room temperature without the use
of compatible auxiliaries. The high level of compatibility is
shown by the FE-SEM measurement, which is better than
those studied at high temperatures and using a common
catalyst methylhexahydrophthalic anhydride (MHHPA)
[18, 19].

3.4. Mechanical and Fire-Retardant Properties of Nano-
composite Materials Based on Epoxy Epikote 240 Combined
with ELO with the Presence of Nanoclay I.30E, MWCNTS, and
Retardants. Samples were made according to the mass ratios
in Table 4.

Figure 3 shows the uniform distribution and good
bonding of Sb,0; particles in epoxy resin. Evidences show
that after break of materials, Sb,O; particles were still
maintained in fracture surfaces and covered by epoxy E 240
resin (there was no space around the particles). MWCNTs
were also distributed and interleaved with retardants (po-
sitioned by arrows). There is no agglomerate and clustered
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Journal of Chemistry

Samples,
EP/ELO, Tensile strength (MPa) ~ Modulus (GPa) Flexural strength (MPa) Compressive strength (MPa) Impact strength (kJ/m)
phr
95 5 44.90 1.30 88.06 117.18 45.13
90 10 52.80 1.40 88.70 121.36 49.92
85 15 42.29 1.26 82.13 91.52 50.67
80 20 36.64 1.22 77.40 124.82 47.45
75 25 10.92 0.94 56.45 120.98 32.01
TasLE 3: Effect of E240/ELO epoxy ratios on mechanical and flame-retardant properties of the materials.
No. Samples (EP/ELO) (phr) LOI (vol% O,) HB (mm/min)
1 100 0 20.6 28.41
2 95 5 20.2 30.30
3 90 10 21.5 32.35
4 85 15 20.2 34.50
5 80 20 19.7 35.23

FIGURE 1: FE-SEM of the sample epoxy Epikote 240/epoxidised linseed oil images with ratio 90/1

o

© 10 pry

20 pum

FI1GURE 2: FE-SEM of the sample epoxy Epikote 240/epoxidised linseed oil (EP/ELO) images with ratios 90/10 and 80/20 phr.



Journal of Chemistry

TaBLE 4: Taguchi orthogonal array of designed experiments based on the coded levels.

Trial Material MWCNT content Nanoclay content Sb,0s/chlorinated paraffin Epoxidised linseed oil
(Wt%) (wt%) (phr) (phr)
1 NCO01 (neat epoxy) — — — 10
2 NC02 — 2 9/11 10
3 NCo03 0.02 — 9/11 10
4 NCo04 0.02 2 — —
5 NCo05 0.02 2 — 10
6 NCo06 0.02 2 9/11 —
7 NCo07 0.02 2 9/11 10

NC: nanocomposite.

C

FIGURE 3: FE-SEM of the sample nanocomposites: epoxy Epikote 240/MWCNTs/epoxidised linseed Oil/Sb,Os/chlorinated paraffin.

phenomenon, showing the good combination of MWCNTs-
retardants-epoxy resin E240. The distribution of MWCNTSs
and ELO in epoxy resin E 240 shown in Figure 4 was quite
nice. In Figure 5, FE-SEM image shows that MWCNTs and
retardants were distributed uniformly in the epoxy back-
ground (positioned by arrows) as well as their good sticking
and combination with epoxy resin E 240; the resin still
covered Sb,0; and MWCNTs after breaking the samples by
pulling. Figures 5 and 6 also prove the uniform distribution
of nanoclay I.30E, MWCNTs, and retardants in epoxy resin
E 240 as well as the good sticking between them.

The XRD diagram of epoxy E 240-based nanocomposite
materials is present in nanoclay, MWCNTs, and flame re-
tardants, as shown in Figure 7. From Figure 7, nanoclay
I.30E has been separated and alternated in epoxy E 240. For
materials with flame-retardant surface, there are some peaks
in the XRD diagram due to the composition of Sb,05. The
XRD pattern reveals that the organoclay gets delaminated in
the epoxy matrix.

ELO and chlorinated paraffins make epoxy resin E 240
more flexible. Thus, Table 5 shows that the impressive
strength and tensile strength of samples decreased, but the
flexural strength and impact strength strongly increased
when ELO and chlorinated paraffins are added. A loose
outer garment is worn over a swimsuit or exercise outfit.
When adding MWCNTs and nanoclay I.30E into epoxy resin
E 240, the mechanical strength was significantly changed.
The decrease of the mechanical strength of materials when
adding retardants was offset by advantages of MWCNTs and
nanoclay I.30E.

In parallel with the above processes, MWCNTs were
uniformly distributed in epoxy resin forming ash layers

covering the material surface and preventing the contact
between oxygen and the materials, limiting the development
of flame. The ash layers uniformly spread in the material
surface and made the samples not dripping when burning
and improved the flame-retardant capability of epoxy resin.
The combination of the flame-retardant mechanisms im-
proved the flame-retardant capability of materials (Table 6).
It can be said that the distribution ability of retardants in
binders is more uniform, and the mechanical and retardant
properties of materials improved. In this work, ELO has
made E 240 epoxy resin more and more flexible, overcoming
the brittle disadvantages of primary resins. Hence, the
mechanical strength presented in Table 5 has shown that the
compressive strength and tensile strength decrease slightly;
however, the flexural strength and tensile strength increase
at a high level. The assessment of fire resistance of nano-
composite materials (Table 6) has shown that the level of fire
resistance reaches V-1 for materials in the presence ELO.
Obviously, the role of ELO is very important, which is a
substance of biological origin to replace a part of fossil raw
materials (epoxy resin), as it enhances the mechanical
properties and flame-retardant properties to a good level
compared with the prescribed standards. In addition, in this
study, the material fabrication conditions were carried out
under normal conditions and without the use of any other
catalysts; the mechanical properties, flame-retardant prop-
erties, and compatibility are quite high compared with those
of other studies [15, 20, 21]. The morphologies of residues
after ignition by alcohol burner were investigated by SEM in
Figure 8. It is worth noting that turning it into a char flake
has a continuous surface under SEM in Figure8. This
demonstrates that ELO has more or less impact on the
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FIGURE 5: FE-SEM of the sample nanocomposites: epoxy Epikote 240/nanoclay/MWCNTs/epoxidised linseed 0il/Sb,0O;/chlorinated
paraffin.
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FiGure 7: XRD diagram of materials 1.30E, MWCNTs/nanoclay/epoxy (NC04), MWCNTs/nanoclay/ELO/epoxy (NC06), MWCNTs/
nanoclay/Sb,0s/chlorinated paraffin/epoxy (NC05), and MWCNTs/nanoclay/ELO/Sb,Os/chlorinated paraffin/epoxy (NC07).
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TaBLE 5: Effects of epoxidized linseed oil to the mechanical strength of blend materials.

Trial Material Tensile strength (MPa) Flexural strength (MPa) Compressive strength (MPa) Impact strength (kJ/m?)
1 NCO01 (neat epoxy) 5590 8675 156.08 7.11
2 NCO02 60.03 99.60 170.03 14.94
3 NCO03 70.34 113.40 180.68 21.16
4 NCo04 95.50 115.45 219.10 22.30
5 NCO05 88.80 118.90 187.03 22.49
6 NC06 86.23 115.76 190.57 23.14
7 NCo07 85.45 116.32 189.25 24.37

TaBLE 6: Results for flammability tests (reaction to small flame), oxygen index (OI), and UL 94 for nanocomposites.

Material LOI (vol% O, +20) Combustion rate (mm/min) UL94 HB (mm/min) UL94V
NCO1 (neat epoxy) 20.6+0.3 28.41 Not rated (NR) Not rated (NR)
NCO02 25.9 18.79 19.90 Not rated (NR)
NC03 25.4 18.07 15.76 Not rated (NR)
NC04 25.0 20.05 18.60 Not rated (NR)
NCO05 25.9 16.08 12.90 Not rated (NR)
NCo06 29.8 11.34 10.09 Vi
NCo07 29.8 13.07 10.15 V1

4
500 um

F1Gure 8: SEM morphologies of the residues of composite epoxy/epoxidised linseed 0il/Sb,Os/chlorinated paraffin from ignition by an

alcohol burner (UL 94HB).

flame-retardant property of the material clearly expressed in
the FE-SEM image of the material surface after the fire-
retardant test.

4. Conclusions

With this study, we can conclude that the nano/epoxy/ELO
composites with different contents of ELO have been suc-
cessfully modulated by mechanical methods and ultrasonic
vibrations. XRD, FE-SEM, and studies on mechanical

strength and fire resistance have confirmed the significant
improvement in mechanical properties and fire resistance of
nanocomposites. ELO can be used directly as a plasticizer to
improve the flexibility, elasticity, and stability of heat-re-
sistant polymers while being biodegradable and environ-
ment-friendly. ELO does not react with epoxide at room
temperature; hence, ELO cannot be used in large amounts.
ELO can only be added in small amounts (10% by weight) to
increase the toughness. The appropriate optimal content of
ELO in epoxy resin E 240 is 10% by weight of epoxy E 240



combination. UL94 and LOI tests showed a significant
improvement in fire resistance of MWCNTs (0.02 wt.%)/
nanoclay (2 wt.%)/ELO (10 phr)/epoxy nanocomposite
compared with pristine epoxy. So, the resulting system
provides a potential high-performance material for many
advanced applications.
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