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Abstract

This study investigates the enhancement of mechanical and thermal proper-
ties in epoxy resins modified with polydimethylsiloxane (PDMS) for advanced
adhesive applications. The research focuses on evaluating the tensile strength,
thermal stability, and glass transition temperature (Tg) of PDMS-toughened
epoxy resins. The primary objective of this study was to explore the use of
polydimethylsiloxane (PDMS) as an impact modifier for epoxy resin. We suc-
cessfully synthesized a grafting copolymer of diglycidyl ether bisphenol-A
(DGEBA) and hydroxyl-terminated polydimethylsiloxane (HTPDMS) through
the condensation of hydroxyl groups. Triethylene tetraamine (TETA) was em-
ployed as the curing agent to cross-link both DGEBA and the HTPDMS co-
polymer. The chemical structure of the DGEBA-HTPDMS grafting copolymer
was confirmed using fourier transform infrared (FT-IR) spectroscopy and '"H
nuclear magnetic resonance (NMR) spectroscopy. Tensile testing of the cured
materials indicated that the elongation at break increased upon addition of
PDMS. Thermogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) revealed improved thermal stability for the DGEBA system with
the incorporation of HTPDMS. These findings suggest that the Si-O-Si seg-
ments within the PDMS contribute to the improved mechanical and thermal
properties of the DGEBA-based resin.
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1. Introduction

Epoxy resins are among the most significant thermosetting polymers due to their
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exceptional properties, which include excellent heat and solvent resistance, im-
pressive adhesive strength, and ease of curing and processing [1]-[5]. These char-
acteristics make them widely used in coatings and adhesive applications.

One notable example is diglycidyl ether bisphenol A (DGEBA), a high-perfor-
mance thermosetting resin that exhibits a unique combination of thermal and me-
chanical properties. DGEBA epoxy resins are known for their chain rigidity,
toughness, excellent thermal stability, chemical resistance, and flexibility [6]-[8].
The presence of hydroxyl and epoxy groups enhances the resin’s adhesiveness and
chemical reactivity, allowing for improved bonding and stability. Upon curing,
DGEBA forms highly cross-linked networks, resulting in a material with high
stiffness and a high glass transition temperature (Tg) [9] [10]. This cross-linking
contributes to the resin’s durability and performance in various applications.

However, a significant drawback of epoxy resins is their brittleness in the cured
state [11]. This brittleness limits their performance in applications requiring high
flexibility and impact resistance. To address this issue, various modifications have
been explored to enhance the toughness of epoxy resins. Despite these efforts,
modified resins often face challenges such as inferior weathering resistance, low
fracture energy, reduced hydrophobicity, and limited impact resistance, which
constrain their use in high-performance coatings [3] [12]-[14].

Numerous strategies have been employed to overcome these limitations, in-
cluding the incorporation of inorganic fillers [15], liquid rubbers [16], graphene
[17] [18], natural fillers [19] [20], nanofillers [21] [22] into epoxy resins. One
promising approach is the use of polydimethylsiloxane (PDMS) as a modifier for
the epoxy matrix. PDMS can potentially improve the mechanical properties, hy-
drophobicity, and flame retardancy of epoxy resins [23]-[25]. However, it is im-
portant to note that PDMS is not inherently compatible with epoxy resins. This
incompatibility can lead to phase separation and bleeding of the PDMS compo-
nent, which may affect the overall performance of the modified epoxy resin [26].
To prevent macro-phase separation in epoxy and PDMS blends, it is essential to
address their initial immiscibility at room temperature. Although PDMS and
epoxy are inherently incompatible, partial compatibilization can be achieved
through chemical bonding between the reactive groups of each component, such
as hydroxyl (OH) [23] [27], oxirane [28] [29], and amine groups [30] [31]. This
chemical interaction facilitates the integration of PDMS into the epoxy matrix,
resulting in modified epoxy resins with improved compatibility. Despite this, the
resulting material remains heterogeneous, with PDMS-rich domains dispersed ir-
regularly within the epoxy-rich matrix.

Diglycidyl ether of bisphenol A (DGEBA) epoxy was modified with hydroxyl-
terminated polydimethylsiloxane (HTPDMS) using ring-opening polymerization
by Ahmad et al [32]. Both DGEBA and ESR were used to create paints with TiO,,
Fe;0s, and lemon chrome pigments, cured at room temperature with polyamide
(PA) as the curing agent. These paints were applied to mild steel strips and they

showed enhanced thermal and corrosion resistance. Recently Elzaabalawy et al
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presented a straightforward, cost-effective, and scalable spray-coating method for
fabricating robust and durable superhydrophobic coatings using an epoxy-silica
nanocomposite. The coated samples exhibited exceptional durability and resili-
ence, successfully withstanding peeling, abrasion, corrosion across a wide pH
range (1 to 13), and exposure to high temperatures (up to 150°C) [33]. A siloxane-
type epoxy resin (SG copolymer), featuring pendant epoxide rings along the side
chain of the polysiloxane backbone, was synthesized by Hou et al through the
hydrosilylation reaction of polymethylhydrosiloxane with allyl glycidyl ether. This
SG resin was subsequently blended with a commercial epoxy resin, diglycidyl ether
of bisphenol-A (DGEBA), at different ratios. Dicyandiamide (DICY) was used as
the curing agent for the blending process [34].

In this study, PDMS was integrated into a solid epoxy resin, utilizing PDMS
with hydroxyl (OH) end groups that can react with the OH groups of the epoxy
resin. This process achieved a stable dispersion of hydroxyl-terminated PDMS
(HTPDMS) particles within the epoxy matrix through the reaction between the
epoxy’s OH groups and the silanol groups of HTPDMS where triethylene te-
traamine (TETA) was used as the curing agent to cross-link both DGEBA and the
DGEBA-HTPDMS copolymer. The chemical structures of the PDMS-modified
epoxy resins were confirmed using Fourier Transform Infrared (FTIR) and 'H-
NMR spectroscopy. Tensile tests were used to determine the mechanical attributes
while thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were used to study the thermal stability for the DGEBA system with the
incorporation of HTPDMS.

2. Materials and Methods
2.1. Materials

The epoxy resin used was diglycidyl ether of bisphenol-A (DGEBA), the epoxy
modifier used was hydroxyl-terminated polydimethylsiloxane (HTPDMS) and
triethylene tetraamine (TETA) served as the curing agent, were sourced from
Sigma-Aldrich (St. Louis, MO, USA; https://www.sigmaaldrich.cn/CN/zh). Tetrai-
sopropyltitanate (TPT) was obtained from Aldrich and was used as catalyst. Sol-
vents including DMSO, toluene used were of AR grade.

2.2. Synthesis of DGEBA-HTPDMS

DGEBA was first degassed under vacuum for 45 minutes to remove any air bub-
bles. HTPDMS was then added, and the mixture was transferred to a polypropyl-
ene container. The ratio of DGEBA to HTPDMS was 40:1, and 3 ml of acetone
was added as a solvent and dispersing agent. The mixture was stirred using a me-
chanical stirrer for several minutes and TPT was added as a catalyst. PDMS has
OH end groups which can react directly with OH groups of the epoxy resin in the
presence of tetraisopropyltitanate (TPT) in a fusion process. It was then subjected

to vacuum for an additional hour to remove residual air bubbles. Triethylene
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tetraamine (TETA) was added to the above mixture and stirred for several
minutes. The mixture was then placed under vacuum for 5 minutes before being

cured at room temperature for 24 hours.

2.3. Characterizations

Structural study was performed using a PerkinElmer Spectrum One FT-IR spec-
trometer (Shimadzu, Japan). The Fourier transform infrared spectrum was rec-
orded in the range of 4000 to 400 cm™. 'H nuclear magnetic resonance spectra
were measured with the Bruker AV400 where DMSO (dimethyl sulfoxide) was
used as the solvent with tetramethylsilane as the internal standard of chemical
shift. The thermal behaviour of the as-synthesised silicone based adhesive was an-
alyzed by thermogravimetric analysis (TGA; Q-500, TA Instruments). The analy-
sis was conducted at a heating rate of 20°C/min, ranging from room temperature
to 800°C, under a nitrogen atmosphere. The Perkin Elmer Sapphire Differential
Scanning Calorimeter was utilized to perform DSC analyses, monitoring temper-
ature changes from 25°C to 250°C under a nitrogen atmosphere. The measure-
ments were conducted at a heating rate of 10°C per minute. The tensile strength

was measured using a universal Instron testing machine (model 5967).

3. Results and Discussions

DGEBA and DGEBA/HTPDMS are viscous liquid resins that contain significant
amounts of entrapped air bubbles, necessitating a degassing process to remove
these bubbles. The DGEBA/HTPDMS resin is created by blending DGEBA with
HTPDMS. During this process, DGEBA and HTPDMS undergo condensation to
form an intermediate liquid product. The subsequent reaction between the amine
groups of DETA and the epoxy groups results in a cross-linked network structure.

HTPDMS-modified epoxy resins are synthesized through the condensation re-
action between the hydroxyl (OH) groups of the epoxy resin and the silanol
groups of HTPDMS. Tetraisopropyltitanate (TPT), a known condensation cata-
lyst, is employed to facilitate the reaction between the OH groups of the resins.
Scheme 1 illustrates the proposed reaction mechanism.

The FTIR spectra of DGEBA and DGEBA/HTPDMS before curing and after
curing with TETA are shown in Figure 1. The peak at 3612 cm™ in spectrum A
corresponds to the OH group present in the neat DGEBA epoxy resin. The peaks
around 3339, 3281, 3216 cm ™ corresponds to CH; group. The peaks around 2800,
2617, 2454 cm™" are ascribed to CH, groups. The peak around 1432 belongs to
(CH;),C, 2021, 1888, 1827, 1605 cm™ belong to the substituted aromatic group
and the peak around 1223 cm™ corresponds to C-O-C group [26]. Upon modifi-
cation with HTPDMS, this peak slightly diminishes, indicating that condensation
between the OH end-groups of HTPDMS and the hydroxyl groups of DGEBA
occurs, with the release of water molecules. The absorption peaks for Si-CHj at
817 cm™ and Si-O-Si at 1011 cm™ confirm the successful incorporation of silicon
units of HTPDMS into the epoxy structure.
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Scheme 1. Schematic illustration of the proposed reaction mechanism.
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Figure 1. FTIR spectra of DGEBA, DGEBA/HTPDMS and DGEBA/HTPDMS/TETA
cured adhesive.
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With the addition of TETA to the HTPDMS-modified DGEBA epoxy resin the
peak at 914 cm™ significantly decreases, confirming the opening of the oxirane
ring by DETA, which impacts the curing process. The oxirane group in DGEBA
shows no significant reduction in peak intensity at 992 cm™ indicating that ring
opening was primarily influenced by DETA. The appearance of a weak band at
1112 cm™ suggests the formation of aliphatic C-N bonds due to the reaction be-
tween oxirane groups and DETA. In the DGEBA/HTPDMS/DETA cured adhe-
sive, a noticeable increase in the peak around 3648 cm™ is observed, reflecting the
formation of new hydroxyl groups from the ring opening of the oxirane rings. All
the observed peaks align with those reported in the literature [35].

The 'H-NMR spectra of the HTPDMS-modified epoxy is illustrated in Figure
2. The peak assignments for the protons are detailed in the inset of the NMR spec-
tra. The chemical shift of 2.8 - 3 ppm arises from the presence of aliphatic CH and
CH, group designated as H' - H%. The chemical shift at 4.1, H? is assigned to the
proton associated to the epoxide group and H*, H’ correspond to the protons of
CH. group attached to the epoxide part of the compound. Chemical shift of 1.8
and 6.9 correspond to the H H” aromatic hydrogen bond. The chemical shift
around 7.2 of H® proton is ascribed to the sp3 hybridized C-H bonds. The chem-
ical shift around 4.3 of H, 4.5 of H® and 0.1 of H! proton corresponds to the CH
of the polymeric chain, whereas H'? is ascribed to the sp3 hybridized C-H bonds
attached to Si and H" corresponds to the proton of the hydroxyl O-H group of
the compound.
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Figure 2. "H-NMR spectra of DGEBA/HTPDMS/TETA cured adhesive.
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The Differential Scanning Calorimetry (DSC) thermogram of the DGEBA/
HTPDMS/TETA cured adhesive, obtained with a heating rate of 10°C-min™" un-
der nitrogen, is shown in Figure 3. In cases of incompatible polymer blends, two
distinct glass transition temperatures (Tg) are often observed due to phase sepa-
ration [12]. However, the thermogram for the DGEBA/HTPDMS reveals a single
Tgat 112°C. This indicates that the cured blend of DGEBA and HTPDMS forms
a homogeneous phase. The presence of only one Tg in our results confirms that
the hydroxyl-terminated polydimethylsiloxane has been effectively integrated into
the DGEBA epoxy resin, achieving a uniform phase. Previous research has re-
ported Tg values for polydimethylsiloxane (PDMS) in the range of ~123°C to
~51°C [36].

Heat flow mW

! | | |
0 50 100 150 200 250

Temperature 'C

Figure 3. DSC thermogram of DGEBA/HTPDMS/TETA cured adhesive.

Figure 4 shows the thermogravimetric analysis (TGA) of both the DGEBA and
the PDMS modified DGEBA. The onset degradation temperature for the PDMS
modified DGEBA is higher than that of the neat epoxy resin. The degradation of
neat epoxy starts around 193°C while for DGEBA/HTPDMS it is 252°C. Addi-
tionally, the DGEBA/HTPDMS exhibits a delay in the charring process, which
starts at 510°C compared to the unmodified epoxy system. This improved thermal
stability is attributed to the presence of the siloxane moiety, its partial ionic nature,
and the high bond energy of the Si-O-Si linkage. These findings are consistent
with those reported in related studies [29] [37].
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Figure 4. TGA curves of neat DGEBA (epoxy) and DGEBA/HTPDMS/TETA cured adhe-
sive.

The incorporation of HTPDMS into the epoxy resin modified its tensile behav-
ior based on its concentration. The stress—strain curves for both the unmodified
and modified epoxy resins are presented in the Figure 5. Neat epoxy undergoes
elongation at break at around 4.2% while the DGEBA/HTPDMS/TETA cured ad-
hesive undergoes a break at around 6.5% strain. These findings indicate that add-
ing HTPDMS to the epoxy resin enhances the fracture energy compared to the
cured neat epoxy.
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Figure 5. Tensile stress-strain curves of neat DGEBA (epoxy) and DGEBA/HTPDMS/TETA
cured adhesive.
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4. Conclusion

PDMS was incorporated into a solid epoxy resin, using its hydroxyl (OH) end
groups to react with the OH groups of the epoxy resin. This method facilitated the
uniform distribution of hydroxyl-terminated PDMS (HTPDMS) particles within
the epoxy matrix through the interaction between the epoxy’s OH groups and the
silanol groups of HTPDMS. Triethylene tetraamine (TETA) was employed as the
curing agent to cross-link both DGEBA and the DGEBA-HTPDMS copolymer.
The successful integration of HTPDMS into the DGEBA epoxy resin was achieved
through the condensation of hydroxyl groups. The structure of the synthesized
adhesive was confirmed by FTIR and NMR analyses. DSC and TGA results indi-
cated that the HTPDMS/DGEBA system exhibited improved thermal stability
compared to the unmodified epoxy resin. PDMS served as an effective modifier,
enhancing both the thermal stability and flexibility of the epoxy resin. The find-
ings suggest that the Si-O-Si bonds within the PDMS significantly contribute to
the improved mechanical and thermal properties observed in the DGEBA-based
resin. These bonds enhance the resin’s overall performance by providing greater
stability and durability. Consequently, the incorporation of PDMS with its Si-O-
Si linkages results in a resin that not only exhibits superior mechanical strength
and thermal resistance but also shows promise as an effective adhesive. This
makes the modified DGEBA resin suitable for applications requiring strong and

reliable adhesive properties.
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