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Abstract. In this paper, toluene-diisocyanate-trimer (TDI-T) was utilized to manufacture a new type of epoxy resin with
high toughness via the co-polymerization method. In the procedure of preparing bisphenol A epoxy resin, before the reaction
between bisphenol A (BPA) and epichlorohydrin (ECH), TDI-T was introduced to react with BPA for embedding flexible
segments into the chain of epoxy resin, and obtaining the prepolymers, which are easy to form spatial interweaving network
structures, then modified epoxy resin (TDI-T/EP) was manufactured. Mechanical properties, thermomechanical properties,
and corrosion resistance of the cured TDI-T/EP were tested and characterized. Due to flexible segments and partial molecular
network structure, the material presents high mechanical properties, especially the toughness, and the results show that the
maximum tensile strength of cured TDI-T/EP reaches 30.3 MPa, and the maximum fracture elongation reaches 48.02%, at
the same time�the compressive strength arrives at 57.5 MPa. Compared with cured E-51, the toughness, strength, and fracture elongation are all strikingly enhanced. At the same time, the cured TDI-T/EP also has an excellent heat resistance and
corrosion resistance, which avoided worries at home for its application. This work provides a new method for manufacturing
high-toughness epoxy resins.
Keywords: molecular engineering, modified epoxy resin, high toughness, 2,4-toluene diisocyanate trimer (TDI-T)

1. Introduction
Epoxy resin(EP) is widely used for its outstanding
mechanical properties, bonding properties, chemical
stability, etc. Concrete crack is a common problem
for concrete material [1–3]. Epoxy resin is expected
to be used as a concrete crack repair material for its
excellent adhesion and strength. However, epoxy
resin is brittle and poor impact resistance, which may
cause secondary cracking easily. Therefore, it is important to improve the toughness of epoxy resins
used as crack repair materials. Currently, there are
many methods for toughening epoxy resins. The
most common ones are thermoplastic resin toughening [4–8], rubber toughening [9–13], nanoparticle
toughening [14–24], interpenetrating network polymer (IPN) toughening [25–31], thermal Toughened

liquid crystal polymer (TLCP) toughening [32–34],
and core-shell polymer (CSP) toughening [35, 36].
Unfortunately, these methods are usually based on
complex preparation processes. Furthermore, it is
difficult to avoid the phase separation between the
resin matrix and the third phase particles. In recent
years, some progress has been obtained in the modification of molecular structure to toughening epoxy
resin. During the synthesis of epoxy resins, flexible
groups such as the carbamate group (–NHCOO–)
were introduced into the molecular chain of epoxy
resin directly; then, the modified epoxy resin was obtained. In the literature of Zhang et al. [37], the intermediate product with flexible chain segments was
synthesized by using hexamethylene diisocyanate
and bisphenol A, and then the modified epoxy resin
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with high toughness was prepared via co-polymerization method, and the elongation at break reached
124%. And in the other literature of Zhang et al. [38],
Epoxy resin E-44 was modified by toluene-diisocyanate-trimer (TDI-T), and a branched polymer
with flexible groups was obtained. The elongation at
break reached 31.5%, but the impact resistance, tensile strength, and compressive strength reached
76.6 kJ/m2, 184.8 MPa, and 40 MPa, respectively.
In this paper, –NHCOO– as a flexible group was embedded into the molecular chain of block product by
reaction between TDI-T and BPA. Then, the block
product reacted with ECH to obtain a new type of
epoxy resin (TDI-T/EP), whose molecular chain can
extend in three directions in the curing process to
form a molecular network structure, which may
achieve double toughening effects.

2. Materials and methods
2.1. Materials
TDI-T was provided by Dongguan Kaixuan Plastic
Technology Co., Ltd. (Dongguan, China); BPA, tetramethylammonium bromide, sodium hydroxide, acetone, and epichlorohydrin (ECH) were supplied by
Aladdin Industrial Co. (Shanghai, China); Low molecular weight polyamide was used as curing agent
and was purchased from Dingyuan County Danbao
Resin Co., Ltd. (Jiangsu, China). E-51 came from
Baling Petrochemical Co., Ltd. (Hunan, China).

2.2. Experiment procedure
2.2.1. Block reaction
In a nitrogen atmosphere, ECH and BPA were dissolved into a flask and gradually heated to 50 °C.
Then TDI-T was andante added into the flask. The
stirring was turned on. One hour later, a transparent
product was formed.
2.2.2. Epoxy resin modification
Elevate the above product’s temperature to 70 °C.
Then an appropriate amount of catalyst tetramethylammonium bromide was added into the flask. Keep
it at 70 °C for several hours. The color of the obtained
product was still transparent, and the viscosity had
no obvious change. Then naturally cooled to 60 °C,
NaOH solution was dropped into the flask through
a constant pressure dropping funnel. A few hours
later, the solution became light yellow, and the viscosity increased significantly.

Figure 1. Synthetic procedure diagram of TDI-T/EP cured
product.

2.2.3. Post-processing
In order to remove unreacted solvents and impurities
generated by the reaction, the product was washed
with distilled water at 50 °C until its pH value
reached 7. Then the product was distilled under reduced pressure and taken out and sealed for later use.
2.2.4. Curing
At room temperature, a curing agent (polyamide)
was mixed with TDI-T/EP prepared in the above
steps in a ratio of 7:10. And then, a curing accelerator
(DMP-30) was added. Then the cured product of the
modified epoxy resin was synthesized.

3. Results and discussion
3.1. FT-TR spectra of TDI-T/EP and cured
samples
Infrared spectra were obtained on a Perkin Elmer
Spectrum 100 FT-IR spectrometer(Germany) with
the frequency range of 4000–500 cm–1. The FT-IR
spectra of TDI-T, block reaction products, and TDI-T/
EP are shown expectedly in Figure 2. Clearly, there
is an absorption peak near 2270 cm–1 in the infrared
spectrum of TDI-T, which confirms the existence of
–NCO. On the contrary, there is no absorption peak
near 2270 cm–1 in the infrared spectrum of the block
product, indicating the disappearance of –NCO after
the block reaction. At the same time, there is an absorption peak at 1720 cm–1 in the block reaction product spectrum, which is the absorption peak of C=O
in –NHCOO, indicating the successful reaction of
–NCO in TDI-T and -OH in BPA. In the infrared
spectrum of TDI-T/EP, the absorption peaks at 1450,
1500, and 1600 cm–1 all indicate the existence of
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containing flexible –NHCOO groups. Then, the block
reaction product and ECH undergo reactions to generate TDI-T/EP.

Figure 2. FT-TR Spectra of TDI-T, Block reaction products
and TDI-T/EP.

benzene rings. Obviously, the absorption peak at
910 cm–1 in the infrared spectrum of TDI-T/EP is the
absorption peak of an epoxy group (–COC).
The chemical structure of the TDI-T /EP was also
studied by 1H-NMR and 13C-NMR (as shown in Figure 3). The peak at 7.1 ppm corresponds to the hydrogen of benzene rings, And the chemical shift at
7.36 ppm is assigned to amide proton; there is also
the chemical shift representing the protons in the
epoxy group, which appeared at δ = 5.65 ppm. In
addition, two peaks located at 125.6 and 69.5 ppm
in the 13C-NMR spectrum can be clearly observed,
and they are associated to the carbon atoms on benzene rings and epoxy groups. Combined with the infrared spectrum, it can be determined that the final
product is the target product of this experiment, and
the modified epoxy resin TDI-T /EP is successfully
synthesized. Therefore, the procedure of modified
epoxy resin can be derived from Figure 4. –NCO reacts with –OH to generate a block reaction product

3.2. Mechanical properties of the cured
TDI-T/EP
The mechanical properties of cured TDI-T/EP were
tested on a universal testing machine (Metes Industrial Systems Co., Ltd, China) according to the standard of GB/T2567-2008 at room temperature. Formulations of TDI-T/EP composites can be seen in
Table 1. Choosing polyamide as the curing agent, the
TDI-T/EP was cured at room temperature. The compressive strength of cured neat EP and TDI-T/EP
were shown in Figure 5. It can be seen that neat EP
has the lowest compressive strength of 29.8 MPa;
when the ratio of BPA to TDI-T is 1:0.1, the compressive strength reached the highest value of
57.5 MPa, which have increased by 92.95%. Overall,
as the addition amount of TDI-T increases, the compressive strength decreases. Among the five samples
of modified epoxy resins, a sample of TDI-T-0.5 has
the lowest compressive strength at 37.8 MPa, but it
is still 26.8% higher than neat EP.
The stress-strain curve of cured neap EP and TDI-T/
EP during the stretching process was showed in Figure 6, and the tensile strength and the elongation at
break of these samples were shown in Table 2. It can
be seen from Figure 6 that with an increase of the
ratio of BPA to TDI-T, tensile strength increases
firstly and then decreases, while elongation at break
steadily increases. Tensile strength and elongation at
break of the cured neap EP (TDI-T-0) are 14.4 MPa
and 5.12%. Respectively, tensile strength and elongation at break of cured TDI-T/EP have improved.
When the ratio of BPA to TDI-T is 1:0.2, tensile

Figure 3. 1H (a) and 13C (b) NMR spectra of the TDI-T/EP.
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Figure 4. Reaction flow chart for preparing tough TDI-T/EP.

strength reaches a maximum value of 30.3 MPa,
elongation at break reaches 16.59%. As the addition
amount of TDI-T increasing, the tensile strength begins to drop, and the elongation at break still increases. When the molar ratio of BPA to TDI-T is 1:0.5,
the elongation at break reaches 48.02%, which is
5.12% higher than neat epoxy resin.
The increase of toughness of TDI-T/EP can be attributed to the two aspects: carbamate groups in the

Table 1. Formulations of TDI- T/EP composites.
BPA
[mol]

ECH
[mol]

TDI-T
[mol]

TDI-T-0.1

1

15

0.1

TDI-T-0.2

1

15

0.2

TDI-T-0.3

1

15

0.3

TDI-T-0.4

1

15

0.4

TDI-T-0.5

1

15

0.5

Sample

Table 2. Tensile strength and elongation at break of cured neat EP and TDI-T/EP.
Sample

TDI-T-0

Tensile strength

[MPa]

Elongation at break

[%]

TDI-T-0.1

TDI-T-0.2

TDI-T-0.3

TDI-T-0.4

TDI-T-0.5

14.40

22.20

30.30

19.80

15.20

11.00

5.12

8.21

16.59

20.17

39.10

48.02

Figure 5. Compressive strength of cured neat EP and
TDI-T/EP.

Figure 6. Stress-strain curves of cured neat EP and TDI-T/
EP in process of stretching.
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Figure 7. Schematic diagram of curing reaction.

molecular structure of TDI-T/EP are flexible groups,
and a partial molecular network structure as shown
in Figure 6 is formed. Molecular network structure
can provide available space for stretching in the curing process. Flexible segments in the molecule are
interspersed and entangled in the space of the network structure. When subjected to external pressure
or tension, the network structure will work together
to resist external forces, which is the reason for the
increase in tensile strength and compressive strength.
TDI-T contains three active isocyanate groups.
When TDI-T is embedded into the epoxy resin, the
new epoxy resin can extend in three directions at the
same time during the curing process and form a partial network structure. In the sample of TDI-T-0.1,
the molecular network structure is incomplete, which
leads to a small stretchable space. At the same time,
the sample has a high crosslink density which leads
to greater compressive strength, but its tensile strength
is not the maximum. However, the molecular network structure is better developed in TDI-T-0.2,
which leads to an increase in the space that can be
stretched and compressed. Therefore, the compressive strength of TDI-T-0.2 decreases, but tensile
strength reaches the maximum value. Samples of
TDI-T-0.3, TDI-T/EP-0.4, and TDI-T-0.5 might have
synthesized a partial linear molecular network structure, resulting in a gradual increase in elongation at
break but a decrease in tensile strength.

3.3. Scanning electron microscopy
Scanning electron microscope (SEM) photographs
were got on an S-3000N scanning electron microscope (SEM, Japan) at the accelerating voltage of
20 kV. The tensile section of the neat EP was shown
in Figure 8. The section is smooth. Cracks are elongated and arranged regularly. It could be inferred that

cured neat EP dose not prevented from crack propagation during crack propagation process, showing a
typical brittle fracture. It can be clearly observed
from the figure that the surface of the TDI-T/EP becomes rough and uneven compared to neat epoxy
resin. And there are more convex curled edges on the
surface, while the substrate has thin strip-like branches, Which shows that when the material is subjected
to external force, the crack propagation is obstructed
to a certain extent, showing a typical ductile fracture.
The material is flexible. The thin strip-like branches
may be the macroscopic performance of the introduction of flexible segments in the modified epoxy resin.
When subjected to an outside force, the material section needs to resist the force to dissipate stress as
much as possible to prevent crack propagation. When
external force reaches a certain level, the crosslinked
network form by EP main chain would be stretched
until it is broken. At the same time, the flexible segment withstands the external force continuously until
it is pulled out of the epoxy resin matrix. It can be
clearly observed that section morphology of TDI-T0.2 has a more obvious ductile fracture feature than
other samples, which is consistent with its maximum tensile strength (30.3 MPa) in the tensile
strength test.

3.4. Differential scanning calorimetry
DSC analysis was carried out on a DSC Q2000
(Netzsch Corporation, Germany) equipped with a
thermal analysis data station at a heating rate of
5 °C/min–1 under N2 atmosphere. Glass transition
temperature (Tg) is an important indicator of thermal
performance. As shown in Figure 9, the Tg of cured
neat EP and TDI-T/EP were measured. According to
literature, Tg of polymers with good flexibility is
lower; the two are negatively correlated. The experiment reveals that Tg of TDI-T/EP is lower than that
of neat EP. On the one hand, the flexible structure in
the modified epoxy resin is mainly C=O bonds and
C–O–C bonds. As the amount of TDI-T increasing,
the amount of C=O bonds and C–O–C bonds also
increases, resulting in a reduction of Tg. First of all,
isocyanate groups of TDI-T have strong reactivity.
As the amount of TDI-T increases, free isocyanate
groups in the system also increases, resulting in side
reactions, such as reacting with isocyanate groups
and water in EP to form substituted urea. –-NCO
does not react with –NHCOO at room temperature,
but when the temperature rises, it will gradually start
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Figure 8. Scanning electron microscope images of the fracture surfaces of cured neat EP and TDI-T/EP. a) TDI-0; b) TDI-0.1;
c) TDI-0.2; d) TDI-0.3; e) TDI-0.4; f) TDI-0.5.
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Figure 9. Differential scanning calorimetry chart of the fracture surfaces of cured neat EP and TDI-T/EP.

Figure 11. The tensile strengths of cured TDI-T/EP after
soaking in H2SO4, NaOH, and NaCl solutions.

to react. The increase of the above side reactions will
affect the formation of the target product and eventually leads to a decrease of Tg. However, a decrease
of Tg is within a reasonable range, which does not
affect the performance.

3.5. Corrosion resistance test
In order to test the corrosion resistance of modified
epoxy resin, cured TDI-T/EP was placed in deionized water, sulfuric acid solution(10wt%), sodium
hydroxide solution(10 wt%), and sodium chloride
solution(10 wt%) at room temperature for 100 h, and
then took it out and dried naturally. The determination of corrosion resistance follows Chinese national
standards GB/T2567-2008. There was no obvious
abnormality after drying. Mechanical properties and
quality loss tests were performed. Results were shown
in Figures 10–12. After immersed and corroded in
deionized water and acid-base salts, the changes of
tensile properties and compression properties of

Figure 12. Quality loss rate of cured TDI-T/EP after corrosion.

TDI-T/EP are within a reasonable range. Mechanical
properties of TDI-T/EP are not destroyed. The quality loss rate of cured TDI-T/EP after corrosion was
shown in Figure 12. The quality loss rate of samples
after corrosion was very low. In general, modified
epoxy resin has good corrosion resistance.

4. Conclusions

Figure 10. Compressive strengths of cured TDI-T/EP after
soaking in H2SO4, NaOH, and NaCl solutions.

In summary, for the first time, a new type of epoxy
resin TDI-T/EP with high toughness was prepared
via the co-polymerization method. Due to the flexible groups and the molecular network structure, the
compressive strength of the TDI-T/EP reaches
57.2 MPa, and the tensile strength reached 30.3 MPa,
the elongation at break reaches 48.02%, which could
meet different needs. In addition, TDI-T/EP also has
excellent corrosion resistance and thermal stability.
The present work provides a convenient and simple
pathway to synthesize high toughness epoxy resin,
which was hopefully applied in many fields.
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