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Epoxy polymer, an illustrious barrier corrosion protective coating, was reinforced with metakaolin clay, an eco-friendly inorganic
filler to enhance the barrier corrosion protection properties in water and in acidic environment on galvanized steel plates. Various
proportions 0, 1, 3, 5, and 7 wt.% of metakaolin fillers were mixed intrinsically with kadilux epoxy and characterized for thermal
stability, water absorption according to ASTM G31, and acid immersion according to ASTM D-570 standards, respectively. The
reinforced coatings minimized the pore size and density, lower water absorption, and better acid resistance properties especially

at 7wt.% of the fillers. The thermal stability of the films improved beyond 5 wt.% of filler composition.

1. Introduction

Corrosion is an intrinsic problem in many industries like
automobiles, sugarcane industries, maritime, petrochemical,
and aerospace. To protect the metal substrate, many methods
had been established such as barrier protection, anodic pro-
tection, and cathodic protection [1-4]. Even though lots of
advanced corrosion protection methodologies are available
currently like cathodic protection, anodic protection, and
alloys to suppress the corrosion processes, nevertheless a bar-
rier corrosion protective coating is mandatory. Among many
polymeric coatings, epoxy coating has strong adhesion capa-
bility to metallic substrates and excellent metallic resistance.
Most of the polymers tend to absorb certain amount of water
molecules when immersed in aqueous environment and in
high humidity conditions [5]. Epoxy tends to absorb polar
water molecules during curing and also on specific polar
groups in the epoxy system [6]. This water molecules aid in
corrosion and also deadhesion of the coatings [7]. The
absorbed water molecules can cause various forms of corro-

sion like pitting, crevice corrosion, intergranular corrosion,
and selective leaching.

Duplex system, a painting or powder coating over hot-dip
galvanized steel, slows down the rapid deterioration of zinc
coating. Epoxy paint or coating, widely used for its excellent
mechanical and thermal properties, nevertheless scums due
to pore network formation while cross linking, acting as a path
for water and corrosive species. These defects (pore networks)
lead to ions diffusing through the coating and attacking the
metal substrate [8]. There are various reports concerning
improving corrosion resistance of coatings using nanoparti-
cles such as TiO, [9], ZnO [10], SiO, [11], and ZrO, [12].
Fillers like graphene, nanoclay, zinc oxide (ZnO), montmoril-
lonite, and molybdenum sulfide (MoS,) were used so far to
increase the diffusion path of corrosive liquid beneath the
coating and further inhibit the metal corrosion reaction. For
an effective corrosion protection, the barrier coating of high
density, highly cross-linked, thicker, and self-healing coating
is needed [13]. Metal oxide fillers in to a polymer matrix are
expected to improve the mechanical, chemical, and thermal
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properties [14]. Among various fillers, clay fillers are most
abundantly available at an economical price.

Clay minerals can form layered structures either two,
three, or four sheets of tetrahedral silica [SiO,]* or octahe-
dral alumina [AlO;(OH),],. Kaolin is one kind of clay min-
erals with chemical formula AlSi,O;(OH),, layered and
electronically neutral (uncharged) material. It is found
mostly in Bombowha and Kombolcha areas of Ethiopia
[15] and also usually as byproducts of granite and pegmatites.
In this study, both kaolin ALSi,O(OH), and metakaolin
Al,0,.2Si0, obtained by the heat treatment of kaolin (550-
850°C) are used.

In this study, kaolin clay materials, metakaolin (MK), and
modified clay particles are used as fillers in the epoxy matrix,
and their acid resistance, water absorption, pore size reduc-
tion, and thermal properties had been studied.

2. Materials and Method

2.1. Materials Used. Kadilux epoxy is a two-part epoxy resin,
consisting of a prime hardener as a curing agent and epoxy
resin, manufacutred by Kadisco Paints and Adhesive Indus-
try S.C. (Asian Paint's Group), Addis Ababa, Ethiopia. Kaolin
clay was received from Jimma Science and Technology Uni-
versity, MK clay was prepared by heating the kaolin clay at
temperature of 600°C for 3 hours in a high temperature box
furnace, and galvanized steel sheet was manufactured by
Adama sheet and steel factory. The galvanized steel are cut
into pieces with a dimension of 8 x 3 cm using a steel cutter.
Liquid silicone rubber was used to make molds.

2.2. Equipment and Characterization Used. Grinder (RRH-
A350), a high-speed multifunctional comminutor with a
mortar speed 28000r/min and degree of grinding 50-300
mesh size, is used to grind the kaolin clay material into fine
fragments. Forced convection drying oven was used for
drying wet samples with a temperature range of room tem-
perature to 300°C. Ultrahigh frequency (up to 40 kHz) ultra-
sonicator from Jeiotech UC-20 was used to disperse fillers in
polymer matrix and also for breaking the intermolecular
interaction.

Optical microscope (Huvitz HR-300 series; magnifica-
tion: x50) was used to examine the morphology of the sam-
ples and coatings. Shimadzu Maxima_X XRD-7000 X-ray
diffractometer was used to study and identify the crystallo-
graphic phases, with Cu target (40kV voltage; 30 mA
current), divergence slit of 1°, scatter slit of 1°, and receiving
slit of 0.3 mm and drive axis 20, scan range of 10-80°, scan
speed of 3°/min, and a sampling pitch of 0.02".

2.2.1. Acid Immersion Test. Sulfuric acid is one of the most
destructive acids to metal, and depending on its concentra-
tion and formation manner, it can cause severe degradation
and damage to metal structures which come into contact
with it. The rate of this action is dependent on factors such
as porosity and pore structure and most importantly the
pH and concentration of the sulfuric acid. In this work, the
corrosion resistance data relates to the corrosion resistance
of various coated steel materials immersed in a 2% sulfuric
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FIGURE 1: Magnetic beads with adsorbed impurities while
purification of kaolin clay.

acid solution at room temperature in accordance with ASTM
G31 [16].

2.2.2. Water Absorption Test. The hydrogen bonds among
polymer segments are, however, disrupted by any water that
is absorbed into the polymer network. Water has higher elec-
tron density than the functional centers of the network, and
this disruption of hydrogen bonds can swell and plasticize
the polymer. The water absorption test was carried out based
on ASTM D-570. The samples were cut, cleaned, and
weighed before immersion in distilled water at room temper-
ature. The specimens were removed from the water after
some time, and the surface was wiped off and weighed imme-
diately. The difference between the weight before and after
immersion was noted. This procedure was repeated every
24h until it reaches saturation level. The percent water
absorption was determined based on the expression.

Wet weight — Dry weight

Percent water absorption = % 100,

(1)

Dry weight

where “Wet weight” and “Dry weight” are the final and initial
weights of the samples after and before immersion,
respectively.

2.3. Experimental Procedure

2.3.1. Sample Preparation for Reducing Impurities of Kaolin
Clay. The received kaolin clay was grinded by RRH-A350
high-speed multifunction comminutor with speed of
28000 r/min. After grinding, the powder was sieved by
45 um sieves to get kaolin clay with a particle size <45 ym.
Two types of treatment process were performed: (1) removal
of moisture or water content in the kaolin clay and heat treat-
ment at 600°C for 3h and (2) heat treatment for removing
moisture present in kaolin clay. In the former case, kaolin
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FIGURE 2: Photo images of (a) kaolin clay before and (b) after purification.

()

Ficure 3: The optical images of (a) raw kaolin and (b) MK clay after heat treatment at 600°C.

was first purified by distilled water by dispersing 5 g of clay in
to 100 ml of water followed by magnetic stirring for 1 h, then
leave the solution for 2h for sedimentation of heavy compo-
nents and impurities like quartz and iron. Purification was
followed by decantation of solution by using filter papers
and then dried in an oven. After preparation of powder sam-
ples, X-ray characterization was done.

Kaolin clay powder was washed in water and dried many
times to remove the impurities like quartz and iron and. Dur-
ing the purification process, while stirring the kaolin clay in
distilled water, the impurities are agglomerated or adsorbed
on the magnetic beads, as shown in Figure 1. Photo images
of kaolin clay before and after purification are shown in
Figures 2(a) and 2(b). The optical images of raw kaolin and
MK clay are shown in Figures 3(a) and 3(b).

2.3.2. The Difference in Water Absorption between Kaolin and
Metakaolin (MK). To determine the water absorption
capacity of epoxy/kaolin clay and epoxy/MK clay compos-
ites, both the composites were immersed in distilled water
for 3 days. The conversion of kaolin into metakaolin (MK)

3
(b)
(b)
TasLE 1: Epoxy samples specification.
Symbol Name
GZ/GS Bare steel (galvanized steel)
EPO Epoxy without the addition of filler
EP1 Epoxy with the addition of 1 wt.% filler
EP3 Epoxy with the addition of 3 wt.% filler
EP5 Epoxy with the addition of 5 wt.% filler
EP7 Epoxy without the addition of 7 wt.% filler

was carried out by heating the kaolin clay at 600°C for 3 h.
Preparation of the epoxy composite started by weighing
50g of resin and heated at 60°C for 10min to reduce the
viscosity of resin. Then, MK clay was added and mixed
by using magnetic stir for 15min then 10 min ultrasonica-
tion followed by addition of hardener and mixed for
10 min, poured the prepared composite in to silicon mold,
and then cured for 7 days (360h).
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FIGURE 4: Shows the visual images of the epoxy-MK composite: (a) EPO, (b) EP1, (c) EP3, (d) EP5, and (e) EP7 (reduction in transparency due

to the addition of MK fillers is shown and visually observed).

Weight of the samples were measured before and after
(1, 2, 3, 4, 12, 16, 24, 48, and 72h) immersion, and weight
gain was calculated according to equation (1).

2.3.3. Sample Preparation for Studying Exfoliation and
Corrosion Property of Epoxy/MK Composite. Epoxy resin
was preheated at 60°C to lower the viscosity so that it was eas-
ier for the added MK clay to disperse, and this step was con-
ducted by using magnetic stirrer. 0, 1, 3, 5, and 7 wt.% fillers
were added into 50 parts of epoxy resin separately in different
container and mixed by magnetic stirrer with speed of
400 rpm for 20 min. This speed assisted the clay to break into
small particles and helped to increase the clay/epoxy inter-
faces; then, to increase homogeneity of the composite, ultra-
sonication for 10 min was done. The mixture was then added
with 25g of prime resin curing agents (2:1 ratio of resin to
hardener based on factory specification data sheet) and
mixed for 10min by using magnetic stirrer. The obtained
polymer composite was then poured into a silicon mold, pris-
tine epoxy polymer, without the addition of filler, and was
also prepared as reference sample. For acid corrosion testing
purpose, sample was prepared by immersing the galvanized
steel sheet in the prepared composite.

The steel specimen was washed with acetone and double
distilled water; they were immersed into ethanol solution for
1h for hydrolysis. Finally, sample was dried at 100°C for
20min then immersed in to epoxy/filler composition for
5sec. All samples were cured at room temperature for 7 days.
The epoxy curing procedure was done according to kadisco

paint factory specification data sheet. The sample thickness
before coating was 0.28 mm, and after coating the total thick-
ness, it becomes 0.46 + 0.03 mm. The sample specifications
are shown in Table 1.

Optical transparency in polymer composite is limited by
the particle size of filler since if the fillers are large enough to
scatter the incident light, the composite becomes translucent
or opaque depending on the amount of scattered light.
According to this research, the composite sample was opaque
since there was a total scattering of incident light due to the
presence of microsized MK filler as is shown in Figure 4.

3. Results and Discussion

3.1. Structural Studies of Kaolin and Surface Modification of
Clay by Using Triethanolamine (TEA). As mentioned in sam-
ple preparation technique, Section 2.3.1, the raw kaolin was
undergone two different treatment processes: (1) removal of
moisture or water content in the kaolin clay and heat treat-
ment at 600°C for 3h (heat-treated kaolin or MK) and (2)
heat treatment for removing moisture only present in the
kaolin clay (raw kaolin). In the heat-treated kaolin, most of
the ALSi,O,(OH), present in the raw kaolin was removed
after the heat treatment process at 600°C for 3h, as shown
in Figure 5, according to ICDD file number for kaolinite
ALSi,O;(OH),, 80-885 and for a-quartz SiO,, 85-1054. Sim-
ilar transformation of crystallographic structure on heat
treatment of kaolin or kaolinite was also observed by Wang
et al. [17].
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FiGuRre 5: XRD spectra of (a) raw kaolin and (b) heat-treated kaolin (MK).

XRD analysis was done on kaolin clay and kaolin clay
treated with triethanolamine (TEA), as shown in Figure 6,
to change the surface of kaolin. Apart from the characteristic
peaks of kaolin clay, i.e., 20 =12.36", 19.94°, 24.90°, 35.98",
38.46°, 45.66°, 55.12°, and 62.34,” none other change in inter-
planar or d-spacing was observed. TEA is a strong base, and
kaolin clay also carries a negative surface charge depending
on pH. Under alkaline conditions, the kaolin clay represents
either neutral or negative charge [18]; thereby, it is expected
to repel against negative TEA.

3.2. Water Absorption in Kaolin and Metakaolin. The results
of water absorption test of kaolin and MK, separately,
showed that MK has low water absorption than kaolin which
is a preferable filler in case of corrosion protection coatings.
Blistering of the coating happens if it absorbs high amount
of water which leads to the reduction in service time. Weight
gain vs. time of water immersion of neat epoxy, epoxy/MK,
and epoxy kaolin composite is shown in Figure 7.

Abdul Majeed and Sabar [19] showed that there is
general increase in absorption rate with increase in kaolin
content in PVC/kaolinite composites. Amit [20] showed the
difference in water absorption ability between calcinated
kaolin and row kaolin on their study of physicomechanical
properties of composite materials of low-density polyethyl-
ene and raw/calcined kaolin. According to their work, calci-
nated kaolin showed low water absorption than kaolin [12].

3.3. Optical Microscope Observation. During polymerization
of epoxy, the hardener opens the C—O—C rings, and the

bonds are rearranged to join the monomers into a three-
dimensional network of crosslinked chain-like molecules;
this curing (shrinkage) leads to the formation of pore-like
network in epoxy. Based on optical microscope image, the
neat epoxy has high porosity than composites (the black col-
ored spherical structures are the porous structures formed
after epoxy curing process, as shown in the optical micro-
scopic images in Figure 8); in case of composites, the fillers
in the composite lead to reduction in porosity; this is due to
the filling effect of the metakaolin clay. According to
Figure 8(a), there were larger numbers of voids in EPO which
could be the reason for high water absorption by resin. But in
case of composites, it showed the reduction of porosity with
increase in concentration of MK and this was because of pore
refinement properties of MK. The pore-size distribution
curves indicated the marked influence that MK additions
had in skewing pore-size distribution to the finer sizes com-
pared with the samples without MK. It was also observed that
the total porosity decreased substantially with increasing
replacement level of MK; this is shown in Figure 8. Even
though the pore refinement 100% was not achieved, high
pore reduction performance showed by composite with
7 wt.% MK.

3.4. Corrosion Study. Corrosion is a chemical or electrochem-
ical reaction between a material, usually a metal, and its envi-
ronment that produces a deterioration of the material and its
properties. It is also expressed as a destructive process devel-
oped by electrolyte action over a metal. Galvanized steel is
most commonly used in applications such as buildings,
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roofing, automotive parts, and water pipeline systems owing
to its good resistance to corrosion. Corrosion resistance of
galvanized sheet is largely dependent on the protection
obtained from the zinc coating technique. A galvanized coat-
ing provides steel parts with reliable and long-term protec-
tion from corrosion if they are exposed in a suitable
environment. Galvanized parts perform best when exposed
to climatic influences in locations with low air pollution
and where wetting of their surface is only temporary. If the
corrosion conditions are unsuitable for hot-dip galvanized
coating, the service life of the coating may be very short
under certain conditions. Corrosion attack of zinc is substan-
tially supported by high air pollution, especially an increased
concentration of sulfur dioxide or chlorides in the
atmosphere.

3.4.1. Acid Immersion Test. Galvanized steel performs best in
solutions with a pH in the range of 5.5 to 12 according to
Pourbaix diagram. pHs between 3 and 5.5 (acidic) or 12
and 13.5 (basic) are corrosive to galvanized steel, but the gal-

vanized coating will still give corrosion protection to bare
steel, although the protection will only last for a few years.
To determine the effect of sulfuric acid (pH) on corrosion,
2ml H,SO, and 100ml of distilled water were first mixed
and then immerse the coated and reference samples in to
acid/water solution. The samples were immersed for 2 and
24 h, separately in different containers.

It should be noted that sulfuric acid migrates from the
outside to the interior. Therefore, the outer surface which
exposed to the acid must play an important role in neutraliz-
ing and preventing the solution from penetrating the inside
or substrate. According to the result, the specimens
immersed in a 2wt.% sulfuric acid solution were not much
affected after the exposure period for 2h except uncoated
GZ but on the contrary, all of the specimens had inferior per-
formances against the acidic solution after 24h. Specimens
which consisted 7wt.% MK had better resistance against a
highly aggressive sulfuric acid solution than the reference
(GZ) and other coated specimens; this is shown in
Figures 9 and 10. The rate of this action is dependent on
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(d)

F1GURE 9: The effect of strong acid on galvanized steel (a) before immersion, (b—-d) GZ, EP5, and EP7, respectively, after 2 h immersions, and

(e) after 24 h immersions in 2 wt.% H,SO,.

factors such as number of pore and the pore structure of
coating and most importantly, the pH and concentration of

the sulfuric acid.

3.4.2. Water Absorption Test. The prepared specimens were
placed in water bath at room temperature for about 7 days
until it reached saturation state, at regular intervals of 1h
for first 4 h and increasing to 24 h, then increased the immer-
sion time to 48, 72, and 96 h. Each sample was first removed
from water and dried with a tissue before weighting using
electronic balance. Tendency of epoxy composites to absorb

water and water diffusion through the samples was investi-
gated by the water uptake test at ambient temperature during
4 days. For the initial stage, the water uptake (W,) increases
with time, while for longer exposure time, the asymptotic
behavior (saturation) was present (Figure 11). The negative
reduction in weight showed in EP5 and EP7 may due to the
loss of loosely bonded fillers from the composite due to sorp-
tion of water, and this was also shown by Omar [21]. Water
sorption would result in elution of unreacted monomers
and/or unreacted fillers, which in turn will result in loss of
weight.
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4. Conclusion

In this study, epoxy was reinforced with MK (with different
concentration) in order to observe the effect of those MK
reinforcements on the pore refinement and corrosion prop-
erty (the water absorption and acid resistance property) of
the composite, and through the processing methodology
listed above, epoxy/MK composite was synthesized. The sur-
face modification of MK was not improved significantly after
TEA treatment, due to high basic nature of TEA and negative
surface charge of filler. Based on water absorption and acid
resistance test, all epoxy composites, especially epoxy/7 wt.%
MK composite, showed a positive effect on both acid resis-
tance and absorption property. The performance enhance-
ment of MK is because of high pore refinement and acid
protection ability and also low water absorption property
due to removal of OH groups during calcination of kaolin.
In general, filler concentration in the coatings, the thickness
of the coatings, and surface preparation of substrates were
the prime factors which affecting the corrosion resistance of
composite coatings, and effective corrosion resistance was
observed when the coating thickness increased. The epox-
y/7wt.% MK coated samples with a coating thickness of
250 um showed better corrosion resistance properties when
compared to the other samples. The authors recommend that
for further enhancement of barrier protection properties of
kadilux epoxy resin, using nanosized particles and thermal
crosslinking of resin will have better performance.
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