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Abstract: Epoxy resin was conjugated with halloysite nanotubes (HNT) and different types of
ZnO nanoparticles (commercial ZnO and modified ZnO-ODTES) to obtain HNT-ZnO/epoxy resin
composites. These ZnO nanoparticles (ZnO NPs) were utilized with the intention to enhance the
interfacial bonding between the epoxy resin and the reinforcing agent (HNT). The properties of
resulted epoxy resin composites were characterized by various methods such as FTIR-ATR, TGA,
DSC, TEM-EDX, and Nanoindentation analyses. The thermal properties of the epoxy resin composites
were enhanced to a greater extent by the addition of HNT-ZnO nanofillers. DSC testing proved that
the modification in the glass transition temperature can be due to the physical bonding between the
epoxy resin and filler (HNT and/or ZnO). It was seen that the epoxy resin modified with HNT and
ZnO-ODTES has the highest resistance to scratching by having a good elastic recovery as well as high
values for surface hardness (~187.6 MPa) and reduced modulus (2980 MPa). These findings can pave
the way for the developing of ZnO-based marine coatings with improved properties.

Keywords: epoxy resin; ZnO nanoparticles; thermal; nanoindentation

1. Introduction

Different types of coating have been continuously developed to achieve high-performance
multifunctional coatings with scratch and abrasion resistance for the surface of various
steel substrates for marine applications [1]. The most important characteristic of the coating
is to be environmentally friendly and to achieve multi-functions, e.g., protection, high
mechanical properties, fire resistance, and corrosion resistance. In order to obtain these
improved surface properties, as well as protection against materials from hostile envi-
ronments, optimized epoxy formulations are made incorporating nanoparticles like silica
(5i0,) and zinc oxide (ZnO) [2]. Epoxy systems tailored with metal-oxide nanoparticles
can be used in automotive, aeronautic, construction and marine industries, because of their
super adhesiveness to wide variety of surfaces, and the good thermo-mechanical proper-
ties [3]. Silica nanoparticles are frequently added into the polymer matrices to increase
the heat resistance, radiation resistance, mechanical, and electrical properties of the final
materials. The nano dimensions of the particles are very important for the properties of the
acrylic-based coatings. The nano-silica particles are typically dispersed in the bulk polymer
matrices using a suitable dispersing agent.
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The epoxy resins have a high bonding strength and superior moisture resistance due
to their ability to create chemical bonds or molecular adsorption as well as cross-links with
curing agents. Due to their good physical, chemical and mechanical properties, epoxy resins
are considered the best candidates as coating matrix [4]. Incorporating ZnO nanoparticles
into epoxy resins can enhance the chemical resistance and the thermo-mechanical properties
of composite coatings due to the formation of strong bonds that occur between oxide
groups on the ZnO nanoparticles (ZnO NPs) surface and polar groups of epoxy resins [5].
Dispersion of nanosized particles into the epoxy matrix can prevent epoxy disaggregation
and lead to the formation of homogeneous coatings [6,7]. Epoxy resins have disadvantages
such as very strict conditions of utilizations, brittleness, low hardness, and low impact
resistance, which limit their wide application.

Several research papers have reported the successful incorporation of ZnO NPs into
epoxy resin in order to obtain high-performance composites. Sunny et al. showed that the
addition of ZnO NPs to epoxy resins can improve the thermal and mechanical properties
of the final composites [8]. Suntako revealed that the introduction of ZnO NPs enriched the
properties of natural rubber such as tensile strength, hardness, and elongation at break [9].
Ding et al. [10] demonstrated that the incorporation of ZnO particles having submicron
sizes (~100-200 nm) enhanced the tensile and flexural strength of epoxy resin by 41 and
51%, respectively. Thipperudrappa et al. [11] showed that the ZnO NPs improved the
mechanical properties of reinforced epoxy composites (2 wt% of ZnO). Liu et al. [12] ob-
tained epoxy nano-composites with good thermal and mechanical properties, using hybrids
containing multi-walled carbon nanotube and ZnO NPs. Samad et al. [13] reported that the
addition of ZnO nanoparticles to the epoxy matrix containing epoxy/polyaniline improved
its mechanical and thermal properties. Effect of cadmium oxide (CdO) doped zinc oxide
nanoparticles (ZnO NPs) on structural, thermal, mechanical and electrical properties of the
epoxy composite was investigated and reported by Srikanth et al. [14]. Different concen-
trations of CdO-ZnO nanopowder into the epoxy matrix were used. They found that the
epoxy composites prepared with 1 wt% concentration of CdO-ZnO in epoxy improved the
tensile, flexural and compression properties. Hardon et al. [15] demonstrated the influence
of ZnO NPs (1 wt% and 5 wt% concentrations) on the dielectric properties of the epoxy
resin. The experimental results showed that the epoxy resin containing ZnO filler with
1 wt% concentration present a lower relative permittivity for frequencies higher than 5 Hz
because of the presence of very immobile epoxy chains in the interfacial regions around
nanoparticles. Al-Lhaibi et al. [16] revealed that the surface roughness of sawdust/epoxy
composites can be increased by increasing the ZnO NP content in the polymer matrix.
Lorero et al. [17] developed a method to fabricate epoxy composites with recycled ZnO
particles from spent alkaline batteries. The composite reinforced with 30 wt% recycled ZnO
particles presented good thermomechanical properties (glass transition temperature (1.4%),
stiffness (19.2%) and hardness (82.3%)). Guo et al. [18] demonstrated that the epoxy resins
containing tetrapod-shaped ZnO whiskers present a superior thermal transport property
in comparison to ZnO micron particles. Hawkins et al. [19] reported the preparation of
epoxy resin composites containing ZnO and multi-walled carbon nanotubes, presenting
high conductivity and improved elastic modulus. Halder et al. [20] obtained the epoxy
composites with improved thermal and mechanical properties, using a lower concentration
(2 wt%) of poly vinyl alcohol (PVA)-assisted ZnO NPs. Sari et al. [21] reported the effects of
starch-modified ZnO NPs on the viscoelastic and mechanical properties of epoxy-based
nanocomposite films. The obtained results revealed that the epoxy network becomes stiffer
by introducing the modified ZnO particles. Also, Shi et al. [22] investigated the effect of
different nanofillers (S5iO,, Zn, Fe;O3 and halloysite clay) on the corrosion resistance of
epoxy coatings. The results obtained indicated that the corrosion resistance of the epoxy
coatings was improved due to the increase in adhesion of the epoxy coating to the metal
substrate. Tonelli et al. [23] reported that the addition of a small amount of halloysite
clay nanotubes (HNTs) in epoxy coatings enhanced the antifouling properties of material.
Kaybal et al. [24] showed that the halloysite nanotube (HNT) can improve the bearing
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strength basalt-epoxy composite. Although the nanofillers show increased resistance com-
pared to the pure properties of the polymer, their use in large quantities can lead to the
formation of agglomerates and to a decrease in the adhesion of the epoxy coating to the
metal substrate [25]. The aim of this study is to report the effect of halloysite nanotubes
(HNT) and ZnO nanoparticles (commercial ZnO and modified ZnO-ODTES), as nanofillers,
on the physico-chemical properties of epoxy resin. The morphology of these materials was
analyzed using a Transmission Electron Microscope (TEM) analysis. Chemical composition
of the samples was assessed using Fourier-Transform Infrared (FTIR) spectroscopy and
Energy-Dispersive X-ray Spectroscopy (EDX). The glass transition temperature was deter-
mined using a differential scanning calorimeter (DSC). Thermogravimetric analysis (TGA)
was used to investigate the performance of the synthesized epoxy resin composites. Nanoin-
dentation and nano-scratching techniques were utilized to examine the nanomechanical
surface properties of epoxy resin systems. The use of HNT as a reinforcing agent allows
obtaining high-performance materials at a lower price compared to carbon nanotubes. To
our best knowledge, the effect of HNT-ZnO nanofillers on the nanomechanical properties
of the epoxy resin composites has not been studied to date. The modified ZnO/epoxy resin
composites with balanced thermal and mechanical properties achieved in this study are
designed for marine applications, and especially for shipping devices.

2. Experimental
2.1. Materials

Commercial zinc oxide nanopowder (ZnO, ZnO NPs < 100 nm, Sigma-Aldrich,
Philadelphia, PA, USA), octadecyltriethoxysilane (ODTES, 98%, Alfa Aesar, Karlsruhe,
Germany), xylene (Xy, S.C. Chimreactiv S.R.L., Bucharest, Romania), Tetraethyl orthosili-
cate (TEOS, 98%, Sigma-Aldrich, Philadelphia, PA, USA), methyl isobutyl ketone (MIBK,
Sigma-Aldrich, Millipore, ON, Canada), ammonium hydroxide (NH4OH, 32%, Scharlau,
Sentmenat, Spain), epoxy resin (Resin 530 (component A (bisphenol A/F-epoxy resin)
+ hardener B (modified polyamine)), LEUNA-Harze GmbH, Leuna, Germany), and natural
aluminosilicate clay with a hollow tubular morphology (HNT 100%, NaturalNano Corp.,
Rochester, NY, USA) were used as purchased.

The metal substrates are made of SRJ235 carbon steel, cut in the form of triangles with
a base of 13 cm and sides of 21 cm. The metal substrates were placed in seawater taken from
the Black Sea, with a salinity of 1%, and immersed for 6 months before scratching tests.

2.2. Preparation

ZnO nanoparticles (ZnO NPs) modified with ODTES were prepared using the method
described in our previous studies [26,27]. A small amount of commercial ZnO nanopow-
der (1 g) was dispersed in a mixture containing ethanol (400 mL), demineralized water
(100 mL) and ammonium hydroxide solution (32%, 10 mL) and sonicated for one hour
in an ultrasonic bath. Tetraethyl orthosilicate (TEOS, 4.5 mL) and octadecyltriethoxysi-
lane (ODTES, 9.5 mL) were added dropwise over the formed solution (molar ratio of
TEOS/ODTES =1/1). The resulting solution was magnetically stirred for 6 h, at room
temperature (25 + 2 °C).

Processing steps for epoxy resin are the following. The modified ZnO with xylene
(Xy) was sonicated for 5 min in an ultrasonic bath. Aluminosilicate clay with a hollow
tubular morphology (HNT) was then added and left to be ultrasonicated for 40 min. Methyl
isobutyl ketone (MIBK) was poured over component A from the epoxy resin and manually
mixed with it for 5 min. All these components were mixed for 45 min with a mechanical
stirrer (800 rpm). The mechanical agitator head’s shape was specifically designed to prevent
bubbles from forming in the material. The last stage involved physically combining resin A
with all integrated components and hardener B for five minutes. Three types of modified
epoxy resin composites were finally obtained: HNT/epoxy resin (S1), HNT/ZnO/epoxy
resin (52) and HNT/ZnO-ODTES/epoxy resin (S3) (see Table 1). The final materials were
coated onto the metal substrates and left for 48 h at room temperature for complete curing.
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Table 1. Chemical composition of synthesized samples S1-53.

Sample ResinA(g) HardenerB(g) MIBK (g) Xy (g) HNT (g) ZnO-ODTES (g)  Commercial ZnO (g)

S1 - -
S2 66.6 33.3 8 8 5 - 1
S3 1 -
The schematic illustration of synthesis procedure to obtain modified ZnO/epoxy resin
composites is shown in Figure 1.
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Figure 1. Schematic illustration of synthesis procedure to obtain modified ZnO/epoxy resin composites.

2.3. Characterization

FTIR spectra of materials were recorded on a Spectrometer Tensor 37 (Bruker Instru-
ment, Woodstock, NY, USA), in ATR (Attenuated Total Reflectance) mode with a Golden
Gate diamond unite (spectral range of 4000-400 cm ™!, resolution of 4 cm~?, 30 scans
per spectrum).

Thermal analysis of the synthesized materials (dried under vacuum at 50 °C for 24 h) was
undertaken in a Thermogravimetric Analyzer TGA Q5000IR (TA Instruments, New Castle,
DE, USA) in a N atmosphere (heating rate of 10 °C/min, from 30 °C at 750 °C). Obtained
materials (3-5 mg) were analyzed using alumina crucibles.

A Differential Scanning Calorimeter (DSC Q2000, TA Instruments Inc., New Castle,
DE, USA) was used to determine the temperature and heat flow associated with material
transitions as a function of time and temperature. The experiments were performed
with modulated temperature (MDSC). MDSC analysis was conducted under helium flow
(25 mL/min), with a rate of 10 °C/min, and a period of 30 s as follows: equilibrating
at —50 °C; isothermal for 2 min; and heating from —50 °C to 200 °C. In the Modulated
Differential Scanning Calorimetry (MDSC), the heat flow (Total Heat Flow) was equivalent
to standard DSC; the reversing heat flow provided information on reversible phase changes
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(glass transition and melting), while the non-reversing heat flow showed just the kinetic
(non-reversible) processes, such as enthalpic recovery at Ty, solvents evaporation, and
chemical reactions.

The materials were analyzed through Transmission Electron Microscopy (TEM, model
TECNAI F20 G2 TWIN Cryo-TEM, FEI Company, Eindhoven, The Netherlands) at 200 kV
accelerating voltage. The associated EDX spectra were obtained using the X-MaxN 80T
detector (Oxford Instruments, Oxford, UK), installed on the device.

The Hysitron TriboIndenter Premier (I1) (Premier Hysitron, Minneapolis, MN, USA)
device was employed to carry out nanomechanical testing. The hardness, reduced modulus,
load-displacement curves along with the coefficient of friction and surface roughness were
measured using nanoindentation and nano-scratching methods. The measurements were
performed, adhering to the Oliver-Pharr method. A three-side Berkovich tip was used, with
total angles of 142.35 degrees and a radius of curvature of 150 nm, while a 700 uN normal
load force for nanoindentation and a 1000 uN load force for nano-scratching were applied to
the surface of the samples according to their respective functions. The surface topography
data was acquired by the TI Premier’s Scanning Probe Microscopy mode (SPM), exhibiting
representative 25 x 25 pm in situ images of the samples after the scratching procedure.

Scratch tests were performed using an Elcometer 3086 Motorized Pencil Hardness
Tester (Elcometer, Manchester, UK) at 23 °C and 50% relative humidity with the applied
force of 8 N. The method was used in accordance with the standard Standard Test Method
for Film Hardness by Pencil Test ASTM D 3363 [28].

3. Results and Discussion
3.1. FTIR-ATR Spectroscopy

The chemical bonds present in the samples were analyzed using FTIR-ATR spec-
troscopy, and a plot of absorbance versus wave number is shown in Figures 2 and 3.

11
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Figure 2. FTIR-ATR spectrum of HNT.

The FTIR spectrum of HNT is presented in Figure 2. Two sharp bands are observed at
~3697 and ~3625 cm ™!, which can be assigned to the stretching vibration of the inner-surface
O-H bonds and due to the inner O-H groups near the aluminum atoms, respectively [29].
The absorption peaks at 1650, 906 and 1001 cm ™! can be seen and are assigned to O-H de-
formation of water, O-H bending of inner hydroxyl groups and Si-O stretching vibrations,
respectively [30].

FTIR spectra of synthesized epoxy resin composites are showed in Figure 3. The band
that appears at ~3340 cm ! can be assigned to stretching vibrations of O-H groups [31].
The peaks located at 2922 and 2852 cm ™! are associated with -CH, and -CHj3 of aromatic
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and aliphatic chains (stretching vibrations) [32,33]. Peaks in the interval of 1580-1610 cm™!
correspond to primary amine (N-H) [34]. The peak centered at 1508 cm ! was attributed
to N-O stretching vibration, indicating the presence of nitro compounds. According to
literature, the C—C and C-O bonds (stretching vibrations) are observed at 1454 cm~! and
1240 cm !, respectively [1,34]. The peaks in the range from 1000 to 1100 cm ™! correspond
to C-N groups and indicate curing of the epoxy and the hardener. The peaks identified
at 1181 cm~! and ~1032 cm™~! are assigned to the asymmetrical aliphatic C-O stretching
vibrations [33,35]. The peak at 826 cm ™! is associated with the 1,4-substitution of the
aromatic ring of the epoxy resin (R). The increase in the intensity of this peak may indicate
a significant presence of the epoxide ring [36].

1240 1032
1508 826
557 467
14t
1454 ‘1108 750 697
5 2922 1295 W[l 910 \A’ /
< 2853 1606 \,.
e
2]
: L {
i \
% J v WALl
2
JEN N\ "
\q s
/ \j\/\l
3 M)
\\\J\/\.nn./\/ /\\/ \”“\u/\\/hV\thJAV\d\w
4000 2000 1000 400, @
Wavenumber (cm—1)
16
—R —R
—S1 —351
144 1.4 4
1—s2 1032 —82
— 83 F 1012 —5S3 557 528 467
124 1108 1080 o1 129 g e
'

104 * 107 466
@ 1030 4008 3 0s ?28 ;o A as
<1 40 1078 4 910 < /W

y y

0.6

1932 1009 y 7 a3 419
0.4 - 1'/111 }078 . %11 04 -N

067 528

1033
0.2 1108 1080 ;1010 0.2 414
| . —
0.0 T T T T T T T T T T 0.0 T T T T
1150 1100 1050 1000 950 900 850 650 600 550 500 450 400
Wavenumber [cm™] Wavenumber [cm™]

Figure 3. FTIR-ATR spectra of samples S1-S3 and of epoxy resin (R).

The peak identified at ~910 cm ! is observed in the FTIR spectra of samples S1-S3 and
is associated with Si-O bending vibrations [27]. The peaks located at ~1010/1032 cm ™! and
~1110 cm ™! are attributed to the OH deformation of inner hydroxyl groups from Al-OH
and to the Si—O bonds (in-plane and perpendicular stretching vibrations), respectively [37].
The peaks located at 467 cm ™!, 528 cm ™! and ~436 cm ™! are attributed to Si-O-Si bond
bending vibrations and to the Si—-O-Si deformation band [38,39].
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Bands identified at ~1100 cm ! and ~1080 cm ™! (aromatic stretching) show changes
in intensity. The intensity increase of peak at ~1080 cm ™! can be attributed to the connec-
tion of the hydroxyl in the molecular backbone of the modified epoxy resin composites
(samples S2 and S3) with the secondary carbon atom [40]. In the FTIR spectra of all samples
51-53, an increase in peak intensity was noticed for Si-O stretching vibrations, which may
be due to the effect of HNT-epoxy interactions [41].

Taking into account the molecular structures of the involved partners (epoxy resin,
HNT and ZnO NPs fillers) and FTIR results, some combinations of interactions (e.g., elec-
trostatic forces, van der Waal forces, covalent bonding, hydrogen bonds, and hydrophobic
interactions) that have different energies may occur during the processing steps.

3.2. TGA and DSC Analysis

Figure 4 reveals the TGA analysis of the synthesized epoxy resin composites (samples
51-5S3). The decomposition temperature (Tmax) and the weight loss (Wt. loss %) of these
samples are presented in Table 2.

?100_
X
E 75_
§ HNT
> 50{ S
S2
5] S3 _
— £
£
01 12 3
=
k=)
(0]
=
_6 2
5]
(a]
— ,ﬁ“’”“\ 0 :
— T T T T 7 T |
0 100 200 300 400 500 600 700 .

Temperature (°C)

Figure 4. Thermogravimetric analysis curves of samples: HNT, S1, 52, S3 and S4.

Table 2. The maximum decomposition temperature (Tmax) and weight loss (Wt. loss %) of the
prepared composites and of HNT (temperature range of 30-750 °C).

30-265 °C 265-575 °C 575-750 °C Residue at 750 °C
Sample  Wt. loss Tmax Wt. loss Tmax Wt. loss N,
% °C % °C % %
HNT 2.04 201.6 13.22 476.7 0.64 84.10
S1 20.20 162.0 66.85 344.6 2.77 10.19
S2 20.44 165.1 61.78 354.6 3.49 14.28
S3 20.46 158.1 65.76 358.4 3.06 10.72

1 Tmax (°C) = T (dot/ dt)max-

From the TGA curves, it can be observed that the decomposition of the synthesized
epoxy resin composites occurred around 150 °C. A weight loss of 15%-20% up to the
temperature of 160 °C (where a maximum occurs) may be due to the removal by volatiliza-
tion of some compounds (e.g., xylene and methyl isobutyl ketone, 5% loss) present in the
synthesized resins (see Table 2).
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It can be seen from Figure 4 and Table 2 that the major mass loss of HNT occurs rapidly
at about 480 °C, assigned to the dehydroxylation of structural aluminol groups present in
HNT [42].

Muhammad et al. [43] demonstrated that the ZnO NPs improved the stability of the
epoxy coatings after exposure under environmental conditions.

The enthalpy phenomena observed in DSC curves are associated with the mass loss
highlighted in TGA analysis, for the 100-250 °C range.

As can be seen from Figure 5, the events that take place between 70-200 °C range are
irreversible kinetic processes due to the evaporation of volatile materials (solvents), which
are represented by the approximately 12%—-15% mass loss recorded in TGA analysis. Due
to the removal of volatile materials, the resins stiffened and upon the second heating, the
glass transition (T) moved to values between 85-90 °C, after which there was no further
thermal event until 200 °C.

]Sl

Heating S1 st Cooling

Heat Flow (W/g)
Heat Flow (W/g)

-0 T T T T T T T T 0.0 T T T T T T T
= 0 -25 0 25 50 75 100 125 150 175 200 -50 -25 0 25 50 75 100 125 150 175
Exo Up

Temperature (°C) Temperature (°C)

0.0

2™ Heating

Heat Flow (W/g)

-0

50 25 0 25 50 75 100 125 150 175 200
Exo Up Temperature (°C)

Figure 5. DSC curves of samples (top—first heating; down—second heating) S1-S3.

After 200 °C, the volatile compounds were removed and the material hardened. As
can be seen in the cooling and the 2nd heating curves (Figure 5), T; moved to higher
temperatures and increased above 70 °C. After applying the resin, the final materials
were hardened, having Ty values comparable to Ty values for other polymers such as
polyethylene terephthalate (PET, 67-81 °C) and polyvinyl chloride (PVC, 82 °C) (see
Table 3). The polymer chains slid can past each other at lower temperatures, resulting in a
decrease in Ty [44].

These results are in agreement with those reported in the literature [45,46], where it
was shown that the addition of ZnO nanoparticles decreased the thermal properties of the
materials because ZnO tends to form free oxygen and oxygen vacancies. In addition, it can
be seen that the percentage of residue increased with the addition of inorganic molecules on
the ZnO nanoparticles, as they do not decompose in the evaluated temperature range [46].
Also, it was shown that the Tg of polymer matrix and crosslinking could decrease because
of the aggregate formations or the imperfect solutions, even at contents below 2 wt%
ZnO [47].
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Table 3. Values of Ty temperatures determined by DSC for samples S1-53.
Glass Transition
Sample 1st Heating Cooling 2nd Heating
Onset T, (D End ACp Onset T, (D End ACp Onset T, (D End ACp
Q) O Q) Jig°O) Q) O Q) Jig°O) (W @) Q) Q) Jig°O)
S1 15 144 25.7 0.33 99.7 89.7 72.0 0.33 77.1 88.9 96.6 0.30
52 0.6 14.1 26.0 0.35 99.5 87.1 70.8 0.34 76.7 88.1 96.9 0.30
S3 23 15.0 27.8 0.35 97.7 85.8 68.2 0.32 73.4 85.6 95.2 0.30

Adroja et al. [48] demonstrated that the curing kinetics were influenced by steric
restrictions on the epoxy—amine addition reaction, physical interactions between the various
functional groups of the constituent components, and the extent of curing.

3.3. TEM Analysis

The morphology and elemental analysis of the samples were assessed by Transmission
Electron Microscopy (TEM) equipped with energy-dispersive X-ray (EDX). The TEM images
and EDX analysis are illustrated in Figure 6.

Through TEM imaging, the presence of HNT nanotubes was observed in all three
samples. In samples S2 and S3, the presence of ZnO NPs was also determined. Sample S1
is the one that does not present any kind of ZnO NPs. Moreover, the images reveal that the
HNT and used ZnO NPs do not tend to form any agglomerates in the structure of samples.
Aside from some small cavities on the synthesized epoxy resin composite surface, a strong
coherent bonding between the interfacial layers of epoxy resin and the fillers (HNT or ZnO
NPs) was noticed.

Consequently, distribution of the fillers (HNT or ZnO NPs) in the compositions led to
the formation of samples without high agglomerations or sedimentation.

From EDX analysis, the existence of Zn signals could be detected in samples S2 and S3,
originating from ZnO NPs utilized in synthesis. Due to the present of Cu line scan, it can be
concluded that the carbon foil on the TEM copper grid may be responsible for the signals.
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Figure 6. Cont.
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Figure 6. TEM images and EDX analysis of samples S1-S3.

3.4. Nanoindentation Analysis Method

Nanomechanical characterization was performed on specimens of 10 mm x 10 mm
x 4 mm (length x width x thickness), obtained by casting process into a silicon mold at
room temperature with the curing time of 24 h, to determine the surface hardness and
modulus by employing a nanoindentation technique.

From Figure 7a,b, it can be seen that sample S3 conjugated with HNT and ZnO-ODTES
had the highest values for hardness (~187.6 MPa) and reduced modulus (2980 MPa),
although the difference between the values is quite small, compared to samples S1 and
52. Also, it can be observed that sample S3 has the lowest degree of elastic recovery
(see Figure 7b). Lizundia et al. [49] showed that the epoxy nanocomposites functionalized
with S5iO, nanoparticles present the storage modulus of ~2725 MPa. In comparison with
this nano-filler (S5iO, nanoparticles) that was employed for improvements of mechanical
properties of epoxy nanocomposites, the present study indicates that the incorporation of
HNT-ZnO NPs into epoxy composites enhances the performance of epoxy resin material.
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Figure 7. (a) Indentation reduced modulus and hardness; (b) force vs. displacement curves of
samples S1-S3.

It is well known that the reduced modulus and hardness of polymer composites are
highly dependent on the interfacial adhesion between the filler and the matrix. Panahandeh
et al. [50] demonstrated that the agglomeration of ZnO on the surface can increase the
chances of their indentations. Accumulation of some agglomerates on the surface and the
partial cross-linking of the resins can decrease the mechanical properties of the composite.
Li et al. [51] reported similar results where a decrease in properties was observed after
exceeding 2% ZnO loading rate. Our study will continue by optimizing the mixing and
crosslinking parameters as well as the working conditions.

In the present study, nano-scratching was done to obtain more data regarding the
coefficient of friction, roughness and the surface topography under mechanical stress for
the samples.

Scanning probe microscopy (SPM), as seen in Figure 8a—c, shows that the synthesized
epoxy composites (samples S1-5S3) present some differences (aggregates with different
shapes). The Rms roughness (root-mean-square roughness) and the coefficient of friction
of the synthesized epoxy resin composites are indicated in Table 4. Sample S3 shows the
most formations and agglomerates, which can be seen both on the surface and inside the
semi-transparent sample. The differences in surface roughness for samples S1-53 were
of approximately 25 nm, 23 nm and 13 nm, respectively. These values as well as those
obtained from nanoindentation indicate that, out of the three epoxy composites, sample
53 has the highest resistance to scratching by having a good elastic recovery as well as
high values for surface hardness and reduced modulus, as seen in Figure 7a,b. Sample
51 has very low roughness values before and after scratching as a result of the difference
between the highest and lowest point on the image. Compared to the other samples, it
seems that sample S1 has a smooth surface and the presence of the scratch does not lead
to an increase in surface roughness. The reasons for the lower properties of sample S1 are
maybe due to the weak in particle-to-particle interaction, and poor aggregation of HNT in
the epoxy matrix.

Table 4. Rms roughness (root-mean-square roughness) and coefficient of friction values of samples S1-S3.

Roughness (Rms, nm)

Sample Coefficient of Friction (u)
Before Scratch After Scratch
S1 65.007 40.170 0.40 £ 0.04
S2 423.812 401.013 0.40 £ 0.04

S3 418.214 430.878 0.40 £ 0.06




Coatings 2024, 14, 532

12 of 16

ASERNE

(b) ()

Figure 8. Three-dimensional plot of SPM image after scratching for samples: (a) S1; (b) S2; (c) S3.

A lower coefficient means that the materials will have higher wear resistance. Out of
the three modified epoxy resin composites, sample S3 has optimal properties for the final
applications of the composite, especially in the naval field where the surface is constantly
subjected to the forces of friction and impact with seawater.

Karasinski et al. [52] demonstrated that the utilization of ZnO NPs actions as a barrier
against an external indentation force, leading to superior properties due to excellent charge
transferability between polymer matrix and filler.

Similar results were achieved by Cristea et al. [53] where the indentation modulus
and hardness were increased due to the increased stiffness of the samples. Also, it was
concluded that the distribution of the filler in the polymer matrix can notably affect the
indentation results. The polymer material could exhibit an increase in modulus if exposed
to accelerate weathering [54]. The scratch tests were performed using a wide range of lead
with different hardness (2H > H > B). Metal surfaces coated with modified epoxy resin
were kept in seawater for 6 months before the scratching tests (see Figure 9). The results
presented in Table 5 are focused on the range of lead hardness where a change in scratching
behavior occurs.

The obtained results indicated that samples S2 and S3 have a higher resistance to
scratching compared to sample S1 as a higher hardness lead was required in order to leave
a visible scratch pattern on the surface of the samples.
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Table 5. Scratch tests results for samples S1-S3.

Sample 2H H B
S1 Visible scratch Visible scratch No visible scratch
S2 Visible scratch No visible scratch No visible scratch
S3 Visible scratch No visible scratch No visible scratch

(b)

Figure 9. (a) Metal surfaces coated with samples and kept in seawater; (b) sample S3 after scratching
test (the scratch is pointed by the white arrow).

Parimalam et al. showed that the epoxy/SiO;/ZnO coating presented a lower adhe-
sive property than the epoxy/SiO,/TiO;/ZnO/rubber latex nanocoating [55].

Analyzing the results presented in this study, it can be concluded that the addition of
a small amount of HNT-ZnO nanofillers in epoxy coatings can lead to an improvement in
the physico-chemical properties of the material.

4. Conclusions

The effect of HNT-ZnO nanofillers on the chemical, thermal, and mechanical properties
of epoxy resin composites was studied. It was revealed that addition of ZnO NPs decreases
the thermal properties of the materials because ZnO tends to form free oxygen and oxygen
vacancies. The TEM images indicated that the HNT and used ZnO NPs do not tend to form
any agglomerates in the structure of synthesized epoxy resin composites. Nanoindentation
results shown that the epoxy resin composite with HNT and ZnO-ODTES present a good
elastic behavior and surface hardness (~187.6 MPa) compared to the other samples. The
epoxy resin composite without ZnO NPs has a smooth surface and the presence of the
scratch does not lead to an increase in surface roughness (~40 nm). The hardness for
this sample decrease with reference to the samples that contain HNT and ZnO NPs and
this is due to the low of porosity and because of more micro cavities. Increasing the
elastic component in the structured material indirectly contributes to the reliability of
the coating and its impact behavior. Among the synthesized epoxy composites, sample
containing HNT-ZnO-ODTES nanofillers has optimal properties for the final applications
of the composite, especially in the naval field where the surface is regularly exposed to
forces of friction and impact with seawater.
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