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This research endeavor is aimed at developing a protective coating for marine service conditions of the southeastern coastal area of
the China-Pakistan Economic Corridor. Bisphenol A-type epoxy-based protective coatings were prepared by impregnating exotic
titanium metal microparticles into two different proportions, i.e., 5% and 10% (w/w). Film hardness measurement by pencil test,
adhesion measurement by the crosshatch-tape test, chemical and heat resistance test, gloss measurement, natural exposure, and
salt spray testing have demonstrated that Ti-enriched coatings have performed better than the virgin epoxy coating. Moreover,
scanning electron microscopy has depicted more surface degradation. Fourier transform infrared spectroscopy has indicated
higher mass loss and chain scission in the virgin epoxy coating than the Ti-enriched coatings. In addition, these Ti
microparticles have filled up the cavities/imperfections, reduced cracking, promoted crosslinking during the curing, and
cordoned-off passage of corrodents and moisture, thus improving epoxy resin coating features. These results have widened the

scope of Ti-embedded epoxy coatings against atmospheric corrosion for highly corrosive marine sites.

1. Introduction

Corrosion is a severe technical problem that has a significant
financial impact on the economy. The application of paints
and coatings on metallic surfaces is a cost-effective and most
widely used method for corrosion control [1-7]. Among dif-
ferent coatings, epoxy coatings are well known for their dura-
bility, flexibility, high resistance to heat and chemicals, ease
of application, and best adhesion [5]. However, it shows poor
resistance in the highly corrosive marine environment due to
the initiation of defects and impairments in the mechanical
properties of the epoxy coating system [6]. Due to these

defects, diffusion of moisture, oxygen, and atmospheric pol-
lutants are prompted, resulting in the delamination of the
coatings and corrosion of the metallic substrate [4, 5]. These
coatings’ performance features and application spectrum
have been reported to be improved by adding various dis-
persed metallic phases into the resin. It also reduces the cost
and increases the service life of the metallic substrate by pro-
viding long-lasting protection [4]. Brostow et al. have
observed the improvement in the tribology and surface
energy of the epoxy coating by the addition of microsized
metal powders including Ni, Al, Ag, and Zn [4]. Muszynska
et al. reported the addition of Al metal powder into the
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polyethylene oxide to affect the electrical conductivity of the
coatings [8]. Cu and Ni metal powders were tailored in the
epoxy resin to study the electrical and thermal behavior by
Mamunya and his coworkers [9]. Kim et al. studied the effect
of Al, Fe, and Si metal powders in a polymer film to produce a
shielding effect from electromagnetic waves [10]. Improve-
ment in mechanical properties via embedment of these
metallic powders and others in the matrix was also reported
by various researchers worldwide [4-13]. In general, these
metallic additives in the coating alter the coating’s conductive
behavior and dielectric property, inhibit the diffusion of
moisture, and provide protection by acting as a barrier coat,
inhibiting agent, or sacrificial anode [13].

Titanium metal is highly corrosion-resistant, malleable,
ductile, and mechanically as strong as stainless steel and the
9™ most abundant element on the earth’s crust. Its density
is three times lower than other metals used as additives for
corrosion protection, such as zinc, copper, nickel, silver,
and stainless steel, while comparable to aluminum. However,
unlike aluminum, titanium resists highly acidic, alkaline,
chloride, and bromide ions in an aqueous medium [14].
Since there is no metal corrosion, therefore no metal oxides
are formed and hence no depletion of the metal. Other metals
that also fall in the same category are zirconium, niobium,
and hafnium. These are relatively less frequently found in
nature and are expensive [15, 16]. These qualities make tita-
nium an ideal choice for use as a powder in polymeric corro-
sion protection coatings.

This work consists of enriching titanium, an exotic metal
powder, into an epoxy resin in two different proportions. For
the first time, to the best of our information, the anticorro-
sion performance of the titanium-enriched epoxy coatings
was evaluated in the natural marine service environment of
the southeastern coastal area of the China-Pakistan Eco-
nomic Corridor, which was also augmented by salt spray test-
ing. Performance analysis comprised the film hardness
measurement by pencil test, adhesion measurement by the
crosshatch-tape test, chemical and heat resistance test, and
gloss measurement. Comparison of virgin epoxy coating
and as-prepared titanium-enriched epoxy coatings was also
performed. Failure analysis of all the coating systems was
executed by scanning electron microscopy (SEM) and Fou-
rier transform infrared (FTIR) spectroscopy. It is pertinent
to highlight that electrochemical impedance spectroscopy
(EIS) was not carried out due to the low resistance of the
coating caused by metal embedment, which also decreased
as a function of metal content. However, it was compensated
by the salt spray testing, which is more reliable because of
electrical properties governed by multiple factors that may
not cofunction with the coating protection mechanism.

2. Materials and Methods

2.1. Development of Titanium Coatings. To develop titanium-
enriched coatings, bisphenol A-type epoxy resin procured
from Nippon Paints Ltd., Pakistan, was selected as a base
material. Typical properties of the this epoxy resin were
450-500 g/epoxy equivalent weight, 8000-13000 Cp viscosity
at 25°C, 2.00-2.22 epoxide value, 1.07 g/cc density, 0.5% water
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content, and 30°C flashpoint. Organic red (colors index no.
170) and zinc phosphate as pigments, talc and silica as fillers,
polyamidoamine as a hardener, and xylene as a solvent were
used. Titanium metal powder (1-5 ym) provided by Captain
and Company, Karachi 75530, Pakistan, was incorporated as
5% and 10% (w/w) into an epoxy resin matrix while main-
taining a 3:1 weight ratio between the epoxy resin and the
curing agent.

For the development of titanium-enriched epoxy coat-
ings, precalculated amounts of Ti metal powder were dis-
persed in xylene with constant stirring for 30 minutes by a
magnetic stirrer (MS300HS Misung Scientific Pvt. Limited).
The resultant dispersion medium was mixed with epoxy
resin and stirred for 2 hours to obtain a homogenous mix-
ture. Subsequently, a polyamidoamine hardener was added
and stirred for a further 30 minutes. Another epoxy coating
system was prepared by employing all the additives as men-
tioned above and procedures except titanium metal powder
and named as a virgin epoxy coating.

2.2. Application of Virgin and Titanium-Impregnated Epoxy
Coatings. Mild steel test coupons (10 cm x 15cm size) were
cut from a 3 mm thick mild steel sheet provided by Hinopak
Motors Limited (Body Operation Plant), Pakistan, to serve as
a substrate for applying epoxy coatings. First, these test cou-
pons were thoroughly cleaned with degreasing solvents
according to the SSPC-SP1 (April 2015) protocol for surface
preparation [17]. Subsequently, scuffing was performed to
remove unevenness and improve the adhesion. This was
followed by dry sanding with 150 and 1000 grit sandpaper
for scrubbing the surface. Afterward, test coupons were
rinsed with deionized water and dried in hot air. Resultant
coupons were then cleaned with ethanol, followed by the
final cleaning with acetone.

Application of as-prepared epoxy coatings on clean, mild
steel test coupons was carried out in two steps. The first coat
of about 50 microns was applied and cured at room temper-
ature for 24 hours. Subsequently, the second coat of about 40
microns was applied after roughing the first coat, followed by
complete drying and curing in a dust-free environment. Dry
film thickness was measured at five different points on each
coated panel as per standard ASTM D1186 (July 2001) using
an Elcometer 456 digital coating thickness gauge [18]. Dry
film thickness data presented are the average of these five
measurements.

2.3. Measurement of Coating Properties. The following prop-
erties of as-prepared virgin and titanium-impregnated epoxy
coatings were measured.

2.3.1. Drying Time Measurement. Drying time was measured
in minutes at room temperature by a set-to-touch time test-
ing method as per the ASTM D1640/D1640M (Dec 2014)
standard [19]. The coating was applied to the test coupon,
and after a specified interval, the coating was lightly touched
with the tip of the finger. The fingertip was then placed
immediately on the clean glass piece to check for any coating
transfer on the glass surface.
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2.3.2. Film Hardness Measurement by Pencil Test. The pencil
test procedure as per the ASTM D3363 (Sep 2020) standard
was performed to measure film hardness by the Guangzhou
Biuged instrument pencil tester (Model SN 505009) [20].
Lead pencils of different hardness from 9B (softest) to 9H
(hardest) were employed to test the hardness of applied coat-
ings at an angle of 45° with the help of a standard holder at a
distance of 6 mm. The test was repeated with different high-
grade pencils until the scratch on the coating was marked.

2.3.3. Adhesion Measurement by Crosshatch-Tape Test. The
ASTM D3359 (Feb 2017) method was used for the measure-
ment of adhesion [21]. In this test, a crosscut was made by
using a mechanical blade razor. Afterward, adhesion tape
was struck upon the boxes, and the tape was removed by
pulling progressively at an approximately 60° angle. The sur-
faces with the intact boxes were observed using a magnifying
glass.

2.3.4. Chemical Resistance Test. The chemical resistance test
was performed according to ASTM D1308 (Dec 2020) [22].
A mixture of acetone, distilled water, ethyl alcohol, and acetic
acid was dropped randomly on two sets of coated coupons.
One set of the coated coupon was then covered with a watch
glass while the second set was kept uncovered. After 24 hours
at room temperature, both sets of test coupons were exam-
ined for any stain or patch that could lead to corrosion or
any damage to the coated surface.

2.3.5. Heat Resistance Test. For this purpose, two sets of
coated test coupons were placed in an oven at 180°C. One
set of the coated coupons was removed from the oven after
24 hours and immediately plunged into a container of dis-
tilled water for one hour. The second set of test coupons
was removed after 48 hours and allowed to cool at room tem-
perature. According to ASTM D2485 (March 2018), both
sets of test coupons were examined for any failure of the coat-
ings in terms of blistering, rusting, cracking, and loss of adhe-
sion [23].

2.3.6. Coating Performance Evaluation. Two different
methods, i.e., natural exposure testing and salt spray testing,
were executed for the performance evaluation of these as-
prepared coatings. First, each dried and cured coated coupon
was scribed with an X, reaching the mild steel base, to test
resistance against film corrosion. The backside and edges of
each specimen panel were secured by dipping in molten
wax, which has provided a thick protective layer to prevent
premature coating failure. One set of the scribed coated test
coupons was kept unexposed for control experiments.

2.3.7. Natural Exposure Testing. Natural exposure testing was
performed according to standard ISO 8565 (July 2011) [24]
at two test stations, i.e., the National Institute of Oceanogra-
phy (NIO, latitude 24.48 and longitude 66.59) and the Kara-
chi Port Trust (KPT, latitude 24.81 and longitude 66.97)
located along the southeastern coastal area of the China-
Pakistan Economic Corridor in Karachi, Pakistan. The cor-
rosivity of the selected atmospheric corrosion test stations
was determined as per ISO 9223-9225 (Feb 2012) [25, 26].

The coated test coupons were mounted onto a wooden expo-
sure rack using ceramic separators and steel nuts at an angle
of 45° facing towards the sea. Photographs of the coated test
coupons were recorded before and after exposure to study
the changes. The noteworthy changes occurred in the scribed
region.

2.3.8. Salt Spray Testing. Salt spray testing was performed in
compliance with the ASTM B117 (Nov 2019) method [27].
A salt spray chamber was used to provide a high humidity
(95-98%) environment and continuous salt spray (5wt%
NacCl) at 35°C with a pH range from 6.5 t07.2. The coated test
coupons were placed on plastic racks at 30° parallel to the
principal direction of fog flow through the chamber.

2.3.9. Coating Performance Assessment. Visual examination
of a coating’s degradation pattern in the scribed area was per-
formed in compliance with guidelines recommended by ISO
4628-part 1 (Jan 2016) [28]. The coated panels were period-
ically rated for blistering, rusting, and cracking, according
to ISO 4628-parts 2, 3, and 4 (Jan 2016) [29-31]. The degree
of filiform corrosion was assessed after the complete deterio-
ration of coatings according to standard ISO 4628-part 10
(Jan 2016) [32].

2.3.10. Gloss Measurement. Gloss values of all coated test
coupons were measured by a gloss meter (Horiba IG-330)
for the pre- and postexposure states in the natural environ-
ment and salt spray chamber according to the standard ISO
2813 (Oct 2014) [33]. Samples were cleaned before gloss
measurements were performed at a 60° angle. A total of four
measurements were made on every sample for each inspec-
tion. Each sample was rotated about 45” in the plane after
each measurement. The data presented is the average of the
four measurements.

2.3.11. Coating Failure Analysis by Scanning Electron
Microscopy (SEM) and Fourier Transform Infrared (FTIR)
Spectroscopy. After natural exposure testing and salt spray
testing, failure analysis of the coatings was carried out by
scanning electron microscopy (SEM) and Fourier transform
infrared (FTIR) spectroscopy. For comparison, a control
(unexposed) coating was also analyzed.

For SEM, small pieces of 25 mm x 25 mm dimensions
were cut from the control and exposed test coupons with
complete care to prevent the damage or loss of the coating
from the surface. After gold sputtering, the SEM micrographs
were captured by using a scanning electron microscope
(JEOL 6380A). The microscope was operated at 15kV volt-
age and 10~ Torr vacuum.

FTIR spectroscopy was used to study the chemical
changes in the exposed and unexposed coatings. Coating
samples were prepared in KBr pellet form. A Shimadzu
8900 Fourier transform infrared spectrophotometer
equipped with Omnic software, running in transmission
mode from 4000 to 400cm™' range with 10 scans and
4cm™" resolution, was employed to obtain the FTIR spectra.
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TaBLE 1: Codes for some frequently used terms of this study.

S no. Codes Description

1. T, Virgin bisphenol A-type epoxy coating system without titanium

2. T, 5% (w/w) titanium-impregnated bisphenol A-type epoxy coating system
3. T 10% (w/w) titanium-impregnated bisphenol A-type epoxy coating system
4. NIO Marine test station located at the National Institute of Oceanography
5. KPT Marine test station located at the Karachi Port Trust

6. SST Salt spray testing

TaBLE 2: Comparison of different properties of virgin epoxy coating and titanium-embedded epoxy coatings applied to mild steel.

Sample codes* Dry film thickness PVC Volume of Ti metal powder Drﬁng time  Pencil hardness** Adhesion loss
(um) (%) (%) (minutes) (%)

T, 82 19.53 0 140 4H 69

T, 80 21.12 1.2 122 5H 16

T 86 22.81 2.4 110 5H 4.76

*T,: virgin epoxy coating; Ts: 5% titanium-embedded epoxy coating; T,: 10% titanium-embedded epoxy coating. **As per ASTM specifications: the softest

pencil is 6B and the hardest pencil is 6H.

TaBLE 3: Results of chemical resistance testing of the virgin epoxy coating and titanium-embedded epoxy coatings in open and covered

conditions as per ASTM D1308.

Coating systems™

Chemical resistance test

Open condition Grade*” Closed/covered condition Grade
T, A slight change in color with a loss in gloss ~ Passed (B)  Blister with color change and loss in gloss  Failed (D)
T, No change in color Passed (A) A slight change in color Passed (B)
T No change in color Passed (A) A slight change in color Passed (B)

*T,: virgin epoxy coating; Ts: 5% titanium-embedded epoxy coating; T ,: 10% titanium-embedded epoxy coating. ** ASTM specifications: accepted (A and B),

failed (C and D).

3. Results and Discussion

3.1. Appraisal of Virgin and Titanium-Impregnated Epoxy
Coatings’ Properties. Some frequently used terms and a com-
parison of different properties of virgin and titanium-
impregnated epoxy coatings applied to a mild steel substrate
are presented in Tables 1 and 2. Dry film thickness, % pigment
volume concentration (PVC), % volume of Ti metal powder,
drying time, pencil hardness, and adhesion loss of T,, Ts,
and T, coatings were measured. Earlier work has shown that
drying comprises many time-consuming physical and chemi-
cal reactions, including polymerization, evaporation of the
organic solvent, and oxidation reaction of the resin [34-37].
It is influenced by variables like light, temperature, nature of
the substrate, the thickness of the film, and air movement
[34, 35]. Results indicated that the drying time of the epoxy
coatings was decreased with the addition of metal powder in
the order T > T5 > T,,. These results are in agreement with
other researchers who had reported that the incorporation of
the different metallic fillers on a micro- and a nanoscale had
decreased the curing time of the coating [35-37]. PVC is an
essential tool for coatings and is responsible for the gloss and
hiding power. PVC values of as-prepared epoxy coatings were
increased with the increase of the Ti amount.

The results of the pencil hardness test have indicated that
the T and T, coatings were hard compared to the T, coat-

ing. The addition of the titanium metal powder in various
percentages has increased the film’s hardness compared to
the T, coating. In general, the hardness of the polymeric film
improves when reinforced with different particles. Because
the interphase is usually formed when a metal ion is diffused
into the organic matrix, this results in a multilayered system
that increases the toughness of the polymeric film and
inhibits the diffusion of corrodents [37]. The present study
agreed well with the findings of other researchers who have
reported that modified coatings showed better pencil resis-
tance than unmodified coatings [35-38].

Results of the adhesion measurement by the crosshatch-
tape test as per ASTM D3359-09 have indicated that % adhe-
sion losses for the T and T, coatings were less than those for
the T, coating. T, coating with a higher percentage of titanium
metal powder showed better performance and adhesion. This
higher adherence may be due to increased cross-linkages in
the polymeric network formed after the addition of the metal
powder [35, 39]. A literature survey showed that the modifica-
tion could improve interphase adhesion in epoxy resin [35-
38]. Present results matched the findings of other researchers
who reported that coatings modified by metal addition had
exhibited better adhesion than unmodified coatings [35-41].

Table 3 has shown chemical resistance testing results of
virgin and Ti-impregnated epoxy coatings under covered
and uncovered conditions as per ASTM D1308. A visual
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TaBLE 4: Results of heat resistance testing of the virgin epoxy coating and titanium-embedded epoxy coatings after 24 hours of heating
followed by open-air exposure and dipping in distilled water as per ASTM D2485.

. N Heat resistance test
Coating systems

Placed in open air after heating Grade Dipped in distilled water after heating Grade
T, Fair color stability with roughness on the surface Passed (B) Loss of gloss and a slight change in color Passed (B)
T, Better color stability Passed (A)  Loss of gloss and good color stability ~ Passed (B)
T, Better color stability Passed (A)  Loss of gloss and good color stability =~ Passed (B)

*T: virgin epoxy coating; Ts: 5% titanium-embedded epoxy coating; T ,: 10% titanium-embedded epoxy coating. ** ASTM specifications: accepted (A and B),
failed (C and D).

TaBLE 5: Defects rating as per ISO norms 4628 (parts 1-4) in the virgin epoxy coating and titanium-embedded epoxy coatings after natural
exposure testing.

Defects observed after natural exposure testing

Test stations Coating systems 3 months 6 months 9 months
B R Cr B R Cr B R Cr
T, 28, 1 0 28, 2 0 38, 3 0
NIO T, 0 0 28, 1 0 28, 2 0
To 0 0 0 1 0 28, 2 0
T, 28, 0 0 28, 1 0 38, 2 0
KPT T, 0 0 28, 0 0 3, 1 0
To 0 0 0 0 1S, 1 0

B: blistering; R: rusting; Cr: cracking; 0: no defect seen.

examination of these coatings was performed after the chem-  cover all these flaws. These fine inorganic pigments fill up
ical resistance test. The performance of the coatings in terms  the cavities and imperfections and give a long-lasting coating
of gloss loss, cracking, a sign of deterioration, and the  performance by reducing the cracking and formation of uni-
removal of the coating from the surface was ascertained. ~ form epoxy coating. These particles in the epoxy also act as
Chemical resistance testing of the T, coating under uncov-  interconnected molecules and form crosslinks during the
ered conditions has shown a slight change in color with gloss ~ curing process [40-43]. Results of current work have indi-
loss. However, T+ and T, coatings have not demonstrated  cated better heat resistance of T and T}, coatings than the
any staining after 24 hours of chemical exposure under T, coating. The present study agreed well with the work of
uncovered conditions. Even any swelling or blister formation  Selvaraj and his coworkers, who studied the heat resistance
was not noticed on the surface of T and T, coatings. Chem-  of the titanate-cured epoxy. They observed only a slight color
ical resistance testing of T, coating under covered conditions  change at a higher temperature on the titanate-based coating.
has recorded the appearance of the blister after 24 hours of =~ They concluded that titanate-based epoxy coating withstood
exposure to the chemical mixture. The swelling was also  the high temperature due to the inorganic linkage of the tita-
observed with the loss of gloss and change in coating color. nium [41].

Contrary to this, T and T, coatings have shown a lighter
stain on the coating surfaces with no swelling or blister. Thus,
T. and T, coatings have demonstrated good resistance to the
harsh chemical environment compared to the T, coating.
Furthermore, the present study agreed well with the findings
of other researchers who have reported that metallic powder  3.2.1. Visual Examination. Natural exposure testing at NIO
modified coatings have shown good chemical resistance than  and KPT has shown the formation of numerous small blisters

3.2. Performance Evaluation of Virgin and Titanium-
Impregnated Epoxy Coatings under Natural and Stimulated
Marine Conditions

unmodified coatings when immersed in chemicals for a spe-  along with some rusting on the surface of the T, coating after
cific period [35-37]. three months of exposure. The size of the blisters and the

Table 4 has shown results of heat resistance testing of vir-  intensity of rusting were increased with time. After nine
gin and Ti-impregnated epoxy coatings after 24 hours of heat  months of exposure, rusting caused the deterioration of the
treatment followed by open-air exposure and dipping in dis-  coating system around the scribed region. Blisters of different

tilled water as per ASTM D2485. The hydrophilic nature of  sizes were also spread on the entire surface and near the edges
the epoxy leads to the absorption of water molecules from  of the exposed coated test coupons (Table 5 and Figure 1).

the atmosphere, which causes the swelling of the coating Natural exposure testing of the T coating at NIO has not
upon curing [42]—some defects formed after curing act as shown any detectable rusting or blistering after three months
a passage for corrodents and moisture. Inorganic metallic  of exposure. However, the gloss was reduced, and small blis-
fillers and pigments can form a miscible epoxy coating to  ters with a lower degree of rusting were observed after six
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After exposure at  After exposure at ~ After exposure at
NIO KPT SST

FIGURE 1: Visual appearance of the virgin epoxy coating (T,) and
the titanium-impregnated epoxy coatings (T; and T,;) after
natural exposure (NIO and KPT) and salt spray testing (SST).

months of exposure. An increase in the size of the blisters
with visible rusting and gloss reduction was noted after nine
months of exposure while cracking was not detected. At the
KPT test station, the T coating has not shown any rusting
or blistering after three months of exposure. Small blisters
with a lower degree of rusting appeared after six months of
exposure. Nine months of exposure has shown blisters with
a higher degree of rusting and gloss reduction; however,
cracking was not noted (Table 5 and Figure 1).

Natural exposure testing of the T, coating at NIO has
resulted in no detectable rusting or blistering after the initial
three months of exposure. However, the gloss was reduced,
and some rusting was noticed without blisters after six
months of exposure. Moreover, blisters around the scribed
region were recorded along with gloss reduction without
cracking on the surface of applied coatings after nine months
of exposure. At the KPT test station, no detectable rusting or
blistering was observed after three months of exposure for
T, coating, while a lower degree of rusting was noticed after
six months of exposure. In addition, minute blisters with
noticeable rusting but without cracking were recorded in
the T, coating after nine months of exposure (Table 5 and
Figure 1).

Comparison of the performance of T, Ts, and T, coat-
ings after natural exposure testing at the NIO and KPT test
stations has revealed that the coatings exposed at NIO deteri-
orated more (large size of blisters and a higher degree of rust-
ing) than the coatings exposed at KPT. Early signs of
degradation without cracking were noticed on all the coating
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systems exposed at NIO. This could be associated with the
higher corrosivity of the NIO test station, as reported in pre-
vious work [44, 45].

Detailed defects observed in virgin and the titanium-
impregnated epoxy coatings after salt spray testing have been
tabulated in Table 6. Large size blisters and severe rusting
were noticed in the T, coating (Table 6 and Figure 1). A com-
parison of the results has illustrated that T, coating has dem-
onstrated weak resistance in the salt spray chamber
compared to the T and T, coating systems.

A comparison of natural exposure and salt spray testing
results revealed the better performance of T, coating. It
could be related to the higher percentage of the titanium
metal powder in the T, coating. A higher percentage of tita-
nium metal powder has inhibited the corrodent from enter-
ing into the metal-coating interface and prohibited the
growth of blisters. It may enhance the anticorrosion behavior
of the epoxy coating.

Water diftusion through polymeric layers depends upon
various factors such as stiffness of the polymer chain, cross-
link density, and cohesive energy density. Moisture from
the atmosphere and oxygen can easily fit into the voids cre-
ated on the coating during curing. Due to the hydrophilic
nature of the epoxy, this moisture quickly permeates into
the substrate surface and develops blisters. The presence of
the metal powder in the coating provides a barrier by filling
these voids and prohibits the entrance of the moisture into
the substrate surface, which in turn enhances the corrosion
resistance of the coating [34, 40, 42]. Penetration of the salt
fog into the flexible epoxy coating leads to the lifting of the
coating and blister formation [40]. The present study demon-
strated that the incorporation of titanium metal powder
decreased the flexibility of the epoxy coating and prevented
blister formation. These findings are consistent with the
results reported in the literature [35-40].

3.2.2. Gloss Measurement. Gloss values of virgin and
titanium-enriched coatings after natural exposure and salt
spray testing are depicted in Figure 2. Before the exposure
test, a higher value of gloss was observed for the T, coating.
In contrast, the modified coatings T and T, have exhibited
lower gloss due to roughness on the coating surface caused by
the addition of irregularly shaped titanium metal particles
[46]. A gloss of modified coatings may be improved by
increasing coat thickness much more than the largest incor-
porated particle. Since this titanium metal powder-modified
epoxy coating would be recommended for primer coats,
which are at least 30 microns below the topcoat, sometimes
even more if a surfacer is used, the final gloss of the coating
system will not be affected.

For all the coating systems, maximum gloss reduction
was observed after natural exposure testing at NIO followed
by KPT and salt spray testing, while maximum gloss reduc-
tion occurred in the T, coating. It could be associated with
the higher corrosivity of the NIO test station, as reported ear-
lier [44, 45].

The morphological changes that occur due to weathering
on the surface can be studied by gloss change. The literature
showed that the gloss of the epoxy-based coatings depends
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TaBLE 6: Defect rating as per ISO norm 4628 (parts 1-4) in the virgin epoxy coating and titanium-embedded epoxy coatings after salt spray

testing.

Duration of exposure and coating defects as per ISO norm 4628 (parts 1-4)

Coating systems 61 hours 98 hours 126 hours 201 hours 260 hours
B R Cr B R Cr B R Cr B R Cr B R Cr
T, 28, 1 0 28, 2 38, 3 48, 3 38, 3 0
T, 0 0 0 1S, 0 38, 1 0 28, 1 0 38, 2 0
Tho 0 0 0 0 0 15, 1 0 28, 1 28, 2 0
B: blistering; R: rusting; Cr: cracking; 0: no defect seen.
14 of the T, coating system and corrosion of the underlying
12 mild steel. Natural exposure testing at KPT and salt spray
testing showed that the T, surface was damaged and irregular
5 104 (Figure 3). Natural exposure testing of the T coating system
e at NIO has indicated an uneven surface with crack formation
K 81 on the surface. Natural exposure testing at KPT and salt spray
g 64 testing have also induced the deprivation of the coating sur-
g face characteristics and roughened surfaces (Figure 3). Natu-
2 4 ral exposure testing of the T, coating at NIO and KPT has
5 instigated minor demolition of the coating surface character-
istics. For salt spray testing, T, coating surface characteris-
0 : : : tics did not appear to be significantly different from the
Control NIO KPT SST unexposed sample features (Figure 3).

B Virgin epoxy coating (T,)
@ 5% titanium-embedded epoxy coating (T)
O 10% titanium-embedded epoxy coating (T ;)

FiGure 2: The gloss of the virgin epoxy coating (T,) and the
titanium-impregnated epoxy coatings (T and T,,) after natural
exposure (NIO and KPT) and salt spray testing (SST).

on the formulation, surface smoothness, and refractive index
of the coating. When exposed to sunlight, epoxy coatings lose
gloss and fade [43-46]. Dutta et al. have concluded that
weathering of the coating reduces the gloss value due to the
destruction of the coating matrix, leading to the dismantling
of cross-linkages among the organic units of the coating [47].
Malshe and Waghoo have proposed that gloss reduction in
the epoxy coating may be due to the degradation of the aro-
matic matrix and secondary hydroxyl groups [48]. Yang and
his coworkers have reported that the marine environment
has caused a higher reduction in the gloss of the applied coat-
ing as compared to the salt spray testing due to sunlight and
harsh atmospheric pollutants [49]. Bano and coworkers have
also observed that in the epoxy coating, maximum gloss
reduction was after natural exposure testing compared to salt
spray testing [43]. The findings of the current study are in
complete agreement with these reported results.

3.3. Coating Failure Analysis

3.3.1. Scanning Electron Microscopy. SEM micrographs have
depicted that surfaces of the unexposed T, Ts, and T, coat-
ings were even and had no defects. However, after natural
exposure testing at NIO, the surface of the T, coating was
severely roughened, and an acicular lepidocrocite product
was noticed. This may be due to the complete degradation

A comparison of the SEM results has indicated that the
T, Ts, and T, coatings exposed at NIO and KPT deterio-
rated more than the coatings tested by SST. It was also found
that the performance of the T,, coating was better than the
T and T, coatings. A good correlation between SEM studies
and gloss measurements was also observed. Generally, degra-
dation of the binder in coating results in an irregular surface
and formation of cracks. It has been reported that the addi-
tion of modifiers affects the stability of the binders. These
modifiers form stable oxide layers with the metal-coating
interface and reduce the penetration of corrodents, thus
reducing the corrosion process [43, 50, 51]. The present
study agreed well with these findings.

3.3.2. Fourier Transform Infrared Spectroscopy. The FTIR
spectrum of the unexposed T, coating has shown a broad-
band due to O-H stretching near 3439 cm™". The bands at
2926cm™" and 2858.51cm ™" have indicated the aromatic
CH stretching and aliphatic CH stretching, respectively.
The absorption at 1647 cm™" corresponded to the crosslink-
ing of polyamide with the epoxy group. The signal at
1485cm™ " has indicated the C-C stretching of the aromatic
nucleus, while the band from 1500 to 1600 cm™" has exhib-
ited C=C stretching in the aromatic nucleus. Bending of
CH in CH, and CH, groups was vibrated at 1463 cm ™' and
1384 cm™ ', respectively. The aliphatic C-O stretching was
observed at 1028 cm™’, while the signal at 873 cm™" was due
to the out-of-plane bending of two adjacent hydrogens of
paradisubstituted aromatic. Bands at 534cm”' and
460 cm ™" were due to the COC bending vibration and COC
stretching vibration, respectively (Figure 4) [42, 43, 49, 51-
53].

FTIR spectra of the unexposed T and T coatings have
depicted bands at 3444cm™' and 2924cm™" due to O-H
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After exposure at SST

4

FIGURE 3: Scanning electron micrographs of virgin epoxy coating (T,) and the titanium-impregnated epoxy coatings (T and T,,) after

natural exposure (NIO and KPT) and salt spray testing (SST).
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FIGURE 4: Infrared spectra of (a) virgin epoxy coating, (b) 5%
titanium-embedded epoxy coating, and (c) 10% titanium-
embedded epoxy coating before natural exposure testing at NIO.

stretching and aromatic C-H stretching vibrations, respec-
tively. Aliphatic C-H stretching was observed at 2858 cm™’,
while C=C stretching of the benzene ring (aromatic) was
noted from 1500 to 1600 cm ™. The C-O stretching vibrations
of aryl ether at 1244cm™" and aliphatic C-O stretching at
1031 and 1087cm™" were recorded. The C-O-C bending
vibration was noticed from the 500 to 600 cm™' range [45,
49, 51, 52]. The titanium metal powder has not shown any
signal in the FTIR spectra due to the limitation of the tech-
nique and the appearance of the signal in the far IR region
(Figure 4) [42, 43, 54].

The T, coating after natural exposure testing at the
NIO and KPT test stations and after salt spray testing
has demonstrated variations in the same IR regions
(Figures 5 - 7). These changes were observed to be inde-
pendent of the type of testing involved. A decrease in
the band intensity of aliphatic C-O stretching in the
1028-1035cm™" region was noticed. The decrease in the
signal intensity of the C-O stretching vibration of aryl
ether near 1250 cm™" was observed after salt spray testing
and natural exposure testing at the KPT test station, while
at the NIO test station, this absorption entirely disap-
peared. The decrease in the band intensity of the aromatic

(b)

Transmittance (%)

(a)

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber (cm™)

FIGURE 5: Infrared spectra of (a) virgin epoxy coating, (b) 5%
titanijum-embedded epoxy coating, and (c) 10% titanium-
embedded epoxy coating after natural exposure testing at NIO.
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FIGURE 6: Infrared spectra of (a) virgin epoxy coating, (b) 5%
titanium-embedded epoxy coating, and (c) 10% titanium-
embedded epoxy coating after natural exposure testing at KPT.

nucleus having C=C stretching in the region of 1500-
1600 cm™" was also observed, while new signals appeared
in the 1620-1800cm™" region [42, 43, 52, 53].

FTIR spectra of T and T, coatings after natural expo-
sure testing at the NIO and KPT test stations and after salt
spray testing are illustrated in Figures 5 — 7. The stretching
of Ti-O and Ti-O-Ti bonds was vibrated at about 450 cm™"
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FIGURE 7: Infrared spectra of (a) virgin epoxy coating, (b) 5%
titanium-embedded epoxy coating, and (c) 10% titanium-
embedded epoxy coating after 260 hours of salt spray testing.

and 2370 cm™}, respectively. Intensities of these absorbance
signals were increased upon the addition of the metal pow-
ders due to the formation of bonds between the titanium
metal powder and the epoxy resin. These observations are
consistent with the reported results of Wang et al., Alam
et al., and Zhang and Li [39, 55, 56]. These have described
that an increase in the stoichiometric discrepancies in the
epoxy would increase the transmittance. At the same time,
the vibration of Ti-O was noticed in the lower wavenumber
region from 550 to 638 cm ™', which formed during the cur-
ing process of the epoxy coating [39]. Signals became blunt,
and intensities were decreased for the aliphatic C-O stretch-
ing vibration at 1244 cm™' and C=C stretching in the region
from 1500 to 1600 cm ™', This may be due to the mass loss
and chain scission in the epoxy resin [43, 53]. New absor-
bance signals in the region from the 1620 to 1740 cm™" have
indicated the presence of C=0 stretching from amides and
ketones of oxidation products. The broadband at the
3400cm™" region showed the stretching vibration of the
OH group linked to Ti (Ti-OH).

A comparison of the results has revealed that the T, coat-
ing suffered from maximum degradation. In contrast, the
addition of titanium metal powder has improved the effi-
ciency and performance of the coatings in the natural as well
as in the accelerated environment. Higher degradation of the
coatings was observed in natural exposure due to the harsh
effect of UV rays and a variety of environmental pollutants
[43]. In addition to showing variations in the similar IR
regions, a comparison of the results has also demonstrated
that the maximum deterioration of all the coatings was
observed after the natural exposure on both marine test sta-
tions as compared to salt spray testing. These findings are
consistent with the previous literature [42, 43, 50, 52, 53]. It
has been reported that the decrease in the band intensities,
chain scissoring, and loss of cross-linkage occur due to
weathering of the epoxy coating in the natural environment
[54-57]. Bellenger and Verdu has reported the formation of
ketone products by the carbonyl band at 1728 cm™', while
Paterson has reported the aldehyde-based products [58, 59].
Both of these reactions have indicated the formation of water
molecules by the dehydration reaction of the hydroxyl
groups.

4. Conclusions

In this study, titanium, an exotic metal powder, was incorpo-
rated in two different proportions as a corrosion-resistant
additive in epoxy resin for good corrosion resistance perfor-
mance in-service conditions of the southeastern coastal area
of the China-Pakistan Economic Corridor. Resultant
titanium-enriched coatings have demonstrated excellent
properties, including film hardness by pencil test, adhesion
measurement by the crosshatch-tape test, chemical and heat
resistance, gloss consistency, and exemplary performance in
natural exposure and salt spray testing. Furthermore, this
work also reveals a comparison of the degradation process
in the virgin and titanium-impregnated epoxy coating by
employing SEM and FTIR techniques. Owing to good prop-
erties and performance results, these titanium-enriched
epoxy coatings may find application against atmospheric
corrosion for highly corrosive marine sites located worldwide
and for the shipping industry.
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