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Alumina (Al2O3) nanoparticles were used as the additive for modifying a novolac phenolic 

resin using the solution mixing method. Different weight percentages of nano alumina 3 

and 8 w% were loaded into the resin, called 3ARC and 8ARC nanocomposites, respectively. 

These nanocomposites were investigated by field emission scanning electron microscopy 

(FE-SEM), X-ray fluorescence spectroscopy (XRF), energy-dispersive X-ray spectroscopy 

(EDS), and oxyacetylene flame test (OFT). The FE-SEM images exhibited that at low 

concentrations (3ARC), the nano alumina particles were dispersed uniformly on the 

surface of novolac resin; however, at high concentrations, the dispersion was repressed 

by aggregation in the nanocomposites. OFT proved that with increasing alumina content 

in the nanocomposite, the back temperature of the sample decreases and thus improves 

the thermal insulation properties. 

 

1. Introduction 

In recent years, much attention has been paid 
to new and improved polymers to produce 
numerous new products [1]. The properties of a 
polymer can be changed by changing the 
arrangement of the monomers or the reaction 
conditions [1]. Phenolic resins (PR) are one of the 
oldest thermosetting resins that, despite more 
than one hundred years of their life, still have 
significant applications in the manufacture of 
adhesives, coatings, industrial insulation, printed 
circuits boards, heat shields, and advanced 
composites [2, 3]. The distinctive feature of these 
resins is the ease of processing, low cost, and 
good mechanical properties [3]. PRs are prepared 
by the reaction of phenol or its derivatives with 
aldehydes in the presence of a catalyst. 
Depending on the molar ratio of phenol to 
formaldehyde and the acidity or alkalinity of the 
catalyst, the resulting resin can be resol or 
novolac [4]. Novolac is a phenol-formaldehyde 
resin with a formaldehyde to phenol molar ratio 
of less than one. The thermal instability, poor 
resistance, and inherent brittleness to crack 

initiation and growth are disadvantages of pure 
PRs. In order to be used in engineering 
applications, their structure must be modified to 
realize the possibilities of new polymers [5-7]. 
The most common methods of structural 
modification of phenolic resins are the use of 
reinforcements or fillers into a polymer matrix, 
which is called composite.  

Nanocomposites are very interesting because 
of their potential applications in 
electromagnetics, electronics, catalysis and 
nonlinear optics, thermal conducting materials, 
etc. [8]. One of the most attractive and 
challenging research areas in the 
nanocomposites field is nanocomposites of 
polymer/ceramic and metal fillers, which are 
usually prepared by mixing nanoparticles of 
ceramic or metal fillers with a polymer [9]. 

To increase the thermal stability and 
conductivity of polymers, a lot of ceramic and 
metal fillers are used. Metal phases such as Cu, Ni, 
Al, and Ag [10,11] and ceramic materials such as 
AlN, Si3N4, BN, and SiC [12-14] have been used as 
potential fillers to improve the thermal stability 
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of the pure polymer. The ceramics like aluminum 
nitride, alumina, and silica as fillers have been 
considered first in electronic packaging [15-17]. 

Alumina is one of the most attractive ceramics 
used in various industries as catalyst support, 
refractory, and abrasive, because of its attractive 
thermal, mechanical, and chemical properties 
[18-23]. Many researchers pay special attention 
to nano alumina as a filler in polymer 
nanocomposites due to its interesting properties 
and low cost at the nanoscale relative to 
nanoparticles such as carbon nanotubes. 
Therefore, much research has been done to use 
alumina nanoparticles in polymer matrices to 
investigate the relationship between structure 
and properties in nanocomposites [24-31]. In a 
report, Omrani et al. investigated the effect of 
nano alumina in the epoxy resin matrix. They 
found that a low filler concentration improved 
mechanical and thermal properties [29]. 
However, Shukla et al. showed that the epoxy 
matrix with modified alumina platelets as 
reinforcement had no significant effect on 
fracture toughness and elastic modulus [32]. 
Furthermore, the incorporation of 20 vol% 
alumina nanoparticles in poly(methyl 
methacrylate) (PMMA) led to the hardness of 101 
Shore D, a flexural strength of 129 MPa, and 
impact energy of  2 kJ/m2 for the nanocomposite 
[30]. In other research, the dynamic impact 
response of carbon fiber/epoxy nanocomposite 
was significantly improved by the addition of 
alumina nanoparticles [33]. 

Nowadays, alumina/novolac/fiberglass 
composites are used in the aerospace industries 
as thermal insulators at very high temperatures 
(above 2000oC) and in the electronics industry as 
a substrate for electronic boards. To improve the 
thermal insulation properties of this resin, 
various methods are used, such as the use of 
metal oxide nanoparticles, the use of nanoporous 
materials, and the use of possible molecular 
methods to change the molecular structure of 
novolac. 

Herein, we investigate the effect of nanofillers 
Al2O3 on thermal insulation properties of novolac 
type phenolic resin. The 
alumina/novolac/fiberglass nanocomposites 
were prepared by various contents of alumina 
containing 3 and 8 w% in novolac resin, from now 
on, called 3ARC and 8ARC. The 0ARC composite 
is novolac resin without nano alumina, which is 
synthesized as a control composite. This study 
aims to maintain or improve the physical-
mechanical properties of novolac resin using 
various methods, to improve the thermal 
insulation properties of this resin, and to 
maintain its properties at high temperatures. 

2. Experimental 

2.1. Materials 

Novolac resin (Industry and Chemical Co., 
Iran), micro alumina (Nabaltec Co., Germany), 3-
(trimethoxysilyl)-propylamine (Sigma Aldrich 
Co., United States), fiberglass (SP Systems Co., 
South Korea), dibutyl phthalate (DBP) and Al2O3 
nanoparticles (gamma phase, 20 nm, US Research 
Nanomaterials, Inc.) were used as raw materials 
to prepare nanocomposites. All starting materials 
were purchased from commercial sources and 
were used without further purification. 

2.2. Preparation of Alumina 
nanoparticle/Novolac resin/Fiberglass 
composite  

Novolac phenolic resin (159 g) was dissolved 
in 255 ml ethanol under stirring for one h. Then, 
micro alumina (15.9 g), DBP (15.9 g), and 3-
(trimethoxysilyl)-propylamine (3.75 g) were 
added to the solution to give a brown solution. To 
the resin suspension mixture, different amounts 
of alumina nanoparticles (3 and 8 g) were added 
and stirred mechanically with a stirrer, followed 
by sonication to obtain a homogeneous mixture 
and to break up the agglomerates. Finally, the 
Al2O3 nanoparticles/Novolac resin mixture was 
spread evenly on the fiberglass (the fiberglass 
was treated with an aqueous silane mixture and 
dried before use) and cured at 157 ° C under the 
pressure of 20 bar for one h. The samples are 
called nanocomposite without alumina (control 
sample, 0ARC), nanocomposite containing 3 g of 
alumina (3ARC), and nanocomposite containing 8 
g of alumina (8ARC). 

2.3. Characterization 

The nanostructure of the 
alumina/novolac/fiberglass composites was 
detected by a high-resolution field emission 
scanning electron microscope (FE-SEM) 
equipped with energy dispersive X-ray analysis 
(Mira 3-XMU, Czech Republic). 
Alumina/novolac/fiberglass composites with 
different alumina contents were characterized 
with X-ray fluorescence spectroscopy (ARL™ 
PERFORM'X Sequential). ASTM E 285 was used as 
a  standard test method for oxyacetylene ablation 
testing of thermal insulation material. 

3. Results and Discussion 

The field emission scanning electron 
microscopy (FE-SEM) images and energy-
dispersive X-ray spectroscopy (EDS) spectra of 
pure novolac resin (0ARC), 3ARC, and 8ARC 
nanocomposites before and after the 
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oxyacetylene flame test (OFT) are shown in 
Figures 1-3. Figures 1-a and 1-b indicate that the 
fracture surface of pure novolac (0ARC) was 
pretty smooth. This demonstrates that 0ARC is 
typically a brittle material and no monomer 
intercalation occurred [34]. As seen in the images 
after the flame test with a temperature of 3000°C, 
the structure of the novolac resin is destroyed 
and the porous matrix of fiberglass plus metal 
oxide particles make up most of the sample 
(Figures 1-3). 

 
Fig 1. The FE-SEM morphologies before and after OFT (a and 
b) and EDS pattern after OFT (c) of the surface of the 0ARC. 

 
Fig 2. The FE-SEM morphologies and EDS patterns of 

surfaces of 3ARC before (a and c) and after OFT (b and d).  

 
Fig 3: The FE-SEM morphologies and EDS patterns of 

surfaces of 8ARC before (a and c) and after OFT (b and d). 

Moreover, in the general view, in the images 
after the flame test, the presence of a spherical 
and hollow surface on the surface of the samples 
can be seen, indicating the creation of a char layer 
from burning on the sample and the creation of a 
heat shield caused by this layer. This factor 
contributes significantly to the insulating 
property of the sample. The spherical alumina 
nanoparticles are also well visible on the 
fiberglass surface in Figures 2-b and 3-b. 
However, aggregation occurs at high alumina 
concentrations (8 w%) in the nanocomposite, as 
shown in Figure 3-b. 

Figures 2(c,d), 3(c,d), and Tables 1 and 2 show 
EDS patterns and values of elements, for the 
points identified with arrows in FE-SEM images 
from nanocomposites 3ARC and 8ARC after OFT. 
These elemental analyzes confirm the presence 
of alumina nanoparticles in the 3ARC and 8ARC 
nanocomposite. The comparison of the values 
related to the percentage of presence of elements 
before and after the flame test for 3ARC and 8ARC 
nanocomposites are summarized in Tables 1 and 
2. The results clearly show that when the samples 
are exposed to flame, due to the combustion 
process, a significant part of the non-carbon 
elements is removed from the composition and 
carbon remains as soot on the surface of the 
sample. As can be seen in these Tables, the 
percentage of carbon after the flame test has 
increased by about 20 and 35% for 3ARC and 
8ARC, respectively. 

The chemical composition of the 
nanocomposites was analyzed through X-ray 
fluorescence spectroscopy (XRF). The XRF 
elemental analysis data of pure novolac (without 
alumina, 0ARC), alumina/novolac/fiberglass 
nanocomposites 3ARC and 8ARC before and after 
OFT are summarized in Table 3.  

The results show that the nanocomposites are 
mainly composed of silicium in the form of silicon 
dioxide (SiO2), which represents more than 35 
w%. The alumina content in 0ARC is 10.4 w%, 
which is attributed to the alumina amount in 
fiberglass. The alumina content increases to 
13.79 and 16.7 w% by increasing its amount in 
3ARC and 8ARC nanocomposites, respectively. 
The oxides such as MgO and Fe2O3 appear with 
lower percentages, around 2%, and the rest are in 
amounts less than 1%. Furthermore, oxidation of 
the polymeric matrix, which occurs in the 
presence of oxides such as Fe2O3, reduces in 
concentrations below 2 w% [34]. 

Because the combustion process takes place 
at a high temperature for novolac resin, the 
carbon layer forms a heat shield on the surface of 
the sample. 
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Table 1. The EDS quantitative results of 3ARC 

  W% A% 

3ARC 

Element Before OFT After OFT Before OFT After OFT 

C 68.22 89.87 75.44 92.37 

O 26.86 9.61 22.3 7.42 

Al 2.09 0.81 1.03 0.08 

Si 2.04 0.25 0.97 0.11 

Ca 0.8 0.09 0.26 0.03 

Table 2. The EDS quantitative results of 8ARC 

  W% A% 

8ARC 

Element Before OFT After OFT Before OFT After OFT 

C 47.15 82.85 59.57 87.73 

O 31.16 11.42 29.55 9.17 

Al 5.08 4.63 2.85 2.60 

Si 9.89 1.10 5.34 0.50 

Ca 6.15 0.0 2.33 0.0 

Table 3. The chemical composition of 0ARC, 3ARC, and 8ARC nanocomposites 

  MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 Cl 

0ARC 
Before OFT 1.4 12.3 43.23 0.1 0.24 24.9 0.94 1.2 0.17 

After OFT 1.2 10.4 36.75 0.19 0.26 26.7 1.1 2.1 0.36 

3ARC 
Before OFT 2.5 14.1 39.11 0.11 0.44 22.5 1.0 1.9 0.32 

After OFT 2.4 13.79 39.2 0.13 0.42 22.0 1.1 1.7 0.3 

8ARC 
Before OFT 2.2 18.7 37.1 0.1 0.38 19.5 0.85 1.5 0.3 

After OFT 2.1 16.7 35.9 0.15 0.4 20.5 1.2 3.3 0.35 

 

In FE-SEM analysis, carbon is the 
predominant compound due to the photography 
and analysis of the sample surface. However, in 
XRF analysis, because this analysis is performed 
in the depth of the sample and the matrix 
material of the samples is fiberglass; therefore, 
the predominant compound is silicon dioxide. 

Furthermore, flame testing and burning of the 
samples at a temperature of about 2500 °C causes 
the decomposition of all organic compounds in 
the samples, and minerals are completely 
converted to their oxidized form. Compounds 
such as nitrates, sulfates, and other salts of 
mineral elements are also removed and only their 
oxidized form will be present in the samples after 
the flame test. As can be seen in Tables 1-3, a 
decreasing trend in the percentage of metal 
elements and oxides can be seen after the flame 
test, in which FE-SEM and XRF confirm the 
increase in the rate of carbon on the surface of the 
samples and the formation of oxides of new 
elements in the structure of the samples, 
respectively. 

The OFT was performed on the prepared 
samples to study the thermal behavior and 
ablation performance. The flame heat flux was 
15000 W/m2 and after placing the samples at a 
distance of 8 mm from the tip of the flame, the 
temperature behind the samples was measured 
over time. Figure 4 shows the flame test results 
and a temperature curve as a function of time. 
The temperature distribution of the back surface 
of 0ARC, 3ARC, and 8ARC nanocomposites, after 
60 seconds of testing, is 861, 730, and 340 °C, 
respectively. As can be seen, with the increasing 
percentage of Al2O3, the behavior of the material 
against flame has improved. As the percentage of 
alumina increases, both the temperature rise 
slope behind the sample decreases, and at equal 
times, the temperature of the back of the sample 
with a higher percentage of alumina has a lower 
value and this difference is very significant. The 
temperature of the back of the insulation in the 
nanocomposite contains 8 w% of alumina (8ARC) 
is reduced by 521 °C compared to pure novolac 
resin (0ARC). 
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Fig 4. Temperature distribution of the back surface of 0ARC, 
3ARC, and 8ARC nanocomposites, which were 

 measured in OFT. 

In the samples containing nano Al2O3, adding 
different percentages of nanoparticles has 
significantly improved the thermal properties, so 
that at the point of 20 seconds, the temperature 
behind the sample is 97, 77, and 35oC for 0ARC, 
3ARC, and 8ARC, respectively. Therefore, the 
thermal properties of nanocomposite 8ARC have 
improved about three times compared to the 
control sample. 

According to the ASTM E 285 standard, which 
is related to the oxyacetylene flame test method 
for insulations, one of the most important 
parameters for thermal insulations is the 
insulation index, which according to the 
following equation: 

IT = tT/d 

IT = insulation index at temperature T, s/m 

tT = time for back-face temperature changes of 
specific temperature, s 

d = thickness of specimen, m 

Where it measures the time, it takes for the 
temperature behind the sample to reach a certain 
and constant number, and therefore, the higher 
the index, the better the performance of the 
insulation.  

Considering the temperature of 100oC as the 
index temperature, the insulation indexes for 
three samples, 0ARC, 3ARC, and 8ARC, are equal 
to 10500, 11500, and 21000 s m-1, respectively. 
This indicates the increase in the insulating 
properties of the nanocomposite with the 
increase in the percentage of the presence of 
nanoparticles in the composite structure.  

In addition, Figure 5 shows the image of the 
sample before and after the flame test.  

 

 
Fig 5. The sample image before and after OFT. 

As the reason for improving the insulating 
properties of the composite by increasing the 
nanoparticles, it can be concluded that adding 
nanoparticles to the polymer structure affects its 
thermal properties in three ways: (1) absorption 
of heat through the change in the phase of 
nanoparticles from amorphous to crystal and 
then the aggregation of crystals and as a result, 
the transformation of nanoparticles into 
microparticles according to the latent heat of 
each of the mentioned steps; (2) increasing the 
heat dissipation by its reflection method, due to 
the increase in the effective surface of 
nanoparticles compared to microparticles; (3) 
thermal conductivity with change in particle size. 

4. Conclusion 

In this research, alumina/novolac/fiberglass 
nanocomposites were synthesized by solution 
mixing at different nano alumina concentrations 
3 (3ARC) and 8 w% (8ARC). SEM, EDS, and XRF 
were used to investigate the formation of nano 
alumina. According to SEM images, nanoparticles 
of Al2O3 are uniformly dispersed in 
nanocomposites. Nevertheless, at higher weight 
percentages (8ARC), the aggregation of 
nanoparticles can occur. The EDS analysis 
confirmed the presence of alumina nanoparticles 
in 3ARC and 8ARC nanocomposites.  
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The XRF analysis data also showed that the 
nanocomposites are mainly composed of silicon 
in the form of silicon dioxide (related to the used 
fiberglass), which constitutes more than 35 w%. 
Also, based on the oxyacetylene flame test, 
thermal insulation properties of nanocomposites 
improve with increasing alumina content in 
nanocomposites, so that the insulation index at 
100 oC for 0ARC, 3ARC, and 8ARC 
nanocomposites was 10500, 11500, and 21000 s 
m-1, respectively. 
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