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Abstract

Continuing our investigation into the synthesis and applications of new epoxy resins, we developed a new octafunctional epoxy
resin based on octaglycidyl ether tetra-aniline para methylene dianiline (OGTAPMDA) and investigated its rheological and
thermal properties after being reinforced with carbon nanotubes. After manufacturing the resin, we measured its viscometric
and rheological properties with an Ubbelohde-type capillary viscometer and a RHMO1-RD Haaks rheometer, respectively. To
create new nanocomposite materials, the resin was cross-linked thermally with methylene dianiline (MDA) in the presence
of carbon nanotubes (CNTs). The thermogravimetric study results allowed us to assess and understand the nature of the heat
degradation of these new macromolecular composites. It demonstrates that the thermal stability of the base matrix increases
in proportion to the fraction of CNTs. It also shows an increase in the density of the nanocomposites when large amounts of
CNTs are utilized, resulting in an increase in polymer viscosity. Rheological investigations of our nanocomposites, on the
other hand, show that their thermal and rheological properties are similar. This describes how CNT particles improve the
thermal and rheological properties of nanocomposites. The produced nanocomposites’ morphology was also examined using
the scanning electron microscopy (SEM). The images obtained demonstrate that the carbon nanotubes are evenly distributed
in the polyepoxide matrix.
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1 Introduction

Epoxy resins are among the most valuable thermosetting
polymer materials. They are well renowned for their mois-
ture absorption, high chemical resistance, and good electrical
qualities. Their wide range of applications in industries
including electronics, aerospace, and automobiles is due to
their great mechanical strength and high thermal resistance
qualities [1-8]. This has prompted industrial players in these
various fields to develop and manufacture new epoxy-family
resins while keeping performance, quality, and durability in
mind. Indeed, for academic and industrial researchers, syn-
thesizing thermoset polymers with desired qualities is in fact
a huge challenge that frequently necessitates a significant
investment of time, materials, and scientific resources. The
production and development of this kind of thermoset poly-
mer have benefited significantly from advances in this sector
that have made it possible to forecast the desired properties
of the final nanocomposite material [9].

Predicting and comprehending the diverse properties of
epoxy materials necessitates a focus on viscoelastic proper-
ties, which have proven to be the most important parameter
to consider in prepolymers and their nanocomposites. These
properties, in fact, determine the ranges of use of these mate-
rials and provide a wide range of reactivity as well as a variety
of hardener types [10-12].

These hardeners come in a variety of forms, such as amines
and anhydrides. For instance, aromatic amines are crucial
in the thermal cross-linking of epoxy resins because they
have exceptional chemical resistance, excellent thermal sta-
bility, allowing the final material to acquire a very high glass
transition temperature [13, 14]. It should be emphasized that
a significant relationship exists between the reaction stages
epoxy groups with the amine groups and the variation in
thermoset viscosity.

Carbon nanotubes (CNTs) have attracted a great deal of
interest since their discovery some twenty years ago. This is
due to their tubular morphology, nanoscopic diameter, and
highly anisotropic character. This particular structure of car-
bon atoms gives them exceptional properties, particularly in
the mechanical, thermal, and electrical fields, making CNTs
a prime candidate both for theoretical studies in these areas
and for industrial applications exploiting these properties.
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Polymer composites can improve the mechanical and ther-
mal properties of neat polymers [15]. Bekhta et al. improved
the compressive strength of the cementitious matrix by
including ion exchanging resin into the modified novolac
epoxy polymer surfactant [16]. In addition, CNTs are a
common reinforcing agent in polymer matrices. CNT has
outstanding properties, including extremely high strength,
stiffness, aspect ratio, and thermal and electrical conduc-
tivity [17]. CNTs have been successfully used as a filler in
thermosetting polymers (epoxy, phenolic, polyurethane, etc.)
and thermoplastic polymers (polyethylene, polypropylene,
polystyrene, nylon, etc.) to produce polymer-based compos-
ites [18].

In order to exploit these nano-objects on a macroscopic
scale, CNTs are used as reinforcements in composite materi-
als, imparting their unique features to the matrix. This work’s
subject is relevant to this context. The aim is to study the
rheological and thermal properties of composite materials
based on CNTs in a new epoxy resin matrix. The experi-
mental strategy consisted of first designing and thoroughly
characterizing these composite materials. The mechanical
properties and thermal conductivity of the composite mate-
rials were then simulated using molecular dynamics (MD).

On the other hand, we have previously produced unique
epoxy resin-based materials [19, 20]. These materials had
good thermal and rheological properties, but we wanted to
improve them by designing new materials based on new
molecular architectures that included epoxides, aromatic
cycles, and nitrogen atoms, and then testing their thermal
and rheological characteristics.

2 Materials and Methods
2.1 Synthesis of OGTAPMDA

All chemicals used in this experimental section, such as
aniline (99%), epichlorohydrin (99%), methanol (99%),
triethylamine (99.5%), methylene dianiline, and carbon nan-
otube were purchased from Sigma-Aldrich, Germany. All
chemicals were used without further purification.

Methylene dianiline para tetra-aniline octaglycidyl ether
resin (OGTAPMDA) is developed in two reaction steps. In
the first step, tetraglycidyl methylene dianiline (TGMDA)
was prepared by condensation reaction between methylene
dianiline and epichlorohydrin in the presence of a base. The
second step involved adding a nucleophile to the TGMDA,
which resulted in the octafunctional resin [21-25]. Figure 1
depicts the reaction scheme for this preparation.
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2.2 Cross-Linking and Formulation of OGTAPMDA
Epoxy Resin

Methylene dianiline, which acts as a curing agent throughout
the procedure, was used to convert the new epoxy resin into a
thermoset material (Fig. 2). Methylene dianiline has an excel-
lent thermal stability and provides exceptional mechanical
property to the thermoset polymer [12]. Two amine functions
are carried by methylene dianiline, and all four hydrogens are
interchangeable. The condensation reactions that take place
between the epoxide rings of the polymer and the amine
hardener are primarily the cause for the formation of the 3D
network [14].

The experimental protocol entails preheating stoichiomet-
ric amounts of resin and hardener. The OGTAPMDA resin
is heated to 60 °C, while the methylene dianiline is heated to
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120 °C. When the methylene dianiline is melted, it is com-
bined with the OGTAPMDA resin to form a single fluid
phase. We followed the same procedure to create a hybrid
nanocomposite. The latter is created through a reaction of
the previously synthesized epoxy resin with methylene dian-
iline in the presence of carbon nanotubes as reinforcement.
Finally, after mixing, we obtained samples with the reinforce-
ment evenly distributed throughout the polymer matrix.

2.3 Stoichiometric Coefficients Ratio
of the OGTAPMDA

To acquire the best characteristics, we cured the new octa-
functional epoxy resin, octaglycidyl ether tetra-aniline para
methylene dianiline (OGTAPMDA), in the presence of
methylene dianiline as a curing agent at stoichiometric
amounts [26].

@ Springer



Arabian Journal for Science and Engineering

N

v

Fig.2 OGTAPMDA epoxy resin cross-linked by MDA

NH,




Arabian Journal for Science and Engineering

2.3.1 Equivalent Weight (EEW) of Epoxy

EEW = M,(OGTAPMDA)
EEW 1162/ 8
EEW = 145.25g/eq

2.3.2 Equivalent Weight (AHEW) of Amine Hydrogen

AHEW = M,(MDA)/ f
AHEW =49.5g/eq

2.3.3 Calculation of the Weight Ratio

The weight ratio of the amine hardener to the octafunctional
resin, octaglycidyl ether tetra-aniline para methylene diani-
line (OGTAPMDA), is calculated as before, per 100 parts of
resin (Parts per hundred of resin: PHR) [8, 26]:

PHR of amine = AHEW/EEW
PHR of amine =49.5/145.25 x 100
PHR of amine = 34.07g/eq

According to the calculations of the epoxy equivalent and
the amine equivalent, we reacted 34.07 g of MDA for 100 g
of octafunctional epoxy resin, octaglycidyl ether tetra-aniline
para of methylene dianiline (OGTAPMDA).

2.3.4 Calculation of the Ratio to the Amount of Charge

The desired amount of carbon nanotube filler was calculated
according to the following equation [8, 26]:

Y% = x/resin+ MDA + x

x: the amount of octafunctional resin OGTAPMDA, y: the
amount of carbon nanotube filler.

2.4 Methods of Analysis
2.4.1 Viscometric Examination

An Ubbelohde viscometer was used to measure the viscosity.
The following are the measurement conditions:

o Capillary tube with a 1b viscometer for a series of dilution,
k (constant) = 0.051493.

e Temperatures measured in degrees Celsius: 25, 30, 35, 40,
45, 50, and 55

e Each time, three measurements are taken.

e Methanol is the solvent.

e The Hagenbach correction was determined using the
formula provided in DIN 51562 1 January 1999 (Measure-
ment of kinematic viscosity by means of the Ubbelohde
viscometer).

e The epoxy resin prepolymers were solubilized in methanol
with stirring at 25 °C.

2.4.2 Rheological Analysis

The rheological properties of the new octafunctional epoxy
resin (OGTAPMDA) were investigated using a HAAKE
RHMO1-RD rheometer.

2.4.3 Thermogravimetric Analysis

The thermogravimetric analysis (TGA) technique was used
to conduct our research on the thermal degradation of epoxy
resin nanocomposite materials and the degradation kinetics
through mass loss measurements. We used the SETARAM
TAG 24 apparatus for this purpose. The temperature rise rate
is 10 °C/min~!, with a temperature range from 0 to 600 °C
and a balance sensitivity of a 0.5 pg; the measurable mass
range was £ 200 mg.

2.4.4 SEM (Scanning Electron Microscopy)

The morphology of our elaborated nanocomposites was
observed using a scanning electron microscope. A JEOL-
JSM-5500 microscope was employed to make the obser-
vations. This method employs a beam of electrons that is
accelerated by a fixed potential that excites the surface of
the sample. Auger electrons are emitted when the primary
electrons are interacted with the material.

2.4.5 Computational Section

In the computational methodology, the study of OGTAP-
MDA/MDA and OGTAPMDA/MDA/CNTs material was
conducted using Materials Studio software. Thermal and
mechanical properties were evaluated based on these com-
posite models as depicted in Fig. 3.

Geometry optimization for OGTAPMDA/MDA and
OGTAPMDA/MDA/CNTs employed the "Smart" algorithm
with "Fine" quality settings. Convergence criteria included
energy tolerance of 10~* kcal/mol, force tolerance of 0.005
kcal/mol. A, stress tolerance of 0.005 GPa, and distance tol-
erance of 5 x 107> A. The maximum iteration limit was set to
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Fig. 3 Models considered for simulations with Amorphous structure a of OGTAPMDA/MDA and b OGTAPMDA/MDA/CNTs

10* for optimization. Energy calculations utilized the COM-
PASSIII (Version 1.0) forcefield [27], incorporating Ewald
summation for electrostatic terms with high accuracy and
van der Waals terms computed through atom-based summa-
tion. Mechanical property calculations involved a constant
strain method with two strains, up to a maximum of 3 X
10-3. Pre-optimization of the structure preceded mechani-
cal property calculations. In the calculation of mechanical
properties, a constant strain method was adopted, with two
strain levels considered, and the maximum strain set at 3 x
1073, Prior to the mechanical property calculations, struc-
tural pre-optimization was performed to ensure accurate
results. This approach, conducted within the Materials Stu-
dio software, allowed for a comprehensive analysis of the
OGTAPMDA/MDA and OGTAPMDA/MDA/CNTs materi-
als.

3 Results and Discussion
3.1 Viscosity Study

The viscometric properties of the new octafunctional epoxy
resin, octaglycidyl ether tetra-aniline para methylene dian-
iline (OGTAPMDA), as a function of temperature were
primarily investigated. The resin was dissolved in various
concentrations of methanol (5%, 10%, 15%, and 20%). We
then measured their viscosities with an Ubbelohde VB-1423
capillary viscometer at temperatures ranging from 30 to 55°
C. Figure 4 depicts the results obtained from the viscosity of
the systems (resin and solvent) as a function of temperature.
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Fig. 4 Variation in viscosity of the epoxy resin, OGTAPMDA as a func-
tion of the resin mass percentage at various temperatures

According to Fig. 4, the viscosity of the new multifunc-
tional epoxy resin OGTAPMDA increases as polymer mass
concentrations increase. This is evident because viscosity
rises as the molecular weight of the solute (resin) rises.
Furthermore, as the temperature raises, the new OGTAP-
MDA resin transitions from a viscous sate to a liquid state,
explaining the observed drop in measured viscosity. This
is due to the higher density of the epoxy resin used in the
OGTAPMDA/methanol combination, which results in more
interactions between the oxirane rings’ C-O bonds and the
epoxy resin’s Van Der Waals contacts. As the temperature
increases, the system’s viscosity (OGTAPMDA/methanol)
decreases, as expected. It changes from viscous to liquid.
As expected, the heat generated by the equipment weakens
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the bonds between OGTAPMDA macromolecules, lower-
ing their viscosity. These findings are consistent with those
reported by other researchers [12].

Dagdag et al. [12] investigated the temperature-dependent
viscometric behavior of four epoxy resins. They demon-
strated that the viscometric behavior of phenolic polymers
dissolved in chloroform is consistent independent of the
temperature of the system. The viscosity of amine polymer
systems increases with temperature. This is due to the evolu-
tion of the homopolymerization reaction, as the viscometric
behavior of the solute increases with molecular weight.
Bekhta et al. [28] proved that the viscometric characteristics
increase with the weight percentage of the trifunctional epoxy
resin, TGETMEP, added to the solution. Other investigations
have looked at viscometric properties as a function of mass
% and temperature. The viscosity of (epoxy resin/solvent)
systems increases in proportion to the polymer [29].

3.2 Rheological Properties

Determining the rheological properties of the prepared
nanocomposites, i.e., the macroscopic viscoelastic behav-
ior, has frequently allowed for a better understanding of
the relationship nanocomposites structures and CNTs par-
ticle reinforcement of resin. Rheology is thus situated at the
crossroads of structural determination and the physical char-
acteristics of nanocomposites. Furthermore, this technique
is frequently the key to comprehending and improving the
processing.

In this research, we were particularly interested in exam-
ining the rheological properties of nanocomposites prepared
from CNTs dispersed in an epoxy matrix (OGTAPMDA). We
tried to establish at least a qualitative connection between the
rheological behavior and the thermal parameters.

In the linear domain at 80 °C and in the frequency range
of 0.1 to 100 Hz, the moduli G’ and G" of the OGTAP-
MDA/MDA/ CNTs nanocomposites were measured; the
findings are shown in Figs. 5 and 6.

Figures 5 and 6 depict the evolution of the two modules of
conservation G* and loss G” as a function of the frequency
of solicitation for CNTs mass concentrations ranging from
0 to 2%. Although the addition of carbon nanotubes to the
OGTAPMDA prepolymer increases G’ significantly, there is
only a slight increase in G". The physical properties of our
formulated materials have been improved as a result of the
rheological findings [30].

This is due to an increase in the storage modulus G, which
indicates that the CNTs in the matrix are well dispersed. An
increase in the loss modulus G", on the other hand, attests
to the persistence of CNTs agglomeration in the system,
most likely due to the technique used for dispersion of the
nanofiller in the matrix, but the good dispersion of the CNTs,
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Fig.5 Elastic behavior as a function of frequency of nanocomposites
(OGTAPMDA/MDA/CNTs) at different formulations
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Fig.6 Variation of glassy behavior G” as a function of frequency of
nanocomposites (OGTAPMDA/MDA/ CNTs) at different formulations

as reflected by the increase in the modulus G’, remains dom-
inant.

These findings are comparable with those published by
Lim et al. [31] for charge dispersion.

Ma et al. [32] identified small CNT aggregation forma-
tions in a shear flow that disperse untreated CNTs. In contrast,
they found a uniform distribution of treated CNTs. Several
researchers investigated the viscoelastic properties of CNT-
dispersed systems. Fan et al. [33] define the qualities as the
method of dispersion, CNT aspect ratio, concentration, and
CNT interaction. As previously mentioned, the dispersed
systems given herein exhibit rheological properties that are
similar to various other reported results and are considered
rheologically normal. The rheological results correspond to
better physical properties of the materials we develop. In
line with the thermogravimetric results, we find a correlation
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between the optimization of rheological and thermal prop-
erties as CNT content increases in the matrix. Grich et al.
[34] investigated the rheological properties of nanocompos-
ites including dispersed CNT particles in the DGEBA. These
rheological properties have shaped the structures and inter-
actions that enable epoxy resins to cure with CNTs [35]. This
method is crucial for creating and applying nanocomposites.
Various NTC formulations employed in the DGEBA matrix
lead to increased G’ and G” values. The rheological proper-
ties of hybrid nanocomposites grew linearly as the percentage
of charge added. The authors discovered small aggregated
CNT forms in a shear flow of untreated CNT dispersion [36].
On the other hand, they discovered a uniform distribution of
treated CNTs. Several writers have demonstrated the proper-
ties of distributed CNT systems. The authors discovered that
the rheological behaviors were determined by the method of
dispersion of CNTs in the polymer matrix [33].

3.3 Thermal Behavior of OGTAPMDA/MDA/CNTs
Nanocomposites

Thermogravimetric analysis provides information on a
product’s thermal stability. The thermograms we acquired
allowed us to determine the cured polymer’s breakdown tem-
peratures. Furthermore, we provided the properties of this
material in accordance with conventional standards [37], as
follows:

e Tg: Temperature of beginning of degradation which cor-
responds to the loss of 2% in mass.

T10: Temperature at the loss of 10% of mass.

T'50: Temperature at the loss of 50% of mass.

S4r: Rapid degradation threshold.

Rs00: Residual fraction at 500°C.

In order to improve the thermal behavior of the base matrix
(OGTAPMDA/MDA), we added carbon nanotubes at various
concentrations. The results obtained are represented in Fig. 7.

TGA was used to evaluate the effect of adding CNTs
on the thermal stability of epoxy resin. Figure 7 shows the
TGA plots of the pure epoxy resin and its nanocompos-
ites reinforced with different wt.% CNTs. From the figures
above, the degradation temperature of the pure sample and
the nanocomposite samples containing 0.5, 1, and 2 wt.%
CNTs is different so that the degradation of the nanocompos-
ite samples occurs at a higher temperature. In other words,
by adding CNTs, we can conclude that the thermal stabil-
ity of the nanocomposite samples is increased. The reason
for this can be attributed to the very good thermal stability
of CNTs. CNTs are excellent thermal conductors that allow
applied heat to transfer through themselves so that the heat
is not concentrated in one place, delaying degradation [38].
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Fig. 7 Thermal properties of OGTAPMDA/MDA/CNTs formulations

These thermograms are comparable, with degradation
rates varying according to the rate of CNTs addition. All
of these results show that the cured OGTAPMDA resin has
good thermal resistance and that the addition of CNT par-
ticles has a positive effect on the thermal behavior of the
formulated nanocomposites, improving the thermal stabil-
ity of this epoxy resin. Table 1 categorizes the main thermal
properties of these nanocomposites:

As can be seen from Table 1, the weight loss tempera-
ture of the nanocomposite samples containing 0.5, 1, and 2
wt.% CNTs equivalent to 10% weight loss of the epoxy sam-
ple increased by 19.51, 25.17, and 30.59 °C, respectively,
compared to the pure epoxy sample. In addition, the epoxy
samples containing 0.5, 1, and 2 wt.% CNTs corresponded
to 50% weight loss of the epoxy sample, and the weight loss
temperatures increased by 12.59, 25.03, and 44.8 °C, respec-
tively, compared to the pure epoxy sample. The reason for
this can be attributed to the very good thermal stability of
CNTs and the surface interactions between CNTs and epoxy
[39].

A study on pure epoxy resin and CNT-reinforced epoxy
matrix nanocomposites showed that by adding 0.5, 1 and
2 wt.% CNTs, the mass loss temperatures of 10% of these
materials were 386.07, 396.75, and 409.34 °C, respectively,
which is comparable to this work on a similar model [40].

The graph below depicts the evolution of 7’4 as a function
of the percentage of carbon nanotubes (CNTs) (Fig. 8):

The obtained results show that the addition of the filler
greatly increases the heat resistance of the formulated ther-
moset composite. The addition of 0.5% CNTs, for example,
raised the onset of OGTAPMDA/MDA/CNTs degradation by
33.02 °C. We also discovered that the percentage of carbon
nanotubes added affects thermal stability due to the strong
interactions between the CNTs and the epoxy matrix. At the
same time, the CNTs act as physical crosslinks and reduce
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Table 1 Thermal properties of

(OGTAPMDA/MDA/CNTSs) Mass of CNTs (%) Tq (°C) T10 (°C) Ts0 (°C) Sar (°C) R (%) (500 °C)
formulations
265,22 362,65 446,96 375,24 39,38
0.5 298,24 382,16 459,55 389 42,03
316,51 387,82 471,99 395,34 45,33
2 333,34 393,24 491,76 398,13 48,63
and the matrix. This is due to the good distribution and for-
330 - mation of homogenous networks of particles throughout the
matrix, resulting in efficient load transfer from the matrix
315 4 to the fillers. At high concentrations, particles aggregate due
to the increased filler-filler propensity and form lumps in
~ 300 - the matrix, which function as a defect in the structure of
51 nanocomposites and impair their mechanical and dynamic-
= 285 J mechanical properties [44].
270 3.5 Theoretical Study
555 : . . ' . 3.5.1 Calculation of Mechanical Properties and Thermal
0.0 0.5 1.0 1.5 2.0 Conductivity

Mass of CNT (%)

Fig.8 Evolution of 74 as a function of the percentage of CNTs

the fluidity of the polymer matrix; hence, the glass transition
temperature increases [41].

In agreement with the rheological results, we see a correla-
tion between rheological property optimization and thermal
property optimization due to the increased CNTs rate in the
matrix.

Table 2 displays the thermal properties of epoxy compos-
ites as reported by various researchers.

3.4 Morphology of Nanocomposites
(OGTAPMDA/MDA/CNT)

The fractured surfaces were examined using SEM to deter-
mine the uniformity of the CNT dispersion in the epoxy
junction. Figure 9 depicts photographs taken with a scanning
electron microscope of the morphology of various formula-
tions of cross-linked thermoset nanocomposites (OGTAP-
MDA/MDA/CNTS).

SEM images of OGTAPMDA/MDA/CNT nanocompos-
ites at 1 and 2 wt.% demonstrate that carbon nanotube fillers
are evenly distributed throughout the matrix. Furthermore,
in OGTAPMDA/MDA/CNT nanocomposites, the 2 wt.%
filler content has an excellent dispersion [43]. Based on
these images and the rheological property measurements, it
is possible to predict that at these concentrations, an effec-
tive interfacial interaction has developed between the filler

3.5.1.1 Mechanical Properties The simulation of materials
using computational methods has become a valuable tool for
understanding and predicting their mechanical and thermal
properties. In this study, we utilized the Materials Studio
software package to investigate the mechanical and thermal
conductivity properties of OGTAPMDA/MDA and OGTAP-
MDA/MDA/CNTs.

The stress—strain relationship of materials can be deter-
mined using the generalized Hooke’s law [45] as depicted in
Egs. (1):

cr,-:C,-jej (])

Equation (1) relates to the stress—strain relationship, where
o ; represents the stress, Cj; is the calculated elastic stiffness
coefficient matrix, and ¢; denotes the strain tensor.

The lame constants A and p, as expressed in Egs. (2) and
(3), play a significant role in the formulation [46]:

1 2

A= §(C11 +Cxn +C33) — §(C44+C55+C66) (2)
1

w= §(C44 + Cs5 + Cep) 3)

Mechanical properties are crucial indicators of material
strength, represented by different moduli. Elastic modulus
(E) measures stiffness and deformation resistance, shear
modulus (G) indicates shear stress resistance and damage
resilience, bulk modulus (K) reflects macroscopic mechan-
ical properties, describing strain—stress connection, and (N)
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Table 2 Comparison of the thermal properties of various previous results

Composites T4 (°C) T (°C) Tso (°C) Sar (°C) R (%) (500 °C) Refs
OGTAPMDA/MDA 265 362 446 375 39 This work
OGTAPMDA/MDA/1% CNT 316 387 471 389 45

TGEHDSEP/MDA 195 374 478 373 38 [20]
TGEHDSEP/MDA/1%NTC 218 396 491 390 44

TGEDADPBA/MDA 192 281 371 320 25 [19]
TGEDADPBA/MDA/1%Zn0O 213 290 390 334 30

TGEDADPDS/MDA 471 653 744 643 39 [42]
TGEDADPDS/MDA/1%ZnO 486 659 749 647 42

DGEBA/MDA 212 285 372 342 22 [20]
DGEBA/MDA/1%CNT 232 298 393 360 37

Poisson’s ratio is a measure of the transverse contraction of
a material.

The elastic modulus, bulk modulus, shear modulus, and N
Poisson’s ratio are calculated by molecular dynamics using
the below formulas [26, 47]:

3M+2
g BGA+2)

P 4
G=n 5
2
A
== 7N
20+ )

The mechanical properties of OGTAPMDA/MDA and
OGTAPMDA/MDA/CNTs at 300 K, such as Young’s mod-
ulus, shear moduli, bulk modulus, Poison’s ratio, and com-
pressibility, were obtained through MD simulation and are
presented in Table 3.

The provided results demonstrate that the Young’s mod-
ulus of OGTAPMDA/MDA is 0.6921 GPa, while the
Young’s modulus of OGTAPMDA/MDA/CNTs is signifi-
cantly higher at 1.3192 GPa. The Young’s modulus is a
measure of a material’s stiffness and its ability to resist
deformation when subjected to an applied force. The higher
Young’s modulus value for OGTAPMDA/MDA/CNTs com-
pared to OGTAPMDA/MDA indicates that the addition of
carbon nanotubes (CNTs) to the composite has substantially
increased its stiffness and mechanical rigidity.

Certainly, in the context of shear modulus, the results
reveal that OGTAPMDA/MDA has a shear modulus of
0.2139 GPa, while the incorporation of carbon nanotubes
(CNTs) in OGTAPMDA/MDA/CNTs has notably elevated
the shear modulus to 0.3717 GPa. This disparity indicates that
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the composite with CNTs reinforcement possesses enhanced
shear resistance and structural integrity compared to the
OGTAPMDA/MDA alone.

Certainly, the comparison of bulk modulus values reveals
interesting insights. For OGTAPMDA/MDA, the bulk mod-
ulus is noted as — 0.9799 GPa, whereas for OGTAP-
MDA/MDA/CNTs, it slightly shifts to — 0.8009 GPa.
Evidently, the introduction of carbon nanotubes seems to
have a mitigating effect on the bulk modulus, making it less
negative. This alteration in bulk modulus signifies a nuanced
change in the composite’s responsiveness to compression,
indicating a potential interplay between the matrix and car-
bon nanotube additives that warrants further exploration.

The calculated Poisson’s ratio of 0.6178 for OGTAP-
MDA/MDA suggests that this material tends to slightly
expand laterally when subjected to axial stress, whereas the
Poisson’s ratio of 0.7746 for OGTAPMDA/MDA/CNTs indi-
cates a relatively higher tendency for lateral expansion under
similar conditions, possibly due to the presence of carbon
nanotubes enhancing the material’s deformation capabilities
perpendicular to the applied load.

The compressibility values of 19,552 for OGTAP-
MDA/MDA and 4615.7742 for OGTAPMDA/MDA/CNTs
indicate the materials’ ability to be compressed or compacted
under pressure. The values provided suggest that OGTAP-
MDA/MDA/CNTs is more compressible than OGTAP-
MDA/MDA, potentially due to the addition of carbon nan-
otubes (CNTs) in the former material.

3.5.2 Thermal Conductivity

Molecular dynamics has been used extensively employed
for computing the thermal conductivity of polymeric materi-
als using various approaches [2, 48]. Among these methods,
the reverse non-equilibrium molecular dynamics (RNEMD)
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Fig. 9 Photographs of nanocomposites (OGTAPMDA/MDA/CNTs) formulated with different percentages of carbon nanotubes

Table 3 Mechanical properties of

OGTAPMDA/MDA and OGTAPMDA/MDA OGTAPMDA/MDA/CNTs
OGTAPMDA/MDA/CNTs

Young’s modulus (GPa) 0,6921 1,3192

Shear modulus (GPa) 0,2139 0,3717

Bulk modulus (GPa) —0,9799 —0,8009

Poisson’s ratio 0,6178 0,7746

Compressibility (1/TPa) 19,552 4615,7742
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technique has gained popularity due to its quicker conver-
gence time of temperature gradient [49].

_ 0
= dT /dx ®)

where Q is the energy flux in the x-direction, dT/dx
denotes the temperature gradient, and the negative sign sig-
nifies that the energy flux is directed opposite to the gradient.

The energy flux is induced by exchanging the energy AE
between two fixed layers in the system at every time interval
At. The equation governing this process is as follows:

1 AE

O=3Aar

C))

Here, A represents the area perpendicular to the direction
of the energy flux, and the factor of 2 arises from the periodic
boundary condition.

After equilibrium was attained, the thermal flux caused by
the temperature gradient balanced the artificial energy flow,
and the temperature profile of the OGTAPMDA/MDA and
OGTAPMDA/MDA/CNTs was calculated by time averag-
ing, as shown in Fig. 10.

The thermal conductivity was able to be calculated based
on Egs. (8), (9), as indicated in Fig. 11.

The results were obtained through computational calcu-
lations of the thermal conductivity of these materials. The
thermal conductivity values of (0.13244 £ 0.0008) W/m/K
for OGTAPMDA/MDA and (0.10817 4 0.0017) W/m/K for
OGTAPMDA/MDA/CNTs indicate their respective abilities
to conduct heat. This decrease indicates that the presence
of carbon nanotubes has influenced the material’s heat con-
duction properties, possibly due to changes in the material’s
microstructure or phonon scattering effects. The precision
of the values is reflected in the narrow uncertainty range,
reinforcing the reliability of the measurements.

4 Conclusions

The originality of our study stems from the development
of new molecular structures comprising epoxy groups and
nitrogen atoms, which are capable of imparting extraordinary
qualities to the final materials, particularly thermal stability
and adherence to various substrates. On the other hand, the
addition of carbon nanotubes to these new resins has substan-
tially improved their qualities. The study of the rheological
properties of these materials is also an additional asset of our
study.

The current study enabled us to evaluate our epoxy resin
and identify the factors that influence the thermal stability of
our new thermoset material resin.
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Carbon nanotubes showed the potential to noticeable
advantages to epoxy-type polymers, and some drawbacks
were identified, such as an increase in the density of the
nanocomposites when high levels of CNTs are used, result-
ing in an increase in the viscosity of the polymer. On the other
hand, SEM images of the various prepared nanocomposites
(OGTAPMDA/MDA/CNTSs) show that the carbon nanotubes
are well dispersed in the polyepoxide matrix.
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The thermogravimetric measurements of the synthesized
nanocomposites reveal a rise in the thermal stability of the
base matrix in proportion to the percentage of CNTs, despite
the usage of tiny amounts of CNTs.

After the inclusion of carbon nanotubes, rheological
examinations of the nanocomposites reveal a similarity
between the thermal and rheological properties. This explains
how the CNT particles enhance the nanocomposites’ thermal
and rheological characteristics.
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