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The research presents how Carboxyl Terminated Butadiene Nitrile (CTBN) and Epoxy
Terminated Butadiene Nitrile (ETBN) types of Reactive Liquid Rubber (RLR) influence epoxy
resins through rheological, thermal, and mechanical property assessments. The use of
recycled waste rubber creates sustainable high-performance additives through waste
material transformation. Various mechanical, thermal, and rheological tests assessed the
effects of CTBN and ETBN concentrations on their viscosity behaviour, mechanical properties,
and curing process of the epoxy system used. The thermal stability of the ETBN and CTBN
systems was analyzed by using Thermogravimetric Analysis (TGA) to determine
decomposition temperatures and stability measurements. A complete set of mechanical tests
measured tensile strength, flexural strength, and impact strength. Toughness improvements
reached their peak with 2.5 wt.% ETBN addition resulting in a'42.2% increase in ultimate
tensile strength, a 103.8% increase in tensile modulus, a 26.9% improvement in toughness,
and a 67.65% increase in impact strength while maintaining all other properties. Also, 5 wt.%
CTBN incorporation into the epoxy polymer leads to 30% increment in ultimate tensile
strength, 49.5% increase in-ultimate flexural strength, 68% increase in tensile modulus, and
300% increase in impact strength. So, both CTBN and ETBN are said to be effective
tougheners that can be used to enhance the toughness of the overall matrix system while
balancing other mechanical properties. The investigation highlights how the termination
chemistry affects phase separation and interfacial adhesion, ultimately leading to improved
performance for its applications in automotive and aerospace industries. The innovative use
of recycled ETBN and CTBN thus creates a way for the development of sustainable solutions
that deliver economic benefits and environmental advantages.
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1. Introduction

like elastomers, ' thermoplastics, core-shell
rubber particles, nanotubes, and nanoparticles

Epoxy-based composites have gained significant
attention in various industries, including
aerospace, automotive, marine, and construction,
due to their excellent mechanical properties like
strength and toughness, chemical resistance,
corrosion resistance, -~ and  versatility in
processing methods [1][2]. These composites
consist of an epoxy resin matrix reinforced with
short, long, or chopped fibres, which provide
structural integrity and enhance the material’s
overall performance [3][4]. However, despite
their many advantages in mechanical and
thermal properties, epoxy resins inherently
possess brittleness, which limits their application
in environments where toughness and impact
resistance are crucial [5]. Due to their brittle
nature, these composites tend to crack easily. To
overcome these limitations, toughening agents

are incorporated into the epoxy matrix system.
These toughening agents have proved their
worth in improving the mechanical properties,
like fracture toughness and impact strength of
composites, while significantly balancing the
other properties, including their mechanical
strength, like ultimate tensile strength, flexural
strength, etc., and thermal stability. The selection
and concentration (in volume or in weight) of
toughening agents play a crucial role in
calculating the final properties of the toughened
epoxy composites. When RLR (Reactive Liquid
Rubber) based tougheners like CTBN (Carboxyl-
terminated-butadiene-nitrile) and ETBN (Epoxy-
terminated-butadiene-nitrile) are incorporated
into the epoxy resin, with a typical aim to enhance
the overall toughness and impact strength of the
cured matrix system [6]. This enhancement
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occurs because of the rubbery nature of
toughener-epoxy blended suspension, which is
capable to absorbs and dissipating energy,
reducing the likelihood of brittle fracture[7][8].
Also, the rubbery phase gets deformed under the
mechanical stress, further allowing the material
to withstand high levels of strain without
cracking and failing[9]. Hybrid toughening of
epoxy glass fibre reinforced composites with
CTBN and nano-silica was investigated[10].
Toughening mechanisms encountered were
cavitation along with rubber particles and
debonding of nanosilica, eventually leading to
plastic void growth, which is considered a severe
defect in composite material. CTBN successfully
increases quasi-static interlaminar- fracture
energy, and reinforcement - of nanosilica
increases fatigue threshold strain energy release
rate [11]. The ETBN toughened epoxy resin
matrix system shows remarkably improved
impact properties, that are energy absorbed
before failure, toughness, and impact strength.
This is because of the fact that, during the curing
or solidification of the epoxy resin matrix system,
phase separation occurs, and ETBN rubber
particles tend to settle at the interface, because of
which there is faster dissipation of energy as
compared to other tougheners used [12].
Reactive liquid rubbers like ATBN [13], CTBN,
ETBN, HTBN, etc, are low molecular weight
elastomeric polymer materials that contain
reactive functional groups like amine, epoxy,
carboxyl, hydroxyl, etc. [14] '[15]. These
functional groups are capable of reacting and
forming chemical bonds with other materials, like
epoxy . resin. These RLRs possess rubbery
properties, which are beneficial for enhancing the
toughness of epoxy resins. Rubbery properties
refer to good elasticity, flexibility, allowing them
to be soft and pliable, quicker in absorbing and
dissipating energy [16]. The Bisphenol-A group of
epoxy resin and the functional group of RLR have
a synergetic behaviour on the toughness of epoxy
resins [17] [18]. The innovation of utilizing CTBN
and ETBN derived from recycled waste rubber
offers significant environmental, economic, and
industrial advantages, refer Figure 1. [19]. By
recycling waste rubber like tyres, industrial
waste, or commercial waste, this approach of
creating ETBN and CTBN and using it as filler
material, supports sustainability and reduces
landfill waste where burning of waste material is
done, subsequently contributing to
environmental conservation. Economically, this
approach of reusing and repurposing ensures
cost efficiency and opens up new revenue
streams from discarded materials. In terms of
performance, dual benefits can be achieved, one
by enhancing the toughness and also balancing
the structural integrity. An advanced material

recycling technique results in optimizing the
production and application of CTBN and ETBN.
Globally, this sustainable practice invigorates
scalability and can be aligned with legislation and
policies that promote circular economic
principles. Overall, using CTBN and ETBN
recycled rubber as a primary resource in the
toughening of epoxy resin matrix  system
symbolizes a hands-on and impactful solution
specially for the industries that have a demand to
balance performance with sustainability. Table 1
presents-various toughening methods of epoxy
resins based on literature, highlighting their
significance, limitation and common toughening
agents.

According to the literature, rubber modification
has improved impact properties, but the thermal
stability is reduced. Modification with
thermoplastic materials as filler enhances the
fatigue resistance, but the viscosity of the overall
matrix system is reduced. Fillers like liquid
crystal polymers helped in improving the crack
resistance, but are very costly and found difficult
to reinforce, may be due to weak adhesive
properties. Other fillers like interpenetrating
polymers provide a good balance of strength and
toughness, but these are challenging to cross;
maybe they are very difficult to disperse into the
matrix systems. Core shell polymer material, like
poly methyl methacrylate (PMMA) as a core
material and poly methacrylic acid as a shell
material, reduces internal stress but is affected by
the particle size. Heat resistance is improved by
adding thermosetting materials as tougheners,
but they are very difficult to process. When block
copolymers like styrene-butadiene-styrene are
added, impact strength enhances because of the
self-assembly mechanism. Nanoparticles,
including zero-dimensional, one-dimensional,
and two-dimensional particles like nanosilica,
nanotubes, alumina, etc., are used as modifiers,
which result in improved mechanical properties,
but . these face dispersion problems. Lastly,
Organosilicon, when used as a modifier, helps in
enhancing flame resistance and flexibility, but
faces a blending problem.

The main objective of conducting this
investigation is to enhance the toughness of low
viscosity epoxy resin by incorporating Reactive
liquid rubber-based tougheners into it. This
study aims to investigate the flow behaviour and
viscosity of the carboxyl-terminated butadiene
nitrile and epoxy-terminated butadiene nitrile
rubber toughened epoxy resin to understand
their processing and application potential. Also,
thermal properties are analyzed, including
thermal stability, glass transition temperature
(Tg), and heat resistance to assess their
suitability for high-temperature applications. The



evaluation of mechanical characteristics with a
focus to determine influence of CTBN and ETBN
on the structural performance of epoxy resin is
also considered. The motivation for conducting
this research stems from the need to develop
epoxy-based composites with  enhanced
mechanical and thermal properties to meet the
demand of high-performance applications. While
substantial progress has been made in the
toughening of epoxy resins, there remains a
critical need for a comprehensive understanding
of the relationship between the composition,
structure, and properties of such materials. This
understanding will enable the design and
fabrication of a composite with tailored
properties for specific applications. It has been
reported several times that the incorporation of
nanoparticles into epoxy  resins leads to
enhanced mechanical properties [20] [21]. So, in
this study, an effort has been made to incorporate
two different reactive liquid rubber CTBN and
ETBN into epoxy resin. This study will help the
researchers working on same field to understand
the effect of these tougheners on the mechanical
and thermal properties of epoxy resin. Both the
tougheners are compared on the basis of their
ultimate tensile strength, ultimate flexural
strength, impact energy, and thermal properties.
The best suitable toughener, along with its
optimal concentration, is concluded in this study.
Till now, very little literature is available on such
types of thermoplastic toughening methods.

To conduct this investigation, 5 different
formulations of CTBN and ETBN are chosen to be
incorporated into CY 230-1 epoxy resin. 1%,
2.5%, 5%, 10%, and 15% by weight of these
reactive liquid rubber-based tougheners are
added and compared with the neat epoxy
samples. The detailed description of samples,
along with the nomenclature, has been provided
in Table 6. The comparisons are studied on the
basis of rheological, thermal, and mechanical
properties. Rheological characterization includes

the study of properties like viscosity (in Pa-sec)
and critical shear stress (in Pa), while thermal
characterization includes the study of properties
like onset decomposition temperature (T10%°C,
Tsoy °C), maximum decomposition temperature
(Tmax °C), and weight loss %. Mechanical
characterization gives the influence of CTBN and
ETBN on properties like ultimate tensile strength
(MPa), tensile modulus (GPa), ultimate flexural
strength (MPa), impact strength (k]/ m2), and
toughness (M]/ m3). The outcome of this study
will be the evaluation of the best compatible
toughener between CTBN and ETBN that will give
the best balance of all the properties. Also, this
study will evaluate the optimum formulation of
the compatible toughener at which the best
values of properties of toughened epoxy samples
are obtained.

The novelty of this work includes the use of
recycled waste rubber CTBN and ETBN into CY
230-1 epoxy resin, which will lower the
production costs and will make epoxy resin more
affordable for industrial applications. This study
demonstrates an innovative approach to utilizing
waste rubber in the /form of value-added
materials. No-literature is available on the
comparison and optimization of rheological,
thermal, and mechanical properties of this low
viscosity CY 230-1 epoxy resin incorporated with
CTBN and ETBN.
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Figure 1. CTBN and ETBN: Sustainable Derivatives of
Recycled Rubber - INNOVATION, [22] [23] [24]



Table 1. Toughening methods along with their significance and limitations [25]

Toughening Significance Limitations Examples of toughening Ref.
method agents
Rubber To improve the brittleness and Reduces glass transition CTBN, ETBN, ATBN [26]
modification cracking of cured epoxy temperature, Young’s [27]
method To improve impact toughness modulus, and heat resistance
and elongation
Thermoplastic To improve fatigue resistance, Not easy to dissolve Polystyrene, polyvinyl [28]
modification impact toughness, transverse Increases viscosity, reduces chloride, polypropylene [29][3
method tensile strength, and thermal stability 0]
interlaminar shear strength,
Liquid crystal Relaxes stress concentration at Costly Fibrils like Kevlar [31][3
polymer the crack end, hinders crack Difficult in‘thandling 2]
modification propagation Difficult to achieve a
method This improves impact toughness- ' reinforcing effect
Interpenetrating Molecular mixing occurs The phase componentistoo  Copolymers or [33]1[3
polymer network Have properties of different large homopolymers systems 4]
modification polymer systems Challenging to achieve cross-  are crosslinked to form a
method Improves impact resistance, linking single polymer network.
without sacrificing strength
Core-shell Reduces internal stress, Greatly affected by particle Different combinations of ~ [35][3
polymer Improves bonding and impact size, concentration, and core and shell 6][37]
modification strength addition ratio. Different properties can
method be achieved
Thermosetting Improves heat resistance and High viscosity and difficult to  Phenolic resin,
modification dimensional stability process polyamides, silicone
method
Block copolymer Stable glass transition Capable of forming self- Acrylonitrile butadiene [38]
modification temperature assemblies and then nano- styrene, nitrile rubber [39]
method Improves impact strength structures which affect [40]
mechanical properties
Zero-dimensional ~ Improves strength and other Easy agglomeration, poor Si02, Al203, Ti02, Zr02 [41]
nano rigid particle = mechanical properties dispersion
modification Gives reinforcement effect
method
One-dimensional High surface area of these 1D Easy agglomeration, Carbon nanotubes [42]
nano rigid particle - particles, so ease in stress disordered arrangement,
modification transfer between matrix and and curling
method fillers.
Two-dimensional Improves elastic modulus and Tends to agglomerate, Graphene [43]
nano rigid particle failure strength difficult to disperse in epoxy [44]
modification Improves rigidity resin
method
Organosilicon Flame retardant, heat resistant, Difficult to blend into each Organosilicon [45]
modification high strength, flexibility, and other
method chemically stable.
Possess both organic and
inorganic properties because of
two different bonds.
Table 2. Materials selected for preparing toughened epoxy.
Sr. No. Material and Chemical Commercial Name Manufacturer/ Supplier
Formula
1. Polymer material - DGEBA- Araldite CY-230/1 epoxy resin ~ M/S Excellence resins, Meerut.
based (U.P.) India
2. Curing agent/ hardener - HY 951 M/S Excellence resins, Meerut.
Amine-based (U.P.) India
3. Toughener I - Carboxyl EPOXY FINECURE CTBN M/S Fine Finish Organics Pvt. Ltd.,

Terminated Butadiene
Acrylonitrile Reactive Liquid
Rubber

Mumbai, (M.H.) India




4. Toughener II - Epoxy
Terminated Butadiene
Acrylonitrile Reactive Liquid
Rubber

EPOXY FINECURE ETBN

M/S Fine Finish Organics Pvt. Ltd.,
Mumbai, (M.H.) India

2. Materials and Methods
2.1 Material Selected

The base materials used in this study are CY230-
1 epoxy resin, HY951 hardener, and reactive
liquid rubber-based tougheners, as given in the
Table 2 below. The materials used in the present
study are DGEBA-based epoxy resin and AMINE-
based hardener, serving as a primary polymer
matrix system, both procured from M/S
Excellence Resins, Meerut. ' To improve the
toughness of epoxy resin, two rubber-based
modifiers as tougheners are incorporated, i.e.,
CTBN.and ETBN, both procured from M/S Fine
Finish Organics Pvt. Ltd.,, Mumbai, (M.H.) India.
These tougheners were chosen to enhance the
thermal stability and mechanical properties of
the overall polymer matrix system.

2.1.1 Epoxy resin

DGEBA-based epoxy resin CY 230-1 is a high-
performance material commonly used in a range
of applications that demand excellent
mechanical, thermal, and electrical properties. Its
unique cycloaliphatic  structure  provides
significant advantages over conventional epoxy
resin, including lower viscosity, enhanced
thermal stability, and better UV resistance. The
absence ' of aromatic structures reduces
susceptibility to UV degradation. Because of low
viscosity, its processing is easier, and there is
better impregnation into the fibres of the
composite. This resin is capable of
accommodating fillers like nanoparticles, etc.,
which are needed to carry out the current study.
The fatigue resistance of CY 230-1 epoxy resin is
very good, which is a very crucial property for
materials where the application demands
fluctuating and repetitive loads over time. This
resin possesses high thermal resistance, making
it capable of sustaining temperature variations.
The epoxy resin used for the current study is
Araldite CY 230-1, procured from M/S Excellence
Resins, Meerut. '(U.P.)) India. The physical
properties of this polymer system are given in
Table 3. The chemical structure of this Di-Glycidyl
Ether of Bisphenol A (DGEBA) type epoxy resin is
shown in the Figure 2(a).

(CH, - CHO — CH,)- O - CH, - C(CH,), - C;H, — O - (CH, — CHO — CH,)
(a)
H,N - CH,- CH,- NH - CH, - CH,— NH - CH, - CH, - NH,
(b)

(HC(O)H,C) (CH, - CH = CH — CH,), — (CH, ~ CH(CN) -), - (CH(O)CH,)
(c)
HOOC | (CH,~ CH = CH - CH,), - (CH, - CH), COOH
o (d) CN m

Figure 2. Chemical structure of (a) Di-Glycidyl Ether of
Bisphenol-A based epoxy resin, (b) HY 951 Triethylene
Tetramine, (c) Epoxy Terminated Butadiene Acrylonitrile,
(d) Carboxyl Terminated Butadiene Acrylonitrile.

Table 3. Physical and chemical properties of epoxy resin
CY230-1. [46] , Manufacturer provided

SN Property Value
1. Viscosity at 25 °C 1350 mPa*s
2. Density at 25 °C 1.1-1.2 g/cm3
3. Appearance clear liquid
4. Epoxy content 4.20-4.35eq./ kg
5. Flash point 1600C
2.1.2 Hardener

Amine-based hardener HY 951, which is
commonly called triethylene tetramine, is used
to facilitate curing and enhance the mechanical
properties of epoxy resin. It has a molecular
formula C6H18N4, molecular weight 146.23. It is
also procured from M/S Excellence Resins,
Meerut. (U.P.) India. It’s alow viscosity liquid
that provides strong adhesion, high chemical
resistance, and excellent mechanical strength
when mixed with epoxy systems. Typically, it is
used in a ratio of 10:1 with epoxy resin by
weight. HY 951 is widely applied in industrial,
automotive, aerospace, and marine applications
due to its ability to create durable and impact-
resistant bonds. It also exhibits good thermal
stability, making it suitable for high-
performance composite structures and coatings.
Figure 2(b) shows the chemical structure of HY
951 hardener. The physical properties of this
hardener are given in the






Table 4. Physical and chemical properties of amine-based
hardener HY 951. [46] , Manufacturer provided

SN Property Value

1. Viscosity at 25 °C 10 mPa*s
2. Density at 25 °C 0.98 g/cms3
3. Appearance clear liquid

4. Flash point 1100C
2.1.3 Tougheners

Reactive Liquid Rubber (RLR) based tougheners
like CTBN and ETBN are used as modifiers in the
polymer matrix system with the motive to
enhance the properties like toughness and
impact resistance. CTBN contains a functional
group of Carboxyl (-COOH), which helps .in
improving adhesion and flexibility, while the
functional group Epoxy is contained by the ETBN,
which possesses better compatibility with epoxy
resin 1as it also contains the epoxy functional
group. These tougheners enhance the flexibility,
fracture toughness, and elongation properties of

These help mitigate brittleness in epoxy resins
while maintaining their mechanical strength and
chemical resistance. Proper formulation of these
tougheners is essential to achieve the desired
balance between toughness and stiffness in the
final material. The chemical structure of ETBN
and CTBN is shown in the Figure 2(c) and (d)
respectively. The properties of these Reactive
Liquid Rubber-based tougheners are stated in
Table 5. The pictures of epoxy, hardener/ curing
agent, CTBN, and ETBN are provided in Figure 3.

2.2 Fabrication of Toughened Epoxy Resin
Samples

Six different formulations of CTBN and ETBN are
mixed into the epoxy resin to carry out this
experimental study. Two sets, one of CTBN pure
epoxy, EC1, EC2, EC3, EC4, EC5, and the other of
ETBN pure epoxy, EE1, EE2, EE3, EE4, EE5, with
formulations of 0, 1, 2.5, 5, 10, 15 wt. % were
made, as described in Table 6: Four samples of
each formulation are made, and the average
values are taken -into consideration for
optimization. The fabrication of toughened epoxy
resin '\ samples includes three steps, as
represented in the Figure 4. These steps are
described in detail in the following section.

epoxy resins and also of the other polymers that
are used as matrix systems. This makes them
ideal to be used in components and structures for
sectors like aerospace, automotive, and as a
structural adhesive.

Table 5 Physical and chemical properties of Toughener I-
CTBN[47], Toughener Il - ETBN [48].

SN Property Value
CTBN
1. Viscosity at 25 °C

5,00,000 - 10,00,000
mPa*s

25 Density at 25 °C 0.94-0.98 g/cm3

3. Acrylonitrile 24-28 %
content

4. Carboxyl content 30-38 %

ETBN

1. Consistency Thick

2. Density at 25 °C 0.93-0.97 g/cm3

3. Epoxy Value 28-3.1Eq./Kg

Figure 3. Pictorial Representation of materials used in this
study, (a) Epoxy Resin CY 230, HARDENER HY 951, (c)
TOUGHENERTI - CTBN, (d) TOUGHENERII - ETBN

2.2.1 Synthesis of Reactive Rubber and Epoxy
Blends

As shown in Figure 4Error! Reference source not
found. (stage I), The required quantity of
respective toughener CTBN or ETBN was added
to the epoxy resin at a constant rate and
continuously stirred with the help of a spatula.
This, suspension is kept again on the magnetic
stirrer for 10 minutes to ensure proper mixing
and achieve a homogeneous suspension. Further
in step three, the suspension is kept in a
desiccator for 30 minutes with the motive to
remove all the bubbles encountered.

2.2.2 Incorporation of Hardener to Initiate Curing

As shown in Figure 4 (stage II), The hardener HY-
951 is added to the toughened epoxy in a ratio of
100:10 as suggested by the manufacturer. After
adding hardener to the epoxy, the reaction
begins, and curing starts, which will make a solid
and durable sample.

2.2.3 Preparation of Toughened Epoxy Samples



So, in Figure 4, in stage IlI, suspension is poured
into the metal mould of specified dimensions.
Epoxy CY-230/1 is a low-viscosity resin that
cures at room temperature for 24-48 hours and
then oven curing at 60 °C for 5-8 hours. After
cooling, the final cured samples are removed with
the help of a needle and hammer.

Time— 10 mn Tisne = 30 min. e 2aia J
— anual siring
-- - e (S )M

STSPENSION

STAGE1

STEP 4

Removal of final
sample with nedle
and hammer

STAGE 11T

STEPS STEP6 STEPT STEP§

Figure 4. Procedure of fabrication of toughened epoxies.

3. Characterization of Toughened
Epoxy Blends

3.1 Rheological Characterization

Rheological characterization of CTBN and ETBN
toughened epoxy resins involves studying the
flow and deformation behaviour of these
materials during mixing and moulding
processes. It determines the influence of
toughening agents on epoxy resin with respect
to its peak viscosity and critical shear rate. This
characterization was investigated using a
rotational rheometer in'UPES, details of which
are givenin



Table 7. The measurements were made following
ISO 3219-2 standards. Such a type of rheometer
is useful for polymeric materials having high
viscosity suspended with particles. A concentric
cylinder having a cup and bob type of geometry is
used for this study. The suspension is being
loaded into the cup to the specified level to
ensure the immersion of the bob. The
temperature is being set and changed after
completion of each test. The software displays the
result in the form of properties and graphs on the
computer attached to the rheometer. After
completion of the test, the cleaning of all the parts
with solvent is performed rigorously to avoid any
malfunction of the rheometer. Figure 5(a)

illustrates the experimental set-up of rheological
characterization, which is used to investigate
properties like viscosity and critical shear stress
of the CTBN/ ETBN toughened epoxy polymer
system. The rotational rheometer is connected to
a computer for data acquisition and analysis. This
setup enables the precise control of shear rate
and measurement of rheological - properties.
Figure 5(b) represents the suspensions of CTBN-
epoxy having varied concentrations, prepared in
the UPES laboratory. These suspensions were
stored in glass beakers and are sealed with
aluminium foil to avoid any contamination. These
suspensions are further used to test the flow
properties of CTBN, ETBN-modified epoxy.

Table 6. Sample Specification

Sr. Investigated Toughener With . .
No. Sample Code Pardinfer Wit % Resin/ Hardener Curing Cycle

w, CSS, T10%, T50%, . i .
1 Pure Epoxy Tmax, UTS, UFS, IS, 0% CTBN 2:2?&1?925310 1/ gge};ours @RT + 5 hours at 60 deg. in

™

, CSS, T10%, T50%, . i .
2 EC1 Tmax, UTS, UFS, IS, 1% CTBN 2:2?&1?925310 1/ gge};ours @RT +5 hours at 60 deg. in

™

w, CSS, T10%, T50%, . i .
3. EC2 Tmax, UTS, UFS, IS, 2.5% CTBN 2:2?&1?925310 1/ gge}:lours @RT + 5 hours at 60 deg. in

™

w, CSS, T10%, T50%, 2 | .
4 EC3 Tmax, UTS, UFS, IS, 50 CTBN Araldite CY 230-1/ 48 hours @RT + 5 hours at 60 deg. in

™ Aradur HY 951 oven

u, CSS, T10%, T50%, . i .
5. EC4 Tmax, UTS, UFS, IS, 10% CTBN gizlddl;;eHC;(;;lO 1/ ggel:lours @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, . i .
6. ECS Tmax UTS, UFS, IS, 15% CTBN ﬁighdl;;eHCYY;;O 1/ ;L‘Ejel:lours @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, . i .
7. EE1 Tmax, UTS, UFS, IS, 1% ETBN ﬁiglddlﬁelggzslo Y 33;:10““ @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, . i .
8. EE2 Tmax, UTS, UFS, IS, 2.5% ETBN ﬁighdl;;eHCYY;;lO 1/ ;L‘Ejel:lours @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, . i .
9. EE3 Tmax, UTS, UFS, IS, 50% ETBN ﬁighdl;;eHCYYg:lO 1/ gge};ours @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, \ i .
10 EE4 Tmax, UTS, UFS, IS, 10% ETBN 2::2?&?;?925310 1/ gge}rllours @RT + 5 hours at 60 deg. in

™

u, CSS, T10%, T50%, . i .
11. EES Tmax, UTS, UFS, IS, 15% ETBN Araldite CY 230-1/ 48 hours @RT + 5 hours at 60 deg. in

™

Aradur HY 951

oven




Figure 5. Rheological Characterization setup and prepared
samples, (a) Rotation Rheometer, (b) Prepared Toughened-
Epoxy Suspensions

3.2 Thermal Characterization

Thermal Gravimetric Analysis (TGA) of CTBN,
ETBN toughened epoxy resin CY230-1 is
performed to evaluate the thermal stability and
composition of samples by measuring weight loss
as a function of temperature. TGA provides
insights into degradation behaviour, phase
separation, and the impact of elastomer
modification.

The thermogravimetric analysis of CTBN and
ETBN-toughened ' epoxy resin samples was
carried out in accordance with the 1SO 11358:1
standard using a TGA 4000 series instrument. For
each test, small sections of cured epoxy resin,
representing all ratios of CTBN and ETBN
toughened epoxy resin, were carefully cut to
obtain specimens in the range of 5-10 mg. These
prepared samples were then placed into an inert
crucible to avoid any external interaction during
heating. The analysis was conducted under a
controlled heating program, where the
temperature was increased from ambient
conditions up to 800 °C. at a constant heating rate
of 10 °C/ min. Throughout the heating cycle, the
instrument is_.continuously “monitored and
records the'changes in mass of the sample as a
function of time and temperature. The output
data recorded the residual mass (mg),
corresponding temperature (°C), and the
derivative weight loss rate (mg/min). Using the
collected data, both TGA and DTG curves were
plotted. These graphical representations
provided insight into the thermal stability,
decomposition behaviour, and degradation
stages of the epoxy resin systems. The obtained
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results were subsequently utilized for detailed
comparison and analysis of the influence of
incorporating CTBN and ETBN into epoxy resins
on thermal properties.

3.3 Mechanical Characterization

Mechanical testing, including tensile test, three-
point bending test, and impact test of cured
toughened epoxies using @ two | different
tougheners were carried out. Four samples of
each toughener and each ratio were made, and
tests were conducted. The results were recorded
and used to compare the mechanical properties
of both ETBN and CTBN. This study will give the
best suitable toughener with selected epoxy CY
230-1. Also, this study will give the optimum
concentration of liquid-based rubber toughener,
which will give the best performance
characteristics. For statistical purposes, a total of
four samples of each toughener of each weight
percentare carried out at room temperature. The
average value of four specimen was taken for
final analysis.

Tensile test of toughened epoxies was carried out
to study the ultimate tensile strength. Figure 6(a)
The cured samples of toughened epoxies with
different weight content are removed from the
metal moulds, and the edges of the samples are
finished with sandpaper. The rectangular-shaped
tensile test samples of dimension 150 mm x 15
mm x 4 mm with an aspect ratio of 10:1 are made
according to ASTM 3039 standards, as shown in
the Figure 6(b) The tensile tests were carried out
on a universal testing machine (50 T capacity)
with a crosshead speed of 1mm/min. Four
samples were subjected to tensile tests, and their
values were recorded. The failed sample is
represented in Figure 6(c).

The equation to calculate the ultimate tensile
strength of toughened epoxy samples is given
below, [49]

Equation 1.
Pmax
S, =
t Ao
The flexural properties of liquid rubber

toughened epoxy polymers are influenced by a
combination of factors like material selection,
their composition, processing conditions, curing
cycles, and environmental conditions. Like,
epoxies are prone to uptake moisture, which
degrades the mechanical properties and
interfacial adhesion. Such an environment should
be avoided while working with epoxy resins. The
amount of liquid rubber added to the epoxy
matrix significantly affects flexural strength and
modulus. [50]. Low concentration enhances



toughness without compromising rigidity, while
excessive amount reduces stiffness and strength.
[51] [52]. The specific type of reactive liquid
rubber, like CTBN or ETBN, influences the
compatibility with epoxy resin. In this current
study, a detailed analysis and comparison of
CTBN and ETBN toughened epoxy resin is done,
which results in the conclusion of the best
suitable toughener for the CY-230/1 grade of
epoxy resin. Also, the optimum concentration (in
wt. %) of the best suitable toughener is concluded
based on the results obtained from experiments.

A three-point bending test of the ETBN, CTBN
toughened epoxy is carried out to study the
ultimate flexural strength. This test was carried
out using a universal testing machine. Figure 6(d).
The rectangular-shaped three-point bending test
samples of dimension 125 mm x 13 mm x 4 mm
with a supporting span'of 64 mm, which was 16
times. the thickness, were made according to
ASTM D790 standards, as shown in the Figure
6Error! Reference source not found. (e)Error!
Reference source not found.. Ultimate flexural
strength of the samples was calculated by the
following. Equation 2.

Equation 2. The equation to calculate the
ultimate flexural strength of toughened epoxy
samples is given below, [53]

_ 3FL
S 2bt?

where F is the load applied in N, L is the span
length in mm, b is the width in mm, and t is the
thickness in mm of the specimen.

Ultimate flexural strength of toughened epoxy
samples was monitored, which signifies the
maximum stress it can withstand before breaking
when subjected to flexural load. The sample is
supported from both ends, and the load is applied
at the middle of the sample, as shown in Figure
6Error! Reference source not found. (j).

Un-notched Charpy impact test of ETBN, CTBN
toughened epoxy is carried out to study the
toughness of the material. The test was
conducted on a 50 Joules capacity impact testing
machine, Shambhu Nath and Sons, Delhi-made.
Impact energy in joules is recorded and further
used to calculate the impact strength of the
specimen. The rectangular-shaped impact test
samples of dimension 75 mm x 15 mm x 4 mm
according to test standard ASTM 4812, as shown
in the Figure 6Error! Reference source not
found. (h). The impact strength of toughened
epoxy samples was further calculated using the
following Equation 3.

Equation 3. The Equation to calculate the impact
strength of toughened epoxy samples. [54],
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where Uabs is energy absorbed in joules, and A is
the cross-sectional area in m2 of the test
specimen.

Figure 6. Mechanical Characterization Set-Up and Specimen
Details for Tensile, Flexural, and Impact Test of Toughened
Epoxy Polymer

Figure 6- Tensile test:) (a) UTM setup, (b)
Specimen, (c) Failed Sample,

3-point bending test: (d) Setup, (e) Specimen, (f)
and (j) Sample positioning,

Impact test: (g) Setup, (h) Specimen, (i) Readings
observed

4. Results and Discussions

4.1 Rheological Characterization

Rheological characterization is essential for
understanding the flow behaviour and
viscoelastic properties of toughened epoxy
resins. It provides insights-into the influence of
CTBN and ETBN on the curing process, viscosity,
and overall processability of epoxy systems.



Table 7. Details of Rheological Characterization

Characterization Rheology

Instrument Rotation Rheometer
MAKE Anton Paar RheolabQC
Standard Followed 1SO 3219-2

Properties Analysed Peak Viscosity, Critical Shear
Stress, Temperature

Measuring points 1to 100

taken

Controlled Shear Rate

1to 1000 1/ sec

4.1.1 CTBN-EPOXY blends

The graphs (a), (b) in the below Figure 7
represents peak viscosity (in Pa-sec) vs. RLR
content (in wt. %). 1t shows the effect of different
toughener content (0, 1%, 2.5%, 5%, 10%, 15%)
on the peak viscosity of epoxy resin CY 230-1 at
three temperatures; 25°C (blue), 50°C (red), 60°C
(green). As shown in Figure 7 (a), (b) 25°C, peak
viscosity increases significantly with increasing
CTBN, ETBN content. This trend indicates that
the addition of CTBN, ETBN leads to higher
resistance to flow at lower temperature, likely
due to the formation of a more complex
molecular network or increased molecular
interactions. At higher temperatures (50°C &
60°C), viscosity value decreases for all- RLR
content levels. This is expected because
increasing temperature reduces molecular
friction, viscosity and/ thereby enhances the
mobility of polymer.  chains. The difference
between viscosities at 25°C and 50°C/ 60°C is
more pronounced at higher CTBN content levels
as compared to ETBN levels, which suggests that
the system is more temperature-sensitive when
modified with CTBN whereas ETBN toughened
epoxies are less prone to get viscous. At 25°C,
viscosity seems to plateau beyond 10 wt. % for
ETBN. This could indicate a saturation point
where further ETBN addition does not
significantly increase molecular interaction
which affects viscosity. A similar trend is
observed at 50°C/ 60°C although the absolute
viscosity values are very low. In graph (c) of Figure
7, there is a significant increase in critical shear
stress with increasing CTBN content at 25 deg C
and graph (d) of Figure 7, there is no significant
increase in critical shear stress after 1 wt. % of
ETBN. Higher critical shear stress indicates
stronger interfacial bonding between epoxy resin
and CTBN, also it indicates material’s capacity to
withstand greater mechanical loads without
failure. Higher value of critical shear stress also
suggests better resistance to crack propagation.
RLR modified epoxies help in absorbing energy
during mechanical impacts which in-turn reduces
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brittleness. Both the graphs (c) and (d) shows
that at higher temperatures 50°C and 60°C,
critical shear stress decreases drastically which
means the material becomes weak at higher
temperatures.

4.1.2 ETBN-EPOXY Blends

The graph (b) of Figure 7Error! Reference source
not found. shows the viscosity (in Pa-sec) of a
mixture of ETBN and Epoxy Resin at different
temperatures (25°C, 50°C & 60°C). The viscosity
is highest at 25°C (blue bar) and significantly
lower at high temperatures. Viscosity decreases
with an increase in temperature, indicating a
typical behaviour of thermosetting resin. At 25°C,
viscosity increases as the ETBN content
increases, particularly after 5 wt. %. At higher
temperatures viscosity remains relatively low,
and does not show a steep increase, even with
higher ETBN content. The effect of ETBN
concentration is more pronounced at lower
temperatures. The rapid increase in viscosity at
25°C suggests that ETBN has a, - significant
thickening effect at room temperature. However,
at elevated temperatures, the mixture maintains
lower viscosity, which could be beneficial for
processing and application. Figure 7(c), (d) graphs
provide a comparison of the critical shear stress
(in Pa) as a function of CTBN and ETBN content
in "an epoxy system, observed at three
temperatures 25°C (blue), 50°C (red), 60°C
(green). (b) Shows a steep increase in critical
shear stress with increasing content, reflecting
stronger interactions and phase separation
behaviour in the resin.

-
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Figure 7. (a) Effect of CTBN content on Peak Viscosity of
Epoxy at different Temperatures, (b) Effect of ETBN content
on Peak Viscosity of Epoxy at different Temperatures, (c)
Effect of CTBN content on critical shear stress at different
temperatures, (d) Effect of ETBN content on critical shear
stress at different temperatures.

4.1.3 Comparison of CTBN-Epoxy and ETBN-Epoxy
Blends



The graphs (a), (b), (c) in Figure 8 compares the
peak viscosity of CTBN-toughened and ETBN-
toughened epoxy resins at different
temperatures (25 °C, 50 °C, 60 °C), RLR/
toughener content levels. As the toughener
content increases, the viscosity of both the blends
increases at all temperatures. CTBN-toughened
epoxy resins show consistently higher viscosity
than ETBN-toughened epoxy resins at all RLR
content levels and at all temperatures. Figure 8 (a)
gives the comparison at 25 °C. CTBN-toughened
epoxy resins exhibit a steeper increase in
viscosity, while ETBN-toughened epoxy resins
also increase viscosity but at a lower rate. Similar
trends are observed at temperatures of 50 °C and
60 °C in Figure 8 (b), (c). Lower viscosity of ETBN-
epoxy blend at all temperatures and all RLR
content levels will lead to easier processing,
making it more suitable for applications
requiring better flow, such as casting, coating,
and impregnation in composites. It reduces the
risk of trapped air bubbles and incomplete Mold
filling. Also, it can be observed that ETBN
increases viscosity in a gradual manner. This
controlled increase ensures predictable
behaviour, which is beneficial for industries
where maintaining a consistent flow profile is
essential. The ETBN-epoxy blend possesses
lower viscosity as compared to the CTBN-epoxy
blend. Because of its lower viscosity, the epoxy-
ETBN blend could lead to better dispersion of
fillers or reinforcements within the resin. This:is
beneficial in composite manufacturing, where
uniformity of the matrixis critical for mechanical
performance. Since ETBN still improves viscosity
as compared to the 0% RLR, it may provide
toughness enhancements without making the
resin too thick. If toughness is comparable to
CTBN while keeping viscosity lower, ETBN could
offer a better balance between toughness and
processability. Lower viscosity material often
requires less energy for mixing and processing,
reducing manufacturing costs.

It can be concluded that if the application
requires easy processing, better flow, and more
efficient dispersion of fillers, then ETBN is'a
better choice. While CTBN provides 'higher
viscosity, which could be useful for structural
applications. ETBN -balances toughness with
viscosity, herewith -balancing processibility,
making it ideal for coatings, adhesives, and
composite resins where ease of handling is
crucial.

The (d) (e) (f) graphs in Figure 8Compare the
critical shear stress (Pa) of CTBN-toughened and
ETBN-toughened epoxy resins at different
temperatures (25 °C, 50 °C, 60 °C), RLR/
toughener content levels. It can be concluded that
CTBN provides significantly better shear strength
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at all temperatures, especially at higher contents.
This is due to its effective energy dissipation
through cavitation and plastic deformation.
ETBN performs well at lower temperatures and
moderate ETBN content. Its superior interfacial
adhesion results in localized stress transfer,
enhancing shear resistance at lower ETBN
content.

For applications requiring high shear strength
across a temperature range higher ratio of CTBN
in epoxy resin is preferable. However, for better
thermal resistance and moderate performance, 1
to 2.5 wt. % of ETBN is suggested. This study
suggests the toughener that can be used, between
CTBN and ETBN, based on the basis of operating
temperature.

Figure 8. Comparison of CTBN toughened Epoxy and ETBN
toughened Epoxy based on Rheological properties.

4.2 TGA Analysis of CTBN Toughened epoxy
resin and ETBN Toughened epoxy resin

Thermo-gravimetric analysis (TGA) is a widely
used thermal analysis technique to evaluate the
thermal stability and decomposition behaviour of
polymer materials. In this study, TGA is employed
to investigate the thermal degradation of CTBN-
toughened epoxy resin and (ETBN-toughened
epoxy resin. Understanding the thermal stability
of these toughened epoxy systems is essential for
their application in high-temperature
environments,  particularly in  aerospace,
automotive, and industrial sectors.

4.2.1 CTBN-EPOXY blends:

Figure 9 (a) shows the TGA curve showing the
weight loss of different samples of CTBN
toughened epoxies as a function of temperature.
All curves show a sharp drop in weight at around
300-400 °C, indicating thermal degradation. The
final residual weight is maximum for EC3
suspension containing 5 wt. % CTBN into epoxy
resin, this content leads to higher char yield at the
end of degradation, indicating improved thermal
resistance. The neat epoxy suspension (pure
epoxy; black curve) shows the lowest thermal
stability. The suspension with increasing CTBN



content till 5 wt. % (EC1, red; EC2, blue; EC3,
green) shows increasing thermal conductivity,
whereas the suspension with 10 wt. % and 15 wt.
% (EC4, purple; EC5, brown) CTBN have lower
thermal stability as compared to EC3. So, CTBN
acts as a toughening agent, improving the
thermal stability of the epoxy composites. This is
likely due to the barrier effect of CTBN, which
slows down the thermal decomposition and
enhances char formation. Materials that leave
behind more char typically have better resistance
to heat and fire, as the char layer acts as a
protective barrier, slowing further
decomposition [55] [56]. Table g gives the values
of T10%°C, T 50%¢°C, and Tmax °C. T10%°C and
T50% ©°C is the temperatures at which 10% and
50% weight loss occurs. Higher, T10%°C and
T50%¢°C value indicates better thermal stability,
as the material resists degradation at higher
temperatures. Lower value of T10% oC suggests
poor | thermal stability, which means the
decomposition starts earlier. EC3 suspension has
the highest T10%¢°C (245.79 °C) and T50%¢°C
(380.82 °C), which indicates that it is the most
thermally stable suspension among all the other
samples. The probable reason is that it possesses
a better composition, higher cross-linking, and
strong bonding, which delays the initial
decomposition. T10%°C of EC5 is the lowest,
which means it degrades at a much lower
temperature. EC5 possesses higher volatile
content and a weaker structure, making it more
degradable at lower temperatures.

Table 8. Thermal Stability of CTBN toughened Epoxies

Sample T10% oC T50% °C Tmax. °C
Name

Pure 235.41 370.88 368.25
Epoxy

EC1 237.42 375.21 373.34
EC2 238.94 380.81 385.53
EC3 245.79 380.82 373.03
EC4 235.81 378.01 367.93
EC5 191.29 372.16 370.98

4.2.2 ETBN-EPOXY blends:

The below Figure 9 shows thermos-gravimetric
analysis (TGA) graph, presenting the thermal
stability of epoxy resins modified with various
ETBN content, ranging from 0 to 15%. Weight %
describes the decomposition of epoxy resin as the
temperature increases. There is no noticeable
trend that can be observed. All the curves show a
sharp drop in weight at around 300-400 oC,
indicating thermal degradation. The final residual
weight is maximum for 1wt. %. Suspension (EE1,
red). The suspensions with 2.5 wt. % and 15 wt.
% ETBN (EEZ2, blue; EE5, brown) content into
epoxy possess lowest thermal stability. This is
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related to an insufficient barrier effect, slowing
down heat and mass transfer during
decomposition. There may be improper
dispersion of ETBN into the epoxy of EE2
suspension, because of which the effective
protective layer could not form, and the epoxy
tends to degrade faster. The suspensions with 1
wt. %, 5 wt. % and 10 wt. % ETBN (EE1, red; EE3,
green; EE4, purple) possesses good thermal
stability as compared. to the neat epoxy. So, EE1
suspension containing 1 wt. % ETBN is capable of
improving the thermal stability of epoxy. Table 9
gives the values of T10% °C, T50% °C, Tmax °C. It
can be observed that the values for EE1 samples
are maximum, making it the most thermally
stable suspension, as compared to the other
suspensions containing a higher content of ETBN
in epoxies.

Table 9. Thermal Stability of ETBN toughened Epoxies

Sample T10% °C T50% °C Tmax °C
Name

Pure 231.63 370.88 368.06
Epoxy

EE1 260.02 377.30 371.76
EE2 22891 372.97 367.15
EE3 243.04 380.42 367.45
EE4 223.41 374.86 365.60
EE5 235.35 372.06 366.82

The Derivative Thermogravimetric (DTG) curves
shown in Figure 9 (c) and (d) depict the rate of
weight loss as a function of temperature for the
CTBN and ETBN modified epoxy system. The
peak of these graphs gives the value of maximum
decomposition temperature (Tmax °C), the value
of which is given in Tables 8 and'Table 9. All
samples exhibit a single major degradation peak,
indicating that the thermal degradation occurs
predominantly in one step associated with the
breakdown of the epoxy matrix. When graph (c)
is observed, the peak shifts slightly towards the
lower 'values of temperature with increasing
CTBN content. This suggests that adding a higher
concentration of CTBN into the epoxy resin
reduces the thermal stability because of the
lower thermal resistance of CTBN. Also, it can be
noticed that the intensity of the degradation peak
increases with higher CTBN content, suggesting
an enhanced mass loss rate. On the contrary,
when graph (d) is observed, ETBN modified
epoxy resin displays more stable behaviour.
These possess only minor shifts in maximum
degradation temperature, even at the higher
concentration of ETBN. This indicates better
thermal stability of ETBN as compared to CTBN.
Overall, from DTG curves, it can be concluded that
both CTBN and ETBN influence the



decomposition behaviour of the epoxy system,
with ETBN showing better thermal stability while
maintaining a consistent degradation profile.
Sample containing 1 wt. % of ETBN into epoxy
shows the excellent performance as it has the
highest value of Tmax °C.
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Figure 9. (a) Thermogravimetric analysis (TGA) curves of
CTBN toughened Epoxy Resins with varying CTBN content,
(b) Thermogravimetric analysis (TGA) curves of ETBN
toughened Epoxy Resins with varying ETBN content, (c)
Derivative Thermogravimetric Curve (DTG) of ETBN

toughened Epoxy Resins with varying ETBN content.

4.2.3 Comparison of CTBN-toughened Epoxy Resins
and ETBN-toughened Epoxy Resins for Thermal
Stability:

Figure 10 presents a comparative analysis of
thermal properties of CTBN and ETBN toughened
epoxy resin samples at different concentrations
of these Reactive Liquid Rubber (RLR) as
tougheners. The comparisons are made using
three parameters. T10%, temperature at which
10% weight loss occurs, T50%, temperature at
which 50% weight loss occurs, and Tmax,
maximum degradation temperature, typically
representing the peak thermal decomposition
temperature. As per the graph (a) of the Figure, the
ETBN-toughened epoxy sample showed higher
T10%, compared to CTBN at almost all
concentrations, indicating better thermal
stability. The maximum T10% is observed of EE2
sample with 2.5 wt. % of ETBN, reaching
approximately 260 °C. CTBN follows a similar
trend but at slightly lower temperatures. This
suggests that ETBN provides lower resistance to
initial-thermal degradation. At 15 wt. %, both
CTBN ' and ETBN toughened epoxy systems
experience a decline in this temperature, which
may be due to a phase separation mechanism,
agglomeration of particles, or reduced cross-
linking density of epoxy, hardener, and
toughener materials. As per graph (b) of Figure 10,
both the systems exhibit similar T50%
temperatures, having their values ranging
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between 370°C to 380°C. ETBN displays better
stability at higher loadings, and the differences
are hardly noticeable compared to the values of
T10%. Comparable results of thermal resistance
offered can be observed by both the tougheners
at mid-level. Tmax values also follow a consistent
pattern across all the loadings, with ETBN values
displaying slightly higher values as compared to
CTBN, as observed in graph (c) of Figure 10. Only
minor fluctuations can-be observed across all the
concentrations, and it can be said that the
thermal stability is fairly stable.
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Figure 10. Comparison of CTBN toughened Epoxy and ETBN
toughened Epoxy based on Thermal properties.

4.3 Mechanical Characterization

Mechanical characterization is very crucial for
determining the structural performance of epoxy
resins toughened with ‘RLRs. In this section,
mechanical properties of toughened epoxy are
calculated and analyzed to find mechanical
properties. This section focuses on tensile,
flexural, and impact properties of CTBN and
ETBN-toughened epoxy samples to achieve an
understanding of their suitability for various
applications.

4.3.1 CTBN-EPOXY blends:

Figure 11 (a) and (c) shows the tensile properties
of CTBN toughened epoxy resin. Tensile modulus
is calculated from the offset method. It can be
observed that initially, there is a sharp drop in
Ultimate Tensile Strength (UTS) at 1 wt. %, which
indicates poor stress transfer may be likely due to
improper rubber  particle dispersion into the
epoxy resin. The UTS value is recovered and
reaches the peak value at 5 wt. % of CTBN,
suggesting the occurrence of the phase
separation phenomenon, ensuring better
performance and energy dissipation. After 5 wt.
%, UTS declines again, particularly 15 wt. %,
which may be due to clustering or rubber
particles and weak interfacial bonding among
them. The tensile modulus remains particularly
stable till 2.5 wt. % of CTBN, then it peaks at 5 wt.
%, indicating enhanced stiffness.

Beyond 5 wt. %, the modulus drops, possibly due
to excessive rubber domains leading to matrix
softening. At 5 wt. %, the error bars are smaller
for both properties, showing better uniformity in
mechanical properties. So, this can be interpreted
from both the graphs that 5 wt. % CTBN suggests



a balanced microstructure with efficient stress
transfer and crack bridging. Beyond this rubber

Table 10. Maximum Values of CTBN Toughened Epoxy Resin

agglomeration leads to a reduction in both

strength and modulus.

PROPERTY TEST METHOD SAMPLE ID AVERAGE VALUE UNIT
Ultimate tensile ASTM D 3930 EC3 50.060 MPa
strength

Tensile modulus ASTM D 3930 EC3 737.075 MPa
Toughness EC3 3.235 Mj/m3
Ultimate Flexural ASTM D790 EC2 78.08 MPa
Strength

Impact strength ASTM 4812 EC5 2.728 ]/ cm?

Ultimate Flexural Strength (UFS) is a critical
mechanical property that is important for
structural integrity, where components are
subjected to bending loads, and durability, where
in cyclic loading environments occurring
repeated bending plays a huge role. Figure 11 (c),
shows UES of CTBN toughened epoxy resin. The
UFS increases significantly with CTBN addition
till 2.5 wt. %. This indicates effective toughening
due to improved cracked bridging and energy
dissipation. At 5 wt. % and beyond, the UFS drops
considerably. This may be due to over-
toughening caused by the formation of a large
rubber domain. Excess rubber particles act as
stress concentrators, leading to poor stress
transfer and premature failure under bending
loads.

Figure 11(d) shows the toughness in (M]/m3) of
CTBN toughened epoxy resin. The toughness is
calculated from the area under the stress-strain
graph till the fracture point. Initially, there is a
significant decrease in toughness from 0 to 2.5
wt. % CTBN. The low toughness value could be
the cause of the poor phase separation
phenomenon, or it may be due to insufficient
rubber domain formation, which leads to
ineffective crack deflection. Among all the
samples, EC3 samples having 5 wt.% of CTBN
possess the highest value of toughness, which
indicates optimal rubber particle dispersion and
effective energy dissipation. The CTBN particles
act like efficient stress absorbers, which dissipate
and distribute mechanical stress- to prevent
damage or failure, and also, CTBN enhances crack
growth resistance. Beyond 5 wt. % CTBN,
toughness value | decreases, but it is more
compared to the neat epoxy resin.

Figure 11(e), It can be observed that Impact
strength remains relatively low and stable up to
10 wt. % CTBN. The toughening mechanisms,
such as cavitation or shear yielding, are not fully
activated. At 15 wt. % CTBN, the strength
dramatically increases, which suggests higher
CTBN loadings into epoxy resins, promoting
better crack deflection and energy dissipation.
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When impact properties are the primary
requirement of the application, 15 wt. % CTBN is
beneficial. Table 10 summarizes key mechanical
properties of CTBN toughened epoxy samples.
These matrices will be beneficial for the
researchers working in the same field.
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Figure 11. Graphical Representation of Mechanical
Properties of CTBN-toughened Epoxy Resin.

Figure 11: (a) Ultimate Tensile Strength vs CTBN
content, (b) Ultimate Flexural Strength vs CTBN
content, (c) Ultimate Tensile Strength and Tensile
Modulus vs CTBN content, (d) Toughness vs
CTBN content, (e) Impact Strength vs CTBN
content.

4.3.2 ETBN-Epoxy Blends:

Figure 13(a) and (c) illustrate the relationship
between the ratio of ETBN content in epoxy resin
(in “weight percentage) and ultimate tensile
strength (in MPa) and Tensile Modulus (MPa).
UTS peaks at 2.5 wt. % ETBN and tensile modulus
peaks at 1 wt. % ETBN. Both these properties
decline after 5 wt. % ETBN.

The modulus, particularly, drops sharply at 10
wt. % ETBN, indicating poor structural rigidity at
higher rubber contents. This is likely due to phase
separation and the formation of rubber-rich
domains that reduce crosslink density. However,
all the ETBN loadings are capable of enhancing
the tensile properties when compared to the
properties of neat epoxy samples. But the optimal
concentration of ETBN will be considered as
2.5% as the value of Tensile Modulus is at its



second-best value at this concentration, and
other properties also show enhancements at this
concentration. Figure 13(b) represents the UFS as
a function of ETBN loadings into epoxy resin. The
highest UFS is observed at 5% ETBN, reaching
approximately 70 MPa. This indicates enhanced
load-bearing capacity under bending stress at
this composition. Improved interfacial bonding
and phase separation at this concentration may
contribute to the optimal performance. There is a
steady rise in UFS from 0 to 5 wt. % ETBN, which
suggests initial improvements in flexibility and
energy dissipation. Beyond 5 wt. % ETBN, UFS
decreases slightly, meaning excessive ETBN
results in soft rubber phase agglomeration and
reduced load-bearing capacities.

Figure 13(d) shows the toughness in (M]J/m3) of
CTBN toughened epoxy resin. ' The toughness is
calculated from the area under the stress-strain
graph till the fracture point. The toughness
increases drastically and peaks at 2.5 wt. % ETBN
indicates an optimal balance of ductility and
energy absorption at this concentration.
Although ETBN can be used as a toughener, it
enhances the toughness of epoxy matrix systems
at all the loadings considered in this study. Figure
13(e) gives the impact strength (J/cm2) as a
function of ETBN loadings. Impact strength
increases steadily till 2.5 wt. % ETBN, which
means ETBN facilitates crack bridging and
cavitation mechanisms that help dissipate impact
energy. After 5 wt. % ETBN, the impact strength
significantly drops, which indicates rubber
particle agglomeration and ‘weak interfacial
bonding. -The poor load transfer between the
epoxy matrix and ETBN reduces the ability of a
material to resist impact. Table 11 summarizes key
mechanical properties of ETBN toughened epoxy
samples. Table 12 outlines the optimal CTBN and
ETBN content for different mechanical
performance goals. Depending upon the
applications, ETBN content can be tailored to
enhance tensile, flexural, and toughness
properties accordingly.

Figure 12(a)-(b) illustrates the representative
results of the tensile test on toughened epoxy,
shown both as a load-displacement graph and a
corresponding  stress-strain response. The
specimen is firmly clamped in the fixtures of the
UTM and-was tested until complete fracture in
accordance, with the ASTM 3039 guidelines.
During the test, the computer system attached to
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the UTM continuously records the load and
displacement data, from which the graph (a) of
Figure 12Error! Reference source not found. is
plotted. A slight curvature is observed at the toe
region, which arises due to grip seating or system
compliance. After this, toughened epoxy exhibits
a clear linear segment. With increasing strain, a
subtle non-linearity is observed, which is due to
the yielding of dispersed rubber particles into the
epoxy resin, which apparently increases ductility.
After the peak load “Pmax” is achieved, the
specimen starts to soften. Figure 12 (a) gives the
value of Ultimate Force that a sample can resist,
which is used in Error! Reference source not
found. to calculate UTS. This procedure was
followed for 4 samples of each concentration, and
average values were taken for final comparison
and analysis. Besides recording load and
displacement, the system is also set to record the
stress and strain data throughout the test. This
data is used to plot graph (b) of Figure 12. The blue
curve is plotted from the raw data received from
the system. The red curve is plotted till the linear-
elastic region. When there is difficulty in noticing
a clear linear-elastic region in the stress-strain
curve, calculating Tensile Modulus becomes
more difficult. The offset method is used to
calculate the exact value of tensile modulus in
such: cases. The new value of stress-strain is
calculated by offsetting the value of strain by
0.2%, followed by evaluating the offset stress.
The green curve is plotted using the offset stress-
strain values. The intersection point of the green
and blue curves decides the region of linear
elasticity. The red curve is increased till that
point, and the trendline is plotted against this red
curve. The slope of this trendline gives the value
of Tensile Modulus. This procedure is repeated
for all the samples, and average values are taken
for further comparison and analysis. The flexural
testis carried out on the UTM in accordance with
ASTM D790 standards. 3-point loading on a
simply supported beam is set up to get the
flexural strength of toughened epoxy samples.
The system synchronized with UTM provides the
results in the form of load-displacement data at
each point until the sample fails. Figure 12 (c) gives
the graph plotted with this data. Toughness is the
property that is calculated by the area under the
stress-strain curve till the fracture point. Figure 12
(d) demonstrates the area obtained till the
specimen breaks during the tensile test. All these
calculations are made using Origin Software.



Table 11. Maximum Values of ETBN Toughened Epoxy Resin

Property Test Method Sample Id Average Value Unit
Ultimate tensile strength ASTM D 3930 EE2 70.42 MPa
Tensile modulus ASTM D 3930 EE1 1505.10 MPa
Toughness - EE2 3.2 MJ/ m3
Ultimate Flexural Strength ASTM D790 EE3 66.59 MPa
Impact strength ASTM 4812 EE2 1.80 ]/ cm2
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Figure 12. (a) Load-Displacement of Tensile Test Specimen
and (b) Stress-Strain Response of a Tensile Test Specimen,
(c) Load-Displacement of Flexural Test Specimen, (d)
Toughness measurement

Figure 12, Graph (b): Blue Curve - Stress-
Strain Curve from data available from the UTM
system,

Red Curve - Stress-Strain Curve till the Linear-
Elastic Region,

Green Curve - Stress-Strain Curve obtained from
Offset-Method.
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Figure 13. Graphical Representation of Mechanical
Properties of Epoxy-ETBN Blend.

Figure 13: (a) Ultimate Tensile Strength vs ETBN
content, (b) Ultimate Flexural Strength vs ETBN
content, (c) Ultimate Tensile Strength and Tensile
Modulus vs ETBN content, (d) Toughness vs
ETBN content, (e) Impact Strength vs ETBN
content.



Table 12. Engineering Implications of using CTBN and ETBN as Toughening agent into CY 230-1 Epoxy Matrix

Implications

Optimum Weight

Applications

For high- strength components

For structural-load bearing
components

For high impact and fracture
resistance

For High-strength components

Load-bearing structures

High Energy absorption and
impact strength

5 wt. % CTBN

2.5 wt. % CTBN

15 wt. % CTBN

2.5 wt. % ETBN

5 wt. % ETBN

2.5 wt. % ETBN

Where high tensile properties are a primary requirement,
like reinforced composites, aircraft wings, and fuselage, it
has to resist aerodynamic forces.

Where high ultimate flexural strength is the primary
requirement.

Where superior toughness and moderate strength are
required.

Where high tensile properties are primary requirements,
like structural components of aircraft and engine parts
which subjected to high stress and vibrations.

Where high flexural strength and flexibility are required.

Suitable for applications requiring increased toughness,
like vibration dampers, protective casings, etc.

4.3.3 Comparison of CTBN toughened Epoxy and
ETBN toughened Epoxy on the basis of Mechanical
Properties

This bar graph compares the Ultimate Tensile
Strength of CTBN and ETBN toughened Epoxy
Resins at different contents of these RLR (wt.%).
At 1% RLR, ETBN significantly surpasses CTBN,
achieving approximately 55 MPa. The superior
strength of ETBN toughened epoxy resin samples
indicates better phase dispersion and effective
stress transfer at low content. At 2.5% RLR, ETBN
samples reach a maximum UTS of 70 MPa, while
CTBN samples remain /lower at 35 MPa. The
phase-separated. rubber domains in ETBN
toughened ' epoxy might optimize energy
dissipation, leading to higher strength. At 5%
RLR, ETBN still maintains high UTS around 65
MPa, although a slight decrease is noted as
compared to 2.5% RLR. CTBN samples remain
steady at 40 MPa, indicating moderate
reinforcement. At 10% RLR, ETBN toughened
epoxy samples remain at higher UTS as compared
to neat epoxy, while CTBN experiences a
noticeable drop around 35 MPa. At 15% RLR,
CTBN exhibits a significant decline . to
approximately 25 MPa, likely due to ‘rubber
agglomeration and poor stress transfer. ETBN
toughened samples demonstrate better UTS
across all RLR content levels as compared to
CTBN toughened samples. Optimal toughening
occurs at around 5% RLR for both the resins,
although  ETBN shows greater consistency and
superior performance at higher loadings. This
may be attributed to ETBN’s improved phase
separation, better interfacial bonding, and higher
flexibility in the epoxy matrix.

The graph compares the ultimate flexural
strength in MPa of CTBN and ETBN toughened
epoxy resins across different RLR content levels.

Atlow RLR content till 2.5 wt.%, CTBN toughened
epoxy samples show a more significant increase
in flexural strength, peaking around 2.5 wt.%
CTBN with values exceeding 75 MPa. CTBN
toughened epoxy samples also increase in UFS
but at a slower rate, reaching approximately 60
MPa. When 5 wt.% of these RLRs are added to
epoxy resins, it-can be observed that ETBN
toughened epoxy samples outperform CTBN,
achieving UFS close to 65 MPa. CTBN exhibits
higher UFS as compared to the ETBN sample, but
significantly declines at higher content. So, CTBN
can be used as a toughener where high flexibility
is required. While ETBN provides consistent
flexural strength across a broader range of
tougheners, demonstration better performance
in maintaining structural integrity. ETBN’s phase
separation and interfacial bonding seem more
effective in preventing strength loss as compared
to CTBN.

The initial impact strength of neat epoxy resin
exhibits very low impact strength, around 0.6
J/cm?. This shows the brittle nature of the epoxy
polymer. When up to 2.5 wt.% of tougheners are
incorporated into epoxy resin, ETBN toughened
epoxy shows a noticeable increase in the impact
strength, as compared to CTBN toughened
samples. At 2.5 wt.% ETBN outperforms and
reaches 1.8 J/cm?, while CTBN remains at below
1 J/cm?. This suggests that ETBN induces better
rubber particle dispersion and phase separation,
enhancing energy absorption.

The graph shows the relationship between CTBN
content and the tensile properties of CTBN
toughened epoxy resin, focusing on Ultimate
Tensile Strength (MPa) and Tensile Modulus
(MPa).

When the mechanical properties of toughened
cured epoxy samples were compared with the
literature available, it can be observed from Table



13 that, this grade of epoxy resin CY-230/1 and
tougheners like CTBN and ETBN are capable to
enhance toughness of the epoxy resin system by
164% and 159%, respectively, without
compromising other properties. As compared to
other filler materials from the literature, which
are used to enhance mechanical properties, these
rubber-based tougheners, CTBN and ETBN,
proved their worth in increasing tensile strength
(30% and 83%), flexural strength (50% and
32%), tensile modulus (68% and 243%) and
impact strength (302% and 166%).

The outcome of this study is to evaluate the most
compatible toughener between CTBN and ETBN,
which can be incorporated into DGEBA based.CY
230-1 epoxy polymer matrix system. The main
objective of carrying out this study is to evaluate
the rheological, thermal, 'and mechanical
properties of toughened epoxy samples, and
compare them to obtain the best properties. Also,
the optimum weight of the compatible toughener
is evaluated. Table 14 summarizes the values of
properties obtained at optimized concentration.
This will be helpful for all the young researchers
who are working on similar types of domains.

4.3.4 Toughening Mechanics in CTBN and ETBN
Toughened Epoxies & Comparative Mechanistic
Insights

When CTBN is blended into epoxy resins, the
COOH-terminated functional groups react with
the epoxide group of epoxy resins, resulting in the
formation of covalent bonds, thereby facilitating
phase separation after, post-curing. This phase
separation results in the formation of discrete
rubber-rich domains dispersed within the brittle
epoxy matrix [57]. When such modified epoxies
are subjected to mechanical loading, these
dispersed rubber particles give rise to localized
cavitation due to stress concentrations. These
resultant voids allow the epoxy matrix to
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undergo localized plastic deformation and shear
yielding around the cavities [58] [6]. These
absorbing and dissipating mechanisms are
effective in absorbing mechanical energy and
inhibiting crack initiation and propagation.
Furthermore, effective interfacial adhesion
between the rubber domains and the epoxy
matrix improves toughness but significantly
affects structural rigidity. ETBN is characterized
by epoxy-terminated- functional groups and
exhibits high reactivity with epoxy groups, which
contributes to the formation of covalent bonds
like CTBN particles. This facilitates the uniform
integration of ETBN into the epoxy matrix,
creating a clear and homogeneous dispersion of
particles that align with the CTBN particles. This
uniform distribution promotes more efficient and
effective stress transfer and also ensures
improved crack initiation and propagation. When
subjected to mechanical loading, ETBN particles
withstand elastic deformation and absorb a
considerable amount of strain energy.
Furthermore, this uniform dispersion reduces
particle agglomeration and improves mechanical
performance, particularly tensile modulus and
ultimate tensile strength.

ETBN and CTBN have different termination
chemistry that affects their quality of dispersion
and interfacial interaction within the epoxy resin.
CTBN enhances the epoxy toughness via
cavitation-induced plastic deformation, making it
more suitable for applications where a
substantial amount of energy absorption i like
impact and ballistic loading. Comparatively,
ETBN uses enhanced dispersion and interfacial
adhesion to achieve notable enhancements in
tensile strength and modulus, making it
appropriate for applications where there is a
requirement for balanced high stiffness and
toughness.



Table 13. The effect on the mechanical properties of toughened epoxies based on a literature survey:

Ref. Epoxy Filler type  Filler UTS TM % % UFS Toughn % % IS %
resin conte (MP (GP Increas Increas (MP ess Increa Increase (J/  Increa
type nt a) a) ein einTM a) se in in cm  seinlS

UTS UFS Toughn  2)
ess

[59] Bisphen Polysulpho 15 61.0 152 Decrea Decrea - - - -

ol A- ne phr 3 sed sed
based (thermopla
E51 stic)

[60] DGEBA  Polyuretha 15 45 1 125% Decrea - - - -
Epidian ne wt. % sed
5

[61] EPON Al203 3wt - - - - 67.0 - 15%

828 nanoparticl %
es

[59] Bisphen Polysulpho 15 E = 2 - 110. - 22.22 44.68%
ol A- ne wt. % 0 %
based (thermopla
E51 stic)

[62] Quick- Zr02 1wt - - - - 105. - 29% 31%
mast nanoparticl  %. 7
105 es
Quick- Y203 1wt - - - - 112. - 36% 46%
mast nanoparticl % 1
105 es

[63] Epikote = CTBN Swt. - - - - - - - - 5 100%
828 %

(Bisphe
nol A-
based)

[13] DGEBA  ATBN 125 - - - - - - - - 02 2365
Araldite phr 86 %

GY 260 (notch
ed)

DGEBA  ATBN 12,5 ' - - - - - - - - 14 2403

Araldite phr 26 %

GY 260 (un-
notche
d)

[64] DGEBA  Hyper- 10 - - - - - - - - 31 2046
CYD branched wt. % 2 %
128 polymer

[60] DGEBA  Polyuretha 20 - - - - - - - - 0.5 2333
Epidian ne wt. % %

5




Prese
nt
study

Araldit CTBN 5 wt. Decrea

eCY % sed by

230-1 0.2%

Araldite  ETBN 25 93.5%

CY 230- wt. %

1

Araldite  CTBN 2.5 78.0 49.5%

CY 230- wt. % 8

1

Araldite ETBN 5 wt. 66.5 32.68

CY 230- % 9 %

1

Araldite  CTBN 15 2.7 313.6
CY 230- wt. % 3 %

1

Araldite  ETBN 25 1.8 261.7
CY 230- wt. % 0 %

1




Table 14. Mechanical, thermal, and rheological properties of OPTIMIZED TOUGHENER - ETBN

PROPERTY VALUE UNIT % ENHANCEMENT
Optimized Toughener ETBN

Optimized Sample ID EE1

Optimized Concentration 1 wt.%

Optimized value of Viscosity @ 25 °C 1.35 Pa-sec 0.75%
Optimized value of Viscosity @ 50 °C 0.205 Pa-sec 49.6%
Optimized value of Viscosity @ 60 °C 0.154 Pa-sec 15%
Optimized value of Critical Shear Stress@ 25 °C 1140 Pa 1.78%
Optimized value of Critical Shear Stress@ 50 °C 141 Pa 8.46%
Optimized value of Critical Shear Stress@ 60 °C 130 Pa 8.33%
Optimized value of T10°C 260.02 oC 12.25%
Optimized value of T50°C 377.3 oC 1.70%
Optimized value of TmaxoC 371.76 oC 1%
Optimized the value of Ultimate tensile strength 70.42 MPa 82.8%
Optimized value of Tensile modulus 1.4286 GPa 93.5%
Optimized value of Ultimate Flexural Strength 59.53846 MPa 18.62%
Optimized value of Toughness 3.17113 M]/ m3 160%
Optimized the value of Impact strength 18.02 k]/ m2 166%

4.3.5 Error Analysis:

Figure 11 and Figure 13 contains multiple graphs
depicting the effect of CTBN and ETBN content on
epoxy resin in terms of ultimate tensile strength,
tensile modulus, ultimate flexural strength,
toughness, and impact strength. Each graph
includes error graphs of standard deviations,
indicating | the ' presence of experimental
variability. Some data points exhibit larger error
bars, which suggest inconsistent material
properties due to possible non-uniform
dispersion of CTBN and ETBN into epoxy resin,
measurement uncertainties in mechanical testing
procedures, and batch-to-batch variations in
sample preparation. These errors could be
minimized with improved processing techniques
and controlled testing conditions.
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Figure 14. Comparison of CTBN toughened Epoxy and ETBN
toughened Epoxy on the basis of Mechanical properties.

5. Application of Toughened Epoxy
Polymer Matrix System

Toughened epoxy polymers mean the polymer
matrices that have been modified with
elastomers. After toughening epoxy polymers
with CTBN and ETBN, enriches them with
enhanced mechanical and thermal properties,
making them ideal for a wide range of demanding
applications. The CTBN & ETBN toughened epoxy
matrix system can be further reinforced with
glass fibres to make toughened GFRP. composites.
GFRP composites are used to fabricate aircraft
components like Radomes. This structure is
usually located in ‘the nose of an aircraft to
survive weather conditions, bird strikes, rotating
antennas, etc. The material of Radomes should be
capable to languish electromagnetic signals
received or transmitted by the antenna. Antennas
are the surfaces in an aircraft that are very crucial
for communication and navigation. Radomes are
constructed with glass fibre or PTFE-coated
composite materials, depending upon the
applications, and are made up with various
shapes like spherical, planner etc. Toughened
GFRP composite material possesses good
mechanical properties, which are required for
high-performance radome applications. Such
mechanical properties include: high strength to
withstand high aerodynamic and handling loads;
high stiffness to achieve less deformation under
loads; high thermal properties to achieve
temperature stability at extreme temperatures;



resistance to abrasion, moisture absorption, and
erosion. [65].

6. Conclusion and Future Scope of
Epoxy Rubber Blend Systems

Epoxy resins modified with ETBN and CTBN have
important implications for various industrial
applications in the aerospace and automotive
sectors. In aerospace, where strength-to-weight
ratio and impact resistance are critical, these
cured epoxy resins are used to improve
resistance to dynamic loads and environmental
conditions. Automotive applications, on the other
hand, benefit significantly from these epoxy
systems in the development of lightweight
materials with higher impact, crashworthiness,
and fatigue resistance. CTBN and ETBN-modified
epoxy resins are - suitable = for adhesive
formulations  in electronics, ensuring reliable
bonding as well as resistance to thermal cycling
and mechanical shocks. The use of recycled
rubber offers sustainability benefits: it strictly
complies with environmental regulations,
promotes waste reduction and efficient use of
resources, and minimizes ecological impact.
Therefore, these epoxy resins offer economical
and durable solutions and meet the stringent
standards of the high-performance industry.
Further, nano-fillers like nanosilica, alumina, etc.,
can also be added to these blends to achieve
hybrid toughening of nanocomposite materials.
Various conclusions derived from the study are
given as follows:

. For applications requiring ease of flow, higher
processing temperatures are recommended,
particularly for formulations beyond 5wt %.
of CTBN and ETBN. CTBN is preferable for
applications requiring higher viscosity and
structural reinforcement, especially at lower
temperatures. ETBN is better suited for high-
temperature applications or when low

Nomenclature
RLR Reactive Liquid Rubber
DGEBA Di-Glycidyl Ether Bisphenol-A

CTBN  Carboxyl Terminated Butadiene Nitrile
ETBN " Epoxy Terminated Butadiene Nitrile
UTS Ultimate Tensile Strength

UFS Ultimate Flexural Strength

IS Impact Strength
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viscosity is desired, ensuring better flow,
easier processing, and reduced energy
requirements in manufacturing.

II. CTBN and ETBN show similar types of
results over thermal stability, especially at
T10%, At T50% °C, and Tmax °C CTBN
outperforms ETBN. The higher initial
degradation temperature (T10%) indicates
that CTBN and ETBN-toughened epoxy can
withstand thermal stress in the early
degradation phase. Applications requiring
greater thermal resistance, CTBN, and ETBN
are the preferred choice, considering their
minor fluctuations.

III. But, whenever higher mechanical properties
are the prime demand of the application,
ETBN  toughened epoxy resin s
recommended by this study. ETBN
toughened epoxy exhibits superior tensile
strength at all RLR content levels when
compared to CTBN toughened epoxy resin,
because of more effective phase separation,
stronger interfacial bonding, and better
compatibility with the epoxy matrix. 5 wt. %
CTBN is the most effective toughening
concentrationfor 'achieving the highest
tensile strength, modulus, and modulus,

ensuring improved mechanical
performance, without excessive material
softening.

IV. Based on this study, 1 wt. % ETBN is optimal
when high flexibility, durability, and
structural integrity are important. ETBN can
be used as a toughener, as it enhances all the
mechanical properties like tensile strength,
modulus, flexural strength, and toughness of
epoxy matrix systems at all the loadings
considered in this study.

™ Tensile Modulus

Tg Glass Transition Temperature

ILSS Inter Laminar Shear Strength

1l Peak Viscosity

CSS Critical Shear Stress

T10% 10% Decomposition Temperature

Tso% 50% Decomposition Temperature

Tmax Maximum Decomposition Temperature
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