Int. J. Electrochem. Sci., 12 (2017) 1167 – 1182, doi: 10.20964/2017.02.33
International Journal of

ELECTROCHEMICAL
SCIENCE
www.electrochemsci.org

Effect of Inorganic Nanomaterials Types Functionalized with
Smart Nanogel on Anti-corrosion and Mechanical Performances
of Epoxy Coatings
Ayman M. Atta1,2,*, Ashraf M. El-Saeed2 , Hussin I. Al-Shafey2, Hamad A. Al-Lohedan1,
Ahmed M. Tawfeek3 and Mohamed Wahbey1
1

Surfactants research chair, Chemistry department, college of science, King Saud University, Riyadh
11451, Saudi Arabia.
2
Petroleum Application Department, Egyptian Petroleum Research Institute, Nasr City 11727, Cairo,
Egypt.
3
college of science, King Saud University, Riyadh 11451, Saudi Arabia.
*
E-mail: aatta@ksu.edu.sa
Received: 17 October 2016 / Accepted: 7 December 2016 / Published: 30 December 2016

Nanomaterials based on metal oxides play an important role to fill the micro-cracks and porosity of
epoxy coats but fail to act as self-healing for damage coats. In the present work, the surfaces of metal
oxides such as titania, silica and montmorillonite nanomaterials were modified with smart crosslinked
copolymers based on N-isopropylacrylamide monomer (NIPAm) by surfactant free dispersion
polymerization technique. The surface morphology, particle size distributions, surface charges and
nanogel contents of the prepared composites were investigated to study the effect of modification on
the dispersion stability of metal oxide nanoparticles. The modified nanogel composites were blended
with epoxy matrix in curing process with polyamide hardener at different concentrations to stud the
surface properties of modified epoxy coats. The incorporation of nanogel composites with epoxy
enhances the mechanical properties and anticorrosion behavior of epoxy resins as coat for steel
substrate.
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1. INTRODUCTION
Nanomaterials became the most important materials used to modify the surfaces of different
metal substrates such as pigments, coat, organic coating modifiers and filler to protect them from
aggressive corrosion environments [1-5]. These materials can protect the metal corrosion through
different mechanisms such as barrier, sacrificial, inhibitive, self-healing materials for damaged organic
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coatings and behave as nanocontainer for corrosion inhibitors or as smart materials to form new bonds
at damaged area to protect the metal from corrosive media [6-9]. There are different types of
nanomaterials have been widely used to modify the surface properties of organic coats such as
zirconia, titania, silica, alumina, cerium, clay minerals, iron oxide etc. [10-14]. The limitations of these
nanomaterials to apply as anti-corrosive materials depend on their shapes, sizes, stability to pH
variations, dispersability in coats without formation cluster of aggregates and chemical structure of
nanomaterials. The chemical modification routes attracted great attention to control the shape, sizes
and dispersability of different types of nanoparticles. Among different routes of chemical
modifications, the conversion of metal or metal oxides nanoparticles to amphiphilic nanogel
composites attracted great attention to modify the dispersability, shapes and sizes of nanoparticles [1518]. It is preferred over other surface modifications pathways because it can modify both the
anticorrosion and mechanical performances of nanomaterials due to formation of flexible, intelligent
and highly dispersed nanocomposites when blended with organic coats.
Intelligent nanomaterials have a properly engineered combination of changes of their properties
with their response to external stimuli variation are very useful for applications as coats [19-23]. The
surface modification of inorganic nanoparticles with intelligent materials to form intelligent core/shell
morphology is useful technique to control their surface properties. These hybrid core/shell
nanomaterials possess unique combination between smart characteristic of nanogel and nano activity
of inorganic materials. These surfaces can reversibly change their performance between, for example,
adhesive and non-adhesive, conductive and nono-conductive, and super-hydrophobic and superhydrophilic, and conductive and insulator states [24-26]. The smart core/shell nanogel inorganic
nanoparticles can form self-assembled thin films when deposited on the substrate surfaces to form
monolayer film has superior anti-corrosion performances when it exposed to corrosive environments
[27-30]. Moreover, the smart core/ shell inorganic nanogel materials can act as “intelligent” selfhealing and anticorrosion coatings to release the inhibitors when the coat damaged and return to the
sealed state after elimination of corrosive environments [31]. In our previous works [32-36], Nisopropyl acrylamide (NIPAm) attracted considerable interest to modify the surface of inorganic
nanomaterials and to prepare amphiphilic nanogel particle having superior surface activity to form
self-assembled monolayers. In the present work, NIPAm nanogel polymer is used to modify the
surface of commercially available inorganic nanomaterials based on clay mineral, silica and titanium
dioxide to investigate the effect of inorganic nanomaterial types on their performances as anticorrosion
and mechanical properties for epoxy coating modifiers. The corrosion resistance of modified epoxy
coats with different types of nanogel inorganic composites was studied by salt spray test beside
adhesion and mechanical measurements.

2. EXPERIMENTAL
2.1. Materials
A hydrophilic silica nanoparticlehave particle sizes ranged from 15-25 nm and degree of
hydrolysis 100 % was a gift from Eka Chemicals., Titanium dioxide (TiO2; nano-powder has average
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particle size 21 nm), hydrophilic sodium montmorillonite (commercial name `Nanomer ® PGV; NaMMT) N-isopropyl acrylamide (NIPAm), acrylic acid (AA), N,N-methylenebisacrylamide (MBA)
crosslinker,
ammonium persulfate radical polymerization initiator (APS), N,N,N′,N′tetramethylethylenediamine radical polymerization activator (TEMED) and poly(vinyl pyrrolidone)
stabilizer (PVP with molecular weight 40,000 g/mol) were obtained from Sigma-Aldrich Co. The
commercial epoxy resin SigmaGuard TM CSF 650 produced by Sigma Coatings, SigmaKalon Group
were applied as epoxy coats for steel.

2.2. Preparation of NIPAm/AA nanogel composites:
Silica, TiO2 or Na-MMT nanoparticles (3.5 g) were dispersed in (150 mL) of ethanol/ water
mixture (60/40 vol %) and (1 g) PVP as stabilizing agent with stirring for 24 h at room temperature.
NIPAm and AA were copolymerized with mol ratio 1. NIPAm (0.3 g) was added to the reaction
mixture with 0.0125 g KPS initiator, and 20 μl TEMED at temperature of 40 oC after bubbling with
nitrogen atmosphere under stirring. The reaction temperature keep constant for 1h until the solution
turned to be turbid or cloudy. The remained NIPAm (0.5 g), AA (0.7 g) and MBA ( 0.144 g) were
dissolved into 20 mL of water were introduced into the reaction mixture for 30 minutes. The reaction
temperature increased to 55 °C and keeps constant for 24 h. The nanogel composites were separated
from the solutions after ultracentrifuge at 21000 rpm for 30 minute and purified using dialysis
membrane for 1 week.

2.3. Preparation of epoxy nanocomposite coats
Na-MMT-NIPAm/AA, TiO2-NIPAm/AA and silica-NIPAm/AA nanogel composites were
mixed with different weight percentages ranged from 0.1 to 3 wt.% based on total weight of epoxy and
hardener. The epoxy nanogel blends were mixed with 8 mL of epoxy resins and sonicated for 30 min.
The dispersed epoxy nanogel composites were added to polyamine hardener (2 mL) under vigorous
stirring. The epoxy polyamide hardener mixtures were sprayed on blasted and cleaned steel panels to
obtain dry film thickness (DFT) of 100 µm. The coated panels stored at temperature 40 oC to be sure
the all epoxy films were cured to complete tests.

2.4. Characterization
The thermal stability and nanogel contents of nanogel composites were evaluated using
thermogravimetric analysis (TGA; TGA-50 SHIMADZU at flow rate 50 ml/min and heating rate of 20
◦C / min).
The surface morphology of nanogel composite was examined using high resolution
transmission electron microscope (HR-TEM using a JEOL JEM-2100 electron microscope at an
acceleration voltage of 200 kV).
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The dispersion stability, polydispersity index (PDI) and surface charges (zeta potential; mV)
of nanogel composites were determined by using dynamic light scattering (DLS; Laser Zeta meter
Malvern Instruments; Model Zetasizer 2000).
The surface contact angles between cured epoxy panels were determined using drop shape
analyzer model DSA-100 (the temperature and moisture were 23°C and 68% respectively).
The distribution of nanogel composites into cured epoxy films was examined using optical
microscope ( Olympus DP 72 ) after coating the glass slides with epoxy nanogel composites.
All mechanical tests of coated steel panels such as abrasion resistance, hardness, T-bending,
impact resistance, and pull-off adhesion test were evaluated according standard methods ASTM. A
salt spray cabinet (manufactured by CW Specialist equipment ltd. model SF/450) was used to
determinethe salt spray resistance of coated panels.

3. RESULTS AND DISCUSSIONS
The present work aims to modify the surface properties of some inorganic oxide nanoparticles
such as silica, TiO2 and Na-MMT to increase their dispersability into epoxy matrix to improve both
mechanical properties and anticorrosion performance against marine environments. In this respect, the
mechanism of modification is illustrated in Scheme 1.

Scheme 1. Synthesis of metal oxide nanogel composites.

The mechanism is based on using two monomers, one is smart monomer based on NIPAm that
contains both hydrophobic moiety (isopropyl group) and hydrophilic moiety (amide group) and the
second is AA which has carboxylic group that sensitive to pH variation. The polymerization of these
monomers in the presence of MBA crosslinker, APS radical initiator and TEMED as activator can
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encapsulate inorganic metal oxide nanoparticle into nanogel composites [37-40]. The crosslinking
copolymerization is carried out using surfactant free dispersion polymerization technique.
Approximately 0.3 mol% of NIPAm monomer introduced to disperse metal oxide nanoparticles in the
presence of PVP stabilizer and ethanol/water (60/40 vol %) as dispersion solvent. The NIPAm can
diffuse to surround the metal oxide nanoparticles above its lower critical solution transition
temperature (LCST > 39 oC). This was referred to the hydrophobic interaction between isopropyl
groups above LCST [40]. The intercalation of Na-MMT gallery and dispersion between nanoparticle
increase to facilitate the diffusion of MBA, AA and remained NIPAm monomer to form crosslinked
nanogel either to surround the nanoparticles or to exfoliate the galleries as represented in Scheme 1.

3.1. Characterization of nanogel composites
The surface morphology of the prepared silica, TiO2 and Na-MMT nanogel composite with
NIPAm/AA is determined by TEM and illustrated in micrograph in Figure 1 a- f. The surface
morphology of the modified nanogel composites confirmed the formation of core/shell morphology in
which the metal oxide particles as core and nanogel layer as shell. It was also observed that the
dispersion of TiO2 nanogel increased with the surface modification with NIPAm/AA (Figure 1a and b).
While the modification of silica surfaces tends to form non-connected particles with formation of
smaller nanogel composite aggregates (Figure 1 c and d). The formation of exfoliated Na-MMTNIPAm/AA nanogel is confirmed from Figure 1 e and f. It was also observed that there is no any
nanogel or metal oxide nanoparticles formed separately as confirmed from Figure 1 b, d and f. These
results confirmed that the surface of nanogel composites are charged with same charges and repealed
to form dispersed nanogel composites and the thickness of nanogel composite layers affects the
performance of the formed nanogel composites.

Figure 1. TEM micrographs of a) TiO2, b) TiO2-NIPAm/AA, c)Silica , d) silica-NIPAm/AA, e) Na-
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MMT and f) Na-MMT-NIPAm/AA nanomaterials.
The contents of NIPAm/AA nanogel in the prepared silica, TiO2 and Na-MMT can be
determined from TGA thermograms and gathered in Table 1. The weight loss % at temperature ranged
from 25 to 250 oC of silica, TiO2 and Na-MMT nanoparticles are 13, 5 and 8 Wt. %, respectively. It
was related to bound water and hydroxyl groups at surface of silica, TiO2 and Na-MMT nanoparticles
which have greater ability to absorb water on their surfaces due to their nano sizes and higher contact
area [41]. The another weight loss ranged from 350 t0 650 oC can be used to determine the amount of
decomposed nanogel composites surrounded to the silica, TiO2 and Na-MMT nanoparticles as listed in
Table 1. The data confirmed that the content of nanogel for silica, TiO2 and Na-MMT nanoparticles
are 31, 47 and 52 %. These data confirm that the silica surrounded with lower amount of NIPAm/AA
nanogel than TiO2 and Na-MMT nanoparticles. These results confirm the shell thickness surrounded to
TiO2 and Na-MMT nanoparticles as represented in Figure 1b, d and f. It can also calculate the
crosslinking copolymerization % from the amount of monomers used with monomers feed ratios and
that determined from TGA analysis. The crosslinking degree % are increased in NIPAm/AA nanogel
in order Na-MMT >TiO2 > silica nanoparticles.
Table 1. TGA data of NIPAm/AA nanogels with TiO2 and Na-MMT nanoparticles.
Nanogels

Remaining

amounts of nanogel
relate metal oxide
nanoparticles
(Wt%)

Temperature
range
(oC)
25-350
350-650

Weight
loss
(%)
8
-

Na-MMTNIPAm/AA

25-275
350-650

8
52

silica

25-300
300-650

7
6

SilicaNIPAm/AA

25-300
300-650

9
35

TiO2

25-250
250-650

4
1

25-250
250-650 oC

6
46

Na-MMT

TiO2NIPAm/AA

Actual

Crosslinking
copolymerization
%

determined

-

-

54

52

96.3

52

31

87.2

52

47

90.4

The effect of salt on the dispersion and aggregation of nanoparticles can be determined from
DLS measurements in distilled and filtered sea water as represented in Figure 2 a-d and gathered in
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Table2. The polydispersity index (PDI) can be used to confirm that the formation of polydisperse
nanoparticles or monodisperse uniform nanoparticles if PDI values are above or below or as small as
possible 0.7 [42]. Careful inspection of data confirmed that the PDI and particle size values (Table 2
and Figure 2 a-d) decrease in sea water more than distilled water. These mean that the NIPAm/AA
shell has greater tendency to absorb water due to inadequate crosslinking degree of shell that increases
the particle diameter and PDI values [43, 44]. It is also reported that, increment of PDI values of
nanoparticles may have been caused by inter-particle crosslinking reaction between some adjacent
nanoparticles that reflect on wide increment of particle size distribution of nanomaterials [44]. The
data also proved that, the high crosslinking density of NIPAm/AA shell reduces the particle sizes and
PDI values as confirmed from lower particle sizes of silica and titania NIPAm/AA nanogel composites
(Table 2). The sensitivity of NIPAm/AA shell to salt can be referred to hydrophobic interaction of
isopropyl group when the salt concentration increased and also attributed to salt screening effect on
COOH ionization of AA [45]. The low absorption of NIPAm/AA nanogel in the prepared silica, TiO2
and Na-MMT to sea water and their high particles dispersion enhance the application of these
composite as anticorrosive nanomaterials in marine environments.

Figure 2. DLS measurements of a), b) Na-MMT-NIPAm/AA, c), d) silica-NIPAm/AA, e) and f) TiO2NIPAm/AA in filtered sea and distilled water, respectively.

It is also important to determine and investigate the effect of pH on surface charges of
nanomaterials based on silica, TiO2 and Na-MMT surface modified with NIPAm/AA nanogels. The
surface charges are determined from zeta potential (ζ- potential; mV) as determined from the
experimental section and listed in Table 2 and Figure 3. The data listed in Table 2 confirmed that silica
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nanocomposite showed the highest negative surface charges at different pH values ( low negative
value; below -25 mV) which confirms that the crosslinked NIPAm/AA shell has lower thickness than
other titania or Na-MMT nanoparticles. The high shells thickness may have contained the
nanoparticles most effectively intact and prevented the possible breakdown [46, 47]. The pH dependent
ζ-potential values (Figure 3) can be used to determine the pH isolectric point (pI) as listed in Table 2.

Figure 3. Relation between zeta potential of the prepared nanogel composites and pH of aqueous
solution at temperature of 25 oC.

Table 2. The DLS and Zeta Potential measurements of the nanogel composites.
NIPAm/AAm
nanogels

SilicaNIPAm/AA

TiO2NIPAm/AA

Na-MMTNIPAm/AA

*

DLS
solvent
Particle
size(nm)

PDI

water

340 ± 18

0.659

Sea water

90 ± 5

0.141

water

520± 35

0.373

Sea water

68± 15

0.171

water

700± 25

0.187

Sea water

80± 15

o.231

Zeta
Potential
(mV)

pI

-20.60± 4

4.05

-27.47± 3

5.1

-33.13± 7

3.5

*

The all measurements were carried out in 10-3 M KCl at pH 7

It was also confirmed that pH 7 is suitable to obtain stable NIPAm/AA nanogel composites
which had negative ζ-potential values up to -32 mV ( Na-MMT-NIPAm/AA), which stabilized the
colloidal particles effectively. The negative ζ-potential values of NIPAm/AA nanogel composites are
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referred to ionization of carboxylic groups of AA at pH values above 3.3, which resulted in the
negative net charge of the nanogel composites. The low negative ζ-potential values of silica at pH 4
leads to aggregation of silica nanogel composites particles due to neutral surface charge, caused by the
complete masking of the carboxylic groups of AA nanogel composites. These measurements can
concluded that the nanomaterials coated with nanogel composites produce stabilized nanomaterials
having less polydispersity and smaller size when nanogel composite have both high thickness and high
degree of crosslinking density as observed in TiO2-NIPAm/AA and Na-MMT-NIPAm/AA nanogel
composites.

3.2. Curing of nanogel composites with epoxy matrix
The prepared Na-MMT, silica and titania NIPAm/AA nanogels were dispersed in epoxy resins
with different weight percentages ranged from 0.1 to 3.0 Wt % as illustrated in the experimental
section. The dispersed Na-MMT silica and titania NIPAm/AA nanogels in epoxy resin were cured with
polyamide hardener according to recommended volume ratio. The remained hydroxyl groups of titania
and silica on nanoparticles surfaces can interact with amide or epoxy groups of hardener and resin,
respectively via hydrogen bonding or polar/polar interactions [48]. The electrostatic interaction
between surface charges of MMT silicate layers and amide or epoxy groups will occur during the
curing of epoxy and clay galleries [49]. The dispersion of Na-MMT, silica and titania NIPAm/AA
nanogels in epoxy matrix can be examined by optical microscope of glass coated with cured epoxy
nanogel composites as represented in Figure 4 a-d.
Smooth surface is observed for cured epoxy resins in absence of nanogel composites (Figure 4
a). The Na-MMT, silica and titania NIPAm/AA nanogels showed different dispersion efficiencies
depend on the types and contents of nanogel composites. The addition of TiO2 –NIPAm/AA (Figure 4
b) shows good dispersion at different weight percentages, although the size of particles increased at 3
Wt %. The formation of agglomerate clusters appears in silica –NIPAm/AA (Figure 4 c) above 0.1 Wt
%. The formation of highly dispersed and exfoliated Na-MMT-NIPAm/AA epoxy matrix is observed
(Figure 4d). These data can be referred to higher surface charges (Table 2) at the surface of Na-MMT
and TiO2 NIPAm/AA nanogels which increases the repulsion between the particles and inhibit their
agglomerations.
The measuring of cured epoxy coats wettability is very important parameter that determines the
diffusion of fluid into the coats that affects anticorrosive performance of coats. In this respect, the
contact angles measurements between sea water and epoxy coats were determined and summarized in
Table 3 and as selected in Figure 5 a-d. The data confirm that all contact angles between coats and sea
water increase with incorporation of nanocomposite more than blank. This means that the Na-MMT,
silica and titania NIPAm/AA nanogels form hydrophobic surfaces attributed to outer shell nanogel that
contains polymer backbone and isopropyl groups. The hydroxyl groups of both epoxy and
nanoparticles interacted with epoxy matrix and directed to interact of the substrate surface [50].
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Figure 4. Optical microscope micrographs of cured epoxy in the absence and presence of different wT
% of a) blank, b) TiO2-NIPAm/AA, c) silica-NIPAm/AA, and d) Na-MMT-NIPAm/AA
nanogels

Figure 5. Contact angles photos between sea water and cured epoxy surfaces in the presence of a)
blank, b) 0.1, c) 1.0 and d) 3.0 Wt % of Na-MMT-NIPAm/AA nanogel composites.
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Table 3. Contact angle data between sea water and cured epoxy surfaces in the presence of NIPAm/AA
nanogel composites.
Cured epoxy

blank
Na-MMT-NIPAm/AA

TiO2-NIPAm/AA

silica-NIPAm/AA

Concentrations of
nanocomposites
(Wt %)
0
0.1
1.0
3.0
0.1
1.0
3.0
0.1
1.0
3.0

Contact angles
(degree)
45
78.33
79.70
95.9
61.5
70.83
88.75
61.70
65.23
53.5

The higher dispersion of NIPAm/AA nanogels produces high contact angle values as reported
in Table 3. The high dispersion of NIPAm/AA nanoparticles increases the intera-molecular hydrogen
bonding between amide groups of NIPAm and COOH of AA to produce more hydrophobic surfaces
due to increment of hydrophobic interaction between isopropyl groups.

3.3 Mechanical and Anticorrosion performances of cured epoxy matrix with nanogel composites
The strong adhesion between organic coats and steel substrate is very important to improve
their coating performance. It is well established that the curing of epoxy resins with polyamide
hardeners produces hydroxyl groups that are responsible on the adhesion of epoxy coats with steel
substrates as well as amide groups of hardeners [51]. Moreover, the steel surfaces possess positive
charges which required coats possess negative surface charges to increase the adhesion of coat with
steel substrate. In this respect, the adhesion pull-off tester has been used to evaluate the adhesion of
cured epoxy resins with steel substrate and the data were summarized in Table 4. The data confirm
that, the epoxy modified with different weight percentages of Na-MMT, silica and titania NIPAm/AA
nanogels have good adhesion with steel substrate than unmodified epoxy resins. Moreover, the
adhesion of epoxy coats modified with Na-MMT-NIPAm/AA nanogel composites have greater
adhesion pull-off resistance forces than that modified with silica and titania NIPAm/AA nanogels.
These data can refereed to increase electrostatic attraction between epoxy modified coats that
possesses more negative surface charges ( Table 2) and positive charges on the steel substrate as well
as the exfoliation of Na-MMT nanogel composites increases the negative charges on the exfoliated NaMMT gallery[52]. The increment of adhesion between steel and epoxy coats contain TiO2-NIPAm/AA
more than that contain silica- NIPAm/AA nanogels confirms that the high dispersability of
nanomaterials in epoxy coats increases the adhesion forces between hydroxyl groups on the titania
with steel more than that obtained at silica surfaces.
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The mechanical properties of epoxy coats such as impact, abrasion resistances, hardness force
and bending tests were determined and listed in Table 4. The data confirm that the mechanical
properties of epoxy coats modified with Na-MMT, silica and titania NIPAm/AA nanogels have
excellent mechanical properties than that unmodified (blank). These mean that the dispersion of
nanomaterials into epoxy matrix improves the mechanical properties of coats. Moreover, the
modification of nanomaterials baesd on Na-MMT, silica and titania as core with flexible nanogel shell
based on NIPAm/AA enhances the mechanical properties of epoxy coats to improve their impact and
abrasion resistances (Table 4).

Table 4. Mechanical properties of cured epoxy with different types of NIPAm-AA nanogel
composites.
Sample
Pull-off
resistance
(MP)
Blank
TiO2NIPAm/AA
silicaNIPAm/AA
Na-MMTNIPAm/AA

Impact Hardness
test
(Newton)
(Joule)

Bending

Abrasion
resistance mg /
1kg weight for
1000 cycles

4

5

8

pass

72

0.1%

12

14

12

pass

15

1%
3%
0.1%

14
16
8

15
17
11

13
14
10

pass
pass
pass

18
20
20

1%
3%
0.1%

9
7
14

14
13
15

12
11
13

pass
pass
pass

26
31
13

1%
3%

17
19

17
19

14
16

pass
pass

15
19

This can also refereed to greater absorption of flexible nanomaterials to impact and abrasion
forces improves also the harness of the modified epoxy coats with Na-MMT, silica and titania
NIPAm/AA nanogels.
The anticorrosion characteristics of modified epoxy coats for steel surfaces against salt and
water can be examined by salt spray resistance test. The results of salt spray tests of modified epoxy
coats at different duration times ranged from 300 to 1000h and their photos were summarized and
represented in Table 5 and Figure 6a-d. The data elucidate that, the presence of nanomaterials based on
Na-MMT, silica and titania NIPAm/AA nanogels increases the duration exposure times of coats to salt
spray more than unmodified epoxy coats. This can be refereed to these nanoparticles can fill the
cracks, microscopic porosities and free volumes existed in the epoxy coating matrix leading to the
increase of electrolyte pathway length due to their smaller particle sizes in sea water ( Figure 3 and
Table 2). However, the nanomaterials based on Na-MMT, silica and titania only show barrier role to
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protect the epoxy surface and steel from corrosion but they cannot provide protection performance
when a mechanical damage like scratch is produced on the coating. Accordingly, the modification of
Na-MMT, silica and titania with nanogel aims to overcome this problems.

Figure 6. Salt spray photos of cured epoxy in the absence and presence of different Wt % of a) blank,
b) silica-NIPAm/AA , c) Na-MMT-NIPAm/AA and d)TiO2-NIPAm/AA, nanogels having
different duration times.

Table 5. Salt spray resistance of cured epoxy films.
Paint samples

Sample
ratio

Exposure
time
(hours)

Disbonded
area %

Na-MMT-NIPAm/AA

0.1%
1%
3%
0.1%
1%
3%
0.1%
1%
3%

1000
1000
1000
750
750
750
500
500
500

3
2
1.5
5
3
1
20
30
50

TiO2-NIPAm/AA

Silica-NIPAm/AA

Rating
Number
(ASTM
D1654)
8
8
9
7
8
9
5
4
2
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The photos ( Figure 6 elucidate that the concentrations and type of nanogel composites affect
the anticorrosion performance to act as self-healing for epoxy modified coats. It is found that, the
unmodified epoxy coat (Figure 6 a) destroy after duration times 300 h with the formation of rust.
While the modification of epoxy with silica-NIPAm/AA (Figure 6b) cannot act as self-healing
materials due to formation of rust at damage x cut area although the duration time of coats increased to
500 h. It was also found that both Na-MMT and TiO2 modified with NIPAm/AA ( Figure 6 c and d)
show self-healing characteristics due to no rust formations at x-cut area even at low content ( 0.1 Wt
%). In our previous works [53-55], the presence of smart nanogel based on NIPAm surrounded to
metal oxide increase their ability to form self-heal layer at damage area due to their sensitivity to
surrounded aggressive environments to act as anti-corrosion coats. In the present work, the exfoliation
of Na-MMT-NIPAm/AA into epoxy matrix and their excellent adhesion to steel substrate increase their
activity to inhibit the diffusion of salts or water into epoxy coat to act as water repealed coats as
illustrated from contact angle measurements.

4. CONCLUSIONS
The modification of Na-MMT, silica and TiO2 nanoparticles by nanogel based on NIPAm/AA
produce stabilized nanomaterials having low polydispersity index and smaller size when nanogel
composite have both high thickness and high degree of crosslinking density as determined in TiO 2NIPAm/AA and Na-MMT-NIPAm/AA nanogel composites. The high dispersion of TiO2-NIPAm/AA
and Na-MMT-NIPAm/AA nanogel composites in epoxy matrix increases the intera-molecular
hydrogen bonding between amide groups of NIPAm and COOH of AA to produce more hydrophobic
surfaces due to increment of hydrophobic interaction between isopropyl groups.
The TiO2NIPAm/AA and Na-MMT-NIPAm/AA nanogel composites succeeded to improve the mechanical
properties of cured epoxy films due to the nanogel shell produced elastic nanomaterials have great
efficiency to absorb the impact and abrasion resistance. The good adhesion of modified epoxy films
with TiO2-NIPAm/AA and Na-MMT-NIPAm/AA nanogel composites produce anticorrosive selfhealing nanomaterials for damaged area on the surface of cured epoxy coats in marine environments.
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