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Abstract To address the brittleness of epoxy resin (EP) caused by high crosslinking density, the modification of epoxy resin with flexible rubber
segments was proposed in this work. Bisphenol A-type epoxy resin (E51) was reacted with isocyanate-terminated groups via an addition reaction
to prepare a prepolymer (E51-TDI). Subsequently, E51-TDI was grafted with hydroxyl-terminated fluororubber (HTFR) to synthesize a high-tough-
ness fluorinated epoxy resin (E51-TDI-HTFR) with side chains. A mixture of E51-TDI-HTFR and curing agent (D230) was used to fabricate the coat-
ing. The chemical structure of the modified epoxy resin and the thermal, hydrophobic, mechanical, and cavitation erosion resistance of the coat-
ings were investigated. When the HTFR concentration was 25%, the epoxy coating exhibited the best hydrophobicity, mechanical properties, and
cavitation resistance. The contact angle of the modified epoxy resin was increased to 110°. Meanwhile, the elongation at break increased to
46.40%, which was approximately four times that of the unmodified coatings. The fracture surface gradually became rougher as the HTFR con-
tent increased, indicating a ductile fracture characteristic. Although the addition of HTFR slightly reduced the glass transition temperature, it
maintained good thermal stability. In addition, the cavitation erosion resistance of the epoxy coatings was enhanced. This study provides theo-

retical support for the development of high-toughness and hydrophobic epoxy coatings.
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INTRODUCTION

Epoxy resin (EP) has extensive applications in aerospace, auto-
motive, hydraulic structures, and other fields, owing to its me-
chanical properties, high adhesion, and hydrophobicity.!'!
However, EP develops a three-dimensional crosslinked network
during the curing procedure, resulting in poor toughness and
insufficient impact resistance of brittle materials. This brittle-
ness makes coatings susceptible to damage or even delamina-
tion when subjected to turbulent impacts, thereby affecting
their durability.*-! Therefore, the improvement technology of
EP toughness has become a key research direction for surface
coating materials of hydraulic structures.

Common approaches to enhance the toughness of EP in-
clude phase structure modification and interpenetrating net-
work toughening. Phase structure modification is primarily
achieved by introducing second-phase materials, such as rub-
ber elastomers,l’! nanoparticles,®! core-shell polymers,! ther-
moplastic resins,['%1"1 and hyperbranched polymers.['2 These
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materials are incorporated into a crosslinked epoxy network
via blending to form novel toughening structures. However,
this approach often results in uneven dispersion within the
curing system owing to the poor compatibility between the
second phase and epoxy resin. Therefore, low-molecular-
weight liquid rubbers are frequently selected because of their
reactive functional groups at both ends and their flexible
chain segment structures.['3-151 Rubber can interweave with
epoxy resin during the curing process and further induce mi-
crophase separation in the epoxy resin,l'¢'7] enabling the
structure to absorb energy and effectively suppress crack
propagation, thereby achieving strength enhancement and
toughening effects.l'8] Chen et all' synthesized a PU/EP
composite material modified with hydroxyl-terminated lig-
uid nitrile rubber (HTLN) and discovered that adding HTLN
improved the toughness of the composite material. Ge
et al.l?9 synthesized polyurethane prepolymers by epoxidiz-
ing hydroxyl-terminated polybutadiene (EHTPB) and toluene
diisocyanate (TDI) and synthesized modified epoxy resins. Re-
search has found that the toughness, durability, and deforma-
tion resistance of epoxy resins can be improved. However, the
modified epoxy resin tends to absorb water because of the
presence of highly polar cyano groups in nitrile rubber, which
is detrimental to its long-term application on hydraulic con-
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struction surfaces. Therefore, determining a hydrophobic rub-
ber material with strong environmental adaptability is crucial
for the development of surface coatings on hydraulic con-
crete.

Hydroxyl-terminated fluororubber, as a low-molecular-
weight fluorourubber polymer, not only has excellent surface
properties and chemical stability but also contains highly re-
active functional groups at its end, which can undergo addi-
tion reactions with —NCO groups. Therefore, in this study,
hydroxyl-terminated fluororubber (HTFR) was chosen to im-
prove the toughness and hydrophobicity of the epoxy resin.
Toluene diisocyanate (TDI) was used as a linker to graft flexi-
ble fluororubber segments onto the epoxy resin systems. This
method effectively absorbs and disperses external stress,
thereby improving the impact resistance of the material.2"
Furthermore, owing to the low surface energy of fluorocar-
bon chains, modified epoxy resins exhibit good hydrophobic
properties. This characteristic helps to reduce additional loads
and stress concentrations caused by water film formation un-
der flowing water impact conditions, thereby making the
modified material more suitable for service requirements in
hydraulic structures.??]

To explore the influence of HTFR on epoxy resin, Bisphenol
A-type epoxy resin (E51) and 2,4-toluene diisocyanate (TDI)
were used to explore the influence of HTFR on the epoxy
resin. Through the addition reactions, E51-TDI was synthe-
sized using E51 and TDI. A high-toughness side-chain fluori-
nated epoxy resin (E51-TDI-HTFR) was further synthesized us-
ing HTFR. Epoxy coatings were prepared by mixing E51-TDI-
HTFR with the curing agent D230. A series of characteriza-
tions was conducted based on the synthesized materials. The
chemical structure of the modified epoxy resin was analyzed.
The comprehensive performances of the coatings, including
their hydrophobicity, mechanical properties, thermal stability,
and cavitation erosion resistance, were evaluated. This work
has developed a new technology for preparing epoxy resins
with high toughness and hydrophobicity.

MATERIALS AND TEST METHODS

Materials

The raw materials for epoxy coatings included epoxy resin (E51,
Guangzhou Suxin Chemical Co., Ltd.), with an epoxy value of
0.54 mol/100g and hydroxyl content of 0.56%; hydroxyl-termi-
nated fluororubber (HTFR, Dongguan Jingbang Polymer Materi-
als Co, Ltd) having a hydroxyl value of 45 mg KOH/g; 2,4-
toluene diisocyanate (TDI, WanHua Chemical Group Co., Ltd.),
molecular weight of 174.16, boiling point 251°C at atmospheric
pressure; polyetheramine curing agent (D230, Zhongshan
Dechuang New Materials Co., Ltd.), total amine content 8.391
meq/g. The EP and HTFR were vacuum-dried for 1 h before use
to remove residual moisture from the raw materials.

Sample Preparation

The molar quantity of the hydroxyl groups in HTFR was deter-
mined according to the mass ratios of HTFR to E51 (0.15:1,
0.20:1, 0.25:1, and 0.30:1, respectively). The TDI content was cal-
culated based on the 1:1.1 molar ratio between the —OH of HT-
FR and the —NCO of TDI. The mixing ratios used are listed in
Table 1.

Table1 E51-TDI-HTFR epoxy coatings formulation design.

Group EP (g) TDI (9) HTFR (g9) D230 (g)
HTFRO 100 0 0 33
HTFR15 100 2.31 15 33
HTFR20 100 3.08 20 33
HTFR25 100 3.85 25 33
HTFR30 100 4.62 30 33

E51 was placed in a three-neck flask under a nitrogen at-
mosphere. Subsequently, the weighed TDI was uniformly
added dropwise into the three-neck flask, as shown in Table
1. The mixture was stirred for 30 min and then heated to 60 °C
for 2 h. Subsequently, accurately weighed HTFR was added
dropwise using a burette. The system temperature was auto-
matically increased to 65 °C for 1 h. The mixture was then fur-
ther heated to 70 °C and reacted for 2 h, ultimately yielding
E51-TDI-HTFR.

Preparation of Epoxy Coatings

According to the ratios shown in Table 1, the curing agents
D230 and E51-TDI-HTFR were precisely weighed and thorough-
ly mixed. After mixing, the sample was subjected to vacuum de-
gassing for 30 min. After casting the final sample into molds, the
molds were placed in a vacuum-drying oven. The temperature
was gradually increased according to a program of 40, 60, 80,
and 100 °C, with each temperature stage curing for 1 h. After the
curing schedule was complete, the samples were cooled and
demolded. HTFRO represents the unmodified epoxy coating,
whereas HTFR15, HTFR20, HTFR25, and HTFR30 correspond to
modified epoxy coatings at different concentrations.

Test Methods

Viscosity

Following GB/T 22314-2008, the viscosities of the samples were
determined using a rotational viscometer. Approximately 30 mL
of the liquid epoxy resin sample was placed in a temperature-
controlled sample holder and maintained at 25 °C for 5 min.
Once the reading stabilized, the viscosity value was recorded.
The final result was the average of three successive measure-
ments for each sample.

Hydrophobic properties

In accordance with HG/T 3344-2012, the water absorption rates
of the samples were measured over 2, 4, 6, and 8 days. The con-
tact angles of the samples were determined by applying stan-
dard 5 L of deionized water droplets onto the surface of the
sample using the fixed drop technique. Five measurements
were systematically taken at different positions on each sample,
and the average was calculated to obtain the final static contact
angle.

Mechanical properties
(1) Following the standard GB/T 2567-2021, tensile tests were
performed at a constant displacement rate of 10 mm/min until
the sample fractured. To ensure statistical reliability, three tests
were performed for each sample. The stress-strain curves were
plotted from the collected tensile data, and Young’s modulus
was derived from the slope of the initial linear elastic region
(09%-0.2% strain) via least-squares regression. The average val-
ues of the Young’s modulus, elongation at break, and tensile
strength were reported for subsequent analysis.

(2) The adhesive performances of the samples were evalu-
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ated using the ASTM D4541-09. The samples were then even-
ly applied to the substrates. Subsequently, a 20 mm diameter
pull-off pin was firmly attached to the sample-coated surface.
After curing, a cutting machine was used to remove the sam-
ple from the vicinity of the stud, and the final adhesive
strength was reported as the average value of three repeated
tests.

(3) Following GB/T 1843-2008, the coating to impact was
assessed. The impact strength of the rectangular samples was
measured using the instrument display. The final results for
each sample are based on the average of three independent
tests.

Thermal properties

(1) The thermal characteristics of the samples were analyzed by
differential scanning calorimetry (DSC) using a DSC3 instrument.
Each sample was enclosed in a standard 40 pL aluminum cru-
cible with a hermetically sealed lid, incorporating a micro-perfo-
ration for pressure balance. A controlled heating regimen was
applied, increasing the temperature from 50 °C to 150 °C at a
rate of 10 °C/min to obtain the DSC results.

(2) Thermogravimetric analysis was performed using a Dis-
covery SDT 650 thermogravimetric analyzer (TGA) to assess
the thermal stability and decomposition profile of the sample.
Measurements were performed in a flowing high-purity nitro-
gen environment maintained at 60 mL/min, which served to
purge the system and establish inert pyrolysis conditions. The
sample was heated from 25 °C to 700 °C at a rate of 10 °C/min.
During this process, the mass change was monitored with re-
spect to temperature to obtain thermogravimetric (TGA) and
derivative thermogravimetric (DTG) curves.

Cavitation erosion resistance

In accordance with GB/T 6383-2009, cavitation tests were con-
ducted using an XOQ5-1000 ultrasonic material cavitation
tester. The upper sample had an end face diameter of (16+0.02)
mm and operated at a vibration frequency of 20 kHz. The resin
sample served as the lower specimen, fixed on the specimen
stage at a distance of (0.5+0.05) mm from the upper specimen
and (12+1) mm from the liquid surface. The liquid medium was
a 3.5 wt% Nadl solution simulating hydraulic engineering envi-
ronments. After initial weighing, cavitation and weighing cycles
were performed every 30 min, corresponding to cumulative
times of 15, 30, 45, and 60 min. At the end of each time point,
the following steps were conducted: the samples were re-
moved, wiped clean, then ultrasonically cleaned sequentially
with ethanol and deionized water for 2 min each. The samples
were then dried in an oven at 40°C for 30 min, cooled to room
temperature, and weighed using an analytical balance.

Characterization of E51-TDI-HTFR

The sample structure was characterized using a Fourier trans-
form infrared (FTIR) spectrometer. The spectra were collected in
the range of 4000-400 cm™". The characteristic absorption peak
areas were analyzed to investigate the functional group compo-
sitions and their changes during the reaction.

Microstructure analyses

(1) The fractured surface morphologies of the coatings were ex-
amined using a JEOL JSM-IT800 scanning electron microscope
(SEM) operating at an acceleration voltage of 15 kV and ambi-
ent temperature (25 °C). Before imaging, the fracture surfaces

were carefully cleaned and secured to a specimen holder. The
acquired SEM images allowed for a detailed analysis of the frac-
tographic features and investigation of the crack development
trajectories.

(2) Laser scanning confocal microscopy (LSCM) was used
with a magnification of 5x, scanning frequency of 400 Hz, and
image resolution of 1024 dpi x 1024 dpi. The surface mor-
phology of the coating after cavitation erosion was studied
over an area of 2566 um X 2566 um.

(3) The microphase-separated structure of the sample was
characterized using a Nanosurf C3000 atomic force micro-
scope (AFM), with imaging performed over a scan area of 10
Mm x 10 pm at a resolution of 512x512 pixels and a scan rate
of 1.0 Hz.

RESULTS AND DISCUSSION

Structure and Properties of E51-TDI-HTFR

Structure of E51-TDI-HTFR

Molecular interactions between the fundamental components
are shown in Fig. 1. As shown in Figs. 1(a) and 1(d), the peak at
910 cm™' was attributed to the epoxy group in E51, whereas the
peak at 2273 cm™' corresponded to the C=0 of both the
—NCO groups in TDI and the formed isocyanate groups.”?! For
TDI, the ratio of the peak area at 2273 cm™ to that of its exclu-
sive skeletal vibration at 1070 cm™ was 50.0. In the spectra of
E51-TDI presented in Figs. 1(b) and 1(d), this ratio drastically de-
creased to 23.1, confirming the consumption of a large number
of —NCO groups. The magnitude of this reduction indicates
that approximately half of the —NCO groups in the TDI reacted
in this step. The appearance of a C=0 band at 1731 cm™, ac-
companied by the aforementioned reduction at 2273 cm™, in-
dicates that the —NCO groups in TDI reacted with the —OH
groups in EP to form carbamate linkages (—NHCOO—), where-
as the epoxy group at 910 cm™' remained unreacted. The ratio
of the newly formed C=0 band at 1731 cm™' to the epoxy peak
area at 910 cm™' at this stage was 0.76.>* The bands at 1731
and 1110 cm™ were attributed to the C=0 and C—O linkages,
respectively, of the ethyl acetate solvent in HTFR.

From the spectra of the synthesized E51-TDI-HTFR in Figs.
1(c) and 1(d), the absence of a peak at 1110 cm~" confirms the
complete removal of ethyl acetate. Meanwhile, the disappear-
ance of the peak at 2273 cm~' and the enhanced intensity at
1731 cm™! suggest that the —OH groups in HTFR reacted
with the residual —NCO groups in E51-TDI, forming addition-
al carbamate linkages.!? This is quantitatively supported by
the increase in the ratio of the C=0 peak area to that of the
epoxy peak (1731 cm~1/910 cm~") from 0.76 to 1.88 in the fi-
nal product, confirming the net formation of additional ure-
thane linkages upon HTFR incorporation.[26] These results col-
lectively confirmed the successful stepwise synthesis of E51-
TDI-HTFR with a controlled grafting structure.

Viscosity of E51-TDI-HTFR

The viscosities of the epoxy coatings with different HTFR con-
centrations are shown in Fig. 2. As shown in Fig. 2, the viscosity
of E51-TDI-HTFR gradually increases with increasing HTFR con-
tent. As the HTFR concentration was progressively raised from 0
wt% to 30 wt%, the viscosity of the system increased according-
ly, from approximately 12.7 Pa-s to 23.9 Pa-s. This phenomenon
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Fig.1 Molecular interactions among fundamental components: (a) Structure distribution of E51, TDI, and HTFR, (b) Reaction process of E51-TD], (c)

Reaction process of E51-TDI-HTFR and (d) FTIR spectra of the E51-TDI-HTFR synthesis process.

can be attributed to the introduction of long HTFR molecular
chains and the formation of chemical bonds, which increase the
chain entanglement density with the epoxy matrix and hinder
the relative slippage of the molecular chains. Additionally, HTFR
itself possesses a high viscosity, and its increasing content con-
tributes to the increase in the viscosity of E51-TDI-HTFR.1?")

Hydrophobic Properties of Epoxy Coatings

Water absorption
The water absorption test results for the epoxy coatings with
different concentrations are shown in Fig. 3(a). As the soaking

time was increased, the water absorption rate gradually in-
creased. However, compared to HTFRO, the water absorption
rate of HTFR25 decreased from 1.66% to 0.67%. This phe-
nomenon is due to the microphase separation caused by HTFR
during the curing process of the epoxy resin, in which fluorocar-
bon chains are dispersed in the epoxy resin in a sea-island struc-
ture?® Compared to unmodified coatings, the movement path
of water molecules is prolonged, which hinders their penetra-
tion into the resin and prolongs the penetration time*” Howev-
er, excessive additive amounts cause surplus rubber to aggre-
gate spontaneously, resulting in severe phase separation. The
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Fig. 2 Viscosity of epoxy coatings at different HTFR concentra-
tions.

resultant interfacial defects created channels that facilitated the
penetration of water molecules into the epoxy resin matrix.>"!

Contact angle

The contact angle measurement results for the epoxy coatings
with different additive amounts are shown in Fig. 3(b). The con-
tact angle increased from 73° to 110° This enhancement results
from the surface segregation of fluorocarbon chains, which pos-
sess extremely low surface energy. These chains migrated to the
coating surface and formed a dense hydrophobic layer during
curing. This layer repelled water and promoted the formation of
spherical droplets. However, the contact angle decreased when
the additive content reached 30%. This decrease was due to the
excessive aggregation of the hydroxyl-terminated fluororubber,
resulting in severe phase separation. Therefore, high-surface-
energy epoxy resins are exposed because of the generation of
microcracks and voids at the interface, leading to weakening of
the hydrophobic effect.?'3%

Mechanical Properties of Epoxy Coatings

Tensile properties of epoxy coatings

The mechanical properties of epoxy coatings with different HT-
FR concentrations are shown in Fig. 4. As shown in Figs. 4(a) and
4(b), the Young's modulus of HTFRO is approximately 1.16 GPa,
exhibiting high rigidity and brittleness, with almost no plastic
deformation before fracture. With the addition of the HTFR, a
preliminary "sea-island structure” forms within the material,
which can induce crazing and shear bands, thereby achieving
toughening. For HTFR25, the modulus decreased moderately to
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& 141 - HTFR30
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S 08t
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approximately 0.67 GPa. The formation of a microphase-sepa-
rated structure with an appropriate domain size and strong in-
terface can consistently trigger shear yielding of the epoxy ma-
trix during deformation, resulting in a broad and high stress
plateau.**! However, when the addition amount reaches 30%,
the excessive rubber phase led to a sharp decrease in the mate-
rial's Young’s modulus to about 0.12 GPa and a significant re-
duction in strength. Although the ductility was further im-
proved, its load-bearing capacity was severely compromised,
failing to satisfy its strength.B*

As shown in Fig. 4(c), HTFRO exhibited high tensile strength
and low elongation at break. After the HTFR modification, the
tensile strength of the epoxy coatings decreased slightly,
whereas the elongation at break increased significantly.
Specifically, the tensile stress decreases to 21.98 MPa with a
about additive content, whereas the elongation at break im-
proved remarkably to 46.40%. This phenomenon can be at-
tributed to two factors, as shown in Fig. 4(f). First, the unmod-
ified epoxy coating possessed a highly crosslinked network.
In contrast, the modified system introduced long flexible seg-
ments through the reaction between the hydroxyl group at
the end of the HTFR and the —NCO group in TDI, forming
amino ester bonds with a bridge-like structure. A microphase-
separated structure is formed during curing, which effective-
ly absorbs energy through a pinning mechanism during ten-
sile deformation. Second, the inherent flexibility of fluorocar-
bon chains allows for greater deformation under stress, there-
by enhancing the toughness of the coating. However, be-
cause the HTFR phase has a substantially lower elastic modu-
lus than the epoxy resin, it is preferentially destroyed under
stress, resulting in a slight decrease in the tensile strength rel-
ative to the unmodified coating.3°!

When the HTFR content reached 30%, the tensile strength
decreased significantly, and the elongation at break in-
creased abnormally. This decline was due to the sponta-
neous aggregation of excess HTFR, which led to the forma-
tion of oversized particles and excessive phase separation.
Therefore, an excessively large loose area was formed, lead-
ing to the generation and rapid propagation of
microcracks.!

Impact properties of epoxy coatings

As shown in Fig. 4(d), HTFRO exhibits an impact strength of
1042 kJ/m% At 25% additive content, the impact strength
reaches 24.53 kJ/m?. This improvement is due to the role of TDI
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Fig.3 Hydrophobic properties of epoxy coatings at different HTFR concentrations: (a) water absorption, (b) contact angle.
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mechanism enhancing mechanical properties.

as a crosslinking agent, which forms amino ester bonds to con-
nect the epoxy resin with HTFR, thereby enhancing the binding
force between the epoxy resin and HTFR. Furthermore, HTFR
was distributed as a microphase within the epoxy. When the
coating is subjected to impact, the HTFR particles initiate the
formation of shear bands, absorbing substantial energy. This
mechanism effectively suppresses crack initiation, thereby im-
proving impact resistance. However, at an additive content of
30%, excessive HTFR agglomerated into large second-phase
particles. Upon impact, cracks preferentially initiated at these
agglomerates and propagated through the matrix. Simultane-
ously, the excess HTFR reduces the crosslinking density of the
epoxy, decreasing its rigidity and compromising its impact
properties. Despite this decline, all modified formulations exhib-
ited higher impact strengths than the unmodified system.>”!

Bonding properties of epoxy coatings

As shown in Fig. 4(d), the bonding strength between the epoxy
coatings and mortar substrates exhibited significant concentra-
tion-dependent behavior with varying HTFR concentrations. For
the pure epoxy coating without HTFR modification, the interfa-
cial bonding strength with the mortar was measured as 3.75

MPa. As the HTFR concentration increased, the bonding
strength exhibited a clear upward trend. When the HTFR addi-
tion reached the optimal level, the bonding strength rises to
5.83 MPa, representing an improvement of approximately
55.5% compared to the unmodified system. This enhancement
can be attributed to the role of TDI as an effective coupling
agent at lower incorporation levels, which establishes robust
chemical bonding interfaces between the HTFR rubber and
epoxy resin. Consequently, strong interfacial bonding enhances
bond strength by efficiently transferring stress from the rigid
epoxy matrix to the flexible rubber phase and suppressing early
failure modes, such as interfacial debonding.

However, when the HTFR content exceeded the optimal
value, the bonding strength decreases to 4.59 MPa. This de-
cline occurred because excessive rubber content led to local
aggregation of the rubber phase, resulting in higher stress
concentrations at the interface. These stress concentrations
served as preferential sites for crack initiation and propaga-
tion. Moreover, an excessively high rubber content substan-
tially reduces the overall modulus of the material. An exces-
sively compliant matrix cannot effectively support the stress
transferred through the interface, ultimately leading to a re-
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duction in bonding strength.38l

As shown in Fig. 4(e), HTFR25 demonstrated excellent
bonding performance across a variety of substrates. Its bond-
ing strength reaches 15.01 MPa on stainless steel and 13.72
MPa on iron-based surfaces. For nonmetallic inorganic mate-
rials, HTFR25 achieves strengths of 11.75 MPa on marble and
10.32 MPa on ceramic. Even on the porous and relatively
weak mortar substrate, the bonding strength remains no-
tably high at 5.83 MPa. These results collectively confirm that
HTFR25 possesses a strong and versatile adaptability to differ-
ent types of substrates, indicating its outstanding compre-
hensive bonding performance.!

Thermal Stability of Epoxy Coatings

DSC analysis
The thermal degradation behavior of the epoxy coatings with
different HTFR concentrations is shown in Fig. 5. As shown in
Figs. 5(a) and 5(b), the glass transition temperature (T,) of the
coatings decreases with increasing HTFR content. HTFRO ex-
hibits a Ty of 74.3 °C, but the T of HTFR30 is 65.8 °C. The intro-
duction of flexible carbon chain side groups increased the spac-
ing between crosslinking points and significantly increased the
free volume of the cured system.l“?) Furthermore, hydroxy-ter-
minated liquid fluororubbers contain numerous fluorocarbon
segments, which are characterized by low internal rotational re-
sistance and high molecular mobility. Therefore, the modified
epoxy coating became more susceptible to segmental move-
ment when heated, leading to a lower T,

Thermodynamic analysis indicated that the decrease in T,
demonstrated that the incorporation of flexible segments in-
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creased the free volume, enabling easier molecular move-
ment under stress. Therefore, plastic deformation can be in-
duced to dissipate energy, thereby significantly improving
the toughness of the epoxy coatings. This enhancement in
toughness was achieved while maintaining adequate ther-
mal stability for practical applications. Although T, progres-
sively decreased with increasing HTFR content, all the modi-
fied epoxy resins maintained T, values higher than room tem-
perature, satisfying the application requirements.

TGA analysis

The TGA/DTG results for HTFRO and HTFR25 are shown in Figs.
5(c) and 5(d), respectively. By comparing the TGA results, it was
found that E51 had the same thermal weight loss stage before
and after modification, indicating good compatibility between
HTFR and E51.4243 The DTG result for HTFRO shows a sharp sin-
gle peak, indicating that the chain segments of the epoxy resin
break rapidly after reaching the highest decomposition temper-
ature. In contrast, the main peak width in the HTFR25 DTG re-
sults significantly increased, and the peak shape was relatively
flat, indicating that the heat resistance of the epoxy resin with
added HTFR was slightly reduced compared with that before
modification. Owing to the addition of HTFR, the crosslinking
density of the epoxy resin was reduced, resulting in a slight de-
crease in its thermal stability.[*”

Cavitation Erosion Resistance of Epoxy Coatings

Mass loss of epoxy coatings after cavitation erosion

The cavitation erosion resistance of epoxy coatings with differ-
ent HTFR concentrations is shown in Fig. 6. As shown in Fig. 6(a).
The cumulative mass loss for all the samples increased with pro-
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Fig. 5 Thermal degradation behavior of epoxy coatings with different HTFR concentrations: (a) DSC results, (b) glass transition temperatures, (c)

TGA and DTA results of HTFRO, (d) TGA and DTA results of HTFR25.
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longed exposure time. After 60 min, the coating with 25% HTFR
showed a cumulative mass loss of only 4.2 mg, whereas that of
the unmodified epoxy resin reaches 9.2 mg.

This improvement results from the ability of the fluorocar-
bon segments to induce crazing under the impact of shock
waves and microjets from collapsing bubbles, thereby ab-
sorbing and dissipating energy. Consequently, when cavita-
tion bubbles impact the coating, stress is effectively trans-
ferred from the epoxy resin to the rubber phase, reducing
mass loss. Furthermore, the low surface energy of fluorine
atoms in the HTFR enhances the overall hydrophobicity of the
coating, which helps prevent water penetration into defects
and delays mass loss.!*!

However, at 30% additive content, excessive HTFR led to
poor dispersion and severe phase separation within the
epoxy resin. This results in the formation of oversized, loose-
phase regions that are highly susceptible to damage during
bubble collapse, thereby accelerating the mass loss rate.
Compared to unmodified epoxy coatings, the incorporation
of flexible segments endows epoxy coatings with improved
toughness and hydrophobicity, thereby significantly enhanc-
ing their resistance to cavitation erosion in water.[“¢]

Morphology of epoxy coatings after cavitation erosion

The cavitation erosion resistance of the epoxy coatings with dif-
ferent additive amounts is shown in Figs. 6(b)-6(f). Warm colors
correspond to surface protrusions, whereas cool colors repre-
sent cavitation pits. As shown in Fig. 6(b), the most severe cavi-
tation damage occurs in the unmodified epoxy coating, which
exhibits numerous pits. This phenomenon is attributed to the
brittle network of the coating, which cannot effectively dissi-
pate the impact energy of bubbles. Direct breakage of the
epoxy molecular chains led to rapid crack propagation.

As shown in Figs. 6(c)-6(e), the number of cavitation pits
gradually decreases with increasing HTFR content. This im-
provement occurred because the flexible segments acted as
stress concentrators, inducing numerous crazing and plastic
deformations that consumed most of the impact energy. Fur-
thermore, the extremely low surface energy of fluorocarbon

chains effectively prevents water penetration into cracks and
pores, thereby inhibiting further deterioration from moisture
infiltration. The combined toughness and hydrophobicity of
the modified coating significantly improve its cavitation ero-
sion resistance, resulting in smoother surfaces after testing.

As shown in Fig. 6(f), excessive additive amounts excessive-
ly diluted the rigid epoxy network and substantially reduced
the crosslinking density. Therefore, the resistance of the coat-
ing to the cavitation impact is compromised. Additionally, the
severe phase separation caused by HTFR aggregation creates
defects and stress concentration points, making the coating
more susceptible to damage.*’!

Morphology and Toughening Mechanism of Epoxy
Coatings

Morphology of epoxy coatings after fracture

The morphologies of the epoxy coatings with different HTFR
concentrations after fracture are shown in Fig. 7. In Fig. 7(a), the
fracture surface of the unmodified epoxy resin appears relative-
ly smooth and displays numerous clear regular cracks without
noticeable branching or deflection, indicating typical brittle
fracture characteristics.*®! As shown in Figs. 7(b) and 7(c), the
fracture surfaces became progressively rougher with increasing
HTFR content, exhibiting distinct dimples and hook-like struc-
tures that demonstrate ductile fracture behavior. This transfor-
mation results from the formation of a microphase-separated
structure during curing, which effectively absorbs energy
through a pinning mechanism during tensile deformation./*”) In
Fig. 7(d), the coating with 25% HTFR displays a high density of
vortex-like cracks on its fracture surface, providing direct evi-
dence of substantial energy dissipation during failure and con-
firming the effectiveness of HTFR in enhancing the toughness.
However, as shown in Fig. 7(e), excessive HTFR addition re-
duced the number of induced cracks, consequently diminish-
ing the toughening effect.”"!

The phase structure of epoxy coatings

The phase structures of the epoxy coatings with different HTFR
concentrations are shown in Fig. 8, where the bright regions
correspond to the soft HTFR rubber phase, and the dark regions
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Fig. 7 Morphology of fracture surfaces of epoxy coatings with different HTFR concentrations: (a) HTFRO, (b) HTFR15, (c) HTFR20, (d) HTFR25, (e)

HTFR30.
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Fig.8 The phase structures of epoxy coatings with different HTFR concentrations: (a) HTFRO, (b) HTFR15, (c) HTFR20, (d) HTFR25, (e) HTFR30.

correspond to the rigid epoxy resin matrix. It can be observed
from the figure that as the HTFR content increases, the rubber
phase transitions from locally aggregated domains to a more
uniformly dispersed state. At an addition level of 25%, the rub-
ber phase exhibited a moderate domain size and uniform distri-
bution within the epoxy matrix with clear interfacial boundaries
between the two phases, resulting in a well-defined mi-
crophase-separated structure.””? In contrast, an excessively
high HTFR content leads to severe aggregation of the rubber
phase, coarsening of the domains, and blurred interfaces, there-
by introducing stress concentration defects and compromising
the overall performance of the material.l>3!

Synthetic reaction mechanism of E51-TDI-HTFR
The toughening mechanism of epoxy coatings modified with
HTFR is illustrated in Fig. 9. In the first stage, the —OH groups of

epoxy resin E51 reacted with the 4-position —NCO groups of
TDL. The hyperconjugation and inductive effects of the methyl
group on the benzene ring confer higher electrophilicity and re-
activity to the 4-position —NCO groups. Consequently, these
groups preferentially reacted with E51 to achieve successful
grafting. In the second stage, the terminal —OH groups of HT-
FR reacted with the remaining 2-position —NCO groups of TDI.
After the reaction temperature was elevated, the less reactive 2-
position —NCO groups subsequently reacted with the HTFR,
thereby connecting E51 with the HTFR. In the third stage, a
crosslinked network structure formed after the addition of the
curing agent D230 to the modified epoxy resin. By adding flexi-
ble HTFR segments, the spacing between the crosslinking
points in the epoxy resin increases, resulting in reduced
crosslinking density and consequently enhanced mobility of the
molecular chains.”?
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Fig.9 Schematic illustration of the preparation mechanism for epoxy coatings modified with HTFR.

CONCLUSIONS

The hydrophobicity and toughness results of the coatings mod-
ified with HTFR allow for the following conclusions.

(1) The successful grafting of HTFR onto E51 was con-
firmed by the gradual enhancement of the C=0 absorption
band at 1731 cm~' and the corresponding reduction of the
—NCO absorption band at 2273 ¢cm~, which indicates that
carbamate linkages were formed between the —OH groups
of both E51 and HTFR with the —NCO groups of TDI.

(2) With increasing HTFR concentration, the hydrophobic
properties, mechanical properties, and cavitation erosion re-
sistance of the modified epoxy coating initially improve and

then decrease. The incorporation of HTFR optimized the
crosslinked network structure, leading to synergistic en-
hancement of the overall performance of the coating.

(3) The fracture surface of the unmodified coating was rela-
tively smooth. With an increase in the HTFR content, the frac-
ture surfaces gradually exhibited ductile fracture characteris-
tics. Furthermore, the rubber phase achieves a moderate do-
main size and uniform distribution within the epoxy matrix,
forming an ideal microphase-separated structure.
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Improvements of Hydrophobicity and Toughness of Epoxy Coatings Modified with Hydroxyl-
terminated Fluororubber
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