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Abstract

:

Superhydrophobic epoxy nanocomposites coatings with superior mechanical and adhesion strength are targeted to increase epoxy coating performance and to protect steel corrosion in aggressive environment. The present work prepared hydrophobic organic modified inorganic nanoparticles (NPs) based on magnetite, titanium dioxide and silver capped with epoxide oleic, linoleic and linolenic fatty acids. Their chemical structures, thermal stability, crystalline lattice structure, morphology and particles sizes distribution were determined using different tools. The curing exothermic reactions and thermal mechanical properties of the cured commercial epoxy with polyamine hardener were evaluated in the presence of the modified NPs to investigate their effect on the curing mechanism and crosslinking densities of the cured epoxy networks. The adhesion strength, abrasion resistance, seawater contact angles and seawater salt spray resistances of the cured epoxy coatings were evaluated on the steel surfaces. The obtained results confirm that the increasing weight contents of the modified NPs embedded into epoxy networks via chemical linking affect the adhesion, superhydrophobicity and anticorrosion performances of the cured epoxy coatings on the steel surfaces.
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1. Introduction


Epoxy resins are traditional thermosetting polymers used as adhesives, coatings, electronics, marine and aerospace due to their good thermal, electrical insulating, high tensile strength and electrical insulating characteristics [1,2,3]. The curing of epoxy resins with polyamines, polyamides and anhydrides was carried out to form chemically crosslinked networks and to improve their mechanical, thermomechanical and adhesive performances. The cured epoxy resins are rigid, brittle, possessing poor resistance to crack propagation and have low impact strength that limited their applications that were solved by embedding nanofillers into the epoxy matrix [4,5,6]. The epoxy nanocomposites were used to replace the using fillers with huge quantity (more than 30 wt %) and to improve mechanical properties of epoxy coatings by embedding of organic and inorganic nanofillers for getting unique optical, electrical, thermal, magnetic and anticorrosive properties [4,5,6]. There are two main challenges in application and formulation of high performance epoxy nanocomposites. One is based on dispersion of nanofillers into epoxy matrix and the other is the nature of the interfacial interaction between epoxy as a host and nanofiller. These challenges limited the incorporation of nanomaterials in the epoxy coatings due to a great ability of nanofillers to form agglomerates or clusters and their large specific area [7]. The poor interactions among the epoxy matrix and nanofillers are responsible to obtain cracks and even worsen their mechanical performance. There are two routes proposed to improve the dispersion and interfacial interactions of nanofillers among the epoxy matrix either through physical capping or chemical coupling interactions. The selection of proper physical capping on nanofillers surfaces that based on surfactants, polymers and coupling agents is very important to improve the dispersion of nanofiller into the epoxy matrix [8,9]. The modification chemical structures of coupling agents with anhydride, amines, epoxide and polyamides groups that used as capping of nanofillers facilities the chemical linking of nanofillers into cured epoxy networks [10,11]. Moreover, the chemical linking of inorganic nanofillers with epoxy matrix promotes the curing properties besides increasing nanofillers dispersions and interfacial interactions with epoxy matrix [12,13,14].



There are many types of inorganic fillers based on metal or metal oxides nanomaterials such as silica [15], TiO2 [16], exfoliated clay [17], carbon nanotubes [18], graphene oxides [19], magnetite [20], silver and silver oxides [21] were used to prepare epoxy nanocomposites with a definite application propose. The inorganic nanomaterials such as iron oxides can also be treated directly on the surface of steel to form anticorrosive layers with superior coatings properties [22]. Recently, the synergistic effect of organic/inorganic nanofillers was used as multifunctional additives to improve the barrier, mechanical, thermal, electrical and optical characteristics of epoxy nanocomposites [23,24,25]. There are four requests that should be considered to obtain multifunctional hybrid nanofillers as: (a) low contents of nanofillers, (b) low nanofillers aggregations before and after epoxy curing, (c) uniform nanofillers dispersions into cured epoxy matrix and (d) high interactions with the epoxy matrix. The organically modification of inorganic-fillers with hydroxyl, epoxide and/or amines functional groups was considered to be the best technique to produce multifunctional nanofillers additives [26,27,28]. The organophilicity of inorganic-nanofillers improves their dispersions in the epoxy system besides their chemical linking with epoxy networks to enhance mechanical, thermal, anticorrosion and adhesive performances. In this respect, the present work aims to use epoxide fatty acids based on oleic, linoleic and linoleic acids for in-situ preparing hydrophobic inorganic nanoparticles (NPs). The previous unsaturated fatty acids were selected to investigate the effect of increasing epoxide contents from 1 to 3 epoxide groups on their efficiencies as capping and curing agents. The optimization of the curing conditions to prepare superhydrophobic magnetite, silver, TiO2 and CaCO3 epoxy nanocomposites is another goal of the present work. The thermal, thermos-mechanical, adhesion and anticorrosion properties of the cured epoxy resins in the presence of the prepared nanofillers were evaluated to investigate their application as multifunctional additives for epoxy organic coatings of steel in corrosive marine conditions.




2. Experimental


2.1. Materials


All chemicals used in the present work were purchased from Sigma-Aldrich chemicals Co. Oleic (OA), linoleic (LOA) and linolenic (LNA) acids unsaturated fatty acid were epoxydized using glacial acetic acid (AcA) and hydrogen peroxide (peracetic acid) according to the reported procedure in the previous work [29]. In this respect, OA (1 mol) was mixed with AcA (1.15 mol) and toluene (15 mL) and the reaction mixture was heated at a temperature 55 °C under nitrogen atmosphere. H2O2 (1.15 mol) and concentrated sulfuric acid (0.05 mL) were added dropwise to the reaction mixture and then stirred for 12 h at a temperature of 55 °C. The reaction mixture was washed with distilled water, until it had a neutral pH, and decanted to remove side products. The compound produced by epoxidation of oleic acid (EOA) was dried in a vacuum oven to remove the residual water. The epoxide linoleic (ELOA) and linolenic (ELNA) acids were prepared as EOA but the AcA or H2O2 moles were 2.3 and 3.45 mol, respectively. Anhydrous ferric chloride, potassium iodide, ammonia solution (NH3 25 wt %), ferric nitrate, silver nitrate and oleylamine (OAm) were used to prepare magnetite and silver NPs. Titanium dioxide (TiO2 nanopowder with average particle size 21 nm) was used to modify its chemical structures with EOA, ELOA and ELNA. Commercial epoxy resin (ARazeen® SL 4171 X 75) based on diglycidylether bisphenol (DGEB) with epoxy and weight per epoxide values 1.49 eq/g and 600 eq/g, respectively was purchased from Jubail Chemical Industries Co. (JANA, Jubail Industrial City, Saudi Arabia). Commercial polyaminoamide (PA) epoxy curing agent, Ancamide 221-X70, with amine Value 155 mg KOH/g was also purchased from Air Products., Chemicals Division (Utrecht, The Netherlands). The recommended DGEB: PA weight ratio is 2:1 wt %. Steel panels with chemical compositions of 0.14% C, 0.57% Mn, 0.21% P, 0.15%, 0.37% Si, 0.06% V, 0.03% Ni and 0.03% Cr and Fe balance were used as a steel substrate.




2.2. Preparation of Hydrophobic Modified NPs


The modification of magnetite (Fe3O4) NPs with EOA, ELOA and ELNA was carried out during preparation of NPs using the in-situ technique. The modification of silver (Ag) inorganic NPs with an epoxide group was completed after their preparation and modification with OA, LOA and LNA the presence of OAm. While TiO2 NPs were modified directly with EOA, ELOA and ELNA as capping agents.



2.2.1. Synthesis of Hydrophobically Modified Magnetite NPs


The coprecipitation method in the presence of EOA, ELOA and ELNA under the basic condition was used to prepare EOA-Fe3O4, ELOA-Fe3O4 and ELNA-Fe3O4 NPs. In this respect anhydrous FeCl3 solution (8 g; dissolved in 36 mL distilled water) was mixed KI solution (2.64 g, dissolved in 10 mL distilled water) with a magnetic stirrer at room temperature for 1 h to obtain solid products of I2 that removed by filtration. The remained iron cations filtrate was mixed with EOA, ELOA or ELNA solution (4 g dissolve in ethanol: water 100 mL; 50/50 vol.%) that added dropwise at the time with ammonia solution (40 mL; 25 wt %) under vigorous mechanical stirring (1200 rpm). The reaction temperature was wormed up to 45 °C for 4 h to obtain black suspensions. The magnetite was collected from the reaction suspension by an external magnet and dispersed into HCl solution (1 L; 4 M) for 1 h to remove the uncapped magnetite. The EOA-Fe3O4, ELOA-Fe3O4 or ELNA-Fe3O4 NPs was separated from the black suspension by an external magnet (made from the neodymium magnet; magnetic attraction force, 845.8 N; magnetic flux density, 534 mT). The precipitate was washed several times (5 times) with ethanol. The yield percentage of EOA-Fe3O4, ELOA-Fe3O4 or ELNA-Fe3O4 NPs were 98, 95 and 93 wt %, respectively.




2.2.2. Synthesis of Hydrophobically Modified TiO2 NPs


The surface modification of TiO2 NPs (1 g suspended into 100 mL of ethanol: water solution 60:40 vol.%) with EOA, ELOA or ELNA solution (4 g dissolve in ethanol: water 100 mL; 60:40 vol.%) to was carried out to obtain EOA-TiO2, ELOA-TiO2 or ELNA-TiO2 NPs. In this respect, the reaction time and temperature were varied in the experiments based on EOA, ELOA or ELNA. Typically, EOA (4 g dissolve in ethanol: water 100 mL; 60:40 vol.%) was added in the sonicated TiO2 NPs (1 g suspended into 100 mL of ethanol: water solution 60:40 vol.%) for 1 h at 40 °C under an ultrasonic processor (TEC-40 model, Roop-Telsonic Ultrasonics Ltd., Mumbai, India; power density, 750 watts; frequency, 20 kHz). The reaction temperature to obtain ELOA-TiO2 and ELNA-TiO2 NPs was 50 and 60 °C, respectively and their ultrasonication times were 30 and 45 min, respectively. The EOA-TiO2, ELOA-TiO2 or ELNA-TiO2 NPs were collected by ultracentrifuge separation (15,000 rpm for 30 min) and washed three times with ethanol, then dried under vacuum at 50 °C.




2.2.3. Synthesis of Hydrophobically Modified Ag NPs


Synthesis of hydrophobic silver NPs coated with OA, LOA and LNA was obtained by mixing solutions of AgNO3 (4 mmol, 0.68 g) and Fe(NO3)3·9H2O (0.4 mmol, 0.16 g) at room temperature with the mixture of OA, LOA or LNA (40 mL) and OAm (40 mL). The reaction temperature was increased to 200 °C at the heating rate of 5 °C/min in the nitrogen atmosphere and kept at 200 °C for 2 h. The reaction mixture was cooled and Ag NPs were separated with ultracentrifuge at 15,000 rpm for 30 min. The hydrophobic modified solid was washed three times with ethanol after separation and dried under vacuum. The same procedure to form EOA was repeated on hydrophobic OA, LOA or LNA modified Ag NPs as mentioned above. The reaction yields of EOA-Ag, ELOA-Ag or ELNA-Ag NPs are 95, 90 and 85 wt %, respectively.





2.3. Characterization of Hydrophobic Modified NPs


The chemical structure of EOA, ELOA or ELNA was elucidated by using the Fourier transform infrared (Nicolet Magna 750 FTIR spectrometer using KBr, Newport, NJ, USA) spectrometer. The particle size and polydispersity index (PDI) of modified NPs with EOA, ELOA and ELNA dispersions in chloroform were investigated using dynamic light scattering (DLS; Malvern Instrument Ltd., London, UK). The crystalline lattice structure modified NPs with EOA, ELOA and ELNA was determined by using X-ray powder diffraction (X’Pert, Philips, Amsterdam, The Netherlands, using Cu Kα radiation of wavelength λ = 1.5406 Å with 40 kV voltage and 35 mA intensity) and at the scan speed of 0.01° s−1. The morphologies of modified NPs with EOA, ELOA and ELNA were evaluated from the transmission electron microscopy (TEM; JEOL JEM-2100F with an acceleration voltage of 200 kV, Tokyo, Japan). Their dispersions in hexane were coated on carbon-coated copper grids. The thermal stability and organic modification contents of modified NPs with EOA, ELOA were determined by using thermogravimetric and differential thermogravimetric analysis (TGA-DTG; NETZSCH STA 449 C instrument, New Castle, DE, USA) under an N2 atmosphere with a heating rate of 10 °C min−1 and flow rate of 60 mL·min−1.




2.4. Curing and Thermomechanical Properties of DGEB/PA Epoxy Nanocomposites


Curing of DGEB/PA (2/1 wt %) in the absence and presence of different weight percentages of modified NPs with EOA, ELOA and ELNA (0.1–10 wt %) were evaluated by using differential scanning calorimetry (DSC; Q10 DSC calorimeter from TA Instrument) using non-isothermal DSC measurements. The modified NPs were suspended into DGEB using ultrasonic and they were manually mixed with the recommended PA weight percentages (DGEB: PA; 2:1 wt %). The sample of DGEB/PA (5–7 mg) in the absence or presence of NPs was sealed in hermetic aluminum pans and an identical empty reference pan was used to analyze their curing characteristics by DSC analyzer. The sealed sample pan was put in the DSC cell, precooled to −50 °C and heated to 300 °C under N2 atmosphere at a constant rate of 5 °C min−1 to determine the glass transition temperatures (Tg) of the cured epoxy. Five measurements were carried out for each sample to determine the averages of the Tg values.



Thermomechanical properties of the cured DGEB/PA in the absence and presence of presence of modified NPs with EOA, ELOA and ELNA (0.1–10 wt %) were evaluated using a dynamic mechanical analyzer (DMA; Q200, TA Instruments) in double cantilever mode. The DGEB/PA epoxy nanocomposites were cured and casted into Teflon molds and hardened at 150 °C/2 h as rectangle-shaped samples having the dimensions of the 20.0 × 10.0 × 5.0 mm3. The samples were cooled and heated from 0 to 300 °C at a rate of 3 °C min−1 under N2 atmosphere with a frequency of 1 Hz and amplitude of 40 µm. The Tg and tan δ values were determined using DMA with a dual cantilever at a heating rate of 2 °C min−1 from 30 to 220 °C at a frequency of 1 Hz.




2.5. Preparation of DGEB/PA Epoxy Nanocomposites Coatings


Different weight percentages of modified NPs with EOA, ELOA and ELNA (0.1–10 wt % related to the total weight of DGEB and PA resins) were dispersed with DGEB using a mechanical stirrer at a speed of 1500 rpm followed by ultrasonicating with alternative 30 s cycles using ultrasonic waves of 20 kHz (TEC-40 model, Roop-Telsonic Ultrasonics Ltd., Mumbai, India; power density, 150 watts). The DGEB suspensions were mixed with PA according to recommended wt % (2:1; DGEB:PA) with stirring. The obtained DGEB/PA and NPs composite samples were sprayed on the blasted and cleaned carbon steel panels (roughness 45 µm) to obtain dry film thickness of 100 µm using spray. The coated steel panels were tested after complete curing at room temperature for 7 days to sure that the epoxy resins were fully cured.




2.6. Properties of DGEB/PA Epoxy Nanocomposites Coatings


The surface morphologies of DGEB/PA epoxy nanocomposites coatings were carried out on fractured films using a scanning electron microscope (SEM; JEOL 6510 LASEM operated at 5–10 kV, JEOL, Tokyo, Japan). The advancing seawater contact angles (WCAs) on the coated steel panels were measured by using a sessile drop (drop shape analyzer; DSA100, Kruss, Germany). The adhesion pull-off strength of the cured DGEB/PA epoxy nanocomposites coatings on the steel surfaces was determined using Posi Test AT-A automatic adhesion tester according to American Society for Testing and Materials (ASTM D 4541-19) [29]. The abrasion resistance of DGEB/PA epoxy nanocomposites coatings films was evaluated according to ASTM 4060-19 [30] using CS-17 wheels for 2000 cycles and was reported in terms of weight loss (mg). The anticorrosion resistance of the cured epoxy nanocomposites films was evaluated according to ASTM B 117-03 [31] after exposure to seawater spray (fog) at temperature and humidity of 37 °C and 98% using a cabinet manufactured by CW specialist equipment Ltd., 20 Model SF/450, (London, UK).





3. Results and Discussion


The epoxidation of the unsaturated double bonds of OA, LOA and LNA with epoxide functional group by using peroxyacetic acid (produced from reaction of acetic acid and hydrogen peroxide) and sulfuric acid to produce EOA, ELOA and ELNA, was represented in Scheme 1. These epoxide fatty acids (EOA, ELOA and ELNA) were used as capping to prepare hydrophobic magnetite, silver and TiO2 NPs (Scheme 1). In this respect, magnetite was produced with high yields by reacting KI with FeCl3 followed by capping with EOA, ELOA and ELNA acids in basic medium pH 10 after removal iodine precipitate as reported in the previous work [28]. The capping of Ag NPs with OA and OAm in the presence of Fe(NO3)3 was completed through the electron transfer mechanism [32]. The epoxidation of unsaturated double bonds of the hydrophobic cape of Ag NPs with OA and OAm was completed after capping as represented in the previous work [33]. The TiO2 NPs were also capped with EOA, ELOA and ELNA into ethanol: water mixture (60:40 vol.%) as represented in Scheme 1. The purity and stability of the capped magnetite, Ag and TiO2 NPs were identified using different characterization techniques.



3.1. Characterization of the Modified NPs


The stability of Ag or Fe3O4 against oxidation in the presence of peroxyacetic, which act as a strong oxidizing agent, to form other oxides such as Ag2O, AgO, FeO and Fe2O3 during their preparation was elucidated from their chemical structures using FTIR as represented in Figure 1a–d. In this respect, FTIR spectrum of ELNA (Figure 1b) was compared with LNA spectrum (Figure 1a) to confirm the epoxidation of LNA as representative for EOA or ELOA (their FTIR spectra were not represented here for brevity). The saturation of LNA isolated double bonds was confirmed from the disappearance of HC=CH absorption bands at 3100, 1580 and 938 cm−1 attributed to =CH stretching, C=C stretching and C=C bending vibrations, respectively from chemical structure ELNA (Figure 1b) as compared to LNA (Figure 1a). Moreover, the appearance of new bands at 1110, 910 and 694 cm−1 attributed to –C–O–C stretching and bending vibrations of epoxide ring (ELNA; Figure 1b) elucidates the epoxidation of LNA [32]. The increasing of bands intensities of COOH, and aliphatic CH2 stretching vibration bands at 3450 or 1716 cm−1, and 2852, 2675 or 2362 cm−1, respectively in ELNA spectrum (Figure 1b) indicates that the epoxy groups were increased and widened [32]. The formation of magnetite without oxidation was also confirmed from the appearance of strong band at 580 cm−1 refereed to Fe–O stretching of magnetite in ELNA-Fe3O4 (Figure 1c) [28]. The shifting of absorption bands of C=O stretching, O–H in-plane and out-of-plane bending vibration bands of ELNA bands that appeared at 1620–1631, 1462 and 937 cm−1, respectively in ELNA-Ag (Figure 1d) and ELNA-Fe3O4 (Figure 1c) spectra to the lower field were observed. The shift to a lower frequency region indicates that the hydrocarbon chains of ELNA in the monolayer surrounding the Fe3O4 and Ag NPs are in a close-packed, crystalline state [31]. The new bands at 1560 and 1110 cm−1 appeared in FTIR spectrum of ELNA-Ag (Figure 1d) that attributed to the asymmetric –COO– stretching of the acid-base complex (–COO–NH3+) and C–N stretching, respectively confirm that LNA forms complex with the OAm during the Ag NPs preparation. The appearance of characteristic bands of epoxide ring at 1110, 910 and 694 cm−1 in all spectra of Ag NPs elucidates the epoxidation of unsaturated fatty acid after synthesis (Scheme 1). The formation of silver oxides NPs cannot confirm from their FTIR spectra.



The formation of Ag NPs or their oxides was elucidated from their XRD patterns represented in Figure 2a–c. The presence of epoxide fatty acid combined with OAm was confirmed from the appearance of broad peak at 2θ ranged from 15° to 20°. All five diffractions peaks assigned to Ag NPs at 2-theta about 38.1°, 42.1°, 64.5°, 77.5°and 83.4° referred to (111), (200), (220), (311) and (222) lattice planes, respectively were appeared (Figure 2a–c). These peaks are clearly distinguished and broadened confirm the formation of face-centered cubic (FCC) Ag NPs crystal structure [34]. The appearance of new diffraction peaks of ELOA-Ag (Figure 2b) and ELNA-Ag (Figure 2c) at 2θ about 32.06°, 65.03° and 79.84° were indexed to (111), (220) and (311) planes of Ag2O (JCPDS no. 00-012-0793) [35]. The presence of AgO NPs was examined from the peaks appeared at 2θ 26.5° and 46.57° that could be attributed to (111), and (200) planes. Accordingly, it could be concluded that the epoxidation of LOA and LNA after formation of silver nanoparticles produces Ag NPs mixed with AgO and Ag2O NPs. Moreover, this also indicates that EOA has a great tendency to protect Ag NPs from oxidation due to its strong capping efficiency more than ELOA or ELNA. It is also observed that the broadness of the diffraction peaks in the XRD patterns of Ag NPs were increased by using ELOA > EOA > ELNA (Figure 2a–c) which reflects that the lowering in the particles sizes in the same order. In this respect, the (111) plane was used to calculate the particle sizes of Ag NPs capped with EOA, ELOA and ELNA (Figure 2a–c) using the classical Debye-Scherrer equation [36]. The average diameters of the Ag NPs capped with EOA, ELOA and ELNA (Figure 2a–c) were calculated as 55.3, 45.8 and 85.9 nm, respectively. The XRD diffractograms of EOA-Fe3O4, ELOA-Fe3O4 and ELNA-Fe3O4 NPs were summarized in Figure 3a–c, respectively. All magnetite diffractograms show the diffractions peaks assigned to Fe3O4 at 2-theta about 30.65°, 35.86°, 43.5°, 54.01°, 57.38° and 63.04° referred to (220), (311), (400), (422), (511) and (440) lattice planes, respectively (Figure 3a–c). This observation confirms that the EOA, ELOA and ELNA form stabilized capping agents protect the magnetite from further oxidation to other iron oxides [28]. The (311) plane was used to calculate the diameter of EOA-Fe3O4, ELOA-Fe3O4 and ELNA-Fe3O4 NPs using the Debye-Scherrer equation, which are 25.3, 18.2 and 21.8 nm, respectively.



The particle size diameters of capped TiO2, Ag and Fe3O4 NPs capped with EOA, ELOA and ELNA and their polydispersity index (PDI) were determined from DLS measurements in toluene and represented in Figure 4a–c, respectively. The particle sizes of TiO2 (left Figure 4a–c) were increased from 20 nm to 89.4, 56.3 and 65.8 nm when they were capped with EOA, ELOA and ELNA, respectively. Moreover, their PDI values were arranged in the order ELNA-TiO2 > ELOA-TiO2 > EOA-TiO2, respectively. These data confirm that monodisperse TiO2 were obtained with using EOA as capping that increases TiO2 particle sizes to confirm that more EOA capped TiO2 that ELNA or ELOA, respectively (Figure 4a–c). These data confirm the uniform sizes and dispersion of EOA-TiO2 as hydrophobic NPs in toluene more than ELNA-TiO2 and ELOA-TiO2. This was referred to increasing the polarity with increasing the epoxy contents on ELNA leads to an increase in the hydrophobic interactions and interfacial adhesion of NPs than EOA [37]. The particle size diameters of Ag NPs capped with EOA, ELOA and ELNA (middle, Figure 4a–c) agreed with that determined from XRD. While the bigger particles sizes diameters of Fe3O4 NPs capped with EOA, ELOA and ELNA (right side Figure 4a–c) did not agree with the data determined from XRD analysis, which attributed to that the DLS measurements were evaluated in suspension solutions. The big particle sizes of magnetite using DLS measurements was referred to the presence of a solvent layer of toluene that interacted with hydrophobic EOA, ELOA or ELNA and a magnetic field of NPs [38]. Uniform dispersion of NPs using an in-situ technique to synthesis of either Ag or Fe3O4 was obtained by using EOA (low PDI value; Figure 4a), which had more uniform dispersion than ELOA and ELNA (Figure 4b,c).



The morphology of the capped TiO2, Ag and Fe3O4 NPs with EOA, ELOA and ELNA was investigated from TEM micrographs summarized in Figure 5, Figure 6 and Figure 7. The uniform spherical capped TiO2, Ag and Fe3O4 NPs were obtained when EOA was used (Figure 5a, Figure 6a and Figure 7a). The spherical particles morphologies of Ag and Fe3O4 NPs elucidate the good capping efficiency using the in-situ technique [39]. Moreover, no aggregates are visible on the surface of NPs with using EOA (Figure 5a, Figure 6a and Figure 7a). There some aggregates were obtained when ELOA was used as capping for TiO2 NPs (Figure 5b). The Ag and Fe3O4 appeared as black dots inside the spherical core, which is in accordance with the previously capped NPs using the in-situ technique [39]. ELOA cape forms NPs agglomerates with both TiO2 and Ag NPs and form interconnected stretched spherical morphology with some particles of irregular shape (Figure 5 and Figure 6c). These data elucidate that the morphology of Ag NPs was affected more than other metal oxide NPs that have hydroxyl groups on their surfaces such as TiO2 or Fe3O4 that interacted with the surrounded capping agents having carboxyl groups [40]. Moreover, the formation of bilayer of hydrophobic modified EOA, ELOA and ELNA was increased with the presence of the strong covalent interaction OAm and fatty acid complex on the Ag NPs [28]. The epoxidation of LOA and LNA having more vinyl groups leads to silver oxides that affect the surface morphologies of Ag NPs especially for that coated with ELOA (Figure 6c). The Ag NPs sizes and shapes were controlled more with using EOA (Figure 6a) or ELOA (Figure 6b) due to the formation of either monolayer or bilayer capped structure that behaves as micelle to make the crystal growth to be performed inside the micelle core. The Ag NPs crystal growth was extended outside the core when ELNA was used due to the higher epoxy contents.



The formation of monolayers, bilayers or multilayers of on the EOA, ELOA or ELNA on TiO2, Ag or Fe3O4 NPs and their thermal stability were examined by using TGA-DTG analysis as summarized in Figure 8a–c. Careful inspection of data (Figure 8a–c) prove that EOA-TiO2, EOA-Ag (Figure 8a) and ELNA-Fe3O4 NPs (Figure 8c) have one degradation step and confirm the formation of one layer on the NPs surfaces. The multiple degradation steps more than two degradation steps were observed for EOA-Fe3O4 (Figure 8a), ELOA-Fe3O4 NPs (Figure 8b), ELOA-Ag (Figure 8b) and ELNA-Ag NPs to elucidate the formation of multiple hydrophobic layers during the formation of NPs. The ELOA-TiO2 (Figure 8b), and ELNA-TiO2 NPs (Figure 8c) show two degradation steps to confirm the bilayer surface coatings on NPs. Accordingly, ELOA contains two epoxide groups that prefer the formation of bilayers or multiple layers on the surfaces NPs using an in-situ technique. While EOA had one epoxide group that formed a monolayer with an in-situ technique using OAm (Ag NPs) or multiple layers without using OAm (EOA-Fe3O4). Moreover, ELNA had three epoxide groups that produced a monolayer in the presence of the OAm surface coating using an in-situ technique or multiple layer in the absence of OAm. The TGA thermograms (Figure 6a–c) were used to determine the initial degradation temperature (IDT; °C), maximum degradation temperatures (Tmax; °C) and remained residual weights above 750 °C (Rs %; wt %) and summarized in Table 1. We reported previously the magnetite surfaces can bound with water (5–8 wt %) during synthesis in the aqueous medium [41]. It was noticed that only EOA-Fe3O4 adsorbed water (1.5 wt %) that was lost during heating below 120 °C (Figure 8a). This means that the formation of bilayers on the magnetite surfaces facilitates their interaction with water than formation of single or multiple layers in case ELNA-Fe3O4 (Figure 6c) and ELOA-Fe3O4 (Figure 6b), respectively. Careful inspection of data listed in Table 1 and Figure 6a-c elucidated that the IDTs of magnetite were increased with increasing epoxy content in the order ELNA > ELOA > EOA. While the IDTs of TiO2 were decreased in the order ELNA > ELOA > EOA. Moreover, IDTs and Tmax data of magnetite capped with all epoxide fatty acids were higher than that capped on TiO2 NPs (Table 1 and Figure 8a–c). These were referred to the greater interactions of magnetite than TiO2 NPs with all epoxide fatty acids [42] ELNA-Fe3O4 than ELNA-TiO2 values. The ELOA-TiO2 (Figure 8b) shows different characteristics than other capped TiO2 NPs at temperature 750 °C as decreasing and increasing thermal degradation to confirm a gradual transformation of TiO2 from an amorphous structure to a crystalline structure occurred between 600 and 750 °C [43]. The silver NPs have different thermal degradation than that obtained with magnetite or TiO2 NPs due to using a complex mixture of unsaturated fatty acid with OAm for preparing hydrophobic Ag NPs with high yield [44]. It was previously reported that the TGA thermogram of OAm/OA mixture shows two degradation steps at 270 and 475 °C due to degradation of OAm and OA, respectively [44]. In the present work, the appearance of one degradation step in the case of EOA-Ag (Figure 8a) and two degradation steps in the case of ELOA (Figure 8b) or ELNA-Ag NPs (Figure 8c) to confirm the EOA/OAm adsorbed surfactant on Ag NPs surfaces is protected from degradation due to their close proximity to the Ag NPs [44]. Moreover, the most interesting finding of the TGA thermograms was the respective amounts (capping %) of EOA/OAm, ELOA/OAm and ELNA/OAm on Ag NPs are 50 wt %, 33 wt % and 30 wt %, respectively. This means that the higher EOA/OAm content protected the Ag NPs from oxidation to other silver oxides as proved by the XRD data (Figure 2a–c).




3.2. Dispersion of Modified NPs and Their Curing with DGEB/PA


The proposed curing mechanism of the DGEB/PA system in the presence of the prepared NPs was represented in the Scheme 2. It is expected that the epoxide groups of EOA, ELOA and ELNA were chemically linked and cured with the amine groups of commercial PA after mixing with different weights percentages (wt %) ranged from 0.1 to 10 wt % with DGEB. The recommended stoichiometric ration for curing of DGEB:PA is 2:1 wt % according to their data sheet. The presence of epoxy groups in the chemical structures of EOA, ELOA and ELNA facilitated their chemical linking with PA as linked with the DGEB epoxy resin (Scheme 2). The linking of the modified TiO2, Fe3O4 and Ag NPs with the epoxy matrix increased their dispersion into the cured epoxy networks. Moreover, the surface morphologies of the produced epoxy resins will be affected by the types of both epoxydized fatty acid and NPs. In this respect, the dispersion of the prepared nanoparticles into the DGEB/PA networks was examined by SEM micrographs of the fractured epoxy coatings films in the absence and presence of modified NPs as represented in Figure 9, Figure 10 and Figure 11.



The SEM photo of the cured DGEB/PA (Figure 9a) show the appearance of nanocracks due to the fast curing of epoxy resins with polyamines. The incorporation Fe3O4, TiO2, and Ag NPs from 1–10 wt % into the epoxy matrix modified the surface morphologies of the epoxy films without the appearance of any cracks (Figure 9b–d, Figure 10 and Figure 11). The surface morphologies of ELOA-Ag and ELNA-Ag NPs show the formation of wrinkled heterogeneous of epoxy networks (Figure 11b,c) even at lower 1 wt %. The wrinkled epoxy networks confirmed the higher crosslinking densities, which produced a depth-wise gradient upon curing and thereby developed a wrinkled skin films [45]. Moreover, the presence of unreacted low molecular weight oligomers below the skin diffuses up into the oligomer-depleted cross-linking skin and tends to swell it and form wrinkled morphology [45]. Accordingly, the presence of silver, silver oxides, OAm and ELOA-Ag and ELNA-Ag NPs as confirmed from XRD micrographs (Figure 2b,c) is responsible on the formation of wrinkled epoxy coatings (Figure 11b,c). The presence of amine group of OAm and high epoxy group content in either ELOA or ELNA produced unreacted oligomers during the curing of DGEB/PA networks. The wrinkled epoxy film did not appear when EOA-Ag NPs were incorporated during epoxy networks even at higher loading (10 wt %) as confirmed from SEM photos (Figure 11a). This was attributed to that the EOA-Ag NPs have uniform morphologies without formation of silver oxides to facilitate their incorporation into DGEB/PA networks. It was also noticed that the increasing of modified NPs contents at 10 wt % tended to form NPs agglomerates as confirmed from their surfaces morphologies (Figure 9b–d, Figure 10 and Figure 11). These agglomerations will affect the hydrophobicity and corrosion resistance of the cured DGEB/PA epoxy coatings [46]. The loading contents of Fe3O4, TiO2 and Ag NPs from 1 to 3 wt % (Figure 9b–d, Figure 10 and Figure 11) produced rough surfaces morphologies, which are a very important parameter to turn epoxy coatings from hydrophilic to superhydrophobic epoxy coatings [47,48].



It is expected also that the increasing of epoxy weight percentages occurred due to blending of the DGEB epoxy system with NPs capped with epoxydized fatty acids would affect the crosslinking density of the produced epoxy networks. It was proposed that EOA, ELOA and ELNA will link with PA either as dangling chains (linked with the epoxy chain via its one end group and the second end does not link and free) or incorporated into the epoxy matrix from two sides especially that modified with ELOA or ELNA. Moreover, the dispersion of inorganic NPs based on TiO2, Fe3O4 and Ag into the cured epoxy matrix will change the thermomechanical properties of the cured epoxy nanocomposites such as flexibility or rigidity of the cured epoxy networks. In this respect, the glass transition temperatures (Tg; °C) of the cured DGEB/PA in the absence (blank) and presence of different weight percentages of the NPs were determined from DSC and DMA as reported in the Section 2. The curing exothermic peaks of the cured DGEB/PA in the presence of ELNA-Fe3O4, ELNA-TiO2 and EOA-Ag NPs were selected and represented in Figure 12a–c. The Tg values of the modified TiO2, Fe3O4 and Ag NPs were summarized in Table 2.



Careful inspection of data summarized in Figure 12a–c and Table 2 elucidate that the incorporation of EOA-Ag NPs increased the Tg value of DGEB/PA. Moreover, the Tg value of DGEB/PA (108.6 °C) was reduced with incorporation of modified TiO2 and Fe3O4 NPs even at higher wt % (10%). These data elucidate that the curing and ring opening of epoxy groups of EOA, ELOA and ELNA with PA was affected by the types of NPs and presence of OAm. It is well established that the Lewis acid effect of inorganic NPs and polar interactions of the hydroxyl or carboxylic groups on the surfaces of NPs facilitate the epoxide ring opening. They can make the epoxide ring opening easier and promote the dispersion of NPs through the matrix [49]. It is also reported that the transition metals were used to catalyze the epoxy ring opening reaction by accepting more electron pairs of oxygen in the epoxy ring [50]. Accordingly, the presence of amine groups of OAm, and carboxylic groups of EOA on the Ag NPs surfaces increases the ring opening rate of DGEB to cure with PA, which increases the crosslinking densities of the cured epoxy networks. The increasing of the crosslinking densities decreases the flexibility of the cured epoxy matrix and consequently their Tg values were increased (Table 2). The lowering Tg values of the cured epoxy resins in the presence of modified Fe3O4 NPs than that modified with TiO2 NPs (Table 2) confirms the formation of more dangling chains in the presence of Fe3O4 NPs than TiO2 NPs [51]. Another possibility is that the Fe3O4 NPs influence the curing reactions and lowering the crosslinking of the epoxy chains.



The DMA analyses based on the relation of the tan δ or storage modulus versus curing temperatures of the cured DGEB/PA in the absence and presence of NPs capped with EOA were selected as representative samples and summarized in Figure 11a–c. Their Tg values were determined from the relations of tan δ peaks and represented in Table 2. The higher Tg data of the DGEB/PA determined from DMA than that determined from the DSC experiment were referred to the higher temperatures used in the DSC technique under the dynamic mode. The storage modulus (E’; MPs) was used to calculate the crosslinking densities (ρ, mol·dm−3) of the cured DGEB/PA epoxy networks as: ρ = E’/RTe; where R = universal gas constant (8.314 J·mol−1·K−1), and Te (K) values determined from relation of the loss modulus data to be Te = Tg + 50 °C [52]. The values of E’ and ρ of the all cured DGEB/PA epoxy networks were determined and summarized in Table 2. The data elucidate that the crosslinking densities of the DGEB/PA epoxy networks were increased with increasing the NPs contents, epoxy contents of ELNA and incorporation of Ag NPs than TiO2 or Fe3O4 NPs. It is also noticed that DGEB/PA curves (DMA; Figure 13a–c) did not undergo pronounced lower temperature beta transitions before going through the glass transition temperature to indicate the homogeneity of the epoxy networks.




3.3. DGEB/PA Epoxy Nanocomposites Coatings Performances


The wettability of DGEB/PA epoxy coatings on the steel surfaces in the absence and presence of different wt % of modified Fe3O4, TiO2 and Ag NPs with EOA, ELOA can be evaluated from seawater contact angles (WCAs) measurements. In this respect, WCA on the epoxy coatings in the absence and presence of different weight percentages of modified TiO2, Fe3O4 and Ag NPs were measured and represented in Figure 14a–c, respectively. It is well established that the WCA also used to assess the nature of the coated surfaces either hydrophilic or hydrophobic surfaces if their values are below or above 90°, respectively [53]. The WCA of the superhydrophobic coatings above 150° have great ability to form excellent self-cleaning, and self-healing durable films to protect different metallic substrates from corrosion [22,47,48,54]. The WCA of DGEB/PA epoxy (blank) is 54° and confirms the hydrophilicity of epoxy coatings. The hydrophilicity of epoxy coating increases its wettability with water and facilitates interaction and contact between water and the coating surface that is responsible to increase the water, salt and vapor diffusion from coatings to the metallic substrates and cause corrosion. Figure 14a–c show that the WCA of all modified DGEB/PA epoxy coatings were changed to hydrophobic and superhydrophobic coatings by changing the WCA above 90° and 150°, respectively. It was noticed that the superhydrophobic DGEB/PA coatings were occurred in the presence of ELNA-TiO2, ELOA-TiO2 and ELOA-Fe3O4 using 1 wt %, 1 wt % and 1–3 wt %, respectively. The better superhydrophobic coatings of DGEB/PA with WCA 165° occurred in the presence of 3 wt % of ELOA-Fe3O4 NPs. There are many reasons responsible to form superhydrophobic nanocomposites epoxy coatings such as superhydrophobicity derived from hierarchical morphology, improving the microroughness on the surface, and excellent dispersion of nanocomposite rough coatings [55]. The TGA curves of ELNA-TiO2, and ELOA-TiO2 (Figure 8b,c) confirms the formation of bilayers of capping on the NPs surfaces. The formation of bilayers of ELNA or ELOA on TiO2 leads to orientating some of their hydrophilic carboxylate heads to orientate on the outer surfaces of NPs, which are responsible for their interaction with hydrophilic moieties of the epoxy networks that consequently increases their dispersion into the epoxy matrix. The higher dispersions of NPs were confirmed from SEM photos (Figure 12b,c). Consequently, the ELNA-TiO2 and ELOA-TiO2 NPs were chemically linked into the epoxy networks and their hydrophobic parts were oriented on the exterior surfaces of the epoxy coatings. The TGA thermogram of ELOA-Fe3O4 (Figure 8b) confirms the obtaining of a multilayer of ELOA on the magnetite NPs and forms rough homogeneous surfaces at concentrations from 1 to 3 wt % (Figure 9b). The formation of a monolayer of capping on the NPs surfaces as confirmed from TGA thermograms of EOA-TiO2, EOA-Ag (Figure 8a) and ELNA-Fe3O4 NPs (Figure 8c) led to forming hydrophobic epoxy coatings due to their aggregation into epoxy networks that reduced the microroughness on the surface (Figure 9b, Figure 10a and Figure 11c).



The mechanical properties of the cured DGEB/PA in the absence and presence of different wt % of the modified TiO2, Fe3O4 and Ag NPs were evaluated by measuring their adhesion strength values (MPs) and abrasion resistances as reported in the Section 2 and listed in Table 3. The adhesion of the cured epoxy coatings with the cleaned and abrasive steel surfaces based on the chemical bonding between the polar hydroxyl or carboxylic groups produced from their curing with polyamine hardener and steel surface. It is expected that the increasing of the hydroxyl groups concentrations with increasing the epoxy functionality of ELNA more than EOA are responsible to increase the adhesion strength of the cured epoxy (Scheme 2). The data listed in Table 3 confirm that all modified DGEB/PA epoxy coatings have higher adhesion strength more than blank (5 MPa). The hydrophobicity and superhydrophobicity of the epoxy coatings retard their adhesion strengths with the steel surfaces, which is one of the superhydrophobic coatings. The wetting characteristics from WCA (Figure 14a–c) proved the superhydrophobic DGEB/PA modified with ELNA-TiO2 (1 wt %), ELOA-TiO2 (1 wt %) and ELOA-Fe3O4 (3 wt %) had adhesion strength values 7.18, 7.42 and 9.75 MPa, respectively (Table 3). These data elucidate that the increasing of the epoxy contents and dispersion of the modified NPs increased the surface adhesion of the epoxy and orientated the hydrophobic groups to the exterior surface of the epoxy coatings to increase both adhesion strength and WCA data. The higher adhesion of the epoxy with the steel surfaces, uniform epoxy coating surfaces, presence of elastic and dispersed NPs were responsible of increasing their mechanical properties as confirmed from the abrasion resistance weight loss (Table 3) [56].



The abrasion resistance data of the cured DGEB/PA epoxy coatings were improved with the incorporation of modified TiO2, Fe3O4 and Ag NPs even at higher concentrations (10 wt %) and achieved good results more than blank (Table 3). This was attributed to the formation elastic epoxy networks as elucidated from lowering their Tg values (Figure 12 and Figure 13 and Table 2). It is also noticed that the increasing of the modified TiO2, Fe3O4 and Ag NPs more than 3 wt % generally decreased the abrasion resistance, which attributed to the agglomeration and formation of non-uniform coatings (SEM; Figure 9b,d, Figure 10 and Figure 11a–c) beside increasing their crosslinking density (Table 2). The data listed in Table 2 proved that the modification of DGEB/PA with EOA-Ag NPs in the presence of OAm improved their adhesion and abrasion resistance than that modified with OA/OAm due to increasing the epoxy and amine contents with incorporation both EOA and OAm.



The durability and stability of the coated steel with DGEB/PA cured in the presence of modified NPs was evaluated from salt spray resistance for seawater fog at different exposure times as represented in Figure 15, Figure 16 and Figure 17.



The salt spray results were evaluated by measuring the epoxy adhesion strength after salt spray resistance exposure time and the % of rust formed under disbonded coating area related to the total coating area on the steel panel and represented in Table 3. The salt spray recommended as the accelerated corrosion evaluation test when compared with electrochemical impedance spectroscopy (EIS) but salt spray is often specified but rarely corresponds well to service degradation [57]. In this respect, careful inspection of data listed in Table 3 prove that the data recorded for WCAs measurements (Figure 14a–c) were responsible to increase the coatings durability with increasing WCA values. It is noticed that all modified NPs modified with EOA, ELOA and ELNA achieved higher salt spray resistance up to 2000 h except Ag NPs had lower salt spray resistance due to surface defects and NPs aggregation (SEM photos Figure 9, Figure 10 and Figure 11). The higher adhesion of the cured DGEB/PA modified with superhydrophobic surfaces such as the modified with ELNA-TiO2 (1 wt %), ELOA-TiO2 (1 wt %) and ELOA-Fe3O4 (3 wt %) achieved higher salt spray resistance from 1500 to 2000 h and their adhesion strength values were not decreased after exposure (Table 3). Accordingly, it can confirm that the increasing of the epoxy contents in the order ELNA > ELOA > EOA on the surfaces of magnetite NPs was responsible to achieve durable anticorrosion performances rather than silver or titanium dioxide NPs. This can be referred to formation of more hydrophobic surfaces that decreased the contact of seawater surfaces and retarded the diffusion of salts, oxygen and water aggressive corrosive environments from the epoxy coatings to the steel surfaces.



By comparing our data with the published data on the preparation of superhydrophobic epoxy nanocomposites [22,59,60] (Table 4), it was found that the superhydrophobic coatings prepared by our system show higher durability with excellent adhesive strength, moderate abrasion resistance and excellent salt spray resistance. The higher durability of the present system was referred to the chemical linking of the hydrophobic NPs with epoxy networks increase the epoxy coatings adhesive strength with steel although their surfaces are superhydrophobic nature.





4. Conclusions


Epoxydized unsaturated fatty acid based on EOA, ELOA and ELNA was used as capping to prepare hydrophobic and superhydrophobic Fe3O4, TiO2 and Ag NPs. TGA analyses proved that the magnetite NPs were capped with all epoxide fatty acids higher than that capped on TiO2 NPs due to their greater interactions of magnetite than TiO2 NPs. The EOA-Ag formed a monolayer and protected silver from oxidation to due to their close proximity to the Ag NPs. The DSC and DMA data elucidated that the crosslinking densities of the DGEB/PA epoxy networks were increased with increasing the NPs contents, increasing epoxy contents of ELNA and Ag NPs than TiO2 or Fe3O4 NPs. It is also noticed that DGEB/PA curves did not undergo pronounced lower temperature beta transitions before going through the glass transition temperature to indicate the homogeneity of the epoxy networks. The superhydrophobic DGEB/PA coatings occurred in the presence of ELNA-TiO2, ELOA-TiO2 and ELOA-Fe3O4 using 1 wt %, 1 wt % and 1–3 wt %, respectively. The better superhydrophobic coatings of DGEB/PA with WCA 165° occurred in the presence of 3 wt % of ELOA-Fe3O4 NPs. The higher adhesion of the cured DGEB/PA modified with superhydrophobic surfaces such as the modified with ELNA-TiO2 (1 wt %), ELOA-TiO2 (1 wt %) and ELOA-Fe3O4 (3 wt %) achieved higher salt spray resistance from 1500 to 2000 h and their adhesion strength values after salt spray exposure times were not decreased. The formation of more hydrophobic and superhydrophobic surfaces retarded the diffusion of salts, oxygen and water aggressive corrosive environments from the epoxy coatings to the steel surfaces.
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Scheme 1. Synthesis routes for preparing hydrophobic Ag, Fe3O4 and TiO2 nanoparticles (NPs). 
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Figure 1. FTIR spectra of (a) LNA, (b) ELNA, (c) ELNA-Fe3O4 and (d) ELNA-Ag NPs. 
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Figure 2. XRD diffractograms of (a) ELOA-Ag, (b) ELOA-Ag and (c) ELNA-Ag NPs. 
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Figure 3. XRD diffractograms of (a) ELOA-Ag, (b) ELOA-Ag and (c) ELNA-Ag NPs. 
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Figure 4. Dynamic light scattering (DLS) measurements ordered from left to right as TiO2, Ag and Fe3O4 capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 5. TEM micrographs of TiO2 capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 6. TEM micrographs of Ag capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 7. TEM micrographs of Fe3O4 capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 8. TGA-differential thermogravimetric analysis (DTG) thermograms ordered from left to right as Fe3O4, Ag and TiO2 NPs capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Scheme 2. Curing mechanism of DGEB/PA in the presence of hydrophobic modified NPs. 
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Figure 9. SEM micrographs of fractured cured DGEB/PA films using different wt % from left to right 1, 3 and 10 wt % of Fe3O4 NPs capped with (a) blank, (b) EOA, (c) ELOA and (d) ELNA. 
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Figure 10. SEM micrographs of fractured cured DGEB/ PA films using different wt % from left to right 1, 3 and 10 wt % of TiO2NPs capped with (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 11. SEM micrographs of fractured cured DGEB/PA films using different wt % from left to right 1, 3 and 10 wt % of Ag NPs capped (a) EOA, (b) ELOA and (c) ELNA. 
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Figure 12. DSC thermograms of cured DGEB/PA in the presence of (a) ELNA-Fe3O4, (b) ELNA-TiO2 and (c) EOA-Ag NPs. 
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Figure 13. DMA analyses based on the relation of the tan δ or storage modulus versus curing temperatures of the cured DGEB/PA in the presence of different wt % of modified (a) EOA-Fe3O4, (b) EOA-TiO2 and (c) Ag NPs. 
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Figure 14. Seawater contact angle (WCA) measurements on the cured DGEB/PA nanocomposites with modified (a) TiO2, (b) Fe3O4 and (c) Ag NPs wt %. 
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Figure 15. Salt spray resistance of the cured DGEB/PA in the presence of different weight % of (a) blank, (b) EOA-TiO2, (c) ELOA-TiO2 and (d) ELNA-TiO2 NPs. 
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Figure 16. Salt spray resistance of the cured DGEB/PA in the presence of different weight % of (a) blank, (b) EOA-Fe3O4, (c) ELOA-Fe3O4 and (d) ELNA-Fe3O4 NPs. 
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Figure 17. Salt spray resistance of the cured DGEB/PA in the presence of different weight % of (a) blank, (b) OA-Ag and (c) EOA-Ag NPs. 
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Table 1. Thermal degradation temperatures of capped TiO2, Ag and Fe3O4 NPs with EOA, ELOA and ELNA.
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	NPs
	IDT (°C)
	Tmax (°C)
	Rs % (wt %)
	Capping %

(wt %)





	EOA-Fe3O4
	240
	750
	85.50
	13.50



	ELOA-Fe3O4
	250
	750
	86.05
	13.95



	ELNA-Fe3O4
	275
	700
	88.50
	11.50



	EOA-TiO2
	235
	700
	86.50
	13.50



	ELOA-TiO2
	225
	600
	89.00
	11.00



	ELNA-TiO2
	215
	600
	91.60
	8.40



	EOA-Ag
	220
	650
	50.00
	50.00



	ELOA-Ag
	350
	670
	67.00
	33.00



	ELNA-Ag
	230
	600
	70.00
	30.00
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Table 2. DSC and dynamic mechanical analyzer (DMA) data of DGEB/ PA in the presence and absence of different wt % of modified NPs.
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DGEB/PA/NPs

	
NPs (wt %)

	
Types of Epoxide Fatty Acids

	
Tg (°C)

	
DMA Data




	
DSC

	
DMA

	
E’ (MPa)

	
ρ × 103

(mol·dm−3)






	
0

	
0

	
Blank

	
108.6

	
120.3

	
2800

	
0.762




	
Fe3O4

	
1

	
EOA

	
85.4

	
90.3

	
3000

	
0.875




	
ELOA

	
90.6

	
95.8

	
3400

	
0.976




	
ELNA

	
99.8

	
106.3

	
3800

	
1.070




	
3

	
EOA

	
82.6

	
83.4

	
3400

	
1.006




	
ELOA

	
87.4

	
90.3

	
3650

	
1.065




	
ELNA

	
93.6

	
98.6

	
3780

	
1.079




	
10

	
EOA

	
100.4

	
103.2

	
3700

	
1.046




	
ELOA

	
98.5

	
105.7

	
3850

	
1.081




	
ELNA

	
101.5

	
110.3

	
4000

	
1.113




	
TiO2

	
1

	
EOA

	
98.6

	
100.5

	
3850

	
1.097




	
ELOA

	
100.5

	
103.5

	
3920

	
1.106




	
ELNA

	
102.3

	
105.6

	
4080

	
1.146




	
3

	
EOA

	
90.3

	
102.3

	
3950

	
1.120




	
ELOA

	
94.3

	
105.3

	
4150

	
1.168




	
ELNA

	
98.6

	
106.6

	
4250

	
1.191




	
10

	
EOA

	
92.6

	
104.5

	
4200

	
1.182




	
ELOA

	
94.7

	
105.6

	
4450

	
1.250




	
ELNA

	
96.4

	
108.3

	
4650

	
1.300




	
Ag

	
1

	
EOA

	
110.3

	
125.4

	
4900

	
1.312




	
3

	
EOA

	
120.4

	
132.3

	
5200

	
1.377




	
10

	
EOA

	
130.6

	
143.2

	
5420

	
1.401
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Table 3. Mechanical and salt spray resistance of DGEB/PA nanocomposites coating films at different exposure times.
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DGEB/ PA-

NPs

	
Types of Fatty Acid

	
NPs

(wt %)

	
Adhesion

Strength

(MPa)

	
Abrasion Resistance

Weight Lost (2000 cycles)

(mg)

	
Exposure Time

(h)

	
Rust Area %

	
Rating Number (ASTM D-1654) [58]

	
Adhesion

Strength After Salt Spray Exposure Time

(MPa)






	
blank

	
0

	

	
5.00 ± 0.08

	
56 ± 4.85

	
500

	
10 ± 0.05

	
5

	
4




	
TiO2

	
EOA

	
0.1

	
5.00 ± 0.04

	
45 ± 1.95

	
1000

	
2 ± 0.08

	
8

	
3.2




	
1

	
5.80 ± 0.01

	
11 ± 1.75

	
1000

	
2 ± 0.04

	
8

	
3.4




	
3

	
6.25 ± 0.05

	
12 ± 1.85

	
750

	
30 ± 0.04

	
4

	
F




	
10

	
7.06 ± 0.04

	
27 ± 3.05

	
1000

	
12 ± 0.04

	
6

	
3.2




	
ELOA

	
0.1

	
6.81 ± 0.05

	
21 ± 1.85

	
1500

	
12 ± 0.04

	
6

	
7.2




	
1

	
7.42 ± 0.03

	
30 ± 3.05

	
1500

	
2 ± 0.04

	
8

	
6.9




	
3

	
8.34 ± 0.04

	
37 ± 1.95

	
1500

	
2 ± 0.04

	
8

	
4.8




	
10

	
7.37 ± 0.02

	
17 ± 2.05

	
1500

	
12± 0.04

	
6

	
4.8




	
ELNA

	
0.1

	
6.53 ± 0.01

	
7 ± 2.35

	
1500

	
10 ± 0.05

	
5

	
6.4




	
1

	
7.18 ± 0.02

	
18 ± 2.15

	
2000

	
2 ± 0.04

	
8

	
7.2




	
3

	
9.17 ± 0.04

	
13 ± 1.75

	
2000

	
1 ± 0.08

	
9

	
8.8




	
10

	
6.68 ± 0.03

	
16 ± 1.95

	
2000

	
8± 0.04

	
7

	
6.4




	
Fe3O4

	
EOA

	
0.1

	
9.00 ± 0.05

	
22 ± 2.85

	
1500

	
10 ± 0.08

	
5

	
9.0




	
1

	
9.30 ± 0.07

	
18 ± 1.35

	
2000

	
12± 0.04

	
6

	
9.3




	
3

	
11.19 ± 0.09

	
20 ± 2.05

	
2000

	
2 ± 0.04

	
8

	
7.2




	
10

	
10.83 ± 0.08

	
25 ± 1.95

	
2000

	
12± 0.04

	
6

	
5.8




	
ELOA

	
0.1

	
7.30 ± 0.05

	
9 ± 1.55

	
1000

	
8± 0.04

	
7

	
3.2




	
1

	
8.21 ± 0.06

	
11 ± 1.25

	
1500

	
8± 0.04

	
7

	
7.2




	
3

	
9.75 ± 0.04

	
7 ± 1.85

	
2000

	
1 ± 0.08

	
9

	
8.9




	
10

	
7.63 ± 0.01

	
13 ± 1.05

	
1500

	
10 ± 0.05

	
5

	
3.2




	
ELNA

	
0.1

	
10.20 ± 0.03

	
14 ± 1.45

	
1500

	
10 ± 0.05

	
5

	
9.6




	
1

	
12.50 ± 0.09

	
18 ± 1.35

	
1500

	
5 ± 0.05

	
5

	
5.9




	
3

	
15.60 ± 0.08

	
16 ± 1.15

	
2000

	
2 ± 0.04

	
8

	
8.0




	
10

	
7.70 ± 0.01

	
16 ± 1.65

	
2000

	
2 ± 0.04

	
8

	
7.2




	
Ag

	
EOA

	
0.1

	
12.50 ± 0.06

	
10 ± 1.25

	
1000

	
2 ± 0.04

	
8

	
5.6




	
1

	
13.50 ± 0.05

	
13 ± 1.05

	
1500

	
12± 0.04

	
6

	
6.4




	
3

	
12.00 ± 0.02

	
16 ± 1.45

	
1500

	
8± 0.04

	
7

	
5.6




	
10

	
8.50 ± 0.03

	
22 ± 1.85

	
500

	
2 ± 0.04

	
8

	
F




	
OA

	
0.1

	
7.50 ± 0.05

	
17 ± 2.15

	
1000

	
10 ± 0.05

	
5

	
6.4




	
1

	
7.00 ± 0.04

	
24 ± 1.05

	
1000

	
12± 0.04

	
6

	
7.0




	
3

	
6.50 ± 0.01

	
28 ± 1.8

	
1000

	
8± 0.04

	
7

	
6.5




	
10

	
5.50 ± 0.02

	
35 ± 2.1

	
1000

	
12± 0.04

	
6

	
6.3
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Table 4. Reported data on the durability of other epoxy nanocomposite coatings.
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	Epoxy Nanocomposite
	Adhesion Test
	Abrasion

Weight Loss (mg)





	Graphene-polydopamine (GP) and SiO2
	Pass cross-cut tester
	10.7–17.1 (2000 cycles)



	siloxane-modified epoxy nanocomposites
	Pass adhesion with 3M-3939 adhesive tape, with an adhesion peel strength of 6.3 N/cm
	190 cycles did not reduce the WCA



	Carbon nanotubes/epoxy nanocomposite [55]
	Pass adhesion with 3M-3939 adhesive tape
	Pass 40 cycles of abrasion using 240-grit sandpaper under the load of 100 g



	Carbon nanotubes/epoxy nanocomposite [56]
	Pass adhesion with 3M-3939 adhesive tape
	Pass 40 cycles of abrasion using 240-grit sandpaper under the load of 100 g
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