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Abstract: This study aims to lower the high viscosity of epoxy resin for diverse applications and
introduces novel reactive diluents synthesized from glycidyl methacrylate (GMA), butyl acrylate
(BuA), and methyl methacrylate (MMA) via terpolymerization reaction using different GMA feed
ratios with benzoyl peroxide (BPO) acting as a catalyst, BuA, and MMA. Therefore, in the presence
of reactive diluents (RD), mechanical and physical tests were performed to determine epoxy resin's
(E0) hardness, impact strength, tensile strength, and elongation at break. Fourier Transform Infrared
Spectroscopy (FTIR) and thermogravimetric analysis (TGA) were used to characterize the generated
reactive diluents, and hardener and epoxy resin were used in the ratio of 1:1, 1:0.5, and 1:0.3
respectively. According to the results, reactive diluents with 20% MMA successfully reduced the
viscosity of epoxy resin from 8592 to 1900 mPa-s; thereby, no solvent is needed for coating application.
All modified epoxy resin showed excellent adhesion and flexibility on the concrete and metal
substrates at a hardener ratio of 1: 0.5. However, the acrylic monomers improved the corrosion and
solvent resistance of the metal substrate, and 20% MMA content showed the best corrosion and
solvent resistance.
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1. Introduction

Epoxy resin is widely used in various industrial applications, such as molding compounds,
adhesives, electrical laminates, and surface coatings (Roza et al.,, 2024; Ningrum et al., 2023;
Nurhayati et al., 2023; Pramanik et al., 2012; Teh et al., 2007; Wang et al., 2005). This is primarily
due to their excellent mechanical qualities and simplicity of processing and curing, even at varying
temperatures (Capricho et al., 2019; Pizzi and Mittal, 2017). Moreover, their polar nature enables
strong adhesion to a variety of substrates, including most metals, ceramics, concrete, glass, plastics,
and wood (Ozgul and Ozkul 2018; Aiello et al., 2002). However, during the hardening process, the
resin may undergo limited shrinkage, leading to internal tensions. To address this, the use of the
right agents, such as plasticizers or additives, can prevent this difficulty (Izra’ai et al., 2025; Bakar
etal., 2010). Once fully cured, epoxy resin exhibits significant mechanical strength as well as strong
resistance to weathering and chemical resistance (Rudawska, 2020a; 2020b; Lionetto et al., 2015;
Corcione etal., 2014; Frigione and Calo, 2007). In addition, epoxy resin possesses excellent dielectric
qualities, high specific resistance, and a low dielectric loss factor are characteristics of hardened
epoxy resin (Rudawska and Frigione, 2022). Epoxy resin can be modified with appropriate
additives to achieve specific performance characteristics, depending on the intended application
(Addina et al., 2022; Rudawska, 2020a; Kusrini et al., 2020; Ikram and Munir, 2012). Therefore, the
selection of a suitable curing agent and resin, with proper processing equipment and curing
conditions, is important for performance (Arundina et al., 2025; Miturska et al., 2020). According to
the results, the commonly used modifiers include diluents, antioxidants, plasticizers, dyes fillers,
pigments, and stabilizers (Septriansyah et al., 2025; Asbollah et al., 2021; Khalina et al., 2018; Sinha
etal., 2017; Lee et al., 2012; Czub, 2006a; 2006b).

In contrast to conventional solvents or non-reactive diluents, the reactive diluents do not migrate
since these diluents are covalently bound into the polymer network and take part in the crosslinking
process of epoxy resin. Specifically, the reactive epoxy groups found in the reactive diluents are
arranged in glycidyl methacrylate (GMA), benzyl glycidyl ether, 1, 4-butanediol diglycidyl ether,
alkylphenols, and aliphatic or aromatic glycidyl ethers of alcohols (Tran et al., 2020). On the other
hand, aromatic hydrocarbons such as toluene, xylene, phthalates, styrene, or phenolic chemicals are
frequently found in non-reactive diluents. Although non-reactive diluents are often added in
relatively high concentrations and are not expected to affect the reactivity of epoxy systems, the
addition of toluene has been shown to reduce the mechanical properties of the cured epoxy (Samyn
et al., 2023). Furthermore, processing excessively viscous epoxy resin might be challenging, which
could be a barrier when transformed into other fiber-containing components. To address this,
diluents are introduced to reduce viscosity and improve processability. In this regard, Jagtap and
More (2021) highlighted the essential features of viscosity modifiers for epoxy systems. The ability
of epoxy resin diluents to improve the cured polymers' strength, elasticity, and deformation in
addition to their viscosity, was reported by Lee et al. (2012). Similarly, Kregl et al. (2017) observed
that epoxy systems containing diluents had higher tensile strength and strain at break than those
modified with toughening agents. However, the final properties depend significantly on both the
type and concentration of the diluent used. Epoxy resin (Tzoumani et al., 2022) are polymers
containing epoxide groups, including GMA, which have been extensively used in many different
applications. Epoxy groups in polymers have a major impact on how well they function in a variety
of applications (Maruyama et al., 2001). Therefore, GMA-based copolymers can improve coating
adhesion, barrier qualities, corrosion protection, and service life (Riyanto et al., 2023). On the other
hand, Asha et al. (2019) reported that free radical solution polymerization provides benefits such as
block copolymers. By using free radical polymerization in toluene with BPO as an initiator,
Azzahari et al. (2012) produced distinctive copolymers using a range of feed compositions of GMA
and tetrahydrofurfuryl acrylate (THFA). According to the results, as the amount of THFA in
copolymers grows, their thermal stability also increases. Using the free radical solution
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polymerization technique. Tulegenkyzy et al. (2024) investigated poly(styrene-co-as glycidyl
methacrylate) copolymers as reactive. Epoxy resin's viscosity decreased from 8592 mPa-s to 1656,
680, and 430 mPa's, showing the outstanding dilution effect of reactive diluents [Poly (St-co-GMA)].
At a hardener ratio of 1:0.3, 70% GMA and 30% St were present in the adhesion, tensile, and
hardness properties. This study aims to develop Poly(GMA-co-BuA-co-MMA) copolymers as
reactive diluents to improve mechanical and physical qualities, such as adhesion to concrete or
metal, and thermal characteristics, while also reducing the viscosity of epoxy resin using custom-
synthesized reactive diluents (RD), offering a solvent-free alternative for coating applications. In
contrast to conventional diluents, this approach incorporates functionalized copolymers that not
only reduce viscosity but also participate in the curing process, improving mechanical performance.
Butyl acrylate (BuA) and methyl methacrylate (MMA) were essential to the copolymerization
process with GMA because they improved the rate of polymerization and enhanced the mechanical
properties of epoxy resin, including their resistance to heat, mechanical stress, and chemicals
(Demirors, 2000). Additionally, BuA and MMA are used in copolymerization to modify polymeric
properties for various applications. BuA enhances adhesion and flexibility in pressure-sensitive
adhesives and flexible coatings (Lee and Lee, 2020), while MMA provides rigidity, transparency,
and weather resistance in automotive coatings, optical lenses, and bone types of cement (Deka et
al., 2022). The combination creates a balanced material with tunable mechanical properties for
optimal industrial and biomedical performance. Poly(GMA-co-BuA-co-MMA) copolymers were
characterized by TGA and FTIR.

This study developed and characterized Poly(GMA-co-BuA-co-MMA) terpolymers as reactive
diluents for epoxy resin. The objective was to improve mechanical/thermal properties (e.g.,
adhesion) and reduce viscosity. BuA and MMA were selected for their ability to enhance
polymerization and resistance to heat, stress, and chemicals (Demirors, 2000). Copolymers were
characterized via TGA and FTIR.

2. Methods

2.1. Methods and materials

Epoxy resin ELM-NG 1000 and hardener ELM-NG 34H were obtained from Elcos Marketing
LLP, Kazakhstan. ELM-NG 1000 has an epoxy value of 5.25-5.5 eq/Kg, weight per epoxide of 182
g/eq, viscosity of 8500 mPa-s at 25°C, and density of 1.16 g/cm3. ELM-NG 34H has an amine value
of 298 mgKOH /g and a viscosity of 254 mPa's at 25°C. Glycidyl methacrylate (GMA =97%), butyl
acrylate (BuA =99%), methyl methacrylate (MMA =99%), xylene, and benzoyl peroxide (BPO),
benzene, xylene, toluene, acetone, NaCl (2%), NaOH (2%) and HCl (2%) were obtained from Sigma-
Aldrich. All chemicals were used without further purification. The chemicals and solvents used
were of analytical reagent grade.

2.2. Synthesis of the poly (GMA-co-BuA-co-MMA) terpolymer as reactive dilutes

The terpolymerization of GMA, BuA, and MMA with varying feed monomer compositions
RD1=70/10/20 wt.%, RD2 = 70/15/15 wt.% and RD3 = 70/20/10 wt.%, was prepared using free
radical polymerization in the presence of xylene as a solvent to reduce the viscosity during the
reaction. A 500-mL three-necked flask system, fitted with a stirrer, reflux condenser, and
thermometer, was used for the polymerization process. After xylene was introduced into the flask,
the catalyst BPO was added while the mixture was mechanically stirred at 500-600 rpm. The flask
was maintained at 65°C using an automatically controlled, air-filled water bath. Once the solution
reached full solubility, the required amounts of GMA, BuA, and MMA monomers were gradually
introduced. The mixture was stirred sequentially at 65°C for one hour, 80°C for two hours, and
finally at 90°C for an additional hour.
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2.3. Characterization of poly (GMA-co-BuA-co-MMA) terpolymer

The obtained poly (GMA-co-BuA-co-MMA) terpolymers were analyzed using ALPHA FTIR
spectroscopy, Bruker, and TGA to determine thermal properties. The dried terpolymers were tested
with a Perkin Elmer TGA/SDTA851e from ambient temperature to 900°C at a rate of 10°C per
minute in an air atmosphere. A sample weight of 8 mg was taken for all measurements and the
weight loss against temperature was recorded.

2.4. Viscosity Tests
The viscosity (mPa-s) of epoxy resin and reactive diluents was tested at room temperature (25°C)
with a Brookfield viscometer at 5 and 50 rpm by ISO 12058-1 International Organization for
Standardization (ISO, 2018). The titration at room temperature was used to establish epoxy value
(eq/Kg) and weight per epoxide, g/eq, of resin by ASTM D1652 (American Society for Testing and
Materials (ASTM), (ASTM, 2019a). Tables 1 and 2 show the characteristics of reactive diluents and
modified epoxy resin.

Table 1 Reactive diluent properties

Reactive diluent RD1 RD2 RD3 Test method
Viscosity, mPa-s, (Spindle 1), 25°C 380 530 700 ISO 12058-1
Epoxy value, eq/Kg 0.41-0.45 ASTM D1652
Weight per epoxide, g/eq 144.2 ASTM D1652

2.5. Mixing ratio
To create modified epoxy resin (ERD1, ERD2, ERD3), epoxy resin (EO, 90%) was combined with
10% reactive diluents (RD1, RD2, RD3) for 10 minutes using a stirring stick or spatula. Table 2 shows
their properties, and the low-viscosity modified cycloaliphatic ELM-NG 34H hardens epoxy resin
in 1.0:1.0, 0.5:1.0, or 0.3:1.0 wt./wt. The components were mixed slowly, scraping the container to
ensure complete inclusion. After applying the epoxy mixture to concrete and metal surfaces, it was
allowed to cure at room temperature.

Table 2 Characteristics of reactive dilute mixed with epoxy resin
Modified epoxy with reactive diluent ERD1 ERD2 ERD3 Test method

Viscosity, mPa-s, (Spindle 3), 25°C 1900 2250 2800 ISO 12058-1
Epoxy value, eq/Kg 43-55 ASTM D1652
Weight per epoxide, g/eq 234 ASTM D1652

2.6. Preparation for Film
Reactive diluent mixes (ERD) and epoxy resin (E0) were combined in a beaker with hardener
ratios of 1:1, 1:0.5, and 1:0.3. After being poured into steel molds measuring 7 mm x 7 mm x 7 mm,
the resulting mixes were allowed to cure at room temperature (25°C) with a relative humidity of
59% for 6 days followed by an aerated oven at 60°C for 12 h to entirely remove the solvent.

2.7. Mechanical tests

The tensile properties of the cast films were assessed using an MTS 10/M tensile testing system
at a crosshead speed of 50 mm/min and a 1-kN load cell was used. Tensile dumbbell-shaped
specimens with a gauge length of 25 mm were punched out from the cast films by using the ASTM
Die C. The tests were carried out as per ASTM D412-16 (ASTM, 2021b) method at ambient
temperature. The reported values represent the average of at least four measurements.

Mechanical properties, including cracking, impact resistance, and adhesion, were evaluated on
steel films with dimensions of 12 cm x 6 cm x 1 mm. A cylindrical Mandrel Tester ASTM D522,
(ASTM, 2001b) checked the coating's resistance to cracking or detachment when bent around a
mandrel. The tubular impact tester (ASTM D2794) (ASTM, 2019b) assessed film resistance to impact
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and the crosshatch tester (ASTM D3359) (ASTM, 2001a) evaluated coating adhesion. The adhesion

strength of the epoxy and the diluted epoxy mixture was assessed with pull-out tests according to
the EN 1542 standard (Krzywinski and Sadowski, 2019).

2.8. Corrosion resistance tests
Corrosion resistance tests were carried out on coated panels in solutions of 2% NaCl, 2% NaOH,
and 2% HCl; epoxy (Eo) and modified epoxy (ERD) films were tested for corrosion resistance. The
test was carried out at a specific time for one week.

2.9. Chemical resistance
Solvent resistance (ASTM D5402-19) (ASTM, 2024) and water resistance (D1647-89) (ASTM,
2021a) tests were also performed. The samples were submerged in each solution for one week. The

purpose was to assess corrosion, solvent, and water resistance, and cure times at 25°C were
recorded.

3. Results and Discussion

3.1. FTIR spectra of terpolymer
Figure 1 shows the FTIR spectra of GMA and poly (GMA-co-BuA-co-MMA). The peak at 940
cm ! with 60% transmittance corresponds to the epoxy group's stretching vibration in GMA, while
in the terpolymer, it appears at 889 cm with 10% transmittance due to the terpolymerization
(Abdollahi et al., 2018; Darvishi et al., 2012).

1

0.9 Wv

30.8
307 \
=)

£06

g
20.5
5
=0.4
0.3
0.2

—— Poly(GMA-co-BuA-co-MMA)
—GMA

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm!)

Figure 1 FTIR spectra for poly GMA, and Poly (GMA-co-BuA-co-MMA)

Carbonyl and C-O bonds' stretching vibrations are found at peaks 1711 and 1144 cm! in both
GMA and terpolymers. Peaks at 3017 and 2868 cm! are related to C-H (stretching) in methyl and
methylene groups from MMA and BuA. Ester groups appear at 1000-1150 cm, C-C (stretching) at
845 cm!, and C-O bending at 400-600 cm™. New peaks at 1490 and 1518 cm! correspond to CHj3
stretching from MMA and BuA. The spectra showing peaks for both monomers and epoxy ring
confirm the successful synthesis of poly(GMA-co-BuA-co-MMA). A schematic of terpolymerization
is shown in Figure 2.

/ CH; CH;
o O BPO/xylene

o O

/
65 -90 °C |
methyl methacrylate
(¢]
(o}

poly(GMA-co-BuA-co-MMA)
Figure 2 A terpolymerization reaction schematic to produce Poly (GMA-co-BuA-co-MMA)
compound using GMA, BuA and MMA

glycidyl methacrylate butyl acrylate
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3.2. IGA analysis
Terpolymer samples (RD) containing different contents of BuA and MMA were tested using a
Perkin Elmer TGA/SDTA851e thermogravimeter. Under N> gas flow, the temperature increased
from room temperature to 900°C at a rate of 20°C/min. TGA data shows the material's thermal
stability qualitatively. Figure 3(a-c) shows typical TGA measurements for RD, showing two to three
degradation stages.
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Figure 3 TGA thermogram of poly(GMA-co-BuA-co-MMA) for RD 1 (a), RD2 (b) and RD3 (c)

The degradation process is characterized by two distinct stages for RD1 and RD2 (Figure 3(a)
and (b), while RD3 exhibits three degradation stages as the BuA content in the terpolymer increases
from 10 to 20% (Figure 3(c)). The initial weight loss starts at a temperature from 29.9°C to 265.3°C
for RD1, while the initial weight loss for RD2 starts from 29.8°C to 417.2°C. The weight loss of the
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first stage was 79% for RD1 and 21% for RD2. As for RD3, the initial weight loss was 75% at
temperatures 30.7 — 272.5°C. This is attributed to the evaporated solvent of the samples and the
primary decomposition of macromolecular chains. Additionally, RD1 and RD2 exhibit greater
initial weight loss before 270°C compared to RD3, attributed to the moisture present in the samples.
The second degradation stage for terpolymers varies: RD1 (265.3-790.7°C, 5.1% weight loss), RD2
(417.2-786.8°C, 2.4% weight loss), and RD3 (272.5-479.2°C, 4.6% weight loss). This is due to
terpolymer backbone degradation and GMA ester decomposition, yielding CO,, glycidol, dimethyl
ketene, and acrolein (Abdollahi et al., 2020). RD2 (15% BuA, 15% MMA) degraded at 417°C with
the lowest weight loss (21%), contrasting RD1 and RD3. RD3's third stage degradation was from
479.2 to 792.1°C (1.9% weight loss). Higher MMA content increased thermal decomposition
temperature and stability. RD1 (20% MMA) showed higher initial decomposition and PDTmax
(460°C) than RD2 (380°C), attributed to monomer type, content, and inter-polymer hydrogen bonds
(Miturska et al., 2020; Asha et al., 2019). Table 3 shows decomposition temperatures at various
weight loss percentages for all stages.

Table 3 Thermal characteristics of GMA-co-BuA-co-MMA polymers at varying feed ratios

Decomposition temperature, °C Weight percentage, % o
Samples Stages T T AW PDTmax (°C)
1 29.94 265.36 79.023
RD1 2 265.36 790.70 5.115 460
1 29.84 417.25 21.97
RD2 2 417.25 786.81 2.455 380
1 30.70 272.53 75.616
RD3 2 272.53 479.21 4.666 390
3 479.21 792.61 1.943

3.3. Viscosity

Epoxy resin viscosity critically impacts coating applications. Low-viscosity epoxy is ideal for
solvent-free coatings, improving wetting and adhesion on substrates like metal or concrete.
Conversely, high-viscosity epoxy is unsuitable for coatings due to mixing difficulties (Signorini et
al., 2020). The effect of terpolymers (RD) on the viscosity of epoxy resin (EO) at speeds 5 and 50 rpm
and temperature 25°C is given in Table 4. The viscosity of epoxy resin (E0) was 8592 mPa-s at 5 rpm
and 2400 mPa's at 50 rpm. The viscosity of epoxy resin (E0) mixed with 10% terpolymer decreased
to 1900 mPa-s for ERD1, 2250 mPa-s for ERD2, and 2800 mPa-s for ERD3 at 5 rpm. While the viscosity
of epoxy resin (EO) decreased to 480 mPa-s for RD1, 610 mPa-s for RD2, and 750 mPa's for RD3 at
50 rpm. The terpolymer reduces viscosity by affecting the epoxy resin's orientation, entanglement,
and bonding. Its unique characteristics also modify the resin's internal structure, disrupting the
macromolecular framework and lowering viscosity (Yang et al., 2024). The viscosity of epoxy resin
mixed with RD decreased as MMA content in the terpolymer increased at both 5 and 50 rpm. This
reduction is attributed to the long-chain rigidity of MMA and the branched structure of RD, which
influence the epoxy resin's rheological behavior (Guapacha et al., 2016). The thixotropic index (TT)
increased with mixing RD with epoxy resin. ERD1 has the maximum TI followed by ERD3, ERD2,
and EO as shown in Table 4.

Table 4 Viscosity and thixotropic index of epoxy resin mixed with reactive diluents

Sample code EO ERD1 ERD2 ERD3
Viscosity at 5 rpm (mPa-s) 8592 1900 2250 2800
Viscosity at 50 rpm (mPa-s) 2400 480 610 750

Thixotropic index (T1) 3.58 3.95 3.6 3.73
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3.4. Adhesion

Table 5 shows epoxy adhesion results on metal and concrete, testing terpolymers and hardener
ratios. Epoxy resin (EO, 90%) and reactive diluent (ERD, 10%) were mixed with 1:1, 1:0.5, and
1:0.3wt./wt. hardener ratios. Strong adhesion is vital for protective, durable epoxy coatings. The EO
resin with a 1:0.3 hardener ratio achieved the best adhesion on metal (2.19 MPa) and concrete (3.33
MPa). The adhesion of modified epoxy with RD mixed with hardener in 1: 05 showed the highest
adhesion on metal and concrete substrates. This may be attributed to termoplymers as diluting
reactive mixtures with epoxy resin improved the adhesion to the substrates. The highest adhesion
values recorded were 6.4 MPa for concrete and 4.7 MPa for metal, showing that ERD1, when mixed
with a hardener at a 1:0.5 ratio, exhibited strong adhesion to both substrates. In general, the
adhesion of epoxy resin is good or bad depending on many factors, such as hardener types,
hardener ratios, viscosity, reactive dilute types, and epoxy resin type (Chen et al., 2013; Bresson et
al., 2012). ERD3 mixed with hardener in a ratio of 1: 05 gave the lowest adhesion strength on
concrete (4.1 MPa) and metal (2.7 MPa) substrate. Viscosity is the primary factor influencing the
adhesion of epoxy resin. Lower viscosity in epoxy resin results in improved bond strength (Xie et
al., 2025).

Table 5 The effect of reactive diluent composition on concrete and metal substrate adhesion

Sample EO ERD1 ERD2 ERD3
code

Adhesion, MPa

Epoxy: 1: 0.3 1:05 1:1 1: 0.3 1:05 1:1 1: 0.3 1:05 1:1 1:03 1:05 1:1
hardener

ratios
Concrete 3.31 281+ 247 512+ 638+ 350+ 477 530+ 3.01 342+ 410+ 272+
0.38 0.25 0.19 0.31 0.34 0.25 0.63 0.25 0.15 0.19 0.26 0.19

+
I+
I+
I+

Metal 216 + 150+ 196 = 317+ 477+ 290+ 275+ 388+ 242 + 207+ 272+ 201=+
0.38 0.25 0.10 0.38 0.29 0.25 0.12 0.07 0.19 0.16 0.19 0.03

Slgnlflcant E E ns ok EL EL XK XK *3% ns k% ns

differences

(p <0.05)

Note: A statistically significant difference is given as **** - p < 0.0001; *** - p < 0.001; ** - p < 0.01 and no
statistically significant difference - p > 0.05

As the MMA content in the terpolymer increases, the viscosity of epoxy resin decreases
significantly from 8592 mPa's (EO) to 1900 mPa's (ERD1), as shown in Table 4. Additionally, this
modification enhances the adhesion of epoxy hybrids, improving their bond strength on concrete
from 2.82 MPa (EO) to 6.4 MPa (ERD1) and on metal from 1.51 MPa to 4.7 MPa at a hardener ratio
of 1:0.5, as presented in Table 5. According to previously reported results by (Szewczak, 2023),
viscosity significantly influences the adhesion of epoxy resin to concrete surfaces. A lower viscosity
improves resin’s ability to infiltrate the concrete’s pores and surface irregularities, resulting in
enhanced mechanical interlocking and stronger adhesion.

3.5. Elongation at break and Tensile strength

The ratios of reactive diluents and hardeners used in the formulation of epoxy coatings
significantly influence the mechanical properties of the coatings on various substrates. The effect of
terpolymers and hardener ratios on the tensile and elongation at break is shown in Figure 4. The
tensile strength of epoxy films (E0) and modified epoxy films (ERD) increased with increasing
hardener ratios from 1: 0.3 to 1.0: 1.0. For EO, when the hardener ratio increases from 0.3 to 1.0, the
tensile strength increases from 40.5 MPa to 46.1 MPa. However, the addition of terpolymers as
reactive diluents to epoxy resin enhances the tensile strength. For ERD1, the tensile strength
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increases by approximately 57.5%. In comparison, ERD2 exhibits an increase of about 44.9%, and
ERD3 shows an increase of roughly 29.5% compared to EO at a hardener ratio of 1.0:1.0. The
enhancement in tensile strength is attributed to the crosslinking interaction between epoxy,
terpolymer, and hardener, resulting in a network surface on both metal and concrete substrates
(Ozgul and Ozkul, 2018). The modified epoxy EDR1 with a hardener ratio of 1.0:1.0 exhibits the
highest tensile strength (Figure 4). This effect is attributed to the high MMA content (20%) in the
terpolymer, which increases film rigidity and consequently enhances tensile strength. In contrast,
increasing the BuA content while reducing the hardener ratio led to greater elongation at break in
the modified epoxy resin (RD), compared to the unmodified resin (EO), as shown in Figure 5. For
instance, ERD3 with 20% BuA has an elongation of 182%, ERD2 with 15% BuA exhibits an
elongation at break of 153%, and ERD1 with 10% BuA shows an elongation at break of 114% at a
hardener ratio of 1.0:0.3. The flexibility characteristics of BuA are likely responsible for improving
the film's elongation at break.
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Figure 4 Epoxy resin (E0) and modified epoxy resin (ERD) tensile strengths at various hardener
ratios. A statistically significant difference is given as **** - p < 0.0001; *** - p < 0.001; ** - p < 0.01, no
statistically significant difference - p > 0.05, and ns = not significant
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3.6. Hardness

Table 6 shows the hardness values for epoxy resin (E0) and modified epoxy resin (ERD) with
varying ratios of hardener. An increase in the hardener ratio enhanced the hardness of resin,
attributed to a higher degree of crosslinking between the hardener and epoxy International
Organization for Standardization (ISO, 2018). ISO 12058-1; Abdollahi et al., 2018). EO has the highest
hardness (80.9 shore D) at a hardener ratio of 1.0: 1.0, while EO has the lowest hardness (75 shore D)
at a hardener ratio of 1.0: 0.3. However, the reactive dilute has a more significant effect on the
hardness of resin films as shown in Table 6.

The MMA content in the reactive dilute shows a more pronounced impact on hardness compared
to the ratios of hardeners and the increase in MMA content from 10 to 20%, enhances the hardness
from 82.7 to 91.8 shore D. The increase in hardness results from the influence of MMA, which
modifies the crosslinking density and molecular structure of epoxy hybrids, leading to a more rigid
polymer network (Chaudhary and Dikshit, 2023; Li et al., 2016). While increasing BuA content in
the reactive dilute from 10 to 20%, hardness values decreased from 91.8 to 82.7 shore D. The
reduction in hardness is attributed to the presence of BuA, which enhances flexibility within the
polymer network, thereby decreasing hardness and mechanical properties compared to the more
rigid MMA-based systems (Balani et al., 2014). The unmodified epoxy resin (E0) exhibited cracking
during the impact test conducted with a 1 kg weight dropped from a height of 1 m at a hardener
ratio of 1.0:1.0. In contrast, the modified epoxy resin (ERD) showed impact resistance across all
tested hardener ratios and did not fracture under the same testing conditions. According to the
results, the terpolymer improved the impact strength of resin at all hardener ratios. Conical mandrel
bending tests showed that epoxy resin (EO) failed at hardener ratios of 1.0:0.5 and 1.0:1.0, resulting
in cracks. In contrast, all modified epoxy resin (ERD) showed excellent flexibility with no cracks
during bending. The hardness of epoxy films is influenced by various factors, such as hardener
ratios, diluent type, solvent, and concentrations (Sabergaliyev et al., 2024; Syrmanova et al., 2016).

Table 6 Mechanical characteristics of various reactive diluents mixed with epoxy resin

Sample code EO ERD1 ERD2 ERD3
Mechanical properties

Epoxy: hardener 1:0.3 1:0.5 1:1 1:0.3 1:0.5 1:1 1.03 105 1:1 103 1.05 1:1

ratios (wt./wt.)

Impact resistance P P F P P P P P P P P P
(I m/ 1Kg)

Conical- Mandrel P F F P P F P P P P P P
147

Cross Hatch, % 100 25 28 100 100 43 100 100 100 100 100 100

Hardness (shore 75 79 80.5 85.4 87.6 91.8 809 816 8.7 758 794 827
D)

Corrosion resistance

NaCl (2%) A A X A O A A O O A O (@]
NaOH (2%) A A X O O O O O O O O (0]
HCI (2%) A A X A O A O O O O O (@]
Water O (@] O O O O O O O O O (O]
Chemical resistance
Benzene A A X A O A O O O O O (@)
Xylene A A X O O O O O O O O (0]
Toluene A A X O O O A A A A A A
Acetone A A X A O A A A A A A A

Keynotes to abbreviations: O = Suitable, A = Swelling and blistering, X = Not Suitable, P = Samples passed
test, F = Samples Failure the test.
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3.7. Chemical and solvent resistance

The resistance of epoxy films (E0) and epoxy resin mixed with relatively dilute (ERD) made from
different ratios of GMA, BuA, and MMA to acid, alkali, water, benzene, xylene, toluene, and acetone
was studied using an immersion method. The results showed that modified epoxy resin (ERD) had
better alkali resistance than non-modified epoxy resin (E0), due to the acrylic monomer's ability to
resist alkali and acids as shown in Table 6. Acrylic and vinyl monomers add non-polar
characteristics to resin, enhancing their resistance to alkali and water (Gziut et al., 2023; Liu et al.,
2013). However, ERD1, which contains 20% MMA, exhibited superior corrosion and solvent
resistance compared to ERD3, which contains 10% MMA. This is attributed to the fact that MMA
enhances the chemical and solvent resistance of epoxy hybrids by altering their molecular structure
and crosslinking density (Chaudhary and Dikshit, 2023; Li et al., 2016). In general, MMA-based
adhesives and coatings show strong resistance to various chemicals, including acids and solvents,
due to their robust acrylic polymer composition. Furthermore, studies on MMA interactions with
organic solvents show that miscibility behavior is a key factor in determining its resistance
properties (Vadamalar et. al., 2014). The effect of hardener ratios on the corrosion and solvent
resistance is presented in Table 6. The mixing ratio of epoxy resin (E0) and ERD with hardener in
ratio 1: 0.5 gave the highest corrosion and solvent resistance. Increased MMA content and cross-
linking in ERD resin also boost their alkali and acid resistance. Factors affecting corrosion and
solvent resistance include hardener types, epoxy resin, reactive diluents, acrylics, and monomers
(Nazari et al., 2022; Kordas, 2022; Jiang et al., 2019).

4. Conclusions

In conclusion, poly(GMA-co-BuA-co-MMA) terpolymer was synthesized using various
monomer ratios (70:10:20, 70:15:15, and 70:20:10wt./wt.) through free radical solution
polymerization to enhance epoxy resin properties when combined with an amine-based hardener
at ratios of 1:1, 1:0.5, and 1:0.3. The terpolymer significantly influences mechanical and physical
characteristics of epoxy resin. The increase in the MMA content in the terpolymer improves
adhesion, viscosity, mechanical properties, and corrosion and solvent resistance. In contrast, a
higher BuA content leads to reduced mechanical properties, corrosion resistance, and solvent
resistance. Higher BuA content lowers crosslinking density, resulting in a softer material with
reduced mechanical strength but improved elongation properties. Conversely, increasing MMA
content raises crosslinking density, yielding a more rigid material that enhances mechanical
properties while decreasing elongation. This is due to MMA's ability to improve the chemical and
solvent resistance of epoxy hybrids by modifying their molecular structure and crosslinking
density. The optimal mechanical properties were achieved with a 70:10:20 monomer ratio (ERD1)
in epoxy hybrids at a 1:0.5 hardener ratio. ERD1, containing 20% MMA, exhibited the highest
corrosion and solvent resistance. These results offer valuable insights for optimizing solvent
formulations in the coatings industry, facilitating the development of solvent-free coatings with
superior mechanical performance and a lower environmental footprint.
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