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Abstract

In this study, the multi-wall carbon nanotubes (MWCNTs) were grafted with Octa
(propyl glycidyl ether) polyhedral oligomeric silsesquioxane (GOPOS) to form
GOPOS-G-MWCNTs prior to use as an additive for improving the mechanical and
the flame-retardant characteristics of the epoxy resin (EP). The surface of MWCNTs
was also modified with a silane coupling agent before conducting the grafting reac-
tion. The Fourier-transform infrared spectroscopy technique was applied to confirm
the success of the grafting reaction. The epoxy-based composite materials were per-
formed at room temperature using diethylenetriamine (DETA) as a hardener. Many
characteristics of these materials were examined such as tensile strength, thermal
stability, flammability, and fracture surface morphology. The presence of GOPOS-
G-MWCNTs helped to reduce the total heat release, the peak of heat release rate
(pHRR), and total smoke release by 68.68, 47.69, and 11.78%, respectively. While
the tensile strength and fracture energy were also increased up to 30 and 102% when
compared with virgin EP. The good dispersion of GOPOS-G-MWCNTSs and char
residue effect were considered as the main reasons for these improvements. A mech-
anism for enhancing flame-retardant behaviors of EP was also proposed .
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Introduction

EPs have been famously utilized in many fields of industrial and engineering includ-
ing automotive, composite material, coating and paints, aerospace, and electric [1-3].
However, the low flame retardant of these resins limited their application in the field
required high flame retardant. The use of non-halogen additives for enhancing of
the flame retardant of EP has caught the attention of many researchers as a result of
environmental effects. The applying of nanomaterials for improvement of the flame-
retardant characteristics of polymer matrices was also considered as a revolution-
ary approach [4-7]. The dispersion state of these materials in polymeric matrices can
induce the effect on the properties of the matrix as mechanical and flame retardants
properties [8]. With high electrical, heat, mechanical characteristics, the graphene was
used as effective reinforcement to obtain the high-performance polymeric composites
[9]. This material also helps to reduce the flammability of polymeric matrices because
of its ability in the prevention of the gas volatiles [9, 10]. Anyway, this material hardly
formed the uniform state in polymeric matrices and needed to modify its surface for
further application [11]. With the structure as similar to graphene along with many
active functional groups, the graphene oxide was also widely studied. The scattering
of MWCNTs in epoxy matrices can be improved via the chemical surface modification
of MWCNTs [12]. Cube-octameric frameworks structured GOPOS with high reactive
functional groups can participate in chemical modification reaction with MWCNTs
[13]. Moreover, the combustion of GOPOS can induce the thickening layer of silica
char residue and can protect the surface of composite from the flame. This means that
the GOPOS has its flame-retardant characteristics. Several papers reported the use of
GOPOS and its hybrid materials on improvement of the flame retardant of polymer-
based composite materials [14—16]. Also to the presence of an oxirane group located in
the corner, the GOPOS can be easily dispersed in epoxy resin. The work related to the
using of GOPOS jointing MWCNTs as a flame retardant in polymeric matrices seems
to be new.

In the present study, the surface of MWCNTs has modified with an N-[3-
(Trimethoxysilyl)propyl]ethylenediamine (NTPE) silane coupling agent. The nucleo-
philic reaction between the amine and oxirane group was considered as the main reason
for strong chemical covalent linkage between GOPOS and MWCNTSs. The GOPOS-
grafted MWCNTs (GGOPOS-G-MWCNTs) were applied as an additive for the modi-
fication of epoxy resin. The GGOPOS-G-MWCNTs exhibited active reinforcement for
EP with simultaneous enhancing mechanical and flame-retardant behaviors. A flame-
retardant mechanism was also proposed for the expression the flame-retardant results.

Experimental section

Materials

Hydrogen peroxide (H,0,, 30%), sulfuric acid (H,SO,), potassium perman-
ganate (KMnO,), sodium nitrate (NaNO,), hydrochloric acid (HCI, 36%), and
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3-(2-Aminoethylamino)propyldimethoxymethylsilane were supplied by Sigma-
Aldrich (Vietnam). MWCNTs were received from Aladdin Reagent Co., Ltd.
(China). The bisphenol A-based epoxy resin (DER31) and diethylenetriamine
(DETA) curing agent were supplied by Dow Chemical (Singapore). GOPOS was
purchased from Hybrid Plastics Incorporation (USA).

Oxidation and silanization processing of MWCNTs

First of all, MWCNTs (2 g), and NaNO; (1 g) were charged into a 500 mL glass
flask contained 60 mL of concentrated H,SO,. The homogeneous mixture was
obtained with the help of a magnetic stirrer before cooling to zero temperature.
After that, the mixture was continuously stirred for half of hour before adding
of the KMnO, (10 g) for one hour along with kept the temperature below 10
°C. The mixture was then kept in a warm water bath at 35 °C for 5 h. After that,
the temperature was risen to 90 °C, while 120 mL of distilled water was slowly
added for another 10 min along with stirring. Then, 30% H,0, solution was
quickly added and stirred for 10 min before simultaneous adding of both 400 mL
distilled water and 175 mL of 2 wt.% HCI solution. The product was precipi-
tated and washed again with distilled water until reached pH="7. The aqueous
suspension of oxidized MWCNTS was obtained with the help of ultrasonication
technique.

The aqueous suspension of oxidized MWCNTs was used to prepare the
silanized MWCNTs (s-MWCNTs) as follow processing: About 60 mL of a sus-
pension of oxidized MWCNTs was ultrasonicated in a 500 mL glass flask with
400 mL of distilled water for 1.5 h. Then, about 6 g of silane coupling agent was
added and stirred at 50 °C for 1 day before separating with the help of filtration.
The excess of silane coupling agent was removed by washing with a mixture of
ethanol and distilled water (1/1 volume ratio). Finally, all excess water in product
was removed by using a vacuum oven at 45 °C for 3.5 h. The detail of oxidation
and silanization processing is presented in Fig. 1 follow [17]:

Synthesis of MWCNTs grafted with GOPOS (GOPOS-G-MWCNTs)

The GOPOS-G-MWCNTs was synthesized via ring-opening reaction between
amine groups located in sS-MWCNTs and oxirane groups located in the surface
of GOPOS. Firstly, about 6.2 g of GOPOS was stirred with 60 mL of DMF in a
500 mL glass flask by using sonication equipment for 20 min. In separate way,
about 1 g of s-MWCNTSs was also well mixed in 150 mL of DMF solvent before
slowly adding into the mixture above for 1 h. The reaction was conducted in inner
media at 120 °C with refluxing processing for a half day. In the final step, the
mixture was filtered and washed with distilled water several times before drying
in a lyophilizer. The detail of the grafting reaction is also presented in Fig. 1 [18].
The yield of a final product was about 86.2%.
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Fig. 1 Detail fabrication processing of o-MWCNTs, s-MWCNTs, GOPOS-G-MWCNTs, and epoxy
nanocomposites

Preparation of epoxy composite materials

The epoxy composite materials were prepared with various contents of GOPOS-
G-MWCNTs in epoxy matrix via a room curing processing. Firstly, the GOPOS-
G-MWCNTs (0.2, 0.4, 0.6 wt.%) are well mixed in epoxy resin at 90 °C using a
homogenizer machine for 3 h and ultrasonication for another 1 h. The mixture
was then cooled to ambient condition before carefully stirring with a curing agent
(10 wt.% according to epoxy weight). These mixtures were poured into a silicone
mold. The curing reaction was performed at room temperature for two days. The
analog procedure was also applied to prepare the epoxy sample with 0.2 wt.% of
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MWCNTs for comparison aim [19, 20]. The details of this processing and chemi-
cal composition are also presented in both Fig. 1 and Table 1.

Characterization methods

The chemical structure was examined in a Fourier transform infrared (FT-IR)
spectroscopy with wave number varied in the range of 400-4000 cm™' and a reso-
lution of 1 cm™".

The energy-dispersive X-ray spectroscopy (EDS) technique was used to con-
firm the chemical composition.

The glass transition temperature (Tg) was investigated in differential scanning
calorimeter (DSC-8000 PerkinElmer, USA).

The curing level (%) was determined by the soxhlet technique. About 0.2 g of
cured epoxy sample was well ground and wrapped with filter paper (m). The filter
paper must be soxhlet with acetone and dried in laboratory oven until constant
weight before using for wrafting with cured epoxy sample (m0). The pack of the
cured epoxy sample in filter paper was extracted with acetone solvent at 80 °C for
4 h. The samples were collected and dried again in the laboratory oven until they
reached the constant weight (m1). The curing level was obtained from the follow-
ing equation:

curinglevel = ml;mé) x 100 (%)

The flexural properties were examined in accordance with ASTM D790-86
using a universal testing machine (Instron model 5582-100KN).

The morphologies were performed in a scanning electron microscopy (SEM,
Jeol JSM 6360, Japan).

The combustion characteristics of the cured samples were investigated using a
cone calorimeter (Fire Testing Technology, UK) according to ISO 5660 at a heat
flux of 50 kW/m?.

Table 1 The detail component of various cured epoxy samples

Sample code Epoxy (g) MWCNTs (g) GOPOS-G- DETA (g) Curing level (%)
GMWCNTs (g)

MO 100 - - 11.1 99.61

Ml 100 0.2226 - 11.1 99.83

M2 100 - 0.2226 11.1 99.52

M3 100 - 0.4462 11.1 99.74

M4 100 - 0.6706 11.1 99.62
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Results and discussion

The FTIR spectra of MWCNTs, o-MWCNTs, s-MWCNTs, and GOPOS-G-MWC-
NTs were examined and compared as shown in Fig. 2.

The pristine MWCNTSs were characterized by the peaks at 1636 and 1406 cm™
corresponded to the stretching vibration of C=C and deformation vibration of C-H
in the structure of MWCNTs [21]. The oxidizing processing help to induce the
oxygen functional groups into the MWCNTSs surface as seen in Fig. 1 and confirm
from Fig. 2. The FTIR spectrum of o-MWCNTs appeared new peaks at 3426, 1388,
1746 cm™! assigned for hydroxyl group, C—O bonds of oxirane ring, and C=0 bond
of carbonyl group in comparison with the FTIR spectrum of virgin MWCNTs [22].

The silane coupling agent was linked with MWCNTSs’ surface via the condensed
reaction between the OH functional groups existed in the surface of o-MWCNTs
and OH formed from the hydrolysis of the silane compound as seen in Fig. 1. The
FTIR spectrum of s-MWCNTSs also appeared new peaks at 2930, 2862 cm™! related
to alkyl C—H bonds on alkyl groups of silane compound when compared with both
FTIR spectra of pristine MWCNTSs and o-MWCNTs. Moreover, the peaks at 1589,
1096, 1030, and 756 cm™! were assigned for the N-H bonds, Si—O-Si linkage, Si—O-
C linkage, and Si—C bonds. Especially, the strength of peak at 3426 cm™! of OH
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Fig.2 FTIR, XRD, Raman spectra of MWCNT, o-MWCNTs, s-MWCNTs, GOPOS-G-MWCNTs, and
EDX spectrum of GOPOS-G-MWCNTs
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group was reduced. The main peaks characterized for MWCNTs still remained.
The GOPOS-G-MWCNTs was synthesized from the reaction between GOPOS
and s-MWCNTSs via ring-opening reaction of the oxirane group located in GOPOS
and amine group located in o-MWCNTSs. The peak of OH group in the FTIR spec-
trum of GOPOS-G-MWCNTs was stronger than that OH group in sS-MWCNTs as a
result of ring-opening reaction. The reaction between the oxirane and amine groups
induced the appearance of OH groups. The new peak was realized at 1258 cm™' and
was assigned for remained oxirane ring in GOPOS molecular. Moreover, the peak
intensity of Si—O-Si at 1096 cm™! in the FTIR spectrum of GOPOS-G-MWCNTs
was increased in comparison with the peak intensity of Si—O-Si in the FTIR spec-
trum of sS-MWCNTs. These results mean that the grafting reaction of MWCNTs and
GOPOS was successfully performed [14].

The XRD technique was applied to evaluate the crystal phase of MWCNTs and
its modification state as seen in Fig. 2 also. The XRD spectra of MWCNTs and
0o-MWCNTs were observed with no difference with peaks at 25.6 and 42.6 degrees
assigned for (002) plane in hexagonal graphite [23]. However, the silanization pro-
cessing induced the shifting of the peak at 25.6 degrees to 13.6 degrees along with
the reducing peak intensity by comparison with the XRD spectra of o-MWCNTs
and s-MWCNTSs. The peaks in MWCNTs were disappeared by grafting reaction of
GOPOS in the surface of s-MWCNTSs due to the restraining in the recombination of
MWCNTs. This means that the GOPOS molecule induced the disappearance of the
crystal structure of MWCNTs. The structure of MWCNTs, o-MWCNTs, s-MWC-
NTs, and GOPOS-G-MWCNTs was also continuously studied with the help of
Raman spectroscopy as seen in Fig. 2 also. Fig. 2 indicated that the Raman spectra
of MWCNTs, o-MWCNTs, s-MWCNTs, and GOPOS-G-MWCNTs appeared two
peaks in the range 1293 to 1298 cm™! assigned for D band, and in the range from
1699 to 1706 cm ™! assigned for G band. The D band corresponded to the sp? carbons
in graphite structure and the G band corresponded to the sp? carbon in the aromatic
domain. The intensity of the D and G band was not affected by oxidizing process-
ing by comparison with the Raman spectra of pristine MWCNTs and o-MWCNTs.
While the intensity of the D band of s-MWCNTs and GOPOS-G-MWCNTs was
improved in comparison with both D band of pristine MWCNTSs and o-MWCNTs.
The ratio between the intensity of D band and G band (Ip/I;) was also calculated
as seen in Fig. 2. This ratio for GOPOS-G-MWCNTs was the highest value due
to the presence of both the alkyl chain of silane compound and the side chains of
GOPOS [24]. While this ratio was nearly same value for both pristine MWCNTSs and
0-MWCNTs. The chemical compositions of GOPOS-G-MWCNTs and their weight
content were also tested and showed in Fig. 2. There are four main components of
GOPOS-G-MWCNTs including C, N, O, Si with the Si content about 11.96%.

The morphology of pristine MWCNTs, o-MWCNTSs, s-MWCNTs, and GOPOS-
G-MWCNTs is shown in Fig. 3. The results in Fig. 3 pointed out that all the type of
MWCNTSs have their fiber structure (as seen in SEM) and tube structure (as seen in
TEM). The pristine MWCNTs (Fig. 3-A) exhibited its smooth surface with form-
ing of agglomerate structure with the diameter about 50 nm. The thickness of the
MWCNTs tube was about 2 nm as seen in Fig. 3E. The uneven of pristine MWCNTs
can induce the formation of agglomerate dispersion in the epoxy composite. The
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Fig.3 SEM and TEM images of MWCNT, o-MWCNTs, s-MWCNTs, and GOPOS-G-MWCNTs

oxidation processing seemly helped to separate the fiber from the matrix as shown
in Fig. 3 B. There was no extreme changing in diameter of MWCNTs after oxidizing
processing. The morphology of s-MWCNTs was also more flexible than that of both
pristine MWCNTs and o-MWCNTs as a result of the presence of silane molecule in
its surface. The surface of GOPOS-G-MWCNTs was rough with a higher diameter
(Fig. 3 D, G). The cages of GOPOS induced the change in crystal phase structure
of MWCNTs by either preventing the recombination of MWCNTSs or improving
structural distortion. The pristine MWCNTSs and GOPOS-G-MWCNTs were used as
additives for fabrication of the epoxy-based nanocomposite with weight content up
to 0.6 wt.% based on the epoxy resin weight. The Tg was studied from DSC results
as seen in Fig. 4.

The value of Tg was normally relating to the maximum temperature of epoxy
resin that can use. Figure 4 pointed out that all the curves were one step of transi-
tion without of appearance of any peaks in the tested temperature range. This means
that all the samples were totally cured. The curing level (%) of all epoxy samples
was nearly 100% as seen in Table 1 above. The pristine cured epoxy resin (MO)
showed its Tg value of 180.1 °C. By adding 0.2 wt.% of MWCNTs (M1), the Tg
value increased to 182.3 °C as a result of the limitation of segment free movement
of epoxy chains. At the same content as the M1 sample, the M2 sample with 0.2
wt.% of GOPOS-G-MWCNTSs presented its slightly increasing Tg value of 184.4 °C.
The Tg value was continuously increasing with increasing of GOPOS-G-MWCNTs
content up to 0.4 wt.% (186.8 °C) before showing the decreasing trend at a larger
amount of GOPOS-G-MWCNTs content at 0.6 wt.% (185.6 °C). The GOPOS-G-
MWCNTs with oxirane groups in its surface helped to improve both the dispersion
and interfacial interaction between MWCNTs and epoxy chains. So that the mobility
of epoxy chains was restricted as a result of enhancing the thermal stability of epoxy
resin. However, when the weight content of GOPOS-G-MWCNTs increased to 0.6
wt.%, the curing agent may be not enough for both epoxy resin and oxirane groups
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Fig.4 DSC of various cured epoxy samples

in GOPOS-G-MWCNTs and induced incomplete cured state of epoxy resin. Moreo-
ver, the free space of cages in GOPOS can trap the epoxy resin which hardly obtains
the completed cure state. In this case, the Tg would be decreased.

The flexural properties of epoxy nanocomposites were investigated, and their typ-
ical flexural stress versus flexural strain is presented in Fig. 5 follow:

The flexural strength values are also displayed in Fig. 5. As shown in Fig. 5, all
the samples reached the maximum value of flexural strength before broken. The
maximum flexural strength was recorded before giving the average flexural strength
values. The flexural strain at the maximum flexural strength was following the elon-
gation at break. While the hardness of nanocomposite can be relatively evaluated via
the slope of stress—strain curves. The cured pristine EP sample presented its brittle
characteristic. The presence of 0.2 wt.% of MWCNTSs in the M1 sample the flexural
strength of epoxy was reduced by 58.19%. The reduction in flexural strength may
come from the bad interfacial interaction between pristine MWCNTSs and epoxy
chains. The flexural strength of epoxy resin was improved by adding GOPOS-G-
MWCNTs with weight content up to 0.4 wt.%. The M3 sample showed its highest
flexural strength value with a percent improvement of about 19.58% when compared
with the MO sample. This improvement was due to the good dispersion and good
interfacial interaction between GOPOS-G-MWCNTSs and epoxy matrix. The curing
agent can react with both oxirane groups on the surface of GOPOS-G-MWCNTs
and epoxy resin and play as the bridges between two compounds. However, the flex-
ural strength reduced when the GOPOS-G-MWCNTs content reached 0.6 wt.%. Fig-
ure 5 also indicated that all the sample with the number from M1 to M4 have their
hardness higher than that of the MO sample.

The fracture surface of epoxy samples was observed via the SEM technique
as seen in Fig. 6. The pristine EP (MO-Fig. 6A) exhibited its brittle characteristic
with smooth fracture surface. Figure 6B of the M1 sample showed the agglom-
erate as the reason for the initiation and propagation of a crack by applying an
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Fig. 6 Flexural broken surface of various cured epoxy samples

external force. Figure 6 C, D, E showed the good dispersion of GOPOS-G-MWC-
NTs in the epoxy matrix in comparison with pristine MWCNTs. The GOPOS-
G-MWCNTs and epoxy matrix were stuck together as the chemical reaction
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between hardener and oxirane groups in both GOPOS-G-MWCNTs and epoxy
chains. This means that the crack would like to continuously propagate needed
to defeat the strong covalent bonds between the GOPOS-G-MWCNTSs and the
epoxy matrix. The broken surface of M2, M3 corresponded to Fig. 6 C, D was
rougher than that of both MO (Fig. 6A) and M1 (Fig. 6B). The decline of flexural
strength of the M4 sample was due to the breaking down the agglomeration state
of GOPOS-G-MWCNTs as seen in Fig. 6 E. Generally, the presence of GOPOS-
G-MWCNTs helped to improve the flexural strength of EP. These results also
indicated the impact of grafting reaction of MWCNTs with GOPOS.

The flame retardant of cured epoxy samples was evaluated via cone calorim-
etry testing as seen in Fig. 7 and Table 2.

The HRR curves indicated that the epoxy samples showed their single peak
with a decreasing trend of maximum with the presence of 0.4 wt.% of GOPOS-
G-MWCNTs. While the TSR curves exhibited their increasing trend with increas-
ing temperature before reaching the plateau region, pHHR, and TSRTHR of the
M3 sample decreased about 47.69, and 68.68% when compared with the pristine
sample. The reduction in pHHR was due to the crooked influence of GOPOS-G-
MWCNTs in the hindrance of heat propagation. While the good chemical cova-
lent bonds between GOPOS-G-MWCNTs and epoxy matrix formed in curing
reaction were considered as the main reason for decreasing THR value. The good
interaction between GOPOS-G-MWCNTs and epoxy matrix inhibited the free
motion of epoxy chains. These results mean that the fire risk of burning epoxy-
based materials was reduced. Moreover, the M3 sample exhibited good thermal
stability with ignition time (TTI) was 56 s and higher than that of TTI value of
MO sample about 16.7%. The TGA testing also indicated that the presence of
GOPOS-G-MWCNTs helped to enhance the thermal stability of EP. The char
residue of the M3 sample was about 17.99% with a strong higher about 258.36%
than that of the MO sample.

Another parameter of cone calorimetry testing was total mass loss (TML) which
is also presented in Table 2. The TML value related to the char influence during
the combustion of cone calorimetry testing. The TML value M3 decreased by about
4.09% from 90.3 to 86.8 wt.% in comparison with the MO sample. This means that
the GOPOS-G-MWCNTs retained a larger amount of char residue in condensed
phase than pure epoxy material did. The larger char layer residue indirectly sug-
gested that not just good barrier influence also lessened the transferring of organic
phase to gases.

Compared with the MO sample, the average CO, yield (av-CO,) of the M3 sam-
ple was diminished from 2.96 to 1.69 kg/kg, suggesting that the flame reaction was
depressed [25].

The total smoke release (TSR) value of the M3 sample was also lower than that
of the MO sample. The reduction in TSR value means that more disintegrated frac-
tions from the matrix were arrested in char residue [26].

The flame-retardant properties of M3 and M1 samples were compared as seen in
both Fig. 7 and Table 2. The value of pHRR, THR of the M1 sample was still high
in comparison with the M3 sample and near the value of the MO sample. The char
residue of the M1 sample was 7.63% and lower than 57.58% in comparison with the
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M3 sample was the vivid evidence for the effect of GOPOS molecule located and
linked in the surface of MWCNTs.

The morphology and chemical composition of char residue of epoxy samples
were examined via SEM and EDS as shown in Fig. 8.

The char residue of the MO sample showed its low flame retardant due to the
presence of many holes in its surface. These hosen played a vital role in the accel-
eration of flame processing via easy transfer of the organic volatiles to the gas phase.
The main chemical component of the char residue of the MO sample was C and O.
In opposite, the surface char residue of the M3 sample was consolidated and immov-
able. This layer can prevent the reaction of the condensed phase with flame as well
as hindrance the diffusion of oxygen and heat into the condensed phase. This means
that the flame retardant of epoxy resin was improved. The chemical component from
the EDX spectrum of the M3 sample appeared a new peak of Si along with the peak
of C and O. The appearance of Si indicated the formation of a firm layer in the sur-
face of the condensed phase. The picture of char residue also indicated that the MO
sample has a thin layer of char residue. While the M3 sample exhibited the thickener
layer of char residue.
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Fig.8 SEM and chemical components of char residue of MO and M3 samples
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The main mechanisms for improvement of the flame retardant of the epoxy sam-
ple were crooked influence and formation of silicon-containing char layer in the
surface of composite materials. The crooked influence was caused by the good
interfacial interaction between GOPOS-G-MWCNTs and the epoxy matrix. The
GOPOS-G-MWCNTs with oxirane groups on their surface can easily disperse in
epoxy resin. While the huge specific area surface of MWCNTs makes the thermal
path in the condensed phase became longer suggesting the prevention of the transfer
between gases and heat. Moreover, the firm and an un-flammable layer of silicon-
containing char residue can also prevent the contact of heat, flame, and oxygen with
epoxy surface and induced the weakness of the effect of the flame.

Conclusions

In the present study, the GOPOS-G-MWCNTs was synthesized via ring-opening
reaction between amine groups in silanized MWCNTs and oxirane groups in the
surface of GOPOS. The chemical functional groups and morphology of synthe-
sized GOPOS-G-MWCNTs were examined. The epoxy nanocomposites with the
presence of various contents of GOPOS-G-MWCNTs were fabricated via a room
curing processing using DETA as the hardener. The Tg of the epoxy matrix was
slightly increased as a result of the immobility of epoxy chains at around the posi-
tion of GOPOS-G-MWCNTs. The good dispersion and excellent chemical inter-
facial interaction between MWCNTs and epoxy chains were the main reasons for
improvement both Tg and flexural strength. The epoxy sample with the presence
of 0.6 wt.% of GOPOS-G-MWCNTs was recorded as a best sample with the high-
est improvement percent in flexural strength and flexural strain. Moreover, at this
content, the THR, PHRR, and TSR were reduced by 68.78, 47.69, and 11.76% in
comparison with the pristine sample. The crooked effect of GOPOS-G-MWCNTs
on prolongation of the route inside EP matrix was considered as the cause of the
drop in cone calorimeter properties. The thicken layer char residue formed to pre-
vent the processing of smoke releasing was described as the main flame-retardant
mechanism.
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