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KEYWORDS ABSTRACT

It is essential to improve thermal insulation. In this study, titanium dioxide (TiO2),
magnesium oxide (MgO0), and vanadium pentoxide (V20s) were used as additives to modify
phenolic novolac resin by the solution mixing method. Different weight percentages of
resin nanoparticles (NPs) were added, and nanocomposites with different weight
percentages were prepared. These nanocomposites were investigated by field emission
scanning electron microscope (FE-SEM), X-ray diffraction spectroscopy (XRD), and
oxyacetylene flame test (OFT). The FE-SEM images showed that the NPs were dispersed
on the surface of the novolac resin at low concentrations. However, at high concentrations,
the dispersion was suppressed in some cases by aggregation in the nanocomposites. The
OFT test proved that by increasing the content of NPs in the nanocomposite, the back
surface temperature of the sample decreased, thus improving the thermal insulation
properties.
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Novolacs have good solubility, reliability, and low
molecular weight [9, 10]. Crosslinking reactions
increase the molecular weight of the resin, giving
it valuable properties by adopting a network-like
structure. However, resins generally are weak
against sliding wear and thermal instability due
to their low impact strength and toughness [11,
12]. Therefore, to be used in engineering
applications, their structure must be modified to
take advantage of the capabilities of the new
polymers [7, 13].

Various techniques have been proposed to
solve the above problems, including blending

1. Introduction

Phenol formaldehyde (PF) resins, also called
phenolic resins (PR), were first prepared in 1908
and are synthetic polymers obtained by reacting
phenol or substituting phenol with formaldehyde
[1]. PRs are a type of thermosetting resins that
have attracted much attention in industrial and
academic bodies due to their advantageous
properties such as good stability, and high and
excellent strength [2, 3]. These compounds have
various applications with unique properties such
as chemical and corrosion resistance, electrical

insulation, high stiffness, dimensional stability,
high-performance coal, low shrinkage after firing,
and low production cost [4, 5].

According to the stoichiometric ratio of
phenol to formaldehyde and the pH, two types of
phenolic resins are distinguished, namely
phenolic novolac resins and phenolic resol resins
[6, 7]. When the reaction of phenol with less than
equimolar proportions of formaldehyde occurs
under acidic conditions, novolac resins are
formed, mainly linked by methylene bridges [8].

with  elastomers, thermoplastic polymers,
incorporation of nanofillers or fibers, composites,
and blending of flexible chains into the polymer
network [14]. The use of fillers as an additive to
modify the phenolic novolac resin in the polymer
matrix, which is a composite has shown
remarkable achievements in this field [15, 16].
In recent years, micro-, sub-micro-, and
nanoscale particles have been used as fillers to
produce high-performance composites with
improved properties [17-20]. Many researchers
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have found that a wide range of metal
nanoparticles (NPs) such as Ag, Au, Pd, Cu, Mn, Ni,
and metal oxide NPs and ceramics such as CaO,
titanium dioxide (Ti02), magnesium oxide (Mg0),
vanadium pentoxide (V20s), and aluminum oxide
(Alz03)  [21-27]. These compounds can
significantly improve the thermal stability,
conductivity, and mechanical properties of
polymer composites [28, 29]. NPs have attracted
the attention of many researchers due to their
diverse characteristics and thermal, mechanical,
and chemical properties as well as their wide
range of applications. Therefore, several studies
have been carried out to use them in polymer
matrices and to investigate the relationship
between  structure and  properties in
nanocomposites [30, 31]. Otta et al. investigated
the MgO filler in a liquid crystalline epoxy resin
matrix to develop a composite with high thermal
conductivity [32]. On the other hand, Syed et al.
showed that MgO microparticles have unique
properties on the mechanical and thermal
properties of multilayer carbon fiber-reinforced
polymer composites. They found that the impact
strength could be increased by about 30% in the
presence of MgO fillers [33]. In another study, the
mechanical properties of epoxy composites were
significantly improved by adding TiOz particle
size [34]. Moreover, the interlinear fracture
toughness of flax fiber-reinforced epoxy
composite was significantly improved by adding
Ti02NPs [35]. Prasad et al. found that these fillers
play an important role in improving the
properties, including better thermal stability and
wear resistance properties. The development of
high-performance materials based on epoxy
resin-based materials is encountering a growing
number of requests combining high thermal
stability and environmental resistance with good
tribological properties. Nowadays, the use of
metal oxide/novolac/fiberglass composites in
the industry has solved the widespread concerns
of scientists due to their high mechanical
strength, excellent thermal stability, low density,
good tribological performance and significant
electrical resistance. Therefore, various additives
such as metal oxide NP, non-porous materials,
and possible molecular methods are generally
used to modify the molecular structure of novolac
[36].

Because of the above, the purpose of this
study was to develop and apply an efficient
strategy for the preparation of modified novolac
resin as follows. The nanocomposites
MgO/novolac/fiberglass, TiOz/novolac/fiberglass,
and V20s/novolac/fiberglass were prepared with
different contents of nanocomposites with 3-12
%wt in novolac resin. In this study, the
improvement of the physical and thermal
insulation properties of novolac resin was

investigated using the solution mixing method at
high temperatures.

2. Experimental
2.1. Materials

Novolac resin with a melting temperature
between 105 - 115 °C and free phenol content of
less than 1 (Industry and Chemical Co., Iran),
3-(trimethoxysilyl)-propylamine (Sigma Aldrich
Co., United States), fiberglass type E, satin
texture, with a surface density of 200 gr/m2 (SP
Systems Co., South Korea), dibutyl phthalate
(DBP), TiOz2 NPs with an average particle size of
20 nm and purity greater than 99% (Degussa
P25), MgO NPs with an average particle size
20 nm and purity of more than 98% (US Research
Nanomaterials), and V20s NPs with an average
particle size of 23 nm and purity greater than
95% (Smart Catalyst) were used as raw materials
for nanocomposite fabrication. All raw materials
were obtained from commercial sources and
used without further processing.

2.2. Production
Polymer

of  Nanoparticle-doped

To prepare the polymer matrix (polymer
matrix for preparation of TiO2 nanocomposites),
159 g of novolac resin was first added to 255 ml
of ethanol and mixed well for one hour. Then,
15.9 g Al203 (micro), 3.75 g 3-(trimethoxysilyl)-
propylamine, and 15.9 g DBP were added to the
previous mixture and stirred for 5 min. The
mixture is then stirred with a magnetic stirrer
until a relatively thick and homogeneous brown
liquid is obtained.

To prepare the polymer matrix (polymer
matrix for preparing MgO and V20s
nanocomposites), 318 g of novolac phenolic resin
was dissolved in 510 ml of ethanol for one hour.
Then 32 g Al203 (micro), 15.9 g DBP,and 7.5 g 3-
(trimethoxysilyl)-propylamine were added to the
solution to obtain a brown solution.

2.3.Production of Fiber-reinforced Polymer
Nanocomposite

Specific amounts of TiO2-NP (3.6, 6, and 12
wt%) are added to the resin suspension and
usually. Finally, the TiOz NP/novolac resin
mixture is unfolded on the fiberglass (the
fiberglass was treated with an aqueous silane
combination and dried before use) and cured at
175 °C under a pressure of 20 bar for one hour.

To prepare the nanocomposites MgO and
V205, different amounts of NPs (3, 5, and 8 %wt)
and (3 and 5 %wt), respectively, were added to
the resin suspension mixture and mechanically
mixed with a stirrer. Then, a homogeneous
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mixture was prepared by the ultrasonic method.
Finally, the mixture of MgO/novolac resin or
V20s/novolac resin NP was applied to the
fiberglass (the fiberglass was treated with a blue
silane mixture and dried before use) and baked at
175 °C under a pressure of 20 bar for one hour.

2.4. Characterization

The morphology of the surface of the samples
was checked wusing a scanning electron
microscope (FE-SEM) (Mira 3-XMU, Czech
Republic). The composition and elements of the
samples were detected by X-ray fluorescence
spectroscopy using ARL™ PERFORM'X Sequential
instrument. The thermal properties of the
prepared samples were measured using an
oxyacetylene flame test according to the ASTM E
285 standard. The crystallographic properties of
the deposited NPs were recorded with X-ray
diffraction spectroscopy using the BRUKER DA
ADVANCE X-ray Diffractometer.

3. Results and Discussion

The TiO2, MgO, and V205 NPs were
characterized by XRD patterns to confirm the
crystal structure of the phases (Figs. 1 (a)-(c)).
The crystalline fraction of the NPs is 87, 93, and
59%, respectively, and they crystallize in
tetragonal, cubic, and orthorhombic crystal
lattices. The observed 20 angles of 25, 38, 48, 54,
55,and 63° are the characteristics of the TiOz NPs
synthesized in the scientific literature. The
experimental XRD pattern corresponds to the
number (2486-78), which indicates the anatase
phase [37, 38]. The observed 260 angles of 37, 43,
62, and 75° are characteristic of synthesized MgO
NPs, and the angles of 15.5, 20.4, 26.3, and 45.5°
are characteristic of fabricated V20s-NPs. The
XRD pattern of the produced MgO-NPs is
consistent with the JCPDS card number
(45-0946). No other impurities in the phases are
found in the pattern [39, 40].

The XRD pattern shows a strong (002)
orientation peak, indicating the high crystallinity
of the produced material. Moreover, the XRD
pattern of the synthesized V205 is consistent with
the JCPDS card number (01-0359) [41]. It is
noteworthy that no other impurity phase is found
in the XRD pattern.

The XRD pattern shows a strong (110)
orientation peak, indicating the average
crystallinity of the synthesized material.

Moreover, the crystal size of the diffraction
peaks was calculated according to the Scherer
formula (1) where K (shape factor), A (X-ray
wavelength), B (full width at half maximum
intensity (FWHM) in radius), 6 (Bragg angle), Dk
(average size) [34].

D=KA/pcosb (1)

This formula was used to calculate the particle
crystal sizes for the crystalline values of TiOq,
MgO, and V20s NPs, which are about 16, 44, and
23 nm, respectively.
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Figure 1: XRD pattern of (a) TiO, (b) MgO, and (c) V205 NPs.

The field emission scanning electron
microscopy images (FE-SEM) of TiOz, MgO, and
V205 nanocomposites before and after the
oxyacetylene flame test (OFT) are shown in Figs.
2(a)-(1). Figure 2(a) shows that the fracture
surface of the novolac resin is relatively smooth
and is typically a brittle material. As can be seen
in the images after the flame test at 3000 °C, the
structure of the novolac resin is destroyed, and
the porous matrix of fiberglass plus metal oxide
particles forms most of the sample (Figs. 2(b)-
(c)). The SEM image micrograph (Figs. 2(d)-(f))
shows the presence of spherical and irregular
peanut-like shapes, confirming the presence of
TiO2 NPs [42].
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Figure 2: FE-SEM images of (a)-(c) novolac, (d)-(f) TiO, (g)-(i) MgO, and (j)-(1) V20s NPs before and after OFT test.

In Figs. 2(g) and (j), the nearly cubic
aggregation of MgO and the spherical/rod-like
morphology of V20s NPs can be easily seen [43].
For these two NPs, the average particle size is
around 50 and 25 nm [44]. Moreover, in the
overview, a spherical and hollow surface can be
seen on the surface of the samples in the images
after the flame test, indicating the formation of a
carbon layer by burning the sample and the
formation of a heat shield by this layer. This

factor contributes significantly to the insulating
property of the sample (Fig. 2(e)-(1)).

The OFT test was performed on the prepared
specimens to investigate the thermal behavior
and erosion performance based on the ASTM E
285 standard. The heat flux of the flame was
8500 W/m?, and after placing the specimens at a
distance of 8 mm from the tip of the flame, the
temperature behind the specimens was
measured over time.
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The parameters affecting the thermal
properties of the nanocomposite with TiO2, MgO,
and V20s NPs are listed in Table 1. As can be seen
in Table 1, the specific heat capacity of these NPs
is lower than that of Al20s (micro) particles. At
the same time, the particle size and crystallinity
fraction are positive parameters for the
insulating properties of this nanocomposite.
Moreover, the value of the conductivity
coefficient for NPs is lower than that of Al203
(micro) particles, which also has a positive effect
on insulating properties.

Thus, according to the parameters shown in
Table 1, the addition of NPs, at the beginning and
low temperatures did not have a significant effect
on the thermal properties. However, the higher
the percentage of NPs in the polymer matrix, the
more positive effect it had on the thermal
properties of the nanocomposite.

The results in Figs. 3(a)-(d) show that the
slope of the time-temperature diagram behind
the insulation and the temperature distribution

on the back surface of the nanocomposites
indicate that the addition of NPs (especially in the
early stages of the experiment) did not have a
large effect on the thermal properties. However,
at times longer than 10 s, the amount of 3 %wt of
NPs has a positive effect on the thermal
properties of the nanocomposite. So that the
thermal insulation index for the sample with 3
%wt of TiO2, MgO, and V205 NPs is about 14, 10.5,
and 7.5 s, respectively, and for the control sample,
is 10, 10.5, and 8.3 s, respectively. It should be
noted that this index is about 8 s for the sample
with 10 %wt of TiO2-NP.

For the sample with 3 %wt MgO-NP, the
thermal insulation index at a temperature of
100 °C is almost the same as that of the control
sample. However, with time and the gradual
increase of temperature behind the sample, the
slope of the time and temperature curve has
gradually decreased. Therefore, at a temperature
of 200 °C, the thermal insulation index for the
sample with 3 %wt sample reaches 14 s
compared to 13 s for the control sample.

Table 1. Effective parameters on thermal properties of nanocomposite containing TiOz, MgO, and V205 NPs.

Effective particles Al203 (Micro) TiO2 (Nano) MgO (Nano) V205 (Nano)
Specific heat capacity (J/gr. K) 0.88 0.683 0.87 0.68
Crystal size Micro 16 nm 44 nm 23 nm
Crystallization percentage - 87 93 59
Conductivity coefficient (W/m.K) 12.12 4.8 8 3.84
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Figure 3: Temperature distribution of the back surface of (a) TiO2, (b) MgO, (c) V205 NPs, and
(d) comparison of NPs in 3 %wt, which were measured in OFT.
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For the sample with 5 %wt V20s, this index is
about 9 s. The values presented in Table 2 clearly
show the competition between the positive and
negative parameters involved in the numerical
value of the thermal insulation index of the
nanocomposites.

Table 2. Thermal insulation index of nanocomposite
containing TiO2, MgO and V205 NPs. at 100 °C

Sample produced Thermal insulation

index (s)

Control sample (without nano) 10
TiO2 (3 %wt) 14
TiO2 (10 %wt) 8
Control sample (without nano) 10.5
MgO (3 %wt) 10.5
MgO (5 %wt) 8
MgO (8 %wt) 6.5
Control sample (without nano) 8.3
V20s (3 %wt) 7.5
V205 (5 %wt) 9

At low temperatures and early onset of the
experiment, the positive and negative
parameters do not seem to have much effect, or
their effects are neutralized by each other, which
led to the construction of the temperature-time
diagram for all three samples.

In general, the thermal behavior at higher
percentages of NPs was very similar to the
sample at 3 %wt in terms of changes in the slope
of the graph. However, due to the particle
accumulation effect, the numerical value of the
thermal insulation index parameter shows a
lower value than the control sample for more
significant amounts of NPs.

In the context of the OFT test method for
insulation materials, one of the most critical
parameters for thermal insulation is the
insulation index, which corresponds to the
following equation (2) where
It (Insulation index at temperature T, (s/m)),
tr (Time for back-face temperature changes of a
given temperature,(s)), d (thickness of the
specimen, (m))

Itr=tr/d (2)

According to the ASTM E 285 standard, in the
oxyacetylene flame test for a specimen of a given
thickness, the time that elapses until the
temperature behind the specimen reaches a
constant value is called the insulation index. For
example, the time that elapses until the
temperature behind the specimen with a unit
thickness reaches 100 °C is called the insulation
index at 100 °C for that thickness, and its unit is
s/m. It indicates how long it takes for the
temperature behind the sample to reach a
specific uniform size, and the better the index, the
better the insulation performance.

The difference in nanocomposite
performance may be due to differences in the
ceramic layers formed in the OFT test. To analyze
the results of this test, the surface of the samples
was checked using digital images.

The digital images of the nanocomposite
samples are shown in Figs. 4(a)-(h). Figure 4(a)
refers to pure, and Figs. 4(b)-(h) refers to
samples TiOz2 (3 %wt), TiO2 (10 %wt), MgO (3
%wt), MgO (5 %wt), MgO (8 %wt), V20s (3 %wt),
and V20s (5 %wt) NPs respectively after the OFT
test. According to Fig. 4(a), the layers formed on
the sample without NPs are spherical drops,
which are discontinuous and pushed back by the
flame. The low viscosity of these droplets has
caused them to move away rapidly from the
sample during the OFT flame test. This prepares
the space for further destruction, ultimately
increasing the erosion rate of the sample surface.
As can be seen in Figs. 4(b)-(h), the presence of
NPs increases the strength and continuity of the
layer.

Accordingly, the viscosity of the materials
formed during the experiment is so high that the
flame moves less due to the strong flow, and this
layer can be seen even in the parts exposed to the
direct flame. Furthermore, as the amount of NPs
increases, so does the amount of layer formed.

Figure 4. The digital images of (a) evident, (b) TiOz (3 %wt), (c) TiO2 (10 %wt), (d) MgO (3 %wt), (e) MgO (5 %wt),
(f) MgO (8 %wt), (%wt) V20s (3 %wt), and (h) V20s (5 %wt) NPs after the OFT test.
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4. Conclusion

In this research, TiO2, MgO, and V:20s
NPs/novolac resin/fiberglass nanocomposites
were synthesized by solution mixing over
different contents of nanocomposites with 3-10
wt%. The SEM, XRD, and OFT test was used to
investigate the formation of nanocomposites.
According to the SEM images, the average
crystallite size of TiOz, MgO, and V20s is about 16,
44, and 23 nm, respectively. The XRD patterns of
TiO2, MgO, and V20s NPs confirm tetragonal,
cubic, and orthorhombic crystal structures. The
difference in the performance of the
nanocomposites in the OFT test showed that the
presence of NPs increases the strength and
cohesion of the layers. As the amount of NPs
increases, the cohesion and the amount of layer
formed also increase. This layer may be the
reason for the improved thermal insulation
properties
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