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Epoxy-Al203 nanocomposites with enhanced Tz and

thermal stability

M.S. Goyat"?

ABSTRACT

An extensive range of nanoparticle loadings, between 0.5 wt% to 20 wt%o, were investigated in

detail for assessing the thermal stability of epoxy-Al2Os nanocomposites. Alumina
nanoparticles were distributed uniformly throughout the viscous epoxy system with the
assistance of an optimized ultrasonic dual-mixing method. The influence of nanoparticle cluster
size and interparticle distance on the glass transition temperature (Tg) and thermal stability of
the nanocomposites was examined in this study. Nanoparticle dispersion in epoxy was
characterized using atomic force microscopy (AFM). Thermogravimetric analysis was utilized
to investigate the thermal stability of nanocomposites, while differential thermal analysis was
employed to estimate Ty. It was discovered that a key threshold loading concentration of
nanoparticles such as 3 wt% in epoxy was found responsible for significant increase in Tg as
well as the thermal stability. This type of improvements is ascribed to the advancement of a
strong epoxy-nanoparticle interface, which is facilitated by dispersion of nanoparticles
uniformly which limits motion of epoxy polymer chains. Moreover, the nanoparticles serve as

thermal insulators, preventing flow of heat through the matrix.
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1. Introduction

Modern society has a strong need for improved materials,
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which is crucial for the development of new products. To
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address this difficulty, new materials are being developed
daily. The potential use of nanoparticles as fillers in the
polymeric composites has been the subject of numerous
investigations in recent years [1-5]. Many various forms,
shapes, and features of nanofillers have been studied, such as
graphenes [6], MXenes [7], carbon nanotubes [8,9], spherical
nanoparticles [1,10-16], and nanoclays [17]. Owing to their
large aspect ratio, one- and two-dimensional materials such
as MXenes, carbon nanotubes, and graphene have become
popular fillers for several polymers [6,7,9,18-21]. But these
materials with high conductivity prevents them from being
used in situations where electrical insulation is needed.
Furthermore, it is difficult to disperse such high aspect ratio
nanostructures uniformly in viscous polymers like epoxy. In
such cases, functional materials are also needed, which adds
complexity and expense to the process and makes it
challenging to implement at an industrial level. Another
significant problem that limits these materialsuse in a
variety of industries is their inherent toxicity. But when it
comes to ceramic nanoparticles like titania, alumina, zirconia,
etc., these problems are essentially non-existent. Because
of aspect ratio (~1), these nanoparticles are inexpensive,
easily obtainable, and less difficult to disperse in viscous
polymers. Still, Al203 nanoparticles are thought to be the best
material to use for reinforcing epoxy-like polymers [22-26].
Agglomeration is frequently caused by strong van der Waals
interactions among nanoparticles. So, ultrasonic dual mixing
is the best technique for guaranteeing uniform dispersion of
nanoparticles in viscous polymers such as epoxy [27].

Al203nanofillers are added to epoxy nanocomposites
to improve their thermal stability as well as glass transition
temperature (Tg) [19,23,28]. However, a comprehensive
analysis of epoxy-Al203 nanocomposites' thermal stability
has not yet been investigated. The current project's goal is to
assess the thermal stability of epoxy-Al203 nanocomposites
by a systematic study involving a wide range of nanoparticle
loading into epoxy, from 0.5 wt% to 20 wt%. An efficient
ultrasonic dual mixing was applied for dispersing
nanoparticles in viscous epoxy.

2. Experimental

Based on Loctite E60-HP, a two-component epoxy, was
obtained from Loctite Hysol, USA, and consisted of an
aliphatic polyamine-derived hardener and epoxy resin made
from diglycidyl ether of bisphenol-A. We purchased methyl
ethyl ketone (MEK) from Sigma Aldrich in India. The Al203
nanoparticles' average size was about ~ 10 nm, supplied
from American Elements, United States.

Alumina nanoparticles containing 0.5-20 weight
percent were incorporated into epoxy by employing an
ultrasonic dual mixing (UDM) [27]. The detailed information
about UDM process is reported in another published work
[27]. MEK was mixed into 3-fold volume of epoxy resin to
cool down the mixture and help in reducing viscosity of the
epoxy resin. The epoxy resin and MEK mixture were

thoroughly mixed with the maximum concentration of Al203
nanoparticles (20 wt%) using an impeller with four blades
running at a high-speed of 2000 rpm for 30 min. After that
blend was processed for 1 h using UDM that included an
impeller and an ultrasonic vibrator (Vibracell ultrasonic
processor, Sonics & Materials, Inc.). Afterwards, the MEK was
extracted from the mixture by heating it to 70 °C while
maintaining a high vacuum [29]. In accordance with the
technical data sheet of the material supplier, an aliphatic
polyamine-based curing agent (or hardener) was mixed with
the epoxy resin consisting of alumina nanoparticles. The
mixture was then blended using an impeller at a very low
speed of 300 rpm for a short duration of 10 min and the
trapped air was removed using high vacuum. After that, the
substance was cast into a petri dish coated with Teflon and
allowed to cure for 24 h at room temperature.

The phases of alumina nanopowder and epoxy
nanocomposites were identified by X-ray diffractometer
(XRD) utilizing a Bruker D8 Advance Diffractometer that was
run at 40 kV of voltage and 40 mA of current under 1.54 A
wavelength Cu-Ka radiation. There was a 2 s dwell period for
each step. Before they were analyzed, the nanocomposites
were ground into a fine powder. Fourier transform infrared
(FTIR) spectroscopy was used to evaluate the samples’
molecular structure properties. Specimens were originally
ground into a fine powder. The powder was then combined
with potassium bromide (KBr, Aldrich 99.9%) and
compressed in a die with a load of 10 tons to produce a thin
film for infrared examination. Using an FTIR spectrometer
(Thermo Nicolet Nexus 1600), the infrared spectra were
captured under ambient -circumstances. Atomic force
microscopy (AFM) in tapping mode was used to analyze the
microstructure of cured epoxy nanocomposites (NT-MDT,
Ntegra). Using AFM pictures of the nanocomposites, the
distribution of nanoparticles as well as their cluster sizes in
epoxy matrix were investigated with the help of Image]
software [18]. The nanocomposites from the bulk samples
were chopped into ~ 3 mm pieces and characterized using a
thermogravimetric analyser (TGA) and differential thermal
analyser (DTA) (Perkin Elmer, Pyris Diamond). For the
thermal measurements, a highly pure alumina powder (20
mg) was utilized as the reference material. TGA thermograms
were used to measure the samples' thermal stability. For TGA
analysis, each sample, which weighed around 20 mg, was
heated at a rate of 10 °C per min between 30 and 700 °C using
a N2 purging gas flow rate of 200 ml/min. The glass transition
temperature (Tg) from DTA analysis was determined in
accordance with ASTM E1356 standard [18]. A heating rate
of 10 °C/min and an operational temperature range of 30 to
300 °C with N2 purging gas were employed for the DTA
measurements. At least three repetition tests were
performed for each composition, and the mean values and
standard deviation are reported.

3. Results and Discussion
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3.1. Structural analysis

XRD pattern of Al203 nanoparticles (Fig. 1) shows a broad
hump around 22° instead of any sharp peaks, which indicates
no crystallinity, only their amorphous nature. The XRD
pattern of the neat epoxy and epoxy-Al203 nanocomposites is
exhibited in Fig. 2. The XRD pattern of the neat epoxy also
exhibits amorphous nature as revealed by the broad hump
around 19° instead of any sharp peaks. The loading of
nanoparticles from 0.5 wt% to 20 wt% into the epoxy does
not reveal any notable change in XRD pattern which makes it
difficult to detect the presence of nanoparticles. Even with
the large loading of the nanoparticles, the pattern shows no
new peaks, indicating that the epoxy's structure has not
changed.
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Fig. 1. XRD pattern of Al.Os; nanoparticles.

To detect any possibility of chemical interaction between
alumina nanoparticle and epoxy that may create new
chemical bonds is characterized by FTIR. An FTIR spectrum
of alumina nanoparticles is depicted in Fig. 3. The broad band
between 630 and 755 cm™? in the Al203 nanoparticle
spectrum represents a distinctive absorption band of
transition alumina. The stretching vibration of the Al-O-Al
bond is truly responsible for this band's expansion, and the
distribution of vacancies among the octahedral and
tetrahedral sites causes the Al-O vibrational frequencies to
spread out [30,31]. There are bands at the surface caused by
chemisorbed and adsorbed substances in addition to alumina
bands. The superposition of vibration bands of isolated OH
groups, bound hydroxyl groups, and stretching vibrations of
adsorbed water molecules results in the very large band with
a centred at 3456 cm [30, 32]. All these bands are overlaid
under normal circumstances, making resolution challenging.

The bending of molecular water is the cause of the band at
1632 cml. The existence of peaks at 3456 and 1632 cm™ [31]
indicates that the nanoparticle's surface unquestionably
contains OH groups. The OH group can be found on the
particle’s surface as free OH groups or absorbed water (H20)
molecules as OH groups, or on both [32, 33]. The peak
assignment of FTIR spectra of neat epoxy is represented by
alphabets ‘A’ to ‘P’. The peaks in FTIR spectra at 3418, 3060,
2924,2360,1727,1608, 1510, 1461, 1360, 1290, 1250, 1182,
1107, 1036, 828, 730 and 698 cm™, respectively [30,32,34]
are corresponding to O-H stretching of hydroxyl group, C-H
vibration of epoxy ring, CHsz methyl group vibration,
atmospheric CO:2 vibration, aromatic C=0 stretching,
aromatic C=C stretching, aromatic ring stretching, CHs
asymmetrical bending, CH3 symmetrical bending, epoxy ring
mode: the C-C, C-0 and C-0 bonds all stretching in phase, CO
vibration of the epoxy ring, C-N stretching, C-O-C stretching,
aromatic C-O stretching, aromatic ring bent out of plane and
doublet due to aromatic ring vibration, respectively.

Fig. 4 depicted the FTIR spectra of epoxy-Al203
nanocomposites. In contrast to the neat epoxy, no new peak
forms when 0.5-2 weight percent of Al2Osnanoparticles are
added to the epoxy. This suggests that no new chemical
bond between the nanoparticle and epoxy is formed. In the
FTIR spectra of epoxy-Al203 nanocomposites, the band
centered at 3418 cm which is because of the O-H stretching
of hydroxyl group present in molecular structure of epoxy
displays shifting towards lower wavelength in the spectra
while there is no change in the rest of the spectra. This
shifting results from a bonding between the neat epoxy and
the hydroxyl group found on the surface of Al203
nanoparticles (Fig. 3).
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Fig. 2. XRD pattern of epoxy-Al.0s; hanocomposites.
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Fig. 3. FTIR spectra of Al.Os nanoparticles.
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Fig. 4. FTIR spectra of epoxy-Al.0s; hanocomposites.

3.2. Morphology of epoxy-Al-0s nano-
composites

Fig. 5 depicts the AFM images of epoxy-Al203
nanocomposites having 3, 5, 10, and 20 wt% of nanoparticle
content. It has been noted that many of the nanoparticles are
uniformly distributed as individual particles in the case of
nanocomposite containing 3 wt% nanoparticle with nominal
clustering (Fig. 5a). While for the nanocomposite containing
5 wt% nanoparticle content, only limited particles are
appearing as individual particles whereas most of the

particles are in clustered form (Fig. 5b). The clustered
nanoparticles are indicated by dotted circles while the
individual nanoparticles are designated by the solid circles.
However, further increase in nanoparticle content in epoxy
up to 10 wt% and 20 wt% leads to significant clustering (Fig.
5c and 5d). Thus, for Al203 nanoparticles (~ 10 nm), the
threshold limit for uniform dispersion into epoxy is 3 wt%.
However, beyond this limit, an optimized UDM does not
seems effective enough to break the cluster of particles into

epoxy.

Fig. 5. AFW images of epoxy-Al.0s nanocomposites
consisting nanoparticle content of (a) 3, (b) 5, (c) 10
and (d) 20 wt%.

The concentration of nanoparticles versus
average cluster size is shown in Fig 6. When epoxy
encompasses nanoparticles at concentrations between 0.5 to
3 wt%, there is a slight increase in cluster size equivalent to
a twofold rise in cluster size. However, with the further
increase in the concentration of nanoparticles, the cluster's
size grows almost exponentially. Based on both theoretical
calculations and experimental data, Fig. 7 shows the
nanoparticle concentration vs average inter-particle distance.
The theoretical inter-particle distance was calculated using a
theoretical equation based on cubic distribution of particles
in a polymer [35]. The detail about the theoretical equation
is available in earlier published work [36]. The theoretical
value for inter-particle distance is marginally smaller than
the one that is measured experimentally due to presence of
some form of clusters of nanoparticles for every
concentration. As the concentration of nanoparticles in epoxy
grows, it is clear that the space between particles decreases.
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The experimental and theoretical average inter-particle
distance for threshold limit of nanoparticle (3 wt%)
dispersion into epoxy are ~ 35 nm and ~ 30 nm respectively,
which can limit the polymer chain's mobility effectively and
can affect the thermal properties of the nanocomposites in a
significant manner.
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Fig. 6. Nanoparticle content versus average cluster
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3.2. T, of epoxy-Al-0; nanocomposites

DTA curves representing Tg of epoxy-Al203 nanocomposites
for raising the nanoparticle content from 0.5 to 20 wt% are
displayed in Fig. 8. However, Fig. 9 shows the Tg trend (with
standard deviation). As the nanoparticle loading increases
from 0.5 to 3 weight percent, the nanocomposite's Tg
continues to rise but beyond this limit it shows monotonic
decrease in the Tg value up to 20 wt% of particle content. The
maximum increase in Tg of the epoxy-Al203 nanocomposite
with threshold limit of 3 wt% particle content is about ~ 28%
in comparison to that of the neat epoxy. Fig. 10 depicted the
effect of cluster size on Tg of the epoxy-Al203
nanocomposites. When cluster sizes rise from 12 to 29 nm,
the Tg of the nanocomposite is seen to continue rising;
however, at larger cluster sizes (48 to 150 nm), a decrease in
Tg has been noted. However, a second order polynomial
relation is found as T, =—-1.391x10"*x*— 0.170x +
82.503 with correlation factor, R? = 0.799, indicating a good
relation between Tg and cluster size. Additionally, it has been
observed that the behaviour of the Tg of the epoxy-Al203
nanocomposites is not only dependent on the nanoparticle
content but also on the size of cluster. Thus, the increment in
nanoparticle content up to 3 wt% having cluster size of 29
nm (containing ~3 nanoparticles) results in a significant
increase in the Tg of the epoxy-Al203 nanocomposite
compared to that of the neat epoxy. But further increase in
nanoparticle content up to 20 wt% with a cluster size of 150
nm (containing ~15 nanoparticles) results in a significant
decrease in the Tg of the nanocomposite.

The rise in Tg indicates that the influence of
matrix/particle interfacial interactions must be constraining
the polymer chains [37]. Particles thereby limit the polymer
chain's mobility and strengthen the cross-linking process.
Alumina nanoparticles can increase the apparent crosslink
density and function as physical cross-linkers [38]. The
production of a significant amount of immobilized polymer
at the interface between epoxy and well-dispersed Al203 may
be the cause of the increase in Tg [38]. Because the increase
in Tg is anticipated to be proportionate to the nanoparticle's
surface area, the Tg should only rise in tandem with an
increase in nanoparticle content if the particles are evenly
distributed throughout the base matrix. In the case of epoxy-
Al203 nanocomposites (containing 3 wt% of nanoparticle
content), it has observed that practically individual
nanoparticles are homogeneously distributed in the base
matrix with nominal clustering of ~ 3 nanoparticles. But the
increase in nanoparticle content beyond 3 wt% to 20 wt%
results in significant increase in the cluster size from 48 to
150 nm (containing ~ 5 to 15 nanoparticles) that may
decrease the extent of cross-linking and therefore resulting
the decrease in the Tg. In the current study, the size of Al203
nanoparticles is quite small (~ 10 nm). Therefore, the Al203
nanoparticles are more prone to clustering because of their
very high specific surface area and dominance of strong van
der Walls forces due to their very small size. That makes the
breaking of clusters of such small nanoparticles much more
difficult and thereby restricts their advantage regarding
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improving the Tg of the resulting nanocomposite for high
nanoparticle content.
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3.3. Thermal stability of epoxy-Al-0s nano-
composites

TGA graphs of epoxy and epoxy-Al203 nanocomposites for
weight losses up to 50% are shown in Fig. 11. The thermal
decomposition temperature (Td) values for nanocomposites
at different weight loss percentages are displayed in Table 1.
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Fig. 11. TGA curves displaying the weight remaining
percentage of epoxy-Al,0s nanocomposites versus
temperature.
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Table 1. TGA results for epoxy-Al.0; nanocomposites and neat epoxy.

Thermal decomposition temperature (Tq) °C

Weight
Remaining (%) Neat

Epoxy 0.5 1 2
20 307 320 324 336
80 333 341 344 355
70 347 355 359 367
50 375 382 390 397
Char yield %
~t 700 °C 9.75 9.85 10.48 10.99

Epoxy-Al.0s nanocomposites containing nanoparticle (wt%)

3 5 7 10 15 20
341 332 331 336 323 315
358 353 350 354 346 336
372 365 363 367 360 350
401 395 396 396 391 384

11.44 12.07 13.65 14.34 15.63 17.29

Because most researchers view 50% weight loss as a sign of
structural instability, this percentage of total weight loss is
used in this work to determine the nanocomposites'
structural destabilization point [39]. Fig. 12 displays the
variance in weight loss percentage versus Td for neat epoxy
and epoxy-Al203 nanocomposites. The Ta of the epoxy
nanocomposite, which contains 3 weight percent Al203
nanoparticles, is determined to be 341 °C for a 10% weight
loss, while the neat epoxy's Ta is 307 °C for the same
percentage of weight loss. The Ta of the neat epoxy at 50%
weight loss of the material is found to be 375 °C, while the Ta
of the epoxy nanocomposite (which includes 3 wt% Al203
nanoparticles) is 401 °C. Consequently, compared to plain
epoxy, the thermal stability of epoxy nanocomposite
increases as the nanoparticle concentration rises from 0.5 to
3 wt%. However, the thermal stability of the nanocomposite
drastically decreases when the loading of nanoparticles in
epoxy is increased to 20 wt%.
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Fig. 12. Weight loss % versus 7, of neat epoxy and
epoxy-Al.0; nanocomposites.

Table 1 shows that at 700 °C, the neat epoxy's TGA
curve produced a char yield percentage of around 9.75. The
TGA curves of epoxy nanocomposites with 20 wt% of
particles indicate that 17.29 is the maximum char yield
percent at 700 °C. Because ceramic nanoparticles (Al203) are
present, it is evident that as the nanoparticle concentration
increases from 0.5 to 20 wt%, the char yield percentage
increases continuously.

Degradation of aliphatic polyamine-cured epoxy
network usually involved two steps in the breakdown
process. The evaporation of residual solvent and adsorbed
humidity causes the first stage, which happens between 35
and 310 °C. [40]. The heat breakdown of the cured epoxy
network causes the second step to occur between 310 and
450 °C. Dehydration leads to the aliphatic polyamine-cured
epoxy network's degradation because it removes water
molecules from the oxypropylene group. This happens while
the epoxy network breaks down and double bonds are
formed [40]. Additionally, the (O-CH2) and (CH-CH2) bond
scission processes run concurrently. Unsaturated phenolic
compounds are the result of the degradation and are either
emitted as gaseous products or polymerize to produce char
[40].

TGA thermograms (Fig. 11) thus show that the
degradation of epoxy nanocomposites likewise follows a two-
stage process. Since Al203 nanoparticles are ceramic, they
prevent heat from passing through the epoxy when they
dispersed evenly [39,41,42]. Because more nanoparticles
form more obstacles. Thus, the resulting nanocomposites'
capacity to endure heat is enhanced. But when the particle
content increasedup to3 wt%, the particle-to-polymer
interface becomes more dominant than the particle-to-
particle interface, which leads to increased thermal stability.
However, further increase in particle concentration results in
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a noticeable clustering which reduces the cross-linking
density. Thermosetting polymers have high breakdown
temperatures due to their high cross-linking density [43].
The cross-linking density is greatest when the entire
stoichiometry of the epoxy matrix is maintained. The
stoichiometry of the epoxy matrix will fail if foreign particles
(Al203) are added over a certain limit [43]. This will drop the
decomposition temperature and diminish the crosslink
density. Therefore, a decrease in the decomposition
temperature is observed when the nanoparticle content
surpasses the threshold limit. Epoxy nanocomposites with
nanoparticle quantities over their threshold limit (3 wt%)
show less heat retardant action, leading to decreased thermal
stability.

3.4. Thermal degradation kinetics of epoxy-
Al-0s nanocomposites

The kinetic analysis provides information about the
mechanism of polymer breakdown together with indications
about the energy barriers of the process. The recognized
Coats Redfern model (CR) [44] and integral model of
Horowitz and Metzger (HM) [45] have been employed in this
work to collect kinetic data on the thermal degradation of
epoxy composites. Fig. 13 shows the CR plots of epoxy
nanocomposite and epoxy treated with one order reaction.
Fig. 14 shows the Horowitz and Metzger plots of neat epoxy
and epoxy composite. Fig. 15 shows the (activation energy)
Ea of neat epoxy andepoxy composites, which were
calculated using HM and CR plots.

-15.5
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15 -
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-14.5 | y =14.186x - 36.898
E -14
g
E 435
=
13
125 y =9.33x - 27.21
-12 T T T T
1.5 1.53 1.56 1.59 1.62 1.65
1000/T (K")

Fig. 13. The Coats Redfern method-based heat
degradation kinetics of neat epoxy and epoxy-Al.0Os;
(3%) nanocomposite.

For epoxy-Al203 nanocomposites, the activation energy of
decomposition increases with the increase in nanoparticle
content from 0.5 to 3 wt% and decreases for further increase
in nanoparticle content up 20 wt% for both the CR and HM
methods (Fig. 15). The activation energy determined using

CR method reaches a maximum value of ~ 118 kJ/mol for 3
wt% epoxy-Al203 nanocomposite. But the activation energy
calculated using HM method for the same nanocomposite
reaches a maximum value of ~ 132 KkJ/mol. Therefore, the
addition of Al203 nanoparticles to epoxy leads to a significant
increase in the resulting nanocomposite's Ea of
decomposition, that is responsible for the increased thermal
stability of the nanocomposite.
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(3%) nanocomposite.
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Fig. 15. CR and HM methods-based E. of

decomposition of the neat epoxy and epoxy-Al-0s
nanocomposites.

For epoxy nanocomposites, ease of decomposition likewise
exhibits a pattern like thermal stability. When comparing the
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epoxy-Al203 (3 weight percent) nanocomposite to neat
epoxy, the greatest improvement in the Ea of decomposition
is approximately 51% when using the CR method and 42%
when using the HM method. Because different Kkinetic
equations are used for HM and CR techniques of
decomposition, the activation energy of decomposition for a
given nanocomposite varies. The observed rise in activation
energy during the breakdown of nanocomposites may be
ascribed to effective structural evolution, especially when
considering the dispersal of homogenous nanoparticles
within the epoxy matrix. The ceramic nature of the
nanoparticles may be the cause of the increased activation
energy. This is because the nanoparticles restrict the
molecular motion of polymer chain segments, which
enhances Tg. By limiting the heat flow in the epoxy resin, they
can also stop the formation of random scission epoxy
networks. The path of constraint to random scission of
molecules is enhanced in the case of uniformly distributed
nanoparticles throughout the matrix. Because there are more
barriers preventing heat from passing through the matrix.
When the quantity of particles in epoxy is increased beyond
3 wt%, however, the accumulation of nanoparticles and their
unequal diffusion within the epoxy have a negative effect on
the activation energy of breakdown, making them less
effective in blocking heat.

3.5. Integral procedural decomnposition
temperature (IPDT)

The thermal stability of the neat epoxy and epoxy-Al203
nanocomposite was further evaluated using IPDT, which is
based on Doyle's method [46]. The literature contains
comprehensive guidelines for calculating IPDT [29]. Using
TGA thermograms, IPDT which includes the entire stability
spectrum is computed in three stages: first disintegration,
rapid disintegration, and the final step of char production.
Fig. 16 displays the IPDT for neat epoxy and epoxy
composites. Using TGA curves, for neat epoxy the IPDT is
calculated around 398.48 °C. However, the IPDT continues to
rise when the nanoparticle concentration rises from 0.5 to 20
weight percent. The largest concentration of nanoparticles
(20 wt%) yields the highest IPDT value. For epoxy
nanocomposite, the highest IPDT value is 525.15

As a result of the oxide nanoparticle addition, the
epoxy has a notably greater thermal resistance than neat
epoxy. The pattern of IPDT alteration with increasing particle
concentration is shown to be different from the pattern
observed for Ea. According to [47], the physical differences
between the IPDT and the Ea of decomposition are most likely
the root reason. The specimen's overall stability is reflected
by the IPDT throughout the duration of its three stages. In
contrast, the Ea of decomposition only considers fast
decomposition and ignores the other two components. The
reason behind the rise in IPDT as particle content increases
is the corresponding rise in char content. The rise in char

content that corresponds with an increase in particle content
is what causes the IPDT to rise.
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Fig. 16. Nanoparticle content versus IPDT of epoxy-
Al.Os;nanocomposite.

4. Conclusions

UDM process has been optimized to prepare epoxy-Al203
nanocomposites. A threshold limit of roughly 3wt% of Al203
nanoparticles was determined with a cluster size of 29 nm
(containing approximately three nanoparticles) and an inter-
particle spacing of about 35 nm. At the nanoparticle
threshold limit, the Tg value greatly increased by around 28%
and similarly thermal stability of the nanocomposite was
noticeably increased. A strong matrix-particle interaction
was found responsible for the nanocomposite's improved Tg
value and thermal stability because of even dispersion of the
nanoparticles. It was demonstrated that the rise in Tg was
caused by the chain segment mobility of the epoxy polymer
decreasing because of the interaction between the
nanoparticle and matrix. Because nanoparticles can function
as physical cross-linkers by raising the apparent crosslink
density, their inclusion limits the free motion of polymer
chains and strengthens the cross-linking action. The alumina
nanoparticles serve as insulators to heat transfer through the
matrix, may be responsible for the increase in thermal
stability. The even distribution of the nanoparticles produces
a wide range of obstacles to the heat transfer in the epoxy
matrix.

Disclosure statement

The authors declare no relevant financial or non-financial
interests.

(E-ISSN: 3048-6718)

79 RW Materials 2024, 02, 71-82.



Research Article

RW Materials

https://www.rwpublisher.com/

Data availability

Raw data of the research article is available with the authors
and will be provided as per a request from the journal.

Ethical approval

Not applicable.

References

[1]

S. Mallakpour, F. Sirous, C.M. Hussain, Green
synthesis of nano-Al203, recent functionalization,
and fabrication of synthetic or natural polymer

8]

(9]

Electronic Packaging, Small 20 (2024) 2304311.
https://doi.org/10.1002/SMLL.202304311.

M. Dong, O. Tomes, A. Soul, Y. Hu, E. Bilotti, H. Zhang,
D.G. Papageorgiou, Hybrid Ti3C2Tx MXene and
Carbon Nanotube Reinforced Epoxy Nanocomposites
for Self-Sensing and Structural Health Monitoring,
ACS Appl Nano Mater 7 (2024) 3314-3325.
https://doi.org/10.1021/ACSANM.3C05728/ASSET/1
MAGES/LARGE/AN3C05728_0009.JPEG.

J.S. Kang, H.X. Zhang, K.B. Yoon, Hybrid rGO-
CNT/Epoxy Nanocomposites as Electromagnetic
Interference Shielding Materials, ACS Appl Nano
Mater 7 (2024) 10770-10778.
https://doi.org/10.1021/ACSANM.4C01270/SUPPL_
FILE/AN4C01270_S1_001.PDF.

nanocomposites: various technological applications, [10] M. Ozen, G. Demircan, M. Kisa, A. Acikgoz, G. Ceyhan,
New Journal of Chemistry 45 (2021) 4885-4920. Y. Isiker, Thermal properties of surface-modified
https://doi.org/10.1039/DON]J05578F. nano-Al203/Kevlar fiber/epoxy composites, Mater

[2] T.D. Mekuria, T.A. Wogsato, Synthesis, Chem Phys 278 (2022) 125689.
characterization and properties of polyimide https://doi.org/10.1016/].MATCHEMPHYS.2021.125
nanocomposite thin films reinforced with 689.

Ti02/A1203 hybrid nanoparticles, Mater Today [11] ].P.B. De Souza, ].M.L. Dos Reis, Influence of Al203
Commun 32 (2022) 103903. and CuO nanoparticles on the thermal properties of
https://doi.org/10.1016/].MTCOMM.2022.103903. polyester- and epoxy-based nanocomposites, ]

[3] H. Moussout, M. Aazza, H. Ahlafi, Thermal Therm Anal Calorim 119 (2015) 1739-1746.
degradation characteristics of chitin, chitosan, https://doi.org/10.1007/5S10973-014-4335-
Al203/chitosan, and benonite/chitosan 9/METRICS.
nanocomposites, Handbook of Chitin and Chitosan: [12] T. Lakshmikandhan, A. Chandramohan, K.

Volume 2: Composites and Nanocomposites from Sethuraman, M. Alagar, Development and

Chitin and Chitosan, Manufacturing and characterization of functionalized Al203 and TiO2-
Characterisations (2020) 139-174. reinforced polybenzoxazine nanocomposites, Des
https://doi.org/10.1016/B978-0-12-817968- Monomers Polym 19 (2016) 67-76.

0.00005-6. https://doi.org/10.1080/15685551.2015.1092014.

[4] Y. Shen, Y.H. Cong, B.Y. Zhang, Q.Y. Lang, B. Hu, [13] S. Kumar Singh, D. Gunwant, A. Vedrtnam, A. Kumar,
Dispersing Nanoparticles by Chiral Liquid Crystalline A. Jain, Synthesis, characterization, and modelling
Elastomers for Performance Enhancement of Epoxy the behavior of in-situ ZrO2 nanoparticles dispersed
Nanocomposites, Macromol Mater Eng 303 (2018) epoxy nanocomposite, Eng Fract Mech 263 (2022)
1800215. 108300.
https://doi.org/10.1002/MAME.201800215. https://doi.org/10.1016/].ENGFRACMECH.2022.108

[5] Y. Shen, Y. hua Cong, B. yan Zhang, Q. you Lang, The 300.
Side-Chain Liquid Crystalline Epoxy Polymer Grafted [14] A.Zahrouni, I. Benammar, O. Harzallah, S. Bistac, R.
Nanoparticles for the Thermal and Mechanical Salhi, Effect of Sol-Gel Derived TiO2-SiO2 Binary
Enhancement of Epoxy Nanocomposites, Nanoparticles on Thermomechanical Property of
ChemistrySelect 4 (2019) 8104-8111. Polymer Matrix Composite, ] Inorg Organomet Polym
https://doi.org/10.1002/SLCT.201901636. Mater 33 (2023) 4052-4067.

[6] L.B.T.La, H. Nguyen, L.C. Tran, X. Su, Q. Meng, H.-C. https://doi.org/10.1007/S10904-023-02637-
Kuan, ]. Ma, Exfoliation and dispersion of graphene 5/METRICS.
nanoplatelets for epoxy nanocomposites, Advanced [15] AK. Upadhyay, M.S. Goyat, A. Kumar, A review on
Nanocomposites 1 (2024) 39-51. the effect of oxide nanoparticles, carbon nanotubes,
https://doi.org/10.1016/].ADNA.2023.10.001. and their hybrid structure on the toughening of

[71 L. Wang, X. Li, Y. Qian, W. Li, T. Xiong, Y. Tao, Y. Li, J. epoxy nanocomposites, ] Mater Sci 57 (2022)

Li, Y. Luo, Q. Jiang, ]. Yang, MXene-Layered Double 13202-13232. https://doi.org/10.1007/s10853-
Hydroxide Reinforced Epoxy Nanocomposite with 022-07496-y.
Enhanced Electromagnetic Wave Absorption, [16] M.S. Goyat, A. Hooda, T.K. Gupta, K. Kumar, S. Halder,
Thermal Conductivity, and Flame Retardancy in P.K. Ghosh, B.S. Dehiya, Role of non-functionalized
oxide nanoparticles on mechanical properties and
(E-ISSN: 3048-6718) 80 RW Materials 2024, 02, 71-82.



Research Article

[18]

[19]

[21]

[22]

[24]

[26]

RW Materials

https://www.rwpublisher.com/

toughening mechanisms of epoxy nanocomposites,
Ceram Int (2021).
https://doi.org/10.1016/j.ceramint.2021.05.083.

J. Dong, ]. Zhang, Biomimetic Super Anti-Wetting
Coatings from Natural Materials: Superamphiphobic
Coatings Based on Nanoclays, Sci Rep 8 (2018).
https://doi.org/10.1038/s41598-018-30586-4.

R.N. Goswami, R. Saini, S. Mehta, G. Verma, A. Ray,
0.P. Khatri, Ti3C2Tx MXene-Polyaniline
Nanocomposites for Redesigning Epoxy Coatings to
Improve Anticorrosive Performance, ACS Applied
Engineering Materials 2 (2024) 1396-1410.
https://doi.org/10.1021/ACSAENM.4C00167.

J. Yusuf, S.M. Sapuan, U. Rashid, R.A. Ilyas, M.R.
Hassan, Thermal, mechanical, thermo-mechanical
and morphological properties of graphene
nanoplatelets reinforced green epoxy
nanocomposites, Polym Compos 45 (2024) 1998-
2011. https://doi.org/10.1002/PC.27900.

P.K. Ghosh, K. Kumar, N. Chaudhary, Influence of
ultrasonic dual mixing on thermal and tensile
properties of MWCNTs-epoxy composite, Compos B
Eng 77 (2015) 139-144.
https://doi.org/10.1016/j.compositesb.2015.03.028.
T. Zhou, X. Wang, H. Zhu, T. Wang, Influence of
carboxylic functionalization of MWCNTs on the
thermal properties of MWCNTs/DGEBA/EMI-2,4
nanocomposites, Compos Part A Appl Sci Manuf 40
(2009) 1792-1797.
https://doi.org/10.1016/j.compositesa.2009.08.019.
Z. Gholizadeh, M. Aliannezhadi, M. Ghominejad, F.S.
Tehrani, High specific surface area y-Al203
nanoparticles synthesized by facile and low-cost co-
precipitation method, Scientific Reports 2023 13:1
13 (2023) 1-14. https://doi.org/10.1038/s41598-
023-33266-0.

]J.P.B. de Souza, ].M.L. dos Reis, A thermomechanical
and adhesion analysis of Epoxy/Al203
nanocomposites, Nanomaterials and Nanotechnology
5 (2015).
https://doi.org/10.5772/60938/ASSET/IMAGES/LA
RGE/10.5772_60938-FIG4.JPEG.

W. Jiang, F.L. Jin, S.J. Park, Thermo-mechanical
behaviors of epoxy resins reinforced with nano-Al
20 3 particles, Journal of Industrial and Engineering
Chemistry 18 (2012) 594-596.
https://doi.org/10.1016/].JIEC.2011.11.140.

S. Kango, S. Kalia, A. Celli, J. Njuguna, Y. Habibi, R.
Kumar, Surface modification of inorganic
nanoparticles for development of organic-inorganic
nanocomposites - A review, Prog Polym Sci 38
(2013) 1232-1261.
https://doi.org/10.1016/].PROGPOLYMSCI.2013.02.0
03.

D. Bazrgari, F. Moztarzadeh, A.A. Sabbagh-Alvani, M.
Rasoulianboroujeni, M. Tahriri, L. Tayebi, Mechanical

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

properties and tribological performance of
epoxy/Al203 nanocomposite, Ceram Int 44 (2018)
1220-1224.
https://doi.org/10.1016/].CERAMINT.2017.10.068.
M.S. Goyat, P.K. Ghosh, Impact of ultrasonic assisted
triangular lattice like arranged dispersion of
nanoparticles on physical and mechanical properties
of epoxy-TiO<inf>2</inf> nanocomposites, Ultrason
Sonochem 42 (2018).
https://doi.org/10.1016/j.ultsonch.2017.11.019.

H. Moussout, H. Ahlafi, M. Aazza, A. Amechroug,
Al203/chitosan nanocomposite: Preparation,
characterization and kinetic study of its thermal
degradation, Thermochim Acta 668 (2018) 169-177.
https://doi.org/10.1016/].TCA.2018.08.023.

M.S. Goyat, S. Ray, P.K. Ghosh, Innovative application
of ultrasonic mixing to produce homogeneously
mixed nanoparticulate-epoxy composite of improved
physical properties, Compos Part A Appl Sci Manuf
42 (2011).
https://doi.org/10.1016/j.compositesa.2011.06.006.
P. Maity, S. V. Kasisomayajula, S. Basu, V.
Parameswaran, N. Gupta, Effect of particle
dimensions and pre-processing of nanoparticles in
improving surface degradation characteristics of
nanodielectrics, Annual Report - Conference on
Electrical Insulation and Dielectric Phenomena,
CEIDP (2007) 604-607.
https://doi.org/10.1109/CEIDP.2007.4451516.

K. Atrak, A. Ramazani, S. Taghavi Fardood, Green
synthesis of amorphous and gamma aluminum oxide
nanoparticles by tragacanth gel and comparison of
their photocatalytic activity for the degradation of
organic dyes, Journal of Materials Science: Materials
in Electronics 29 (2018) 8347-8353.
https://doi.org/10.1007/5S10854-018-8845-
2/METRICS.

S. Singha, M.]. Thomas, Reduction of permittivity in
epoxy nanocomposites at low nano-filler loadings,
in: Annual Report - Conference on Electrical
Insulation and Dielectric Phenomena, CEIDP, IEEE,
2008: pp. 726-729.
https://doi.org/10.1109/CEIDP.2008.4772804.

S. Singha, M.]J. Thomas, Dielectric properties of epoxy
nanocomposites, IEEE Transactions on Dielectrics
and Electrical Insulation 15 (2008) 12-23.
https://doi.org/10.1109/T-DEL.2008.4446732.

K.T. Lau, M. Ly, C.K. Lam, H.Y. Cheung, F.L. Sheng,
H.L. Li, Thermal and mechanical properties of single-
walled carbon nanotube bundle-reinforced epoxy
nanocomposites: The role of solvent for nanotube
dispersion, Compos Sci Technol 65 (2005) 719-725.
https://doi.org/10.1016/j.compscitech.2004.10.005.
H. Zhang, Z. Zhang, K. Friedrich, C. Eger, Property
improvements of in situ epoxy nanocomposites with
reduced interparticle distance at high nanosilica

(E-ISSN:

3048-6718)

RW Materials 2024, 02, 71-82.



Research Article

[36]

[37]

[38]

[47]

RW Materials

https://www.rwpublisher.com/

content, Acta Mater 54 (2006) 1833-1842.
https://doi.org/10.1016/j.actamat.2005.12.009.
M.S. Goyat, S. Rana, S. Halder, P.K. Ghosh, Facile
fabrication of epoxy-TiO<inf>2</inf>
nanocomposites: A critical analysis of
TiO<inf>2</inf> impact on mechanical properties
and toughening mechanisms, Ultrason Sonochem 40
(2018).
https://doi.org/10.1016/j.ultsonch.2017.07.040.

A. Omrani, L.C. Simon, A.A. Rostami, The effects of
alumina nanoparticle on the properties of an epoxy
resin system, Mater Chem Phys 114 (2009) 145-
150.
https://doi.org/10.1016/j.matchemphys.2008.08.09
0.

B. Wetzel, P. Rosso, F. Haupert, K. Friedrich, Epoxy
nanocomposites - fracture and toughening
mechanisms, Eng Fract Mech 73 (2006) 2375-2398.
https://doi.org/10.1016/j.engfracmech.2006.05.018.
A. Chatterjee, M.S. Islam, Fabrication and
characterization of TiO2-epoxy nanocomposite,
Materials Science and Engineering A 487 (2008)
574-585.
https://doi.org/10.1016/j.msea.2007.11.052.

V. Babrauskas, Plastics flammability handbook:
Principles, regulations, testing, and approval, Hanser,
2004. https://doi.org/10.1016/j.firesaf.2004.02.005.
S.J. Park, F.L. Jin, Thermal stabilities and dynamic
mechanical properties of sulfone-containing epoxy
resin cured with anhydride, Polym Degrad Stab 86
(2004) 515-520.
https://doi.org/10.1016/j.polymdegradstab.2004.06.
003.

Y. Hu, G. Gu, S. Zhou, L. Wu, Preparation and
properties of transparent PMMA/Zr02
nanocomposites using 2-hydroxyethyl methacrylate
as a coupling agent, Polymer (Guildf) 52 (2011)
122-129.
https://doi.org/10.1016/j.polymer.2010.11.020.
S.M. Khaled, R. Sui, P.A. Charpentier, A.S. Rizkalla,
Synthesis of TiO2-PMMA nanocomposite: Using
methacrylic acid as a coupling agent, Langmuir 23
(2007) 3988-3995.
https://doi.org/10.1021/1a062879n.

AW. Coats, J.P. Redfern, Kinetic Parameters from
Thermogravimetric Data, Nature 1964 201:4914 201
(1964) 68-69. https://doi.org/10.1038/201068a0.
H.H. Horowitz, G. Metzger, A New Analysis of
Thermogravimetric Traces, Anal Chem 35 (1963)
1464-1468. https://doi.org/10.1021/ac60203a013.
C.D. Doyle, Estimating Thermal Stability of
Experimental Polymers by Empirical
Thermogravimetric Analysis, Anal Chem 33 (1961)
77-79. https://doi.org/10.1021/ac60169a022.

B. Guo, D. Jia, C. Cai, Effects of organo-
montmorillonite dispersion on thermal stability of

epoxy resin nanocomposites, Eur Polym ] 40 (2004)
1743-1748.
https://doi.org/10.1016/j.eurpolym;j.2004.03.027.

(E-ISSN: 3048-6718) 82

RW Materials 2024, 02, 71-82.



