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Abstract   
Amine-terminated aromatic amide oligomer (ATAAO) was used to cure diglycidyl ether of bisphenol A epoxy resin. P-phe-
nylenediamine (PPDA) and isophthaloyl chloride (IPC) underwent a condensation reaction to synthesize the oligomer 
using dimethyl acetamide (DMAc) as the solvent. The successful synthesis and semi-crystalline nature of oligomer was 
confirmed using 1HNMR, FT-IR, and X-ray diffraction, respectively. The curing reaction was carried out by mixing ATAAO 
and diglycidyl ether of bisphenol A (DGEBA) epoxy resin in DMAc, followed by curing at 363.15 K and 393.15 K for 30, 
60, 90 and 120 min, respectively. Moreover, the ring-opening curing phenomenon in epoxy was confirmed by 1HNMR and 
FT-IR. XRD analysis revealed the amorphous nature of the cured epoxy. Thermal analysis revealed an increase in thermal 
stability (553.21 K to 580.32 K) and glass transition temperature (423.21 K to 481.61 K) with increasing curing temperature 
(363.15 K to 393.15 K) and curing duration (30 min to 120 min). Stress–strain analysis revealed an increase in Young’s 
modulus (5.93 MPa to 41.09 MPa) and stress at the break (7.79 MPa to 31.92 MPa) of cured epoxy films with changing cur-
ing conditions. Moreover, a homogeneous surface of cured epoxy films containing slight bumps and small globular without 
any phase separation was observed in scanning electron micrographs.
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Abbreviations
ATAAO	� Amine terminated aromatic amide oligomer.
PPDA	� P-phenylenediamine
IPC	� Isophthaloyl chloride
DMAc	� Dimethyl acetamide
1HNMR	� Proton-nuclear magnetic resonance
FT-IR	� Fourier transform infrared
DGEBA	� Diglycidyl ether of bisphenol A
MTHPA	� Methyl tetrahydro phthalic anhydride
NA	� Nadic anhydrie
ODA	� Oxydianiline
HDA	� Hexmethylenediamine

Introduction

Curing is a process wherein functional groups present in 
a polymer react in such a way as to produce a crosslinked 
three-dimensional network which ultimately leads to the 
preparation of a hard, infusible and rigid material with 
enhanced properties and applications. [1–3]. The curing of 
epoxy resins, and conversion of epoxide groups, is mainly 
done by adding curing agents or curing catalysts. The cur-
ing agents are polyfunctional compounds such as aliphatic 
or aromatic amines, carboxylic acids, anhydrides, Lewis’s 
acids, and polyamides that are used with an epoxy resin in 
a definite stoichiometric ratio, whereas the curing catalysts 
are monofunctional compounds that are responsible to self-
polymerize the epoxy resin and are always used in much 
lower amounts than the stoichiometric ratio, e.g., metal salts 
complexes and ammonium and phosphonium salts [4–6]. 
Kexin and his co-workers studied the effects of different 
anhydride curing agents such as nadic anhydrie (NA) and 
methyl tetrahydro phthalic anhydride (MTHPA) on the ther-
momechanical properties of diglycidyl ether of bisphenol 
A (DGEBA). They claimed that the DGEBA/NA system 
had a greater glass transition temperature (Tg) and Young's 
modulus than the DGEBA/MTHPA system [7]. Moreover, 
the effect of 12 different amine curatives on the curing of 
DGEBA coatings was investigated in 2021 wherein research-
ers also compared the curing regime and performance of 
DGEBA coating with an epoxy synthesized from eugenol 
[8].

The epoxy resin can be used in a wide range of products, 
such as adhesives, bridge coatings, automotive primers, 
electrical insulation materials, dental bonding agents, flame 
retardants, wall panel coatings, flooring, glues, laminates, inks, 
paints, model making, and primers, plastic products, surface 
coatings, and varnishes [9–11]. Moreover, it also works as an 
encapsulating agent and finds potential application in prepar-
ing diverse composite materials [12–14]. However, the curing 
process significantly influences the strength of adhesive joints 
and composites formed with epoxy [15–17]. In this context, 

Luo et al. investigated the effect of curing temperature on the 
thermomechanical, morphological, and mechanical proper-
ties of DGEBA epoxy-poly (ɛ-caprolactone) blends. Addi-
tionally, they discussed the effects of temperature changes on 
phase separation in cured epoxy above and below the melting 
point (Tm) of poly (ɛ-caprolactone) [18]. Zahra et al. cured 
DGEBA epoxy with amine-type oligomers synthesized by 
the polycondensation reaction of isophthaloyl dichloride with 
oxydianiline (ODA) and hexmethylenediamine (HAD). They 
also investigated the morphological, structural, and mechani-
cal features of the cured epoxy systems wherein epoxy cured 
with the oligomer synthesized from ODA posed higher ther-
mal and mechanical values than the oligomer prepared from 
HAD [19]. Another research examined the curing procedure 
and mechanical characteristics of DGEBA epoxy resin using 
primary amine as a curing agent in various ratios [20]. Differ-
ent amino acids have also been utilized as curing agents for 
DGEBA epoxy resin in many studies wherein the results high-
lighted the significant impact of curing agents’ structure and 
curing conditions on the thermo-mechanical properties of the 
epoxy [21–23]. Huang et al. used low molecular weight poly-
amide as a curing agent to improve the thermal and mechanical 
properties of epoxy resin [24]. Recently, researchers have also 
investigated ionic liquids as curing agents to cure the epoxy 
resins at different curing conditions [25, 26].

Numerous investigations have demonstrated the critical role 
of curatives and curing conditions in improving the various 
properties of the DGEBA epoxy [15–20, 27]. Moreover, vari-
ous studies explained the role of aliphatic amines as curing 
agents for epoxies at specific temperatures and duration. How-
ever, there is a limited study about the use of amine-terminated 
aromatic amide for curing DGEBA epoxy while varying cur-
ing temperature and time. Therefore, an effort has been made 
here to explore the effect of curing temperature and duration 
on the curing of DGEBA epoxy by employing the synthesized 
ATAAO. Amine-terminated aromatic amide oligomer is pre-
ferred among other curatives for epoxy curing due to its sta-
bility, and superior thermal, mechanical and solvent-resistant 
properties [19, 20, 27]. The ATAAO cured epoxy was charac-
terized by a Fourier transform infrared spectrometer (FT-IR), 
proton nuclear magnetic resonance (1HNMR) spectrometer, 
x-ray diffractometer (XRD), scanning electron microscope 
(SEM), thermogravimetric analyzer/differential scanning cal-
orimeter (TGA/DSC), and universal testing machine (UTM) 
for the evaluation of structural, morphological, thermal and 
tensile properties.
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Experimental

Materials

Isophthaloyl chloride (IPC; Fluka, 98%), p-Phe-
nylenediamine (PPDA; Aldrich, 97%), anhydrous N, 
N′-dimethylacetamide (DMAc; Aldrich, 98.8%), triethyl 
amine (TEA; Fluka, 98.9%), and methanol (Aldrich, 99%) 
were employed as received for the synthesis of ATAAO. 
To determine the viscosity and average molecular weight 
of the synthesized ATAAO, the oligomer was dissolved in 
H2SO4 (Scharlau, 96%). Moreover, the epoxy used in this 
investigation was DGEBA with 221 g/epoxide equivalent 
weight (EEW).

Synthesis of amine‑terminated aromatic amide 
oligomer (ATAAO)

Utilizing low-temperature condensation polymerization, 
3  mol of PPDA and 2  mol of IPC undergo a reaction 
to synthesize ATAAO [28]. For a typical synthesis, the 
weighed amount of PPDA was taken in a quick-fit coni-
cal flask with an accuracy of ± 0.0001 g and dissolved 
in anhydrous DMAc with continuous stirring at room 

temperature. The conical flask, containing completely 
dissolved PPDA, was placed inside a chilling unit and the 
temperature of the unit was maintained at 278.15 K. The 
chilling unit consisted of a sealed stainless-steel box with 
inlet and outlet ports for circulation of the chilled liquid 
wherein methanol was used as a coolant. Then, a weighed 
quantity equivalent to 2 mol of IPC was taken in a beaker 
with an accuracy of ± 0.0001 g and dissolved in anhydrous 
DMAc. The dissolved IPC was poured into a dropping 
funnel coupled with a PPDA-containing conical flask. The 
dropping funnel valve was open while adjusting the flow of 
IPC solution at a speed of one drop per minute to transfer 
it into the PPDA solution for condensation reaction under 
vigorous stirring till the completion of the reaction. The 
formed HCl during the condensation reaction was scav-
enged as a white precipitate of triethyl ammonium chlo-
ride by adding triethylamine (TEA). The white precipates 
were filtered out whereas the filtrate, which contained the 
required oligomer, was further treated with methanol to 
precipitate the ATAAO. The precipitates were washed 
with methanol and water and then dried in a vacuum pump 
for 48 h at 333.15 K. The chemical reaction for the syn-
thesis (Scheme 1) of ATAAO from its monomers is given 
in Fig. 1.

Fig. 1   Synthesis of amine-
terminated aromatic amide 
oligomer (ATAAO)
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Curing of DGEBA Epoxy

In this study, 0.014 mol of DGEBA were dissolved in 
DMAc, and then 0.014 mol of ATAAO were added to the 
epoxy solution at room temperature and stirring was con-
tinued till the formation of a homogeneous solution fol-
lowed by the pouring of solution into a Teflon petri dish. 
The petri dish was kept in a desiccator, that was attached 
to a vacuum pump, at 333.15 K for twelve hours to remove 
air bubbles and solvent. The dried sample was then shifted 
to the oven for studying single-step curing at 363.15 K for 
30 min. A similar procedure (Scheme 2) was adopted to 
cast the other seven films at different curing conditions 
mentioned in Table 1. The cured films were then removed 
from the petri dishes and labeled summarized in Table 1. 
The thickness of the films was found to be 0.45 ± 0.02 mm 
using a screw gauge.

Characterization

The synthesized materials were characterized with 
400 MHz NMR (Bruker Corporation, Billerica, Massachu-
setts, United States), Nicole Nexus 470 FTIR (Thermo Fis-
cher Scientific, Waltham, Massachusetts, United States), 
and 3040/60 X’Pert PRO XRD (PANalytical, Almelo, the 
Netherlands). SDT Q600 TGA/DSC analyzer (TA instru-
ments, New Castle, Delaware, United States) was used to 
obtain the thermogravimetric (TG) and differential scan-
ning calorimetry (DSC) curves of the cured epoxy samples 
at a heating rate of 20 K/min from 298.15 K to 873.15 K 
in a nitrogen environment. The tensile analysis of cured 
epoxy was performed on an M500-30CT universal testing 
machine (Testometric Co.Ltd., Rochdale, United King-
dom) using American Society for Testing and Materials 
(ASTM) standard D-882. Moreover, the surface morphol-
ogy of the partially (EA-1) and completely (EA-8) cured 
epoxy films were also evaluated using a JSM-6490LA 

Table 1   Curing conditions and labeling of films

Curing Conditions Film Label

Temperature (K) Duration (min)

363.15 30 EA-1
363.15 60 EA-2
363.15 90 EA-3
363.15 120 EA-4
393.15 30 EA-5
393.15 60 EA-6
393.15 90 EA-7
393.15 120 EA-8

Scheme 1   Schematic route for the synthesis of amine-terminated aro-
matic amide oligomer

Scheme  2   Schematic route for the preparation of amine-terminated 
aromatic amide oligomer cured DGEBA epoxy resin
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scanning electron microscope (JEOL Ltd., Akishima, 
Tokyo, Japan).

Results and discussion

Proton NMR Spectroscopy

The chemical structure of the ATAA oligomer and the cur-
ing mechanism of DGEBA epoxy resin with the synthe-
sized oligomer were confirmed by 1H-NMR. Moreover, the 
position of different protons in the oligomer is provided in 
Fig. 2, whereas Fig. 3a-c shows the proton NMR spectra of 
the ATAA oligomer and uncured and cured epoxy resins, 
respectively. In Fig. 3a, the peak at 2.5 ppm is attributed to 
the DMSO-d6 solvent, and the peaks responsible for aro-
matic amide appear in the 6.6–8.5 ppm range.

Considering the above chemical structure, the termi-
nated amino protons “a” appeared as a broad band from 
3.2–3.7 ppm because of the quadruple moment and hydrogen 
bonding [29]. The doublet at 6.6 ppm is due to “b” protons. 
These are the ortho protons of the aromatic ring directly 
attached to the amino group. Since the shielding effect is 
dominant at the ortho position, therefore, these are upfield 
compared to other aromatic protons. The 7.4–8.5 ppm peaks 
are due to various aromatic protons (c, d, e, f, and g). The 
appearance of small broad bands at 10.1 and 10.5 ppm are 
attributed to the amide protons (h and i), respectively. These 
broad bands are due to hydrogen bonding in the molecu-
lar backbone and the quadruple moment. Two singlets that 
appear at 2.8 and 2.9 ppm are unidentified.

The representative 1H-NMR spectra of the uncured and 
cured epoxy were recorded and presented in Fig. 3a and b, 
respectively. The glycidyl terminal group in uncured epoxy 
is characterized by two fine peaks in the chemical shift (δ) 
range of 2.68–2.84 ppm. Another tiny band at 3.41 ppm is 
observed due to the small hydroxyl moiety in uncured epoxy. 
Therefore, the glycidyl terminal group peaks in the chemical 
shift range of 2.68–2.84 ppm corresponds to the epoxy ring 
protons used to study the epoxy curing via the ring-opening 
mechanism. A sharp singlet at 1.58 ppm is due to the methyl 
protons in uncured epoxy resin. When a reaction between 
the epoxy ring's electrophilic carbon and aromatic amide's 
nucleophilic amine took place, the epoxy ring proton peak 
disappeared, as shown in Fig. 3c. Therefore, in the 1H-NMR 
spectrum of ATAA oligomer-cured epoxy film, a doublet at 

2.55 ppm is observed due to methylene protons of the epoxy 
ring moiety generated after the ring-opening reaction.

A singlet at 1.75 ppm is attributed to the methyl protons 
of the epoxy that appeared in the cured sample. The OH 
proton in uncured epoxy appeared at 3.41 ppm, however, 
a broad range of 3.69–4.65 ppm is occupied by broad sig-
nals of OH protons after curing as shown in Fig. 3c. The 
environment of these protons is different because there are 
OH protons of parent epoxy and OH protons obtained after 
opening the oxirane ring. The doublets of various aromatic 
protons appeared at 6.84–7.14 ppm whereas in cured epoxy, 
these protons are observable in the range of 6.95–7.92 ppm. 
Moreover, the peak at 10.40 ppm is attributed to the D2SO4. 
Consequently, the disappearance of terminal epoxy dou-
blet and the appearance of multiple peaks corresponding to 
hydroxyl and other aliphatic protons in the 1H-NMR spec-
trum of cured epoxy confirm the curing of epoxy resin via a 
ring-opening mechanism. Moreover, the presence of charac-
teristics peaks with their respective chemical shifts in ATAA 
oligomer and uncured epoxy resin, and the disappearance/
shift of characteristics peaks observed in the cured epoxy 
resin are given in Table 2.

Structural evaluation using FTIR analysis

FT-IR analysis of amine-terminated aromatic amide oli-
gomer, uncured and cured epoxy films was conducted to 
study the changes in IR absorption bands before and after 
the curing reaction. The vibrational bands in oligomer, 
uncured, and cured epoxy were assigned, and compared 
with the help of literature values as shown in Fig. 4 [28]. In 
Fig. 4a, the intensity of primary amine bands, which usually 
appeared at 3400–3371.6 cm−1 in the p-phenylenediamine 
(PPDA) spectrum, significantly decreased due to the for-
mation of amide linkage in the oligomer [30]. Therefore, 
the broadband in the spectrum of oligomer at 3273.4 cm−1 
corresponds to the N–H bond stretching of both second-
ary amide and primary amines, which generally lie in the 
range of 3500–3200 cm−1. Usually, primary amines show 
two bands in this region. However, in some cases, when 
primary amine moieties are less than secondary amines, 
single broadband appears due to both secondary and pri-
mary amine stretching. An intense amidic carbonyl stretch-
ing band appeared at 1640.8 cm−1 and many weak bands 
appeared in the range of 3070–2600 cm−1 corresponding to 
the extending of aromatic C-H bonds. Some intense bands 

Fig. 2   The representative 
chemical structure of ATAA oli-
gomer with designated positions 
of different protons
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Fig. 3   The representative 1H-
NMR of (a) ATAA oligomer, 
(b) uncured epoxy and (c) oli-
gomer cured DGEBA epoxy 
resin. The different colors (red, 
blue, green, and yellow) show 
the type of protons present in 
the spectrum and their respec-
tive chemical structures
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appeared in the range of 1605.4–1401.2 cm−1 due to the 
C = C and C-N bond widening of aromatic rings, and the 
bands in the range of 1350–1000 cm−1 are most probably 
due to the phenyl-C-N stretching and because of the interac-
tion between N–H winding and C-N stretch of the C-N–H 
(1252.4 cm−1) groups.

The uncured DGEBA epoxy resins FTIR spectrum is 
shown in Fig. 4b, and Table 3 presents the different absorp-
tion bands for CH2 and CH3, Ar–C = C-H bending, epoxy 
CH2-(O- CH-) ring extending vibration and -C-Ar–O-C 
stretching. The presence of epoxy groups was verified due to 
the existence of absorption bands at 3,056.6 and 913.5 cm−1. 
In diglycidyl ether of bisphenol A-type epoxy, a bending 
band originating from the epoxy ring was observed at 
913.8 cm−1. Two stretching bands of aliphatic C-O were 
observed at 1031 and 1181.6 cm−1. An intense phenyl-O 
band was observed at 1228.4 cm−1, and three C–C extend-
ing bands of the aromatic nucleus were observed at 1506.4, 
1581.1, and 1606.1  cm−1. Three bands of aliphatic C-H 
stretching were noticed at 2870.4, 2926.5, and 2964.7 cm−1, 
while the epoxy group stretching band was observed at 
3056.6  cm−1. Finally, a broad O–H extending band was 
detected at 3505 cm−1.

However, after the epoxy curing reaction, few IR vibra-
tions related to epoxy group disappeared, and the increase in 
the intensity of the O–H stretching band was noticed due to 
the formation of few more OH groups, as shown in Fig. 4c. 
Therefore, the disappearance of these IR absorption bands 
ascertains the curing of diglycidyl ether of bisphenol A-type 
epoxy resin as a result of curing with amine-terminated aro-
matic amide oligomer. The disappearance of terminal epoxy 
ring bands and the appearance of hydroxyl and some ali-
phatic bands are presented in Table 3, which confirms the 
curing of epoxy resin via the ring-opening mechanism.

The extent of curing by FTIR Spectroscopy

The partial IR spectra in Fig. 5 represent a gradual decrease 
in the epoxy ring peak (913 cm−1) with a decrease in curing 
temperature and time. The extent of curing (αIR) was deter-
mined using the following equation by calculating the peak 
area of the epoxy ring peak that appeared at 913 cm−1 [31].

where “At” is the peak area after a certain time (t) and “Ao” 
is the peak area at time zero.

Figure  5 shows that the extent of epoxy conversion 
increases with an increase in curing duration at 363.15 and 
393.15 K, respectively. Wherein, a faster epoxy conversion 
(~ 86%) was noticed in the first 60 min. in comparison to 
the final 60 min at 363.15 K curing temperature. Whereas 
at 393.15 K curing temperature, ~ 94% epoxy conversion 
was observable in the initial 30 min. which was further 
approached to ~ 100% conversion during 120 min. of curing 
as shown in Table 4. A greater extent of curing was also 
observed by a few researchers with increasing curing tem-
perature even at the same curing time [32, 33]. This increase 
in the extent of epoxy conversion at higher temperatures 
can be attributed to the availability of sufficient activation 
energy to enhance the reaction kinetics whereas longer cur-
ing duration may help in the completion of the cross-linking 
reaction.

XRD analysis

Figure 6 presents the XRD pattern of the ATAAO and 
cured epoxy wherein five diffractions were observed for the 
oligomer at 2θ values of 18.04, 20.91, 24.57, 28.05, and 
41.34 with d-spacing 4.92, 4.25, 3.62, 3.18, and 2.18 Å, 
respectively. These diffractions show some crystallinity in 
the structure of the oligomer that can be due to the para and 
meta linkages. Whereas a broad peak appears in the XRD 
pattern of cured epoxy describing the amorphous nature 
of the ATAAO-cured epoxy. It is worth noting that dur-
ing the curing, the cross-linking reaction between ATAAO 
and epoxy disrupts the existing crystalline nature of the 
oligomer.

Thermal analysis

The thermogravimetric curves of the ATAAO-cured epoxy 
films are presented in Fig. 7. Where a single-step decompo-
sition was observed for all cured samples. The slow weight 

(1)�
IR
= 1 −

A
t

A
o

Table 2   1H NMR data of the 
uncured epoxy, oligomer, and 
oligomer cured epoxy

Sr.# Proton Uncured epoxy resin
(δ ppm)

Oligomer
(δ ppm)

Cured epoxy resin
(δ ppm)

1 Terminal amine _ 3.2–3.7 Disappear
2 Amide _ 10.11 and 10.49 Disappear
3 Aromatic 6.84–7.14 6.57–8.54 6.95–7.92
4 Epoxy ring 2.68–2.84 _ Disappear
5 Methyl 1.58 _ 1.75
7 Hydroxyl 3.41 _ 3.69–4.65
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loss in the first part of the TG curves till 530 K is attributed 
to the evaporation of moisture and solvent present in the 
samples. This loss was found relatively greater in the sample 
cured at 363.15 K for 30 min in comparison to other sam-
ples. Moreover, the initial degradation temperature (Tonset) 
and temperature at 10% weight loss (T10) were considered 
(Table 5) to estimate the thermal stability of the cured 

samples. The initial degradation in cured epoxy is mainly 
attributed to the breakage of side chains and oligomeric con-
tent [34, 35]. Above 580 K in the completely cured sample 
(EA-8), a rapid decomposition due to the major chains of the 
epoxy while producing volatile gases was observable with 
maximum degradation at ~ 672 K. However, the remaining 
material was decomposed between ~ 700 K and ~ 875 K as 

Fig. 4   The representative FTIR 
spectra of (a) ATAA oligomer, 
(b) uncured epoxy, and (c) 
oligomer cured DGEBA epoxy 
resin
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shown in Fig. 7. Moreover, Tonset, T10, and Tmax were esti-
mated and presented in Table 5. The almost completely 
cured epoxy (EA-8) was observed stable up to ~ 582 K 
with ~ 625 K T10 value whereas EA-1 was thermally stable 
till ~ 553 K with significantly lower T10 value i.e. ~ 520 K. 
The T10 and Tonset values present the thermal stability of the 

EA-8 sample among other samples. The rise in tempera-
ture corresponding to initial degradation and 10% weight 
loss of the epoxy resin are the evidence for an increased 
thermal resilience with increasing curing temperature and 
duration. This difference was attributable to an increase 
in crosslinking density due to prolonged curing, which 

Table 3   FTIR data of the 
uncured epoxy, oligomer, and 
oligomer cured epoxy

Sr.# Functional group description Uncured epoxy
(cm−1)

Oligomer
(cm−1)

Cured epoxy
(cm−1)

1 Broad O–H stretching band 3505 weak - 3315–3290 strong
2 Epoxy ring stretching band 3056.6 – Disappear
3 Aliphatic –CH and –CH2 bands 2964.7, 2926.5 and 2870.4 – 2954,2920.5 and 2851
4 Intense phenyl-O band 1228.4 – 1217.7–1227.9
5 Aliphatic C-O stretching bands 1031. 3 and 1181.6 - 1030 and 1180.4
6 Epoxy ring bending band 913.5 – Disappear
7 Aromatic -C = C-H stretching band 1606.1 1605.4 1605.1–1605.8
8 Broad band of –NH stretching - 3273.4 -OH overlay
9 Secondary amides –NH bending _ 1562.7 Disappear
10 -OH bend - - 1643.1–1646.7

Fig. 5   The partial FTIR spectra 
of uncured (E) and ATAAO 
cured epoxy resins (EA-1 to 
EA-8) at (a) 363.15 K and (b) 
393.15 K curing temperatures

Table 4   Extent of conversion 
of the epoxy group at different 
curing temperatures and curing 
times

Curing Temperature

363.15 K 393.15 K

Sample Code Curing 
Time 
(min)

At αIR % αIR Sample Code Curing 
Time 
(min)

At αIR % αIR

EA-1 30 1.30 0.6438 64.38 EA-5 30 0.22 0.9397 93.97
EA-2 60 0.51 0.8603 86.03 EA-6 60 0.16 0.9562 95.62
EA-3 90 0.47 0.8712 87.12 EA-7 90 0.0065 0.9982 99.82
EA-4 120 0.36 0.9014 90.14 EA-8 120 0.0042 0.9988 99.88
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produced a network that was more precisely crosslinked and 
matched the results of the FTIR investigation. Moreover, 
the glass transition temperature (Tg) was also estimated for 
the samples from the curves obtained through differential 
scanning calorimetry (DSC) as shown in Fig. 8. Wherein, 
EA-8 sample posed a higher Tg value in comparison to par-
tially cured samples. This increase in Tg values with increas-
ing the curing temperature and duration is attributed to the 
higher degree of cross-linking which ultimately restricts 
the movement of chains in the rigid 3D epoxy network [36, 
37]. Previously, different amino acids were used as curing 
agents to cure DGEBA epoxy, wherein, L-tyrosine posed 
a significant role in improving the Tg (~ 461.45 K) of the 
epoxy [21]. Jeyranpour and coworkers also reported a higher 
Tg (~ 455 K) value of DGEBA epoxy cured with diethyl-
toluene diamine (DETDA) as compared to the epoxy cured 
with triethylenetriamine (TETA) curing agent [38]. Another 
study revealed the higher thermal stability (~ 583.15 K) 
of DGEBA epoxy resin cured with m-Phenylene diamine 
(mPDA) [39]. Moreover, Baig et al. reported the higher 
thermal stability (~ 645.15 K) of DGEBA epoxy resin cured 
by amine-terminated aromatic amide oligomer synthesized 
using oxydianiline and isophtahloyl chloride as compared 
to amine-terminated aliphatic amide oligomer prepared by 
mixing hexamethylenediamine and isophtahloyl chloride 
[19].

Stress–strain analysis of cured epoxy films

Stress–strain curves of ATAAO cured epoxy films are shown 
in Fig. 8. To assess the tensile properties of the cured epoxy 
films through representative stress–strain curves, rectangular 
strips of 40 × 7 × 0.05 mm3 dimensions were stretched at a 
crosshead speed of 2 mm/min at room temperature as per 
ASTM D-882 and three measurements were averaged for 
each sample. Except for EA-1 (Fig. 9a), no prominent yield 
point is observed in EA-2 to EA-8 samples which implies the 
absence of any neck formation and strain hardening in these 
samples. In such cases, both the maximum strength and the 
breaking strength become equal which are the characteristics 

Fig. 6   The representative diffraction patterns of (a) ATAA oligomer 
and (b) oligomer cured DGEBA epoxy resin

Fig. 7   The thermogravimetric (TG) curves of ATAAO cured epoxy 
samples (EA-1 to EA-8)

Table 5   Thermal properties of ATAAO cured epoxy samples obtained from thermogravimetric analysis

Curing Temperature

363.15 K 393.15 K

Sample Code Curing 
Time 
(min)

Tonset (K) T10
(K)

Tmax
(K)

Tg
(K)

Sample Code Curing 
Time 
(min)

Tonset (K) T10
(K)

Tmax
(K)

Tg
(K)

EA-1 30 553.21 520.15 660.56 423.21 EA-5 30 573.21 605.15 663.15 431.74
EA-2 60 558.49 604.15 662.26 426.90 EA-6 60 573.21 610.15 675.15 452.88
EA-3 90 559.63 607.15 667.15 430.62 EA-7 90 580.32 620.15 664.15 456.37
EA-4 120 573.14 620.15 664.15 435.20 EA-8 120 580.32 625.15 672.15 481.61
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Fig. 8   Estimation of Tg from 
the DSC (Exo Up) curves of 
ATAAO cured epoxy samples 
(EA-1 to EA-8)

Fig. 9   The Stress–strain curves 
of oligomer cured DGEBA 
epoxy samples at (a) 90 °C and 
(b) 120 °C curing temperatures
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of brittle materials. Table 6 displays the tensile properties 
such as Young's modulus, stress at break, and strain at break 
of the samples after curing at 363.15 K and 393.15 K for 
different curing durations.

Young’s modulus, which describes the stiffness of the 
material, is increased from 5.93 MPa to 41.09 MPa for 
EA-1 to EA-8 samples, respectively. The greatest stress 
that a material can bear while stretching before rupturing or 
deforming is known as stress at break, which determines the 
material's ultimate tensile strength. A higher tensile strength 
(31.92 MPa) is observable for the sample cured at 393.15 K 
for 120 min as shown in Fig. 9b. This higher strength at 
higher curing conditions can be attributed to the maxi-
mum crosslinking to form a 3D network of epoxy cured at 
393.15 K for 120 min. In addition, a greater extent of epoxy 
curing at 393.15 K can also be another reason to achieve 
higher tensile strength while facilitating earlier gelation [40, 
41]. Another tensile parameter i.e. strain at break, which 
measures the percentage change in length of the sample 

before fracture, describes the sample’s elongation (%). This 
property was found to be decreased while increasing curing 
temperature and duration due to an extensive crosslinking 
generated in the samples. However, the EA-1 sample pre-
sented more elongation, which was cured at 363.15 K for 
30 min, due to less possible crosslinking.

While comparing thermal and tensile properties, an 
increase in Young’s modulus of the samples is observable 
with an increase in the Tg value of the samples as shown 
in Tables 5 and 6. This increase in both glass transition 
temperature and Young’s modulus with curing temperature 
and duration is mainly attributed to the formation of a com-
plex 3D network of epoxy with ATAAO with increasing 
curing conditions [36, 37]. As the curing temperature and 
time increased, the process of epoxy curing with ATAAO 
approached completion while restricting the motion of 
chains in 3D cross-linked rigid structure which eventu-
ally led to the higher stiffness and Tg of the sample cured 
at 393.15 K for 120 min as compared to sample cured at 

Table 6   Tensile properties of 
ATAAO cured epoxy samples

Curing Temperature Curing Time
(min)

Sample Code Young’s 
Modulus 
(MPa)

Stress @ break
(MPa)

Strain @ break
(%)

363.15 K 30 EA-1 5.93 ± 0.16 7.79 ± 0.24 21.61 ± 0.27
60 EA-2 15.01 ± 0.13 12.28 ± 0.22 1.62 ± 0.19
90 EA-3 30.20 ± 0.06 3.10 ± 0.08 0.36 ± 0.08
120 EA-4 34.31 ± 0.02 7.41 ± 0.08 0.23 ± 0.11

393.15 K 30 EA-5 10.15 ± 0.24 3.10 ± 0.26 0.31 ± 0.26
60 EA-6 29.61 ± 0.25 7.38 ± 0.38 0.54 ± 0.52
90 EA-7 38.41 ± 0.16 20.79 ± 0.38 0.54 ± 0.27
120 EA-8 41.09 ± 0.20 31.92 ± 0.59 0.85 ± 0.41

Table 7   The comparison of thermal and tensile properties of cured DGEBA epoxy obtained in the present study with previous studies

Curing Agent Curing Temperature and Dura-
tion

Young’s 
Modulus 
(MPa)

Stress @ break
(MPa)

Tonset
(K)

Tg
(K)

Reference

Methyl tetrahydro phthalic 
anhydride (MTHPA)

393.15 K and 600 min 4140 NA NA 401.62 [7]

Nadic anhydrie (NA) 393.15 K and 600 min 4870 NA NA 427.48
Amine terminated aliphatic 

amide oligomer prepared from 
PDA and IPC

393.15 K and 60 min 23.01 44.1 370 NA [19]

Amine terminated aromatic 
amide oligomer prepared from 
ODA and IPC

393.15 K and 60 min 35.15 58.3 372 NA

Diaminodiphenyl sulfone 453.15 K and 120 min 2680 87.2 NA NA [20]
Different amino Acids 393.15 K and 443.15 K, and 

120 min
2600–3500 39.4–46.4 NA 371.25–461.45 [21]

Amine terminated aromatic 
amide oligomer prepared from 
PPDA and IPC

363.15 K and 393.15 K, and 30, 
60, 90 and 120 min

5.93–41.09 7.79–31.92 553.21–672.15 423.21–481.61 This study
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363.15 K for 30 min. Moreover, the formation of cross-
linked epoxy networks with different amine-type curing 
agents such as aliphatic, cycloaliphatic, and aromatic amines 
at variable curing temperatures and time is also evident in 
many studies wherein the cured epoxy posed improved ther-
mal and mechanical properties [42–45].

This investigation provides insight into the variation 
in the extent of curing, thermal, and tensile properties of 
the DGEBA epoxy cured with ATAAO by varying curing 
temperature and curing durations which were not studied 
before. Moreover, Table 7 presents the comparison of results 
obtained in this study with the previous studies.

Evaluation of Surface Morphology of Cured Epoxy 
Films

The microscopic images in Fig. 10 show a homogeneous 
structure without any phase separation of ATAAO-cured 
epoxy with slight bumps and small globular and low mois-
ture content. Moreover, the relatively stiff and rougher sur-
face of completely cured epoxy than the soft and smooth 
surface of partially cured epoxy (Fig. 10a & b) can be seen 
in the micrographs, which indicates how much curing tem-
perature and time are essential in the curing of epoxy resins. 
The presence of a smooth surface of neat epoxy as compared 

Fig. 10   The SEM images of 
EA-1 (a, c & e) and EA-8 (b, d 
& f) at different magnifications
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to the rough surface of cured epoxy was also noticed in two 
different studies [46–49].

Conclusions

A semi-crystalline amine-terminated aromatic amide oli-
gomer was synthesized successfully and characterized by 
1HNMR, FT-IR, and XRD. The disappearance of peaks 
corresponding to terminal epoxy (d), terminal amine (bb), 
and amide (bb), and the appearance of multiple peaks at 
3.69–4.65 ppm in 1HNMR confirmed the curing of DGEBA 
epoxy. Moreover, the ring-opening epoxy curing phenom-
enon was also confirmed by the absence of terminal epoxy 
ring bands and the appearance of hydroxyl and some ali-
phatic bands in FT-IR spectra. The extent of epoxy cur-
ing was varied while changing the curing conditions and 
maximum epoxy curing (~ 100%) was achieved at a cur-
ing temperature of 393.15 K and 120 min curing time. The 
increase in Tonset (553.21 K to 580.32 K), Tg (423.21 K to 
481.61 K), and Young’s modulus (5.93 MPa to 41.09 MPa) 
was attributed to the increase in the extent of cross-linking 
with increasing curing temperature and time. Moreover, an 
amorphous and homogeneous structure of ATAAO cured 
epoxy with slight bumps, small globular, and without any 
phase separation was observed which further led to an excel-
lent compatibility of epoxy resin for amine-terminated aro-
matic amide oligomer.

Acknowledgements  The authors extend their appreciation to the Dean-
ship of Research and Graduate Studies at King Khalid University for 
funding this work under grant number RGP2/148/45.

Author contributions  The manuscript was written with the contribu-
tions of all authors. All authors have approved the final version of the 
manuscript.

Data availability  The datasets generated during and/or analyzed during 
the current study are available from the corresponding author upon 
reasonable request.

Declarations 

Competing interest  The authors declare no conflict of interest.

References

	 1.	 Sheydaei M, Talebi S, Salami-Kalajahi M (2021) Synthesis, 
characterization, curing, thermophysical and mechanical prop-
erties of ethylene dichloride-based polysulfide polymers. J Mac-
romol Sci Part A: Pure Appl Chem 58:344–352. https://​doi.​org/​
10.​1080/​10601​325.​2020.​18572​67

	 2.	 Ramírez-Herrera CA, Cruz-Cruz I, Jiménez-Cedeño IH, 
Martínez-Romero O, Elías-Zúñiga A (2021) Influence of the 
epoxy resin process parameters on the mechanical properties of 

produced bidirectional [±45°] Carbon/epoxy woven composites. 
Polym 13:1273. https://​doi.​org/​10.​3390/​polym​13081​273

	 3.	 Liu K, Jiang Z, Zhao F, Wang W, Jäkle F, Wang N, Chen P 
(2022) Triarylboron-doped acenethiophenes as organic sono-
sensitizers for highly efficient sonodynamic therapy with low 
phototoxicity. Adv Mater 34(49):2206594. https://​doi.​org/​10.​
1002/​adma.​20220​6594

	 4.	 Lakshmi B, Shivananda K, Mahendra K (2010) Synthesis, char-
acterization and curing studies of thermosetting epoxy resin 
with amines. Bull Korean Chem Soc 31:2272–2278. https://​doi.​
org/​10.​5012/​bkcs.​2010.​31.8.​2272

	 5.	 Jiang H, Xie Y, Zhu R, Luo Y, Sheng X, Xie D, Mei Y (2023) 
Construction of polyphosphazene-functionalized Ti3C2TX 
with high efficient flame retardancy for epoxy and its synergetic 
mechanisms. Chem Eng J 456:141049. https://​doi.​org/​10.​1016/j.​
cej.​2022.​141049

	 6.	 Acebo C, Ramis X, Serra A (2017) Improved epoxy thermo-
sets by the use of poly (ethyleneimine) derivatives. Phys Sci 
Rev 2:20160128. https://​doi.​org/​10.​1515/​psr-​2016-​0128

	 7.	 Fu K, Xie Q, Lü F, Duan Q, Wang X, Zhu Q, Huang Z (2019) 
Molecular dynamics simulation and experimental studies on 
the thermomechanical properties of epoxy resin with different 
anhydride curing agents. Polym 11:975. https://​doi.​org/​10.​3390/​
polym​11060​975

	 8.	 Kalita DJ, Tarnavchyk I, Chisholm BJ, Webster DC (2021) 
Novel bio-based epoxy resins from eugenol as an alternative to 
BPA epoxy and high throughput screening of the cured coatings. 
Polymer 233:124191. https://​doi.​org/​10.​1016/j.​polym​er.​2021.​
124191

	 9.	 Shang W, Jiang H (2020) Preparation and properties of a novel 
fluorinated epoxy resin/DGEBA blend for application in elec-
tronic materials. High Perform Polym 32:793–800. https://​doi.​
org/​10.​1177/​09540​08320​902216

	10.	 Bahadur A, Shoaib M, Iqbal S, Saeed A, urRahman MS, Channar 
PAJR, Polymers F (2018) Regulating the anticancer drug release 
rate by controlling the composition of waterborne polyurethane. 
React Funct Polym 131:134–141. https://​doi.​org/​10.​1016/j.​react​
funct​polym.​2018.​07.​014

	11.	 Wan J, Bu Z-Y, Xu C-J, Li B-G, Fan H (2011) Learning about 
novel amine-adduct curing agents for epoxy resins: butyl-glycidy-
lether-modified poly (propyleneimine) dendrimers. Thermochim 
Acta 519:72–82. https://​doi.​org/​10.​1016/j.​tca.​2011.​02.​038

	12.	 Arimitsu K, Fuse S, Kudo K, Furutani M (2015) Imidazole deriva-
tives as latent curing agents for epoxy thermosetting resins. Mater 
Lett 161:408–410. https://​doi.​org/​10.​1016/j.​matlet.​2015.​08.​141

	13.	 Jin F-L, Li X, Park S-J (2015) Synthesis and application of epoxy 
resins: A review. J Ind Eng Chem 29:1–11. https://​doi.​org/​10.​
1016/j.​jiec.​2015.​03.​026

	14.	 Ignatenko VY, Ilyin SO, Kostyuk AV, Bondarenko GN, Antonov 
SV (2020) Acceleration of epoxy resin curing by using a combina-
tion of aliphatic and aromatic amines. Polym Bull 77:1519–1540. 
https://​doi.​org/​10.​1007/​s00289-​019-​02815-x

	15.	 Kumar D, Choudhary V (2020) Curing kinetics and thermal 
properties of imide containing phthalonitrile resin using aromatic 
amines. Thermochim Acta 693:178749. https://​doi.​org/​10.​1016/j.​
tca.​2020.​178749

	16.	 Rudawska A (2020) The influence of curing conditions on the 
strength of adhesive joints. J Adhes 96:402–422. https://​doi.​org/​
10.​1080/​00218​464.​2019.​16566​15

	17.	 Shao Z-B, Tang Z-C, Lin X-Z, Jin J, Li Z-Y, Deng C (2020) Phos-
phorus/sulfur-containing aliphatic polyamide curing agent endow-
ing epoxy resin with well-balanced flame safety, transparency and 
refractive index. Mater Des 187:108417. https://​doi.​org/​10.​1016/j.​
matdes.​2019.​108417

	18.	 Luo X, Liu X-F, Ding X-M, Chen L, Chen S-C, Wang Y-Z (2021) 
Effects of curing temperature on the structure and properties of 

https://doi.org/10.1080/10601325.2020.1857267
https://doi.org/10.1080/10601325.2020.1857267
https://doi.org/10.3390/polym13081273
https://doi.org/10.1002/adma.202206594
https://doi.org/10.1002/adma.202206594
https://doi.org/10.5012/bkcs.2010.31.8.2272
https://doi.org/10.5012/bkcs.2010.31.8.2272
https://doi.org/10.1016/j.cej.2022.141049
https://doi.org/10.1016/j.cej.2022.141049
https://doi.org/10.1515/psr-2016-0128
https://doi.org/10.3390/polym11060975
https://doi.org/10.3390/polym11060975
https://doi.org/10.1016/j.polymer.2021.124191
https://doi.org/10.1016/j.polymer.2021.124191
https://doi.org/10.1177/0954008320902216
https://doi.org/10.1177/0954008320902216
https://doi.org/10.1016/j.reactfunctpolym.2018.07.014
https://doi.org/10.1016/j.reactfunctpolym.2018.07.014
https://doi.org/10.1016/j.tca.2011.02.038
https://doi.org/10.1016/j.matlet.2015.08.141
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1007/s00289-019-02815-x
https://doi.org/10.1016/j.tca.2020.178749
https://doi.org/10.1016/j.tca.2020.178749
https://doi.org/10.1080/00218464.2019.1656615
https://doi.org/10.1080/00218464.2019.1656615
https://doi.org/10.1016/j.matdes.2019.108417
https://doi.org/10.1016/j.matdes.2019.108417


Journal of Polymer Research          (2024) 31:322 	 Page 15 of 16    322 

epoxy resin-poly (ε-caprolactam) blends. Polymer 228:123940. 
https://​doi.​org/​10.​1016/j.​polym​er.​2021.​123940

	19.	 Baig Z, Akram N, Zia KM, Saeed M, Khosa MK, Ali L, Sal-
eem S (2020) Influence of amine-terminated additives on ther-
mal and mechanical properties of diglycidyl ether of bisphenol A 
(DGEBA) cured epoxy. Appl Polym Sci 137:48404. https://​doi.​
org/​10.​1002/​app.​48404

	20.	 Odagiri N, Shirasu K, Kawagoe Y, Kikugawa G, Oya Y, Kishi-
moto N, Ohuchi FS, Okabe T (2021) Amine/epoxy stoichiometric 
ratio dependence of crosslinked structure and ductility in amine-
cured epoxy thermosetting resins. Appl Polym Sci 138:50542. 
https://​doi.​org/​10.​1002/​app.​50542

	21.	 Rothenhäusler F, Ruckdaeschel H (2023) Amino acids as bio-
based curing agents for epoxy resin: correlation of network struc-
ture and mechanical properties. Polym 15:385. https://​doi.​org/​10.​
3390/​polym​15020​385

	22.	 Rothenhäusler F, Ruckdaeschel H (2022) L-arginine as bio-
based curing agent for epoxy resins: temperature-dependence of 
mechanical properties. Polym 14:4696. https://​doi.​org/​10.​3390/​
polym​14214​696

	23.	 Walter M, Neubacher M, Fiedler B (2024) Using thermokinetic 
methods to enhance properties of epoxy resins with amino acids 
as biobased curing agents by achieving full crosslinking. Sci Rep 
14:4367. https://​doi.​org/​10.​1038/​s41598-​024-​54484-0

	24.	 Huang Z, Zhu H, Jin G, Huang Y, Gao M (2022) Thiourea modi-
fied low molecular polyamide as a novel room temperature curing 
agent for epoxy resin. RSC Adv 12:18215–18223. https://​doi.​org/​
10.​1039/​D2RA0​2693G

	25.	 Orduna L, Otaegi I, Aranburu N, Guerrica-Echevarría G (2023) 
Ionic liquids as alternative curing agents for conductive epoxy/
CNT nanocomposites with improved adhesive properties. Nano-
mater 13:725. https://​doi.​org/​10.​3390/​nano1​30407​25

	26.	 Orduna L, Razquin I, Otaegi I, Aranburu N, Guerrica-Echevarría 
G (2022) Ionic liquid-cured epoxy/PCL blends with improved 
toughness and adhesive properties. Polym 14:2679. https://​doi.​
org/​10.​3390/​polym​14132​679

	27.	 Rudawska A (2021) Mechanical properties of selected epoxy 
adhesive and adhesive joints of steel sheets. Appl Mech 2:108–
126. https://​doi.​org/​10.​3390/​applm​ech20​10007

	28.	 Xiong X, Zhou L, Ren R, Liu S, Chen P (2018) The thermal 
decomposition behavior and kinetics of epoxy resins cured with a 
novel phthalide-containing aromatic diamine. Polym Test 68:46–
52. https://​doi.​org/​10.​1016/j.​polym​ertes​ting.​2018.​02.​012

	29.	 Durga G, Narula A (2012) Curing kinetics and thermal stability 
of epoxy blends containing phosphorous-oxirane with aromatic 
amide-amine as curing agents. Chin J Polym Sci 30:694–704. 
https://​doi.​org/​10.​1007/​s10118-​012-​1169-4

	30.	 Shabbir S, Zulfiqar S, Sarwar MI (2011) Amine-terminated aro-
matic and semi-aromatic hyperbranched polyamides: synthesis 
and characterization. J Polym Res 18:1919–1929. https://​doi.​org/​
10.​1007/​s10965-​011-​9599-1

	31.	 Lu X, Li L, Song B, Moon K-S, Hu N, Liao G, Shi T, Wong C 
(2015) Mechanistic investigation of the graphene functionaliza-
tion using p-phenylenediamine and its application for supercapaci-
tors. Nano Energy 17:160–170. https://​doi.​org/​10.​1016/j.​nanoen.​
2015.​08.​011

	32.	 Benedetti A, Fernandes P, Granja JL, Sena-Cruz J, Azenha M 
(2016) Influence of temperature on the curing of an epoxy adhe-
sive and its influence on bond behaviour of NSM-CFRP systems. 
Compos B Eng 89:219–229. https://​doi.​org/​10.​1016/j.​compo​
sitesb.​2015.​11.​034

	33.	 Plazek D, Frund Z Jr (1990) Epoxy resins (DGEBA): The cur-
ing and physical aging process. J Polym Sci Part B: Polym Phys 
28:431–448. https://​doi.​org/​10.​1002/​polb.​1990.​09028​0401

	34.	 Nikolic G, Zlatkovic S, Cakic M, Cakic S, Lacnjevac C, Rajic Z 
(2010) Fast fourier transform IR characterization of epoxy GY 
systems crosslinked with aliphatic and cycloaliphatic EH poly-
amine adducts. Sens 10:684–696. https://​doi.​org/​10.​3390/​s1001​
00684

	35.	 Dai Z, Li Y, Yang S, Zhao N, Zhang X, Xu J (2009) Kinetics and 
thermal properties of epoxy resins based on bisphenol fluorene 
structure. Eur Polym J 45:1941–1948. https://​doi.​org/​10.​1016/j.​
eurpo​lymj.​2009.​04.​012

	36.	 Michel M, Ferrier E (2020) Effect of curing temperature condi-
tions on glass transition temperature values of epoxy polymer 
used for wet lay-up applications. Constr Build Mater 231:117206. 
https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2019.​117206

	37.	 Yu JW, Jung J, Choi Y-M, Choi JH, Yu J, Lee JK, You N-H, Goh 
M (2016) Enhancement of the crosslink density, glass transition 
temperature, and strength of epoxy resin by using functionalized 
graphene oxide co-curing agents. Polym Chem 7:36–43. https://​
doi.​org/​10.​1039/​C5PY0​1483B

	38.	 Jeyranpour F, Alahyarizadeh G, Arab B (2015) Comparative 
investigation of thermal and mechanical properties of cross-linked 
epoxy polymers with different curing agents by molecular dynam-
ics simulation. J Mol Graph Model 62:157–164. https://​doi.​org/​
10.​1016/j.​jmgm.​2015.​09.​012

	39.	 Abdulrazack N (2014) The Effect of Various Hardeners on the 
Mechanical and Thermal Properties of Epoxy Resin. Int J Eng 
Res 3:2662–2665. https://​doi.​org/​10.​17577/​IJERT​V3IS1​0876

	40.	 Lascano D, Quiles-Carrillo L, Torres-Giner S, Boronat T, Mon-
tanes N (2019) Optimization of the curing and post-curing con-
ditions for the manufacturing of partially bio-based epoxy resins 
with improved toughness. Polym 11:1354. https://​doi.​org/​10.​3390/​
polym​11081​354

	41.	 Thomas R, Yumei D, Yuelong H, Le Y, Moldenaers P, Weimin Y, 
Czigany T, Thomas S (2008) Miscibility, morphology, thermal, 
and mechanical properties of a DGEBA based epoxy resin tough-
ened with a liquid rubber. Polymer 49:278–294. https://​doi.​org/​
10.​1016/j.​polym​er.​2007.​11.​030

	42.	 Aziz T, Haq F, Farid A, Cheng L, Chuah LF, Bokhari A, Mubashir 
M, Tang DYY, Show PL (2024) The epoxy resin system: function 
and role of curing agents. Carbon Lett 34:477–494. https://​doi.​org/​
10.​1007/​s42823-​023-​00547-7

	43.	 Su Y, Iyela PM, Zhu J, Chao X, Kang S, Long X (2024) A Voro-
noi-based gaussian smoothing algorithm for efficiently generat-
ing RVEs of multi-phase composites with graded aggregates and 
random pores. Mater Desig 244:113159. https://​doi.​org/​10.​1016/j.​
matdes.​2024.​113159

	44.	 Yang X, Tang H, Li Y, Zhan Y, Li Y, Zhong F, Li K (2024) Syn-
thesis, characterization, and thermal pyrolysis mechanism of high 
temperature resistant phenolphthalein-based poly (arylene ether 
nitrile). Polm Degrad Stab 224:110754. https://​doi.​org/​10.​1016/j.​
polym​degra​dstab.​2024.​110754

	45.	 Jiang Y, Liu L, Yan J, Wu Z (2024) Room-to-low temperature 
thermo-mechanical behavior and corresponding constitutive 
model of liquid oxygen compatible epoxy composites. Compos 
Sci Technol 245:110357. https://​doi.​org/​10.​1016/j.​comps​citech.​
2023.​110357

	46.	 Fu JF, Shi LY, Yuan S, Zhong QD, Zhang DS, Chen Y, Wu J 
(2008) Morphology, toughness mechanism, and thermal proper-
ties of hyperbranched epoxy modified diglycidyl ether of bisphe-
nol A (DGEBA) interpenetrating polymer networks. Polym Adv 
Technol 19:1597–1607. https://​doi.​org/​10.​1002/​pat.​1175

	47.	 Pang B, Jin Z, Zhang Y, Xu L, Li M, Wang C, Song X (2022) 
Ultraductile waterborne epoxy-concrete composite repair mate-
rial: Epoxy-fiber synergistic effect on flexural and tensile per-
formance. Cem Concr Compos 129:104463. https://​doi.​org/​10.​
1016/j.​cemco​ncomp.​2022.​104463

https://doi.org/10.1016/j.polymer.2021.123940
https://doi.org/10.1002/app.48404
https://doi.org/10.1002/app.48404
https://doi.org/10.1002/app.50542
https://doi.org/10.3390/polym15020385
https://doi.org/10.3390/polym15020385
https://doi.org/10.3390/polym14214696
https://doi.org/10.3390/polym14214696
https://doi.org/10.1038/s41598-024-54484-0
https://doi.org/10.1039/D2RA02693G
https://doi.org/10.1039/D2RA02693G
https://doi.org/10.3390/nano13040725
https://doi.org/10.3390/polym14132679
https://doi.org/10.3390/polym14132679
https://doi.org/10.3390/applmech2010007
https://doi.org/10.1016/j.polymertesting.2018.02.012
https://doi.org/10.1007/s10118-012-1169-4
https://doi.org/10.1007/s10965-011-9599-1
https://doi.org/10.1007/s10965-011-9599-1
https://doi.org/10.1016/j.nanoen.2015.08.011
https://doi.org/10.1016/j.nanoen.2015.08.011
https://doi.org/10.1016/j.compositesb.2015.11.034
https://doi.org/10.1016/j.compositesb.2015.11.034
https://doi.org/10.1002/polb.1990.090280401
https://doi.org/10.3390/s100100684
https://doi.org/10.3390/s100100684
https://doi.org/10.1016/j.eurpolymj.2009.04.012
https://doi.org/10.1016/j.eurpolymj.2009.04.012
https://doi.org/10.1016/j.conbuildmat.2019.117206
https://doi.org/10.1039/C5PY01483B
https://doi.org/10.1039/C5PY01483B
https://doi.org/10.1016/j.jmgm.2015.09.012
https://doi.org/10.1016/j.jmgm.2015.09.012
https://doi.org/10.17577/IJERTV3IS10876
https://doi.org/10.3390/polym11081354
https://doi.org/10.3390/polym11081354
https://doi.org/10.1016/j.polymer.2007.11.030
https://doi.org/10.1016/j.polymer.2007.11.030
https://doi.org/10.1007/s42823-023-00547-7
https://doi.org/10.1007/s42823-023-00547-7
https://doi.org/10.1016/j.matdes.2024.113159
https://doi.org/10.1016/j.matdes.2024.113159
https://doi.org/10.1016/j.polymdegradstab.2024.110754
https://doi.org/10.1016/j.polymdegradstab.2024.110754
https://doi.org/10.1016/j.compscitech.2023.110357
https://doi.org/10.1016/j.compscitech.2023.110357
https://doi.org/10.1002/pat.1175
https://doi.org/10.1016/j.cemconcomp.2022.104463
https://doi.org/10.1016/j.cemconcomp.2022.104463


	 Journal of Polymer Research          (2024) 31:322   322   Page 16 of 16

	48.	 He G, Li H, Zhao Z, Liu Q, Yu J, Ji Z, Ning F (2024) Antifouling 
coatings based on the synergistic action of biogenic antimicrobial 
agents and low surface energy silicone resins and their application 
to marine aquaculture nets. Prog Org Coat 195:108656. https://​
doi.​org/​10.​1016/j.​porgc​oat.​2024.​108656

	49.	 Chen D, Li Y, Li X, Hong X, Fan X, Savidge T (2022) Key Dif-
ference between Transition State Stabilization and Ground State 
Destabilization: Increasing Atomic Charge Densities Before or 
During Enzyme-Substrate Binding. Chem Sci. https://​doi.​org/​10.​
1039/​D2SC0​1994A

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.porgcoat.2024.108656
https://doi.org/10.1016/j.porgcoat.2024.108656
https://doi.org/10.1039/D2SC01994A
https://doi.org/10.1039/D2SC01994A

	Enhanced thermal stability and mechanical performance of epoxy resin with amine-terminated aromatic amide oligomer: unveiling the ring-opening curing phenomenon
	Abstract   
	Introduction
	Experimental
	Materials
	Synthesis of amine-terminated aromatic amide oligomer (ATAAO)
	Curing of DGEBA Epoxy
	Characterization

	Results and discussion
	Proton NMR Spectroscopy
	Structural evaluation using FTIR analysis
	The extent of curing by FTIR Spectroscopy
	XRD analysis
	Thermal analysis
	Stress–strain analysis of cured epoxy films
	Evaluation of Surface Morphology of Cured Epoxy Films

	Conclusions
	Acknowledgements 
	References


