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Abstract

Infrastructure maintenance costs billions of dollars every year and inconveniences
millions of people every day. One of the primary causes of the damage and deterioration
of infrastructure is the corrosion of steel reinforcement in concrete. A popular option for
the protection for steel reinforcement is epoxy coating, but when damaged this coating
becomes ineffective. A possible improvement to this system involves incorporating self-
healing agents into the epoxy coating, allowing damage to be automatically repaired,
extending the life of the rebar and therefore the structure. This paper presents the results
of experimentation conducted with tung oil, a possible self-healing agent. Micro-
encapsulated tung oil was incorporated into a two-part epoxy. The resulting coating was
applied to steel rebar and subjected to a number of tests, including accelerated corrosion
testing. This corrosion testing formed the backbone of the results, showing that the
experimental coatings with microcapsules exhibited significantly longer lifespans than
samples with regular epoxy coatings when subjected to a controlled corrosive
environment. These results indicate a promising future for self-healing coatings and many

opportunities for continued research and development.
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Introduction
According to the American Society of Civil Engineers (ASCE), which provides a

rating of the various aspects of the nation’s infrastructure every four years, the United
States is currently suffering from the rapid deterioration of its infrastructure, with many
concrete structures falling into poor condition and maintenance projects showing very
little overall improvement [1]. This is a significant problem, with repairs and
replacements costing hundreds of billions of dollars in total [2], causing delays to
hundreds of millions of trips daily [1] and impacting the environment significantly.
Corrosion of the reinforcing steel bar in concrete, called rebar, is one of the
leading causes of infrastructure deterioration. Rebar is included in nearly every concrete
structure and is typically protected against external factors that would cause rusting by a
thin epoxy coating. If this coating is damaged, however, water and corrosive agents can
come in contact with the rebar and cause it to rust more quickly. The corrosion causes
rebar to greatly increase its volume, producing internal stresses in the concrete which
break it apart from within. Therefore, improvements in corrosion inhibition of rebar are
of significant importance in prolonging the service life of reinforced concrete structures.
In order to achieve the objective of preventing rebar corrosion and subsequent
reinforced concrete deterioration, self-healing coatings for rebar were investigated in this
project. Self-healing coatings are capable of repairing themselves after damage and
therefore are a significant improvement over unmodified epoxy coatings. Even though
damage usually occurs during the initial construction, it may happen at any time
throughout the life of the structure. This project reports the first use of self-healing
coatings for steel-reinforced concrete. Specifically, tung oil was encapsulated in

poly(urea-formaldehyde), embedded into epoxy resin, and then applied to rebar.
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Background

Composite Design
Rebar is added to concrete structures in order to take advantage of both the

properties of the concrete and the rebar [16]. Concrete has a high compressive strength
but a low tensile strength. When coupled with rebar, the composite structure makes use of
the rebar’s strength in tension while relying on the concrete exclusively for its
compressive strength [16]. For this reason it is important that a strong shear bond is
formed between the reinforcement and the concrete so that the rebar does not separate
from the concrete when the system is put into tension [10].

Rebar has grooves or ridges in it to facilitate a solid bond between the
reinforcement and the concrete [17, 18]. However, the addition of coatings to rebar
changes the interface, which may change the shear bond strength between the rebar and
concrete [10]. If a coating is too thick, ridges in the rebar will be diminished, which can
decrease the pullout strength. Depending on the shear strength and adhesive qualities of
the coating, there is potential for the coating to delaminate from the rebar, the concrete, or
both when the rebar is placed under stress [18]. If any material or interface fails when

transferring the forces between the concrete and steel, then the entire system may fail.

Corrosion and Deterioration of Concrete Structures
The deterioration of concrete structures can be attributed to many factors,

including overloading, metal fatigue, and natural disasters. The corrosion of rebar in
concrete, however, is one of the leading causes. Steel is chosen for its ease of placement,
wide availability, and its tensile and flexural strength. The major problem with most
types of steel rebar is that steel rusts [3]. Steel starts off as iron (Fe) smelted in a high-

temperature process to incorporate carbon atoms [4]. The carbon greatly increases the
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strength of the iron but simultaneously gives steel a net positive charge [5]. This net
positive charge allows steel to react with anions, forming iron(Il) hydroxide (Fe(OH),)
and iron(IIl) oxide (Fe,O3) [5]. When the steel oxidizes, it expands to a volume roughly
six to eight times larger, causing tensile stresses in the concrete that eventually lead to
spalling and cracking [6].

Due to the natural alkaline environment of concrete, embedded steel forms a
stable oxide layer on its surface, sealing it off from further corrosion [7]. Although the
steel underneath will still corrode, further oxidation will happen at a much slower pace
than would normally occur [7]. This balance is upset, however, when aggressive agents
are present. Concrete is porous and therefore salts may be carried by water through even
undamaged concrete and come in contact with the metal surface. The presence of these
salt ions causes the steel to corrode much more quickly.

Concrete also tends to undergo degradation due to the environment. The primary
ingredients in concrete are aggregate, such as sand or gravel, and cement paste. Cement
paste is the adhesive that holds together the aggregate together, and it is more susceptible
to deterioration than most aggregates. As the cement in concrete degrades, cracks form
and pieces of aggregate become loose. These cracks allow water and air to easily reach
the rebar within the structure. Water reaching the structure’s reinforcement will then
cause the rebar to degrade at a faster rate. This rapid corrosion then leads to the need for

more repairs or premature replacements of structures.

Corrosion Prevention Methods
Many approaches have been developed to prevent rebar from corroding. One

widely used method is to coat rebar with epoxy. The epoxy coating prevents moisture,

oxygen, and salts from coming in contact with the rebar. This method is relatively
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inexpensive and easy to apply, but fails to protect rebar in concrete when the epoxy
coating is damaged or cracked. Weak physical bonding between epoxy and rebar is
another hindrance to effectively protecting concrete reinforcement [8]. Previously,
hexavalent chromium was commonly added to epoxy coating because it served as a good
anticorrosive additive to paints, primers, and other coatings, but it is known to be a
carcinogen and increase the risk of lung cancer [9, 10]. Therefore, investigations in safer
anticorrosive substances have been suggested [11, 12].

Another method of corrosion inhibition is to use stainless steel for rebar. Stainless
steel is significantly less prone to corrosion than carbon steel, and thus prolongs the
service life of reinforced concrete [13]. However, stainless steel is not widely
incorporated into concrete structures due to its high cost, about 2.5 to 4 times the cost of
carbon steel [14]. Using stainless steel for all rebar would significantly raise the capital
cost of a project.

Galvanic protection, also called cathodic protection, is another effective method
of protecting rebar in concrete. There are two distinct approaches to cathodic protection:
passive galvanic protection and active systems. Passive galvanic protection involves
attaching a sacrificial metal, such as zinc or aluminum, in order to reduce corrosion of
rebar electrochemically [15]. This method is commonly used in concrete structures for
pipelines, storage tanks, and offshore platforms. Active systems involve the
implementation of an external current and are only used for very large applications such
as ship hulls [15]. Although galvanic protection can significantly increase the life of
reinforcement and the concrete structure, it is more expensive than either carbon steel or

epoxy coated rebar.
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Self-Healing Coatings

Self-healing coatings are an exciting technology capable of recovering their initial
properties after being damaged. Conventional corrosion inhibiting coatings have reduced
function when the coatings are damaged and the metal underneath is exposed to corrosive
agents. For example, the epoxy coated rebar used today works well only when the coating
is still intact. In contrast, self-healing coatings can continue to inhibit corrosion even after
the material is damaged because the defects are automatically repaired, or “self-healed”.
Therefore, introducing a corrosion inhibiting self-healing coating on rebar should greatly
prolong the life of the steel reinforced concrete structure. This is a novel concept that has

not yet been investigated.
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Literature Review
Corrosion of metals is an electrochemical phenomenon that is unwanted in almost

all situations, other than those in which the corrosion is intentionally used to produce a
protective coating. The two primary approaches to inhibit corrosion in reinforced

concrete structures involve either modifying the concrete or coating the rebar.

Concrete Mix Design
Significant research has been conducted regarding inhibiting corrosion through

the manipulation of the concrete mix. In one example, Okba et al. investigated the
resistive qualities of latex modified concrete (LMC), finding that across the board it
provided better protection against corrosion than conventional concrete [19]. LMC is a
variation of standard concrete containing a latex polymer that works with the cement as a
binding agent [20]. LMC’s anti-corrosive abilities result from its increased
waterproofness and chemical resistance to some salts over regular concrete [20].
Unfortunately, LMC is more expensive than conventional concrete so further

investigation is required to determine the most efficient use of LMC as rebar cover [19].

Epoxy Coatings
Applying a coating on rebar is another method to protect it from corrosion. Epoxy

coatings applied to rebar are widely used for their ability to prevent or limit water and
corrosive agents from reaching the rebar [20]. In one study, slabs containing uncoated
steel were compared to slabs containing epoxy coated steel and both were subjected to
long-term corrosion testing. The results showed that epoxy coatings prevented significant

corrosion for 9 years as opposed to the 1.5 years of uncoated steel [21].

Self-Healing Coatings
Self-healing mechanisms, while not previously investigated for application to

concrete-encased rebar coatings, have been shown to repair damage in other materials,
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including polymer coatings for metals. There are many healing mechanisms available for
self-healing coatings when the goal is to prevent corrosion, and several were researched
as potential subjects for this study. The healing agents must be contained somehow in
order to incorporate them in epoxy coatings, which can be done using microcapsules.
Many microencapsulation methods for self-healing coatings have been based on Brown’s
et al. encapsulation procedure of dicyclopentadiene (DCPD) in poly(urea-formaldehyde)
[22]. Incorporating a microencapsulated self-healing agent into the epoxy resin may

greatly improve and prolong the life of rebar.

Benzotriazole Encapsulated Self-Healing Coatings
Benzotriazole can be incorporated into a coating used to protect metals from

oxidation. It is known to be one of the top corrosion inhibitors of copper and its alloys
[23]. Benzotriazole is commonly used with other substances, such as manganese(III)
oxide (a-Mn;03), to improve the reaction of benzotriazole with copper that produces a
corrosion barrier [24]. Micro- or nanocontainers can be loaded with benzotriazole
allowing it to be easily incorporated into a coating. Borisova et al. and Abdullayev ef al.
successfully loaded it in nanocontainers to inhibit the corrosion of an aluminum alloy [25,
26]. Additionally, Latnikova et al. encapsulated 2-methylbenzothiazole (MeBT), a
corrosion inhibitor similar to benzotriazole, in polyurea [27]. Microcapsules filled with

MeBT could potentially be used for self-healing epoxy coatings for rebar.

Bismaleimide Encapsulated Self-Healing Coatings
Bismaleimide solutions have also been encapsulated and incorporated into

appropriate epoxy thermosets to produce self-healing coatings. Bismaleimides reacts with
furans thermoreversibly through the Diels-Alder reaction. Peterson et al. extensively

investigated the properties and performance of a furan-functionalized epoxy-amine
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thermoset that could be healed with a bismaleimide solution [28-31]. In this system the
solvent swells and makes the polymer rubbery when the polymer is damaged and
microcapsules rupture. When bismaleimides reacts with furans within the polymer
network, they form covalent bonds across a crack. Pratama et al. developed a method to
encapsulate  multimaleimide  solutions  with  poly(urea-formaldehyde) (pUF)
microcapsules [32, 33]. Therefore, furan-functionalized epoxy-amine thermosets could

potentially be used as self-healing coatings for rebar.

Drying 0il Encapsulated Self-Healing Coatings
Another set of potentially effective healing agents are drying oils including

linseed oil, tung oil, and walnut oil. When drying oils are exposed to air for a period of
time, they polymerize and form a hard waterproof film. Because of this property, drying
oils have been widely used for coatings in paintings and varnishes for centuries.
Scientists have extensively investigated the encapsulation of linseed oil and tung oil in
pUF microcapsules [34-38]. Samadzadeh er al. was the first to successfully synthesized
drying oil-encapsulated self-healing coatings [36]. These pUF microcapsules filled with
drying oils have a rough shell allowing good adhesion with the epoxy matrix [36]. The
size of the microcapsules can be easily controlled by the rate of agitation [35]. The
relative kinetics between polymerization of drying oils and rust formation on concrete
rebar has never been investigated, making drying oil encapsulated self-healing coatings a

prime subject for research and testing.
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Experimental

Synthesis of Microcapsules
Encapsulation of Tung 0il
Urea, ammonium chloride, resorcinol, formaldehyde, and tung oil were purchased

from Sigma-Aldrich. Ethyl maleic anhydride (EMA) was purchased from Vertellus. All
chemicals were used without any purification. ULTRA-TURRAX high-speed
homogenizer (IKA Werke, Staufen, Germany) was used for mixing the solution.

The procedure used for encapsulating tung oil was based on the method described
by Samadzadeh et al. [36]. The encapsulation began with an oil-in-water emulsion to
which the following components were added: ethyl maleic anhydride (EMA) solution as
a surfactant, resorcinol to stabilize the solution, ammonium chloride to provide a pH
buffer, and urea reacting with formaldehyde to form the polymer shells.

At room temperature, 200 mL of deionized water, 25 mL of 2.5 wt.% EMA
solution, 0.5 g of resorcinol, 0.5 g of ammonium chloride, and 5 g of urea were mixed
fully in a 500 mL beaker. Following this, the pH of the solution was adjusted from 2.7 to
3.5 using dilute sodium hydroxide solution in order to control the morphology of the
polymer shells. This solution was placed into a room temperature water bath and kept
stirring at 400 rpm as 50 mL of tung oil was slowly added into the solution. The resulting
mixture was mechanically stirred at 400 rpm for 10 minutes to form a stabilized emulsion,
after which 13 g of 37 wt.% formaldehyde solution was added. The temperature of the
solution was raised to 60 °C for 4 hours at 400 rpm to facilitate the polymerization
reaction between urea and formaldehyde. The solution was then removed from the oil
bath and stirred as it cooled to room temperature over 6 hours. To extract the
microcapsules, the mixture was vacuum filtered with coarse filter paper, then washed

twice with deionized water and twice with acetone, respectively. Finally, the
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microcapsules were air-dried for 48 hours before they could be used. The setup was as

shown below.

Figure 1: Setup for microcapsule synthesis

Encapsulation of 2-methylbenzothiazole
Both poly[(phenyl isocyanate)-co-formaldehyde] (isocyanate pre-polymer,

number of reactive groups per molecule~3.0, MW~375) and poly(vinyl alcohol) (PVA,
MW~9,000-10,000, 80% hydrolyzed) were purchased from Sigma-Aldrich. 2-
methylbenzothiazole was purchased from Fischer Scientific, ethylenediamine was
purchased from Alfa Aesar, and tetracthylenepentamine (TEPA) was purchased from
Acros Organics. All chemicals were used without any purification.

Two different methods to encapsulate 2-methylbenzothiazole were attempted. The
first method, which has not been previously reported in the literature, used the same
procedure as the tung oil encapsulation while the other method was based on the

procedure previously reported by Latnikova et al. [27].
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The tung oil method used to encapsulate 2-methybenzothiazole utilized the same
chemicals and proportional amounts as in the procedure to encapsulate tung oil. At room
temperature, 40 mL of deionized water, 5 mL of 2.5 wt.% EMA solution, 0.1 g of
resorcinol, 0.1 g of ammonium chloride, and 1 g of urea were mixed fully in a 500 mL
beaker. Once the solids were completely dissolved, the solution was adjusted to a pH of
3.5 using dilute sodium hydroxide. This was placed into a room temperature water bath
and kept stirring at 400 rpm as 5 mL of 2-methylbenzothiazole was slowly added to the
solution. The resulting mixture was mechanically stirred at 400 rpm for 10 minutes to
form a stabilized emulsion, after which 2.6 g of 37 wt.% formaldehyde solution was
added. The temperature of the solution was raised to 60 °C for 4 hours at 400 rpm to
facilitate polymerization reaction. The resulting solution was filtered using vacuum
filtration and rinsed twice with deionized water and twice with acetone.

The method from Latnikova et al. [27] took a completely different approach than
the tung oil method. Instead of synthesizing a polymer in a solution, a prepolymer was
used to encapsulate the healing agent. This method also asked for a homogenizer to
emulsify the solution but it was unavailable in the laboratory. Therefore, a mechanical
stirrer was used instead and the chemical amounts used were tripled to allow for proper
mixing.

A solution of 900 mg of isocyanate prepolymer and 2100 mg of 2-
methylbenzothiazole was emulsified in a 10mL of 2 wt.% of aqueous poly-(vinyl alcohol)
(PVA) using a 4 impeller mechanical stirrer at 400 rpm. While the solution was
emulsifying for about 18 minutes, another solution consisting 3.3g of ethylenediamine

(EDA), 11.4 g of tetraecthylenepentamine (TEPA), and 30 mL of water was prepared.
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This solution was then added to the emulsified solution under constant stirring for about
10 minutes [27]. The combined solution was covered with Parafilm and allowed to react
for 10 hours at room temperature. To extract the product, the solution was vacuum
filtered with coarse filter paper, then washed twice with deionized water and twice with

acetone. The particles were air-dried for 48 hours under the fume hood.

Microcapsule Characterization
Microcapsules were characterized using two methods. First, the microcapsules

were imaged with scanning electron microscopy (SEM) to determine the morphology and
the size distribution of microcapsules. Thermogravimetric analysis (TGA) was also

conducted to determine the thermal stability of microcapsules.

Preparation of Self-healing Coating
To make the experimental epoxy coating, microcapsules containing tung oil and a

2-part epoxy coating (Super Glaze, Rust-Oleum Parks) were used. Two different coatings
were synthesized: coatings with 10 wt.% and 20 wt.% tung oil microcapasules.
Minimizing air bubbles in the epoxy resin microcapsule mixture was necessary to prevent
void formation in the coating. Therefore, a planetary centrifugal mixer (Thinky Mixer)
was utilized to mix the microcapsules and epoxy. All the mixing in Thinky was
performed at 200 rpm for 2 minutes and degassed at 400 rpm for 30 seconds in order to

prevent microcapsule from rupture.

Preparation of Coated Rebar
12>’ rebar for lollipop samples and 36’ rebar for pullout samples were cleaned

and dip-coated. The coatings were then allowed to cure for 72 hours at room temperature
before being encased in a concrete sample. Damaged rebar samples were made by using a
utility knife to make a 3-inch cut in the unmodified epoxy coating as well as the

experimental coatings. This cut was 1-inch from the bottom of the rebar, as shown below.
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Figure 2: The cut made on rebar coatings

In addition to the samples for the accelerated corrosion test, another set of
samples was prepared to measure the thickness of the coatings. Once the coatings were

fully cured, a caliper was used to measure the outer diameter of the coated rebar.

Concrete Mix Design
The concrete mix that was used was for a standard mortar and specified that 45

vol% of the dry ingredients must be cement and for the other 55 vol% to be fine
aggregate. A 0.3 water-to-cement ratio was determined to be adequate to make the
samples easily workable but also sufficiently strong.

Following these ratios for our typical 1 kg batch, 550 g of fine aggregate, 104 g of
water, and 346 g of portland cement were added. Batches of this size were made in order
to ensure the materials were sufficiently mixed together into one homogeneous cement
mix.

Compression Testing
The mix design also underwent compression testing before it was used in

accelerated corrosion testing to ensure the compression strength matched standard
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industry values. Any significant variation would have indicated a problem with the
process used to mix, pour, or cure the concrete. To perform this testing, a commercial
grade mixer was used to combine the dry aggregate and portland cement for 2 minutes
before slowly adding water to the mix and mixing for an additional 4 minutes. This mix
was then allowed to sit for 1 minute before being turned by hand and then placed into
molds.

Prior to the mix being placed into the cube molds, the molds were assembled and
lightly wiped down with WDA40 as a release agent to help remove the molds later. The
cube molds were then filled 1/3 of the way and rodded 12 times each. They were filled a
further 1/3 and rodded 12 times each again before being filled the remaining 1/3 and then
being rodded a final 12 times each. This process helps remove air bubbles from the
concrete mix. Large air voids could cause samples to have imperfections, which lead to
underperformance in testing. The entire mold was then placed into a sealed plastic bag
and placed in the curing room. The bag was placed on the sample to keep the relative
moisture content in the bag stable for the initial curing period. Twenty-four hours after
pouring, the cubes were then demolded and placed back into the curing room without the
plastic bag until they had cured for the specified amount of time for testing. One of the

samples was shown as below.
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Figure 3: The concrete cube for 1-day testing

The compression test cubes were tested after 1 day, 7 days, and 28 days of curing
in order to obtain representative graphs of the development of the mix designs strength.
This testing was performed with a Tinius Olson Universal Testing Machine.

Prior to testing, each of the samples was measured and weighed. The dimensions
of the samples were then put into the program that runs the tester in order to accurately
calculate the stresses the cubes underwent. The samples were each individually placed in
the center of the base of the tester and the upper powerhead was then lowered until it was
1/4"” from the top of the sample. The powerhead was then brought down with the fine
adjustment until it was just barely making contact with the top of the cube. The cube was

then ready to undergo the testing procedure.
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Specimens were compressed at a load rate of 2000 pounds per minute until they
failed, as shown below. The 3 samples for each cure period were then analyzed to

determine whether the strength of the mix was adequate for use in all of our samples.

Figure 4: Compression testing for a 28-day concrete cube

Accelerated Corrosion Testing
The accelerated corrosion testing was based on the procedure previously used by

Ahmad [39]. The 3” diameter by 6” tall cylindrical concrete samples were prepared with
rebar partially encased in them. The 1’ long rebar was suspended 0.75” from the bottom
of the mold and extended out of the top of the concrete. Sets of the rebar were coated
with one of the four coating types being tested: no coating, unmodified epoxy coating,
and epoxy coating mixed with 10 wt.% and 20 wt.% of microcapsules containing tung oil.

These samples were submerged in a 5 wt.% sodium chloride (Alfa Aesar) solution with
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the waterline just below the top of the concrete and the rebar extending upward. Two
stainless steel plates were placed in the solution on opposite sides of each sample. 30-volt
power supplies were used to apply a current through the system with the stainless steel
plates attached to the negative leads and the rebar protruding from the sample attached to
the positive lead. A data logging program tracked the current in the circuit at regular
intervals, which allowed the determination when the first full crack forms in each sample.
A spike in current was observed when a crack was initiated due to significant loss in

electrical resistance. The setup was shown as below.

WSS

Figure 5: Setup for accelerated corrosion testing

Pullout Testing
The pullout testing was conducted based on standard laboratory practices. 3’ long

pieces of rebar were coated in each type of coating, then encased in 3" diameter by 6” tall
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concrete cylinders. After full concrete curing, each cylinder was then placed in the
universal testing machine with the rebar clamped and the concrete cylinder braced. The
rebar was pulled away from the concrete at a uniform rate of 8000 pounds per minute
until it broke from the concrete. The results of this test allowed determination of the
effect of adding microcapsules to an epoxy coating on the pullout strength of rebar

encased in concrete. The setup for pullout testing was shown as below.

Figure 6: Setup for pullout testing
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Results and Discussion

Synthesis of Microcapsules
Mechanical Stirrer verses Magnetic Stirrer
It is critical to mix the solution evenly during the encapsulation process. In early

studies a magnetic stirrer was used, resulting in numerous failed attempts to produce
microcapsules. It was observed that synthesized microcapsules tended to aggregate,
forming many polymer clumps and clogging the filter paper. Additionally, only shrunken
or broken microcapsules were observed under SEM. All of these phenomena were caused
by unevenly distributed drops of tung oil in the solution and a polymerization process that
failed to occur evenly on the surface of the oil drops. However, when a mechanical stirrer
was used for mixing the solution at the same stirring rate, the particles were discrete and
easily filtered. Therefore, good mixing must be achieved in order to produce high-quality

microcapsules.

Encapsulation of Tung 0il
Microcapsules containing tung oil were successfully synthesized. As shown in

Figure 7 the product was discrete, slightly yellow particles, the shape of which could be
easily observed with the naked eyes. It was also observed that a drop of yellow liquid

came out when some of the microcapsules broke.

: v'-; ’, i‘rgé ¢

Figure 7: Appearance of synthesized microcapsules containing tu g oil. The im ges of the whole batch of

microcapsules in a Petri dish (left) and some microcapsules (right)
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The synthesized microcapsules were imaged by SEM. As shown below in Figure
8, the microcapsules are spherical and have a rough shell, indicating that they will have
good adhesion with epoxy coating. The average size of the microcapsules was
determined using Image] to be around 300 pum. However, the size distribution of
microcapsules used for the accelerated corrosion testing was broad and had multiple
peaks, as a few batches of microcapsules synthesized at different times were combined,
and the size distribution from each batch differed due to the lack of strict quality control

during the microcapsules synthesis.

»
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f (a) synthesized microcapsules containing tung oil; (b) the detail of a crack

o

Figure 8: SEM images o

TGA was conducted for the synthesized microcapsules containing tung oil (Figure
9). The curve demonstrated a slight mass loss starting at 250 °C followed by a significant
mass loss at 350 - 480 °C, at which the microcapsules ruptured and the tung oil was
vaporized. This shows that the synthesized microcapsules have good thermal stability.
TGA for broken microcapsules was also conducted and showed the almost exact pattern

as the intact sample.
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Figure 9: TGA curve of synthesized microcapsules containing tung oil

It was discovered that the size of microcapsules was significantly affected by the
pH of solution. During the experiment there were several times when the pH meter was
not properly calibrated, causing variations in pH. After the product was synthesized and
characterized by SEM, it was realized that the size distributions of some samples made at
separate times were significantly different, as mentioned above. Based on the experiment,
a slight difference in pH made a large difference in microcapsule size. The largest
difference in average diameter observed was 100 um. Investigating how the size and size
distribution of microcapsules affect the quality of self-healing coatings was not within the
scope of this project, therefore it is strongly recommended to keep samples as similar as
possible and to investigate the effect differences in microcapsule size may have in future

research.

Encapsulation of 2-methylbenzothiazole
After successfully encapsulating tung oil in poly(urea formaldehyde), an attempt

to encapsulate a second type of healing agent, 2-methylbenzothiazole, was performed.
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With the materials already purchased for the encapsulation of tung oil, the idea of using
the same procedure to encapsulate 2-methylbenzothiazole in poly(urea formaldehyde)
was proposed.

The attempt to encapsulate 2-methylbenzothiazole using the tung oil procedure
was not successful. This was concluded immediately upon filtering the solution when no
particles were left behind on the filter paper. A possible reason for this unsuccessful
encapsulation of 2-methylbenzothiazole was that the healing agent reacted with another
chemical used in procedure. This hypothesis is supported by the observation of a white
cloud in the emulsion solution upon addition of 2-methylbenzothiazole. Since the
formaldehyde has not yet been added, the white cloud could not be poly(urea-
formaldehyde). Because the unexpected reaction could not be immediately identified and
the overall experiment did not produce 2-methylbenzothiazole microcapsules, this

procedure was disregarded.

methylbenzothiazole by MQP group (right).

Since Latnikova et al. successfully encapsulated 2-methylbenzothiazole in
polyurea shells, this method was adopted. With a tight budget, a four propeller

mechanical stirrer was used instead of the homogenizer utilized in the Latnikova et al.
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procedure. After performing the experiment, golden spherical particles was obtained.
With the naked eye, the particles seemed to look like microcapsules. Thus, SEM images
of the particles were obtained as shown in Figure 10. The particles synthesized looked
similar to SEM images in the literature shown in Figure 10, signifying there was a chance
the particles were in fact microcapsules. To provide evidence of a successful
encapsulation, a TGA experiment was performed. As shown in Figure 11, a rapid mass
loss of 2-methylbenzothiazole in polyurea shells should occur at around 150 °C
according to Latnikova ef al. [27]. The TGA graph obtained on the experimental 2-
methylbenzothiazole microcapsules showed no indication of a rapid mass loss at 150 °C.
Therefore, this indirect evidence suggests that there was no encapsulation of 2-
methylbenzothiazole in polyurea shells. Furthermore, when crushing the particles with a
metal spatula, the substance refused to rupture. Thus, it was concluded that there is no

encapsulated 2-methylbenzothiazole in polyurea shells.
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Figure 11: TGA graph of 2-methylbenzothiazole microcapsules by Latnikova et al. (left) and experimental
TGA graph (right)
A possible reason for the failed attempt to encapsulate the healing agent may

include the use of a different mixer. The procedure in the literature used a homogenizer at

17000 rpm whereas in this experiment a four impeller mechanical stirrer was used at 400
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rpm. A homogenizer is a high shear mixer, which can mix highly viscous materials,
whereas the mechanical stirrer is a low shear mixer. Thus, using a mechanical stirrer may
not be a good choice of equipment to mix the isocyanate prepolymer, a viscous material,
into the solution. Therefore, the inadequate mixing may have caused uneven distribution
of prepolymer in the solution.

With limited time and resources, encapsulation of 2-methylbenzothiazole was
aborted. One of the deciding factors was the expense of the materials. If 2-
methylbenzothiazole was chosen as a healing agent, the cost to produce this coating in
industry would be expensive. The other factor was that the materials used in the synthesis
were toxic. According to New Jersey Department of Health, the chemicals such as
tetraethlpentylamine used are hazardous to both humans and the environment [40]. As a

result, 2-methylbenzothiazole was not investigated any further.

Preparation of Self-healing Coating
Effect of Microcapsules on Epoxy Curing
During various tests of the experimental coatings, it was noted that the 10 wt.%

and 20 wt.% coatings remained tacky after the unmodified epoxy had fully cured and was
dry to the touch. The exact cause of this has not been determined, though several
possibilities have been considered. The epoxy used consists of two parts mixed in equal
proportions, which then undergo a reaction to form the solid product. It is possible that
including microcapsules in the mixing process may hinder the complete mixing of the
two parts which would lead to an incomplete curing. It is also possible that the tacky
nature was due to some of tung oil from microcapsules ruptured during mixing and/or
coating. Further testing is required to determine the exact cause and effects of this

phenomenon.
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Coating Thicknesses
The relative thickness of the experimental coatings as compared to the

unmodified epoxy coating was considered as a potential factor for increased time to break
that is unrelated to the self-healing properties of the coatings. Because the coatings are
waterproof and nonconductive, increased thickness of the coating would be expected to
provide more protection to the steel underneath. In order to determine if the coatings with
microcapsules were thicker, several rebars were coated with the same process used in the
other tests, but not encased in concrete. After the samples had cured for 72 hours, a
caliper was used to measure the thickness of the rebars and coatings. A single-tailed T-
test was used on the results (Figure 12) to determine if the thicknesses of the 10 wt.% and
20 wt.% coatings were significantly different from the thickness of the unmodified epoxy
coating. With a confidence interval of 95%, the results of the test showed that the

experimental coatings were not significantly thicker than the regular coatings.
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0.4660
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Uncoated Regular 10% 20%
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Figure 12: Outside diameter of coated rebars

Self-healing Ability
A simple test was conducted in order to confirm that the synthesized coating

actually self-healed. For this test, glass slides were coated on one side with one of three
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types of epoxy coating: unmodified, 10 wt.% microcapsules, and 20 wt.% microcapsules.
The control and experimental samples were cut in a straight line by a brand new box
cutter, and the damage was imaged using an inverted transmission optical microscope
immediately, two days, five days, and seven days after the samples were cut. As shown
below (Figure 13), tung oil bled out of a microcapsule and filled in the cut. This is direct
evidence that tung oil is mobile enough to spread out and cover the damage when

microcapsules break.

Figure 13: Optical microscope images of tung oil bleeding out of a microcapsule under (a) low, (b) medium,
and (c) high exposure (10 wt.%, 5 days after damage)

Additionally, there was a newly formed film of oxidized tung oil observed in the
vicinity of the damage. Five days after the samples with 10 and 20 wt.% microcapsules
were damaged, a band with rough texture was formed all the way along the straight cut.
As shown in Figure 14 (b), this band has a very different texture from the original coating.
This band resulted from the oxidized tung oil, because it did not exist immediately after
the sample was damaged, based on Figure 14 (c). Figure 14 (d) shows a band formed near
a cut microcapsule. This band was also observed in the sample two days after being cut,
but the band was only formed near broken microcapsules and hadn’t completely spread
along the cut. This concluded that the synthesized coatings do self-heal and take a few

days to repair damage.
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Figure 14: ope images of cuts made on samples. (a) A cut made on unmodified epoxy
coating; (b) a cut made after 5 days on the sample with 20 wt.% microcapsules; (c¢) a cut made immediately
on the sample with 20 wt.% microcapsules; (d) a close up image of an microcapsule (5 days)

Concrete Mix Design
Sieve Analysis
A sieve analysis was completed on the fine aggregate used to make the samples.

The analysis determined the distribution of particle sizes within the sand used. This test
was done for quality control reasons and the results of three separate sieve analyses on
the aggregate netted the results shown in the appendix (Figure 33). As shown in Figure
15, the experimental results do not fall between the upper and lower industry standard
limits. Even though the aggregate used in the samples for accelerated corrosion testing
and pullout testing was not at industry standards, this should not impact analysis of the
results significantly because the same aggregate was used throughout the experiments.

The relative differences and effects can still be observed.
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Figure 15: Sieve analysis results of aggregate

Compression Testing
Compression testing was performed on several samples as a measure of quality

control. The test involved crushing 2” cubes of concrete in the universal testing machine
at various days during the curing process. The samples were tested after 1, 7, and 28 days
in accordance with industry standard. The results of this testing (Figure 16) showed that

the mix design used meets the industry standard 28 day compression strength of

approximately 6000 psi.
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Figure 16: Graph of the peak strengths on various days of the compression tests
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Pullout Testing
The results of the rebar pullout tests (Figure 17) showed only minor differences in

the pullout strength for each of the four coating types tested. The peak loads for the
samples with no coating, unmodified epoxy coating, and epoxy coating with 20 wt.%
microcapsules all showed significantly overlapping standard deviations. The standard
deviations of these samples are relatively large, which is due in part to both the sensitive
nature of the test and the low number of samples per experimental group. This precludes
any absolute determinations on the relative pullout strengths of these samples. However,
the 10 wt.% coating does show lower pullout strength. Further testing in the future and a
review of the precision of sample creation will likely provide valuable information on

this aspect of the coatings. One of the broken samples was shown as Figure 18.
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Figure 17: Graph of the peak strengths on various days of the pullout test
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Figure 18: A broken sample by pullout testing coated with self-healing coating with 20 wt.% microcapsules

Accelerated Corrosion Testing
Through the accelerated corrosion testing it was determined that our experimental

coating had a substantial and positive effect on inhibiting corrosion. The unmodified
epoxy coating lasted an average of 11.5 +/- 3.5 days and the damaged unmodified epoxy
coating an average of 13 +/- 5 days, as illustrated in Figure 19 below. The experimental
coatings, which included either 10 wt.% or 20% microcapsules by weight, took at least
three times longer to break. There were no significant differences in the damaged vs.
undamaged samples tested. This could possibly be due to the damage not being large
enough to impact the results. As of this writing the experimental coatings have only had 3
failures of the 12 total samples, which occurred at days 47, 58, and 74. The 10 wt.% and
20 wt.% microcapsule coatings tested have not yet had any significant statistical

differences between them.
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Accelerated Corrosion Testing Average Time to Failure

Time to Failure (Days)
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Unmodified, Undamaged (avg)
Unmodified, Damaged (avg)

20% Undamaged, Sample 3

Sample Type

20% Damaged, Sample 3

10% Undamaged, Sample 1

Figure 19: Failure time for accelerated corrosion test

The first experimental sample that failed only showed minor cracking of the
concrete, but it was determined to have failed by concrete cracking via the recorded
decrease in resistance. The spike in voltage through the sample can be seen in Figure 20
below, peaking at day 60 when the sample was removed from testing due to failure. The
minor damage is likely due to the short amount of time between the initial failure and the
end of testing for that sample. Once the voltage first spikes, the sample is considered
failed. Any data after that is unnecessary, and allowing the samples to continue to

degrade for too long runs a risk of burning out the circuit.
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Figure 20: Voltage with respect to time for 20 wt.% damaged in accelerated corrosion test
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Figure 21: One of the corroded samples for unmodified epoxy coating
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Conclusions
Self-healing coatings were prepared by incorporating microcapsules containing

tung oil, which were synthesized by an oil-in-water emulsion process, into conventional
epoxy coatings. This advanced coating considerably enhanced anti-corrosion
performance of rebar during accelerated corrosion testing. This result shows the potential
to extend the service life of concrete reinforcement by at least 300% as compared to
unmodified conventional epoxy coatings. Self-healing coatings also showed no
significant decrease in pullout strength from concrete when 20 wt.% of microcapsules
were incorporated. Therefore, the self-healing coatings developed by this project are
superior to unmodified conventional epoxy coatings in producing more durable concrete
structures.

Performance differences between the samples with damaged and undamaged
coatings were not observed in this project, most likely because the damage made to the
self-healing coatings was not severe enough. In order to investigate the capability of self-
healing coatings to prolong the service life of damaged concrete structures, it is suggested
to induce damages in a better way.

There are numerous avenues for future research in this area. The microcapsule
size, which was significantly affected by the pH of the solution during synthesis, was not
strictly controlled, and the effect of microcapsule’s size on the performance of self-
healing coating should be investigated. Additionally, while initial testing showed that the
proportion of microcapsules included did not significantly affect the coating thickness,
further testing should be conducted to confirm this. Furthermore, whether it is feasible to
encapsulate 2-methylbenzothiazole for self-healing coating needs further investigations

as cost and time constraints prevented additional attempts by this team.
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Appendix A

Synthesis of Microcapsules
Tung oil-microcapsules used in accelerated corrosion test:
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Figure 24: Size distribution of tung oil microcapsules
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Figure 25: Thermalgravimetric Analysis of encapsulated tung oil over temperature
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Figure 26: Thermalgravimetric Analysis of encapsulated tung oil over time
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Figure 27: Size distribution of tung oil microcapsules
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Figure 28: Thermalgravimetric Analysis of encapsulated tung oil over temperature
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Figure 29: Comparison of the microcapsules size for the thickness test and the microcapsule size for the
accelerated corrosion test.
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2-Methylbenzothiazole - failed attempt:
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Figure 30: Thermalgravimetric Analysis of the attempt to encapsulate 2-methylbenzothiazole over

temperature
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Figure 31: Thermalgravimetric Analysis of the attempt to encapsulate 2-methylbenzothiazole over time
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Appendix B

Quality Test
Sieve Analysis

Percent Passing
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Figure 32: Graduation Chart for comparison of industry standard and experimental aggregate

Fine Aggregate ASTM Spec C136

Sieve | Upper Limit | Lower Limit | Sample 1 Sample 2 Sample 3
Size % Passing % Passing % Passing | % Passing | % Passing
#4 100 95 95.15 95.24 96.27
#8 95 60 76.05 73.34 76.96
#16 60 20 59.27 55.07 58.24
#30 20 15 42.22 37.65 39.44
#50 15 10 19.79 16.7 18.15
#100 10 2 4.22 3.72 4.41
Pan 2 0 0 0 0
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Pullout Testing

Bond Stress (psi)
Reg EC EC10% | EC20% | Uncoated
Sample 1 1132 436 779 1084
Sample 2 973 549 723 820
Sample 3 1189 447 1193 1516
Avg 1098 447 898 1140
StDv 112 62 257 351
StDv/avg 0.102 0.139 0.286 0.308

bondstress
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Figure 34: Table of the peak stresses of the pullout test
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Figure 35: Pullout graphs of the uncoated samples
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Figure 36: Pullout graphs of the regular coated samples
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Figure 37: Pullout graphs of the 10 wt.% tung oil EC samples

Note: Sample 10 wt.% 1 had a slip of about 0.24 in at the beginning of test. This

was accounted for which is why all the samples started at 0 inches of slip.
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Figure 38: Pullout graphs of the 20 wt.% tung oil EC samples

Compression Test

47 |Page

Strength (psi)

7500

6000

4500

3000

1500

1

1

1 2

Sample

50000

40000

30000

20000

10000

- 10000

Strength (kPa)

bondstress (kPa)

Figure 39: Compression test of day 1 peak strengths
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Figure 40: Compression test of day 7 peak strengths
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Figure 41: Compression test of day 28 peak strengths




Thickness Test

Qutside Diameter (in.
Coating Sample | Sample | Sample | Sample | Sample | Sample
Type 1 2 3 4 5 6
Uncoated 0.470 0.471 0.470 0.469 0.467 0.468
Regular 0.472 0.470 0.469 0.471 0.470 0.468
10% 0.470 0.471 0.472 0.471 0.470 0.469
20% 0.471 0.471 0.469 0.471 0.472 0.475
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Figure 42: Statistics for coating thickness measurement

Avg. Coating

Coating Average Thickness Star}dqrd
Type (in) Deviation
Uncoated 0.469 0.0000 0.0013
Regular 0.470 0.0004 0.0013
10% 0.471 0.0007 0.0010
20% 0.472 0.0012 0.0018
Figure 43: Average for coating thickness measurement




Appendix C

Accelerated Corrosion Test
Regular Coating Trial 1:
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Figure 44: Graph of current with time of regular coating undamaged
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Figure 45: Graph of current with time of regular coating damaged
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Civil Engineering Design Statement
The design problem for this project was to develop a process for incorporating

microcapsules of a healing agent into a coating for steel rebar, then apply various tests in
order to determine both the effectiveness of the healing agent and the applicability to
solving current infrastructure maintenance problems. The primary testing involved
accelerated corrosion testing to determine the relative lifespan of the experimental
coatings as compared to industry standard epoxy coatings. Additional testing was
performed to test the pullout strength and relative thickness of the coating to investigate
any possible effect on a structure’s strength. Assembling this information allows for a
proper assessment of whether or not this coating is beneficial based on its relative

improvements and costs.
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Professional Licensure Statement
Professional licensure for the field of civil engineering is the process of obtaining

a professional engineers license. This license is regulated by individual states in order to
protect the residents of the state.

In order to obtain a professional engineer license an individual must take a (FE)
Fundamentals of Engineering exam. Once this is passed the individual is designated an
Engineer in-Training. They must then work in their desired field of engineering, under a
professional engineer for 4 years before taking the (PE) Professional Engineers exam.
The individual can then apply for the license through the state they reside in.

Obtaining a PE license is beneficial to the public, the engineer, and the profession
for many reasons. When an individual obtains a PE license it is a guarantee to the public
of the area that they are working that they had the required background and education to
safely preform their role in society. This license and licensure process is beneficial to the
individual going through this process because it shows that they are dedicated to the
profession and they are willing to invest time in the profession. The profession also
benefits greatly from the aforementioned reasons due to the individuals being dedicated

to the profession.
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