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ABSTRACT

Reinforced Concrete (RC) structures are vital to the US’s civil infrastructure for their
strength and versatility. Unfortunately, RC elements deteriorate rapidly when exposed to
corrosive environments. One possible solution is to extend the life of RC elements and
systems using microencapsulated corrosion inhibitors to reduce the rebar corrosion rate. The
capsules house an anodic corrosion inhibitor agent including calcium nitrate (CN) and
triethanolamine (TEA). The integration of such microencapsulated materials will enhance the
durability and extend the useful life by controlling the corrosion precursors and the corrosion
process during damage evolution. Therefore, this work aims to develop and characterize the
performance of microcapsules containing corrosion inhibitors (CN-C and TEA-C) in
comparison to those introduced as admixtures (CN-A and TEA-A) for reinforced concrete

applications.

For the corrosion tests, all samples were subjected to continuous ponding, wet/dry cycles,
and fog chamber exposure to simulate different environments. The results showed that TEA-
C is more effective in giving a corrosion protection than TEA-A and the Control. In contrast,
the corrosion protection performance of both CN-A and CN-C was alike. The corrosion
kinetics was slightly reduced on inhibited rebars compared to unprotected rebars (the
Control). When comparing TEA-C and CN-C, in the presence of each stimulus (pH changes
for TEA-C, cracks for CN-C), TEA-C protected the rebar better than CN-C. For the
admixture samples (TEA-A and CN-A) that do not need stimuli in the concrete, a stable and
better corrosion protection was provided by CN-A. The outcome of this proof-of-concept
study in the laboratory validates the merit of the proposed technology for corrosion control in
RC structures.
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EXECUTIVE SUMMARY

Microencapsulated corrosion inhibitors embedded in concrete were tested for their basic
principle and efficiency to mitigate corrosion in rebar and thus extend the durability of
reinforced concrete (RC) structures. Two corrosion inhibition mechanisms are proposed,
where (a) calcium nitrate microcapsules rupture during a cracking event and thereby release
the core material; and (b) triethanolamine (TEA) microcapsules that release the core material
due to pH changes in the local environment. These compounds were selected as they are
reportedly known to retard the corrosion of steel, and are also known to be compatible with
concrete materials.

Calcium nitrate (CN) was encapsulated in a urea-formaldehyde shell, and the production
parameters (i.e., sulfonic acid concentration, temperature, and agitation rate) were varied to
optimize the capsule size and morphology. On the other hand, triethanolamine (TEA) was
encapsulated in a four-step process, requiring (1) the production of the seed latex material, (2)
the formation of an amphiphilic first shell, (3) the formation of a hydrophobic second shell,
and (4) the neutralization of the seed materials with TEA (and thus loading the seed latex
particles with TEA). The production parameters were adjusted to maximize the yield and the
amount of TEA infused onto the seed latex particles. The synthesized microcapsules were
embedded into concrete in concentrations of 0.25%, 0.50%, 2.00%, and 5.00% by weight of
cement for calcium nitrate, and 0.50%, 2.00%, and 5.00% by weight of the cement for
triethanolamine.

For corrosion tests, four types of samples were investigated: (i) microencapsulated TEA (TEA-
C), (i1) admixed TEA (TEA-A), (iii) microencapsulated CN (CN-C), and (iv) admixed CN
(CN-A). TEA-A and CN-A samples were included in this study to evaluate which form (either
microencapsulated or admixed) was more effective for corrosion mitigation of the steel
reinforcement. The Control samples that had no corrosion inhibitors were also tested as a
reference. This work presents the interfacial characterization of such corrosion-inhibiting
agents by exposing the concrete specimens to continuous ponding, wet/dry cycles (and a
combination of both), and fog chamber during the electrochemical tests such as open circuit
potential (OCP), potential difference, and electrochemical impedance spectroscopy (EIS).

As such, the feasibility of the proposed microcapsules for corrosion control in RC was tested,
and the experimental data obtained by electrochemical methods shed light on the initiation
mechanisms in detail at the micro-interface level. Based on the corrosion test results, it can be
concluded that TEA gave better corrosion protection to rebar when it was housed in
microcapsules rather than distributed directly in the concrete (admixture). TEA-C was also
found to be more corrosion resistant than the Control that had no corrosion inhibitor. This is
evident by the impedance modulus of TEA-C that was four times as high as the one for TEA-
A and the Control. For the CN samples, both admixture and microcapsule technique slightly
improved the corrosion resistance of inhibited rebars compared to unprotected rebars (the
Control). When comparing TEA-C and CN-C, in the presence of each stimulus (pH changes
for TEA-C, cracks for CN-C), TEA-C protected the rebars better than CN-C. For the admixture
samples (TEA-A and CN-A) that do not need stimuli in the concrete, corrosion resistance of
rebars was slightly improved.



IMPLEMENTATION STATEMENT

This project has successfully demonstrated the benefit of microencapsulated triethanolamine
(TEA-C) compared to admixed triethanolamine (TEA-A) for protecting rebars from corrosion
in the concrete applications. This benefit was also observed for microencapsulated calcium
nitrate (CN-C) and admixed calcium nitrate (CN-A) but at a lesser degree. The success of TEA-
C in protecting the rebars more effectively and efficiently has opened a potential technology
that can be transferred in the real world. This technology would be able to reduce the resources
and costs related to the application of triethanolamine (TEA) as a corrosion inhibitor. However,
to fully implement the proposed technology, more results and evidence is needed to explore
the mechanisms and performance of encapsulated TEA for corrosion protection in reinforced
concrete. Similarly, although both CN-C and CN-A offered the similar level of corrosion
protection, further research is required to explain these results, and explore alternatives to
improve the performance. Since the performance of corrosion inhibitor strongly depends on
the concentration, the optimum concentration of TEA and CN in the microcapsule must also
be determined.

In order to achieve the implementation of this technology, future work is needed on the
inhibition mechanisms, in particular for encapsulated TEA, since the results determined this
sample group was the most efficient. Corrosion inhibition will be studied from the macro and
microscale in order to better understand the performance and mechanisms. In the future study,
the testing environments for TEA-C and CN-C will be designed differently. For TEA-C
specimens, the carbonation process will be simulated more quickly by introducing simulated
pore simulation with different pH values. The main advantage of performing the corrosion tests
in this simulated solution instead of concrete is the actual optimum pH can be easily and more
quickly monitored, so that the mechanisms could be more accurately predicted.

For the CN-C specimens, cracked concrete samples will still be used. The concentrations of
TEA will be kept the same as the ones in the current project. However, for CN, different
concentrations will be tested since the current results show that both CN-C and CN-A did not
significantly improve the corrosion resistance. In addition, the encapsulation procedure will be
revisited to increase the encapsulation efficiency of calcium nitrate. Two types of corrosion
measurements will be performed in the next phase: (i) global, and (ii) local measurements. The
global measurements that mainly consist of polarization and electrochemical impedance
spectroscopy will provide information about the overall performance of corrosion inhibitors
while the local measurements that consist of scanning vibrating electrode technique and local
electrochemical impedance spectroscopy will give information about the mechanism in more
detail. Implementation for this phase includes a proof-of-concept study in laboratory
conditions that can be used for next phase, where the making of these materials can help in the
departments of transportation (DOTs) mission of reliability and integrity of concrete structures
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1. INTRODUCTION

Reinforced Concrete (RC) structures are vital to the US’s infrastructure due to their high
durability and strong mechanical properties when used for bridges, superstructures, and other
civil engineering applications. However, the durability and reliability of RC infrastructure is
largely affected by corrosion-induced deterioration of the steel reinforcement. A recent cost-
of-corrosion study by the Federal Highway Administration (FHWA) has estimated the annual
cost of corrosion to US bridges to be approximately $30 billion, not including indirect costs
incurred by the traveling public due to infrastructural closures (7).

Steel reinforcement in concrete is generally in a passive state due to the surface oxide layer in
a highly alkaline environment. However, such passive layer may be deteriorated by the ingress
of aggressive agents (e.g., chlorides ions) and thus lead to the corrosion of the steel
reinforcement. The deterioration mechanism follows the evolution concept under steady state
conditions including three different stages: (1) mass transport of the ionic corrosive precursors
(chlorides) within the concrete layer, (2) activation of the metallic rebar due to charge transfer
mechanism, and (3) charge transfer with possible mass transfer due to the growth of corrosion
products at the rebar surface. This concept can lead to the current inadequate performance
levels of infrastructure elements in Region 6; for example, bridges in Region 6 are below the
national average of C+, which is already significantly low (2).

In order to minimize corrosion, researchers have proposed embedding microencapsulated
corrosion inhibitors in the concrete matrix. Zuo et al. prepared polymer/metal hydroxide
microcapsules that steadily released the encapsulated materials over time (3). Using calcium
hydroxide and barium hydroxide as corrosion inhibitors, the results showed the microcapsules
successfully delayed the decline on the pH values of concrete, thus decreasing the corrosion
rate of the rebar. Dong et al. prepared polystyrene microcapsules containing sodium
monofluorophosphate. The results showed strong corrosion inhibition in a simulated concrete
environment, measured with an Electrochemical Impedance Spectroscopy (EIS) technique (4).
In the present study, microencapsulated corrosion inhibitors (calcium nitrate and
triethanolamine) embedded in concrete will be tested for their efficiency to mitigate corrosion
in rebars and thus extend the durability of reinforced concrete structures. Both compounds are
reportedly known to retard the corrosion of steel and will be encapsulated in polymeric shells
and admixed into concrete at different concentrations (as a % by weight of cement). Through
microencapsulation, it is expected that the corrosion protection of RC structures will be
extended by controlling the release of corrosion inhibitor only when needed, and thus prevent
any potential leaching.

The calcium nitrate corrosion inhibition mechanism will be initiated during a cracking event,
causing the microcapsules to rupture and subsequently release the core material. This will
initiate the corrosion inhibition process, as calcium nitrate will act as an anodic inhibitor
against chloride-induced corrosion (5). The proposed corrosion inhibition mechanism with
calcium nitrate is illustrated in Figure 1.
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Triethanolamine (TEA) capsules, on the other hand, release the corrosion inhibitor based on
pH changes of the surrounding environment, and thus it does not necessarily require a cracking
event to rupture the capsules and release the corrosion inhibitor. Choi et al. tested the release
behavior of encapsulated TEA, and verified that the core material was effectively released
when the pH of the surrounding environment was changed to a pH of 10.85 (7). This is
particularly useful for corrosion mitigation in RC structures, since the corrosion of the steel
reinforcement begins when the pH of the concrete is lowered from 10 to 11, due to the
destabilization of the passive film on the rebar.

1.1. Literature Review

1.1.1. Microencapsulation Techniques

Microencapsulation is a process by which a core material (in either solid, liquid, or gas form)
is enclosed by an inert shell or coating. Depending on the desired application, microcapsules
can be used to protect the core material from its surroundings, or to provide a controlled release
of the core material based on the shell’s permeability. There are three main methods used for
encapsulation, involving either chemical, physico-chemical, or physico-mechanical processes.
Table 1 shows the most commonly used encapsulation techniques sorted by their
corresponding manufacturing processes.

Table 1. Encapsulation techniques (adapted from Ghosh (8)).

Chemical Processes Physico-Chemical Processes Physico-Mechanical Processes

In situ polymerization Supercritical CO» assisted Multiple nozzle spraying
microencapsulation

Polycondensation Layer-by-layer assembly Spray-drying

Interfacial polymerization Sol-gel encapsulation Fluid-bed coating

Miniemulsion polymerization | Coacervation Centrifugal techniques




The selected encapsulation process controls the shell wall’s properties, yield rates, and the type
of core material that can be encapsulated. In general, the size of the produced microcapsules
can range from the millimeter to the nanometer scale. Table 2 summarizes the typical particle

sizes that result from each respective encapsulation technique (8).
Table 2. The influence of the encapsulation method on the ranges of microcapsule sizes produced (adapted from

Ghosh (8)).
Microencapsulation Process Particle Size (um)
Extrusion 250-2500
Spray-drying 5-5000
Fluid bed coating 20-1500
Rotating disk 5-1500
Coacervation 2-1200
Solvent evaporation 0.5-1000
Phase separation 0.5-1000
In situ polymerization 0.5-1000
Interfacial polymerization 0.5-1000
Miniemulsion 0.1-0.5
Sol-gel encapsulation 2-20
Layer-by-layer assembly 0.02-20

In this study, calcium nitrate is encapsulated using an in-situ polymerization process adapted
from Rodson et al. and Milla et al. (9, 10). The encapsulation procedure was influenced by the
following parameters: (a) the temperature at which the suspension or emulsion is heated; (b)
the type of acid catalyst used and its concentration; (c) reaction time; (d) agitation rate; (e)
water-oil ratio; and (f) choice of core material, and thus its water solubility and its compatibility
with the shell materials (9, /7). The selection of the acid catalyst is critical as it must be soluble
in an organic solvent and also act as a surfactant. The temperature and surface-active acid
catalyst concentration controls the polymerization reaction rate, and thus define the reaction
time needed. The agitation rate influences the droplet size of the suspension or emulsion, and
thus controls the microcapsule diameter. Similarly, the surface-active acid catalyst
concentration controls the particle size and distribution.

On the other hand, triethanolamine is encapsulated with a free-radical mini-emulsion
polymerization technique adapted from Choi et al. (7, 12). Thus, the polymerization reaction
is carried out in a reactor under a nitrogen atmosphere to prevent early termination caused by
airborne oxygen. It involves a four-step process, requiring the production of the seed latex
material, the formation of an amphiphilic first shell, the formation of a hydrophobic second
shell, and the neutralization of the seed materials with TEA (and thus loading the seed latex
particles with TEA). The first shell layer with intermediate hydrophilicity was added to
facilitate the encapsulation of the hydrophobic, outer polystyrene shell. Figure 2 describes the
steps required to encapsulate TEA.
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Figure 2. Encapsulation procedure of triethanolamine (TEA), (image from Choi et al. (12)).

The seed latex production is influenced by (a) the temperature at which the seed latex emulsion
is heated; (b) the ratio of the seed latex components (i.e., methyl methacrylate, butyl actylate,
and methacrylic acid); (c) choice and concentration of surfactants; and (d) the choice and
concentration of initiator (to remove the polymerization inhibitors that are used in commercial
monomer solutions to prevent premature polymerization before use). These parameters control
the seed latex’s emulsion, yield (based on the total solids content), and to maximize the seed
latex’s neutralization degree to entrap triethanolamine. Figure 3 shows a free radical
polymerization reaction to form latex particles.
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Figure 3. Free radical polymerization (image from Encyclopedia Britannica, Inc. (13)).

The first shell’s formation is controlled by: (a) the de-ionized water content used to disperse
the seed latex in the emulsion; (b) the ratio of the first shell’s components (i.e., methyl
methacrylate, butyl actylate, and methacrylic acid — differs from the ratios used for the seed
latex); (c) the temperature at which the seed latex emulsion is heated; and (d) the choice and
concentration of initiator. Similarly, the second shell’s formation (made from polystyrene) is
influenced by the following: (a) the temperature at which the monomer pre-emulsion is heated;
(b) ratio of styrene to monomer pre-emulsion; (c) choice and concentration of surfactants; and
(d) the choice and concentration of initiator. All of the aforementioned parameters control their
respective monomer emulsion and the reaction rate. It is important to note that the
triethanolamine must be introduced simultaneously with the styrene pre-emulsion mixture;
otherwise, the styrene shell will prevent the penetration of triethanolamine to reach the acidic
seed latex particles.



1.1.2. Corrosion in Reinforced Concrete

Corrosion of the reinforcing steel inside of concrete structures is one of the main causes of
structure degradation and eventual failure of the concrete structure. The corrosion of steel
reinforcement can be due to multiple process such as: chloride ingress, carbonation, or other
changes in the local area of the embedded steel (/4). The ingress of these aggressive agents
will break down a protective passive that is formed on the steel reinforcing bar due to the high
alkalinity of the concrete.
Chloride ingress is one of the major leading causes for corrosion of the rebar in reinforced
concrete in marine environments and in places were de-icing salts are used. Initially, the rebar
is in a passive state that protects the rebar from corrosion. This passive layer is due the high
alkalinity of local environment, with pH values ranging from 12.5 to 14 depending on the
properties of the concrete (/5). Corrosion due to chlorides occurs when the concentration of
chlorides at the rebar surface rises to a critical threshold to break down the passive layer. The
cathodic and anodic reactions for the corrosion process at the rebar interface are as follows:

Fe = Fe?" + 2¢” (anodic) [1]

02 +2H,0 + 2¢e” = 20H" (cathodic) [2]
These reactions can only occur once the protective passive layer has been destroyed. Once
these processes start, the electrons from the anodic reactions at the anodic sites will flow
through metal to the cathodic sites. Then, the hydroxide ions from the cathodic reaction will
flow through the concrete due to an electric field to the anodic sites. The ions from the cathodic
sites react to the ferrous ions to form ferrous hydroxide. When oxygen is still present after
ferrous hydroxide is formed, it can be further oxidized to higher volume insoluble rust.

1.1.3. Corrosion Inhibitors for Reinforced Concrete

To extend the service life of reinforced concrete structure, it has been shown that the addition
of corrosion inhibitors into the concrete matrix may minimize corrosion. In principle, the direct
addition of these types of corrosion inhibitors is to bind or combine chloride for reducing the
[CI']/[OH] ratio. The most common ways corrosion inhibitors are added to reinforced concrete
are: added to fresh concrete as an admixture, applied on the hardened concrete surface also
known as migrating corrosion inhibitor or surface-applied corrosion inhibitor, added to repair
mortars, and as a surface treatment on the reinforcement bars (/6). Adding corrosion inhibitors
to the concrete is known to extend the life of the reinforced concrete structures since the time
to initiation (t;) of the corrosion process at the rebar is delayed due to the addition of these
inhibitors. Examples of corrosion inhibitors used for reinforcing steel are calcium nitrate and
triethanolamine.

Calcium Nitrate: Calcium nitrate is an anodic corrosion inhibitor that was found to be
effective in delaying the onset of rebar corrosion in concrete specimens incorporating seawater,
chloride solution or chloride plus sulfate solution (/7). Calcium nitrate passivates the steel
reinforcement’s surface against the chloride ion stacks. When measuring the efficiency of
calcium nitrate as a corrosion inhibitor, it is important to note that any measured corrosion
potentials are not reliable in evaluating corrosion. When anodic inhibitors are included in the
concrete mix, their oxidation abilities will shift the potential to lower values without actually
having an on-going severe corrosion of the rebar (5).

It is generally believed that calcium nitrate corrosion-inhibiting effect is degenerative in nature.
The unbound nitrate ions diminish in concentration as they stabilize the passive layer of rebar.
Since the admixture is relatively small in concrete, it tends to be dispersed in the mass rather



than at the concrete/steel interface (/8). It was also reported that calcium nitrate only provides
sufficient corrosion protection when used in combination with good quality concrete (19, 20).
This type of inhibitor failed to protect the reinforcing steel even in uncracked concrete (79,
21).

Triethanolamine: Triethanolamine (TEA), a tertiary alkanolamine, is well-known as a
multifunctional chemical admixture for concrete and an effective grinding aid for cement
manufacturing in addition as an corrosion inhibitor (22). TEA has been previously used in
concrete as a set accelerator (which may also enhance early strength) at very low dosages,
ranging from 0.02% to 0.05% by weight of cement (23, 24). The setting time is decreased by
TEA’s ability to accelerate the hydration of tricalcium aluminates and ettringite formation (25).
However, at higher dosages (particularly higher than 0.1%), TEA may cause strength
deficiencies as it has been reported to retard the hydration of tricalcium silicate, a main
component of Portland cement’s binder strength (26).

Based on the report on an European patent application (27) that tested several amines
alkanolamines having molecular weights ranging from 48 to about 500, triethanolamine was
considered to be one of the most three efficient inhibitors. Ormellese et al. studied the
performance of some organic corrosion inhibitors to mitigate chloride-induced corrosion in
concrete and found that triethanolamine showed a significant increase of pitting potential for
chloride concentration equal or higher than 0.3 mol/L (28).

Need for Microencapsulated Corrosion Inhibitors: Generally, there are two main
drawbacks of the direct applications of corrosion inhibitors. The first one is associated with
the solubility of corrosion inhibitors themselves. If the solubility is low, there is a lack of active
agent to provide a corrosion protection to rebar. However, if the solubility is high, corrosion
inhibitors can cause premature reactions during hydration of the cement, which could then
negatively affect the microstructure and composition of the hydration products. Secondly, it is
very likely that a certain amount of corrosion inhibitor is consumed at an early age, which
could lead to less availability of active agent to inhibit corrosion or bind the chloride at later
stages (29).

To address these problems, a research team from Shenzhen University developed
microencapsulated corrosion inhibitors (29, 30). Their self-healing ethyl cellulose/calcium
hydroxide microcapsule has successfully provided a high-efficient corrosion protection of
rebar on the pH self-regulation to decrease the [CI']/[OH] ratio (4, 29, 31, 32). The core agent
in the microcapsule contains hydroxyl ions is encapsulated in order to prevent premature
reactions with other components. A pH sensitive shell material is selected to control the release
of hydroxyl ions. This microcapsule releases the active agents (i.e., calcium hydroxide), when
there is a pH gradient, which is monitored by a micro-plate spectrophotometer (29). A
continuous release of calcium hydroxide promotes the stability of passive film when the pH
decreases. When the pH increases, the release rate of calcium hydroxide is inhibited. Another
type of microcapsule with polystyrene resin/sodium monofluorophosphate was also fabricated
and studied by the same team (4, 30).

It is worth mentioning that corrosion on steel reinforcement usually does not occur
immediately at the beginning of concrete service life, but rather happens after a certain period
of time. This suggests that corrosion protection may not be necessary during the early time of
service. Microcapsules with corrosion inhibitors can prevent the premature reaction between
the active agent of corrosion inhibitor and the cement when corrosion protection is not needed
during the beginning of service by isolating this agent inside the microcapsule. In this study,



the effectiveness of microencapsulated corrosion inhibitors embedded into the concrete was
measured based on their ability to slow down the corrosion process and to extend the service
life of the reinforced concrete structures. The two corrosion inhibitors and mechanism used in
this study were calcium nitrate and triethanolamine.



2. OBJECTIVE

The objective of this study is to evaluate the feasibility of embedded encapsulated corrosion
inhibitors (i.e., calcium nitrate and triethanolamine) in polymeric shells for corrosion control
in reinforced concrete. Specific objectives:
e Optimize the design parameters needed to produce single and/or double-walled
corrosion inhibiting microcapsules to be used in concrete structures.
e Design an electrochemical set up for qualitative/qualitative characterization of
concrete additives/microcapsules.
e Perform method of advanced laboratory techniques based on electrochemical and
transport phenomena principles.
e Validation of the methodology by testing several conditions and samples with
different microcapsules concentrations and formulations.



3. SCOPE

The proposed research will develop a technology for corrosion-damaged reinforced concrete
elements so that the current degradation management system can be improved. In addition, an
important class of physical asset, reinforced concrete bridges, can be preserved by mitigating
corrosion induced damages. One of the center’s stated objectives is to extend the life of the
existing or new transportation infrastructure through the application of emerging materials.

In this work, two corrosion inhibitors (calcium nitrate and triethanolamine) were encapsulated
and evaluated. The inhibition mechanism is initiated by a concrete cracking event causing the
microcapsules to rupture and subsequently release the core material to initiate the corrosion
inhibition process. Therefore, once these corrosion inhibitors were encapsulated, they were
admixed into reinforced concrete beams to study the corrosion resistance and self-healing
properties of these admixed microcapsules in a corrosive environment. The microcapsules
were tested for their efficiency to mitigate corrosion in rebars and thus extend the durability of
reinforced concrete structures.

4. METHODOLOGY

The aim of this study was to encapsulate calcium nitrate and triethanolamine, which are known
corrosion inhibitors. Once these corrosion inhibitors were encapsulated, they were admixed
into reinforced concrete beams to study the corrosion resistance and self-healing properties of
these admixed microcapsules in a corrosive environment. The methodology and characteristics
for each element of the concrete system and the microcapsules are described as follows:

4.1. Microcapsule Preparation

4.1.1. Encapsulation of Calcium Nitrate

The microencapsulation procedure for calcium nitrate was adapted from a previous study (/0),
albeit with minor modifications. The process is based on a water-in-oil suspension
polymerization reaction of polyurea-formaldehyde, where the temperature and acid catalyst
concentration control the rate of reaction (9). Kerosene was selected as an organic solvent as
it is more economical than hexane. Moreover, the calcium nitrate solution concentration was
increased from 16.7% to 25%. Once the microcapsules were synthesized, it was important to
neutralize the microcapsules’ surface as it has been found to contain traces of sulfonic acid,
based on a previous study (//, 33). Therefore, the microcapsules were decanted, washed with
150 ml of a 1% sodium bicarbonate solution, and subsequently washed with 150 ml of DI water
and vacuum filtered. The details of the microencapsulation procedure are shown in Figure 4.
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The suspension polymerization reaction was enabled by heating at a high temperature (> 40
°C) for 2 hours. The production parameters, including the temperature, agitation rate, and acid
catalyst concentrations (% by wt. of organic solvent) were varied to investigate the effects on
the microcapsule’s diameter, and morphology. The samples were then characterized using a
Scanning Electron Microscope (SEM). Table 3 illustrates the parameters that were investigated
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Figure 4. Process for the microencapsulation of calcium nitrate.

in this study.
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Table 3. Matrix parameters used for the synthesis of calcium nitrate microcapsules.

Sample No. | Agitation Rate (RPM) Acid Catalyst Conc. (%) Temp. (°C)
1 400 0.25 45
2 400 0.50 45
3 400 1.00 45
4 400 0.25 40
5 400 0.25 50
6 800 0.25 45
7 800 0.50 45
8 800 1.00 45
9 800 0.25 40
10 800 0.25 50
11 1200 0.25 45
12 1200 0.50 45
13 1200 1.00 45
14 1200 0.25 40
15 1200 0.25 50




4.1.2. Encapsulation of Triethanolamine

The procedure for the encapsulation of triethanolamine (TEA) was adapted from Choi et al.
(7). It involves a four-step process, requiring the production of the seed latex material, the
formation of an amphiphilic first shell, the formation of a hydrophobic second shell, and the
neutralization of the seed materials with TEA (and thus loading the seed latex particles with
TEA).

The method selected for the encapsulation of TEA was a free-radical polymerization micro-
emulsion. Through this emulsion procedure, different parameters were changed to influence
the seed latex such as the initiator and molecular weight. Sodium hydroxide, triethanolamine,
and water content were changed in order to influence the shell particles. The equipment utilized
in the development phase are the following; resin kettle equipped with condenser, a nitrogen
inlet, an overhead mechanical stirrer, a heating mantle with a thermocouple, and a pressure
equalizing funnel.

Seed Latex: The seed latex consists of four central monomers: methyl methacrylate (MMA),
methacrylic acid (MAA), butyl acrylate (BA), and ethylene glycol dimethyl acrylate
(EGDMA). The monomers were treated with sodium hydroxide in order to remove the
polymerization inhibitors. This is because inhibitors are placed in monomer solutions in order
to prevent premature polymerization while shipping. MAA, BA, and MMA have a ratio of
28:9:63 with mean particle sizes of 130 nm. Using this ratio, the infusion of TEA onto the seed
latex was optimized.

EGDMA monomer was used as a cross linker, potassium persulphate was used as the initiator,
and sodium dodecyl denzene sulphonate (SDBS) was used as the surfactant. Sodium
Bicarbonate was used as a buffer to prevent possible hydrolysis reactions within the solution
at acidic pH levels. Sodium hydroxide was adjusted at different concentrations in order to
control the activity amongst the monomers which in return increased the solid content. The
initiator was varied at multiple concentrations in order to affect solid content of the resulting
polymer. Utilizing initiators at different concentrations directly impacted infusion of TEA as
well.

Surfactants, monomers, and initiators are added to a water base solution. Micelles are formed
due to the hydrophilic and hydrophobic properties of surfactants. Monomers attach to the
hydrophobic tail of the micelle. The initiator reacts with the monomers and produce seed latex
particles. Figure 5 illustrates the procedure for seed latex particles.
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Seed Latex Production Parameters

Modified Parameters

Phase I

Sodium Bicarbonate (0.5g) - Buffer

Sodium dodecyl Benzene sulphonate (0.5g) — surfactant
DI water (200g)

Temperature 90 degrees Celsius

Low mixing with PTFE Crescent Blade (200 RPM)

Parameters remain
constant.

Phase I1

Methacrylic Acid (10.96g) — monomer

Butyl Acrylate (3.52g) — monomer

Methyl Methacrylate (24.66g) — monomer

Sodium dodecyl Benzene sulphonate (.017g) — surfactant
Ethylene Glycol Dimethyl Acrylate (0.378g ) — cross linker
DI water (100g)

Sodium Hydroxide (10% concentration) — Prewash

Molecular weight of
methacrylic acid and
methyl methacrylate
was varied in order to
control the infusion of
TEA onto the seed
latex.

Phase IIT

Potassium Per Sulphate (0.50g) — initiator

DI water (20g)

After 1 hour of stirring all phase at 90 degrees drop
temperature to 80 degrees and prep for shell particles

Initiator was varied in
order to maximize the
reaction between
monomers, thus
increasing the solid
content

Figure 5. Procedure for seed latex particles.

Shell Particles: The TEA nanocapsules contain two shell walls. The first shell was deployed
for affinity increase between the hydrophilic seed latex and the hydrophobic polystyrene shell
(second shell). This first shell and the ratio of the seed latex allowed for a well-regulated
fabrication of the hydrophobic polystyrene shell (second shell) with concentric shell particle
morphology. The neutralization of the seed latex with triethanolamine is contingent on the

balance between the first and second shell.

Before the second shell is positioned, triethanolamine must be infused onto the seed latex. The
neutralization of triethanolamine helps insure the maximal inhibition efficiency. The maximal
inhibition efficiency in the shell phase was also aided by altering the following parameters:
triethanolamine, water content, and sodium hydroxide. Figure 6 illustrates the procedure of

shell latex particles.
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Microencapsulation Production Parameters

Modified Parameters

Phase I

Seed latex (150g)

Potassium Per Sulphate (0.5g) — initiator

DI water (450g)

Temperature 80 degrees Celsius

Low mixing with PTFE Crescent Blade ( 200 RPM)

Water content was
varied in order to
control the dispersion
of nanocapsules
within the specimen

Phase I (1** Shell)

Methacrylic Acid (1.8g) — monomer
Butyl Acrylate (4.2g) — monomer
Methyl Methacrylate (51g) — monomer
DI water (38g)

Monomer wash of
sodium hydroxide was
varied in order to
control activity of
monomers

Sodium Hydroxide (10% concentration) — Prewash

Phase III (2" Shell) TEA was varied in
TEA (10g) order to analyze the
Release TEA first 15 minutes swelling affect TEA
had on the seed latex

Potassium Per Sulphate (0.50g) — initiator
Triton X-100 (.33g) - surfactant
Styrene (98g)

Figure 6. Procedure for shell latex particles.

4.2. Concrete Mix Design

After finalizing the calcium nitrate production, preliminary tests were conducted to investigate
the influence of the microcapsules on the cementitious matrix with mortar specimens, and
evaluated whether a defoaming agent is needed in the mix design to counter any potential
strength reduction caused by the microcapsules in the sample’s compressive strength.
Therefore, four mortar mixes were poured for compression tests after 7-days of curing: (a)
Control samples, with no defoamer [Ctrl-N]; (b) Control samples, with defoamer [Ctrl-D]; (c)
Specimens loaded with microcapsules (2% by wt. of cement), with no defoamer [C2%-N]; and
(d) Specimens loaded with microcapsules (2% by wt. of cement), with defoamer [C2%-D]. A
water-cement ratio of 0.42 was selected, whereas a super plasticizer Adva 195 was added at
455 ml/100kg, and a defoaming agent concentration of 0.1% by weight of cement. These
parameters were selected based on previous experience with other microcapsule-containing
concrete mixes. The results plotted in Figure 7 indicate that the defoaming agent was crucial
for minimizing any strength deficiencies.
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Figure 7. Average mortar compressive strength results for mortar cubes cured for 7 days.

The concrete mix design was therefore developed based on the mortar compression test results.
A water-cement ratio of 0.42 was selected through preliminary laboratory tests. The nominal
maximum aggregate size was 19 mm for the coarse aggregate, and 4.76 mm for the fine
aggregate, respectively. The microcapsules were embedded at varying concentrations of
microencapsulated corrosion inhibitors by weight of cement to determine the minimal dosage
required to mitigate corrosion considerably. A superplasticizer was added to increase the
workability of the concrete mix. A defoaming agent was also added at a dosage of 0.1% by
weight of cement to counter the increases in air voids caused by the addition of microcapsules

in concrete. The details of the concrete mix design are shown in Table 4.
Table 4. Concrete mix design.

Material Description Proportions (kg/m®)
Aggregate 1: Sand, Dennis Mills, LA 785

Aggregate 2: #67 Limestone, Martin Marietta 1110

Cement: Holcim Type I 326

Water: Mixing water 231

Air (%) 5.0

57 mm Polymer Fibers** 4.45

Admixture 1: Adva 195 (ml/100kg) 455

Admixture 2: Microcapsules* (%) Varied

Admixture 3: TEGO Antifoam MR 1015* (%) 0.10

* By weight of cement; **Polymer fibers only added for certain concrete specimens containing calcium
nitrate as a corrosion inhibitor.

4.3. Concrete Testing
Concrete cylinders were prepared for compressive strength (ASTM C39), and surface
resistivity tests (AASHTO TP 95), while concrete beams were prepared for corrosion testing
(ASTM G109). The concrete samples were cast and cured in laboratory settings per ASTM
C192 guidelines. The concrete beams in particular were cast in custom-made molds using a
vibrating table to compact and consolidate the fresh concrete. The influence of the corrosion
inhibitor admixtures on the fresh concrete properties was measured with slump and air tests
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per ASTM C143 and ASTM C231, respectively. A total of three 100 mm x 200 mm cylinders
as illustrated in Figure 8a and three 150 mm x 150 mm x 280 mm beams were poured per
specimen group as illustrated in Figure 8b. Table 5 shows characteristics of the specimens used
in this study. All beam specimens associated with calcium nitrate were subjected to a 3-point
loading system, where a displacement rate of 0.005 in/sec was applied until a crack was
induced. The crack sizes induced ranged from 0.20 to 0.45 mm.
P AE P e

Figure 8. (a-left) crack sample cylinders, (b-right) crack beams samples.

Table 5. Description of initial specimen groups.

Sample Corrosion Mechanism of | Microcapsule Corrosion Fiber Pre-
ID Inhibitor Protection Concentration Inhibitor Reinforced? | Cracked?
(% by wt. of | Concentration (%
cement) by wt. of cement)
Ctrl-I Control N/A 0.00 % 0.00 % N Y
CN-10.25 | Calcium Nitrate Microcapsule 0.25 % 0.06 % N Y
CN-10.50 | Calcium Nitrate Microcapsule 0.50 % 0.11 % N Y
CN-12.00 | Calcium Nitrate Microcapsule 2.00 % 0.44 % N Y

Given that the initial crack sizes were predominantly large for the initial specimen groups,
additional samples were poured for the calcium nitrate groups to ensure that the cracks induced
are smaller than 0.1 mm, in order to successfully rupture and release the corrosion inhibitor in
the microcapsules, and prevent a substantial increase in the chloride diffusion coefficient. The
additional specimens were useful in determining the efficiency of calcium nitrate
microcapsules for corrosion mitigation under small (50-120 microns) and large cracks (200-
500 microns). This was achieved by using a lower displacement rate (0.005 in/min) in the third-
point loading test, and the addition of 25 mm polymer fibers to have more control on the crack
width obtained.

Hence, the new calcium nitrate specimen groups were poured to be tested for corrosion
inhibition when added as microcapsules, and when added as an admixture. This also required
a new control specimen reinforced with fibers as reference. On the other hand, the
triethanolamine specimen groups were poured without polymer fiber reinforcement as they did
not require pre-cracking to release the core material, and thus were poured with a control
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specimen group that was not cracked and did not have polymer fibers.

The concentrations of microencapsulated corrosion inhibitors were also changed to investigate
whether a high capsule concentration is more effective, particularly because the encapsulation
efficiencies were found to be 22% and 5.2% for calcium nitrate and triethanolamine,
respectively. Hence, the corrosion inhibitor concentrations to be tested were 0%, 0.50%,
2.00%, and 5.00% for both the calcium nitrate specimen groups and the triethanolamine
specimen groups. It should be noted that due to the difficulties in casting the TEA-C 5%
samples (caused by a significant decrease in workability), TEA-C 4% samples were cast and
did not result in honeycombing, unlike the TEA-C 5% samples. The details of the experimental

matrix are shown in Table 6.
Table 6. Description of calcium nitrate and triethanolamine specimen groups.

Sample ID Corrosion Inhibitor | Mechanism Microcapsule Corrosion Inhibitor Fiber- Pre-
of Protection Concentration Concentration (% Reinforced? Cracked?
(% by wt. of by wt. of cement)
cement)
Ctrl-F Control, with Fibers N/A N/A 0.00% Y Y
CN-C 0.50 Calcium Nitrate Microcapsule 0.50 % 0.11 % Y Y
CN-C 2.00 Calcium Nitrate Microcapsule 2.00 % 0.44 % Y Y
CN-C 5.00 Calcium Nitrate Microcapsule 5.00 % 1.10 % Y Y
CN-A 0.50 Calcium Nitrate Admixture N/A 0.11 % Y Y
CN-A 2.00 Calcium Nitrate Admixture N/A 0.44 % Y Y
CN-A 5.00 Calcium Nitrate Admixture N/A 1.10 % Y Y
Ctrl-NF Control, No Fibers N/A 0.00 % 0.00 % N N
TEA-C 0.50 | Triethanolamine Microcapsule 0.50 % 0.03 % N N
TEA-C2.00 | Triethanolamine Microcapsule 2.00 % 0.10 % N N
TEA-C 4.00 | Triethanolamine Microcapsule 4.00 % 0.21% N N
TEA-C 5.00 | Triethanolamine Microcapsule 5.00 % 0.26 % N N
TEA-A 0.50 | Triethanolamine Admixture 0.50 % 0.03 % N N
TEA-A 2.00 | Triethanolamine Admixture 2.00 % 0.10 % N N
TEA-A 5.00 | Triethanolamine Admixture 5.00 % 0.26 % N N

Table 7 describes all of the samples prepared for this study, with their respective corrosion
tests (i.e., through wet-dry cycles and fog chamber conditions).

Table 7. Description of the samples prepared for study.

Sample ID Corrosion Mechanism Microcapsule Corrosion Total Replicas Replicas
inhibitor of Protection Concentration (% Inhibitor Number of | for Fog for Wet-
by wt. of cement) Concentration Replicas Chamber | Dry Cycles
(% by wt. of poured
cement)
Ctrl-I Control, no Fibers N/A Control, no fibers 0.00 % 3 0 3
CN-10.25 Calcium Nitrate Microcapsule 0.25 % 0.06 % 3 0 3
CN-10.50 Calcium Nitrate Microcapsule 0.50 % 0.11 % 3 0 3
CN-12.00 Calcium Nitrate Microcapsule 2.00 % 0.44 % 3 0 3
Ctrl F Control, with N/A Control with fibers 0.00 % 4 2 2
Fibers

CN-C 0.50 Calcium Nitrate Microcapsule 0.50 % 0.11 % 3 2 1
CN-C 2.00 Calcium Nitrate Microcapsule 2.00 % 0.44 % 3 2 1
CN-C 5.00 Calcium Nitrate Microcapsule 5.00 % 1.10 % 4 2 2
CN-A 0.50 Calcium Nitrate Admixture N/A 0.11 % 3 2 1
CN-A 2.00 Calcium Nitrate Admixture N/A 0.44 % 3 2 1
CN-A 5.00 Calcium Nitrate Admixture N/A 1.10 % 4 2 2
Ctrl NF Control, no Fibers N/A Control, no fibers 0.00 % 4 2 2
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Sample ID Corrosion Mechanism Microcapsule Corrosion Total Replicas Replicas
inhibitor of Protection Concentration (% Inhibitor Number of | for Fog for Wet-
by wt. of cement) Concentration Replicas Chamber | Dry Cycles
(% by wt. of poured
cement)

TEA-C 0.50 | Triethanolamine Microcapsule 0.50 % 0.03 % 3 2 1
TEA-C 2.00 | Triethanolamine Microcapsule 2.00 % 0.10 % 3 2 1
TEA-C 4.00 | Triethanolamine Microcapsule 4.00 % 0.21% 3 2 1
TEA-C 5.00 | Triethanolamine Microcapsule 5.00 % 0.26 % 4 2 2
TEA-A 0.50 | Triethanolamine Admixture 0.50 % 0.03 % 3 2 1
TEA-A 2.00 | Triethanolamine Admixture 2.00 % 0.10 % 3 2 1
TEA-A 5.00 | Triethanolamine Admixture 5.00 % 0.26 % 4 2 2

4.4. Corrosion Characterization

4.4.1. Exposure of Concrete Beams

For the exposure of the concrete beams, three different types of accelerating testing cycles
were selected to simulate the different environments that a reinforced concrete structure could
be exposed to during its service life. The details of the electrochemical measurements are
outlined in section 4.4.2. The first set of samples were continuously ponding in a 3.5% NaCl
solution for 12 weeks and then subject to weekly cycles of wetting and drying for another 12
weeks in the same solution as the first part of the cycle. Electrochemical measurements were
performed on the samples once a week for the first 6 weeks of continuous ponding and then
once every 2 weeks for the next 6 weeks, and then measurements were performed once a cycle
during the next 12 weeks.

The second type of cycles used is the same wetting and drying cycles based on the ASTM
G109 standard, where the samples were ponded for 2 weeks in a 3.5% NaCl solution with
measurements in the second week of ponding, and then drying to open air and room
temperature for another 2 weeks. The samples were exposed for 24 weeks total with a total 6
electrochemical measurements performed. These two cycles were used for reinforced samples
with admixed calcium nitrate microcapsules with varying percentages of 0.25, 0.50, and 2.00%
by weight of the cement.

The third cycle used was a 48-hour wetting and drying cycle with a 5% NaCl solution. Samples
inside a fog chamber and ponding used this cycle and solution, the samples inside the fog
chamber was also subject to a raised temperature of 35 °C for both the wetting and drying
phases of the cycle.

4.4.2. Electrochemical Testing of the Concrete Beams

The electrochemical testing performed on the concrete beams during the test were open circuit
potential (OCP), potential difference, and electrochemical impedance spectroscopy (EIS). The
set-up for potential difference measurements is shown in Figure 9.
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Figure 9. Potential difference set-up for ponding samples.

Potential difference is the measurement of the microcell current from the anodic top bar to the
two cathodic bottom bars across a 100 Q resistor. Potential difference is recorded every time
measurements are made during the test duration. For OCP and EIS, the tests are run with a
three-electrode system (Figure 10), where the working electrode is the top rebar, the counter
electrode is a platinum mesh, and the reference electrode is a saturated calomel electrode (SCE)
reference electrode.

Figure 10. Three-electrode set-up for the ponding samples.

For the measurements inside the fog chamber the connections to the three electrodes are
isolated and must be waterproofed. The set-up for the three-electrode system inside the fog
chamber is shown in Figure 11.

Figure 11. Three electrode system set-up for the fog chamber samples.

OCP and EIS are both non-destructive techniques that can be used to determine the interfacial
mechanisms at the rebar interface and these two tests are run every time that measurements are
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made during the test duration. OCP measures the potential difference between the reference
electrode and the working electrode. EIS is the frequency response of the system when a
sinusoidal potential is sent into the system at frequencies ranging from 100 kHz to 0.01 Hz.

4.4.3. Electrochemical Data and analysis

The following descriptions include the formulas and definitions of parameters that were
quantified during the experimental results. Electrochemical methods are analyzed by the
magnitudes obtained from the formulas and concepts. The potential difference between the
anodic bar and the cathodic bar can be used to calculate the macrocell corrosion current by
using Ohm’s law (Equation 3):
=50

where, [ = macrocell corrosion current, V = potential difference, and R = 100 Q. If the anodic
and cathodic Tafel slopes are known for the steel reinforcing bars in concrete then the microcell
corrosion current density can be calculated by Equation 4:

. _ Ba*Bc i _ E
teorr = (2.3*(ﬁa+ﬁ'c)) *Rr  Rp [4]

Rp

where, icor = corrosion current density (A/cm?), B,= anodic Tafel slope (V), . = cathodic
Tafel slope (V), and Rp = polarization resistance (Q-cm?). EIS data can be used to characterize
different elements of the system formed in the laboratory conditions. The common procedure
to determine physical properties and mechanisms occurring from this technique is to fit a
theoretical electrical circuit to the experimental impedance data. The equivalent circuit (EC)

that is used in this study is shown in Figure 12 and the circuit elements are defined in Table 8.

concrete

Rc /

b
P bl 2
Figure 12. Equivalent circuit used for fitting.

Table 8. Circuit elements.

Element Description

Re Pore network resistance, including the contribution of
the disconnected pore network and solid phase

CPE, CPE of connected pore network only

RIF Resistance of connected pore network

CPE; CPE of double layer at rebar-concrete interface

Rcet Charge Transfer Resistance

Once a circuit has been fit to the experimental data the Rct (in this case is equivalent to Rp)
value can calculated. This Rp value is used to determine the microcell corrosion current density
(Equation 4) and characterize the corrosion and dissolution behavior based on the magnitudes
for each element.
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5. FINDINGS

5.1. Characterization of Microencapsulated Corrosion Inhibitors

5.1.1. Calcium Nitrate

Size and Morphology: In general, the agitation rate is known to control the mean
microcapsule diameter, while the temperature and acid catalyst concentration both control the
polymerization kinetics (i.e. the rate of reaction) (9). As such, these production parameters
were investigated to observe their effects on the microcapsule’s size and morphology. The
samples were characterized using a Scanning Electron Microscope (SEM) as shown in Figure
13.

det | mode| ———— 300 ym

50x |ETD| SE

() 800 rpm, 1.00% SA, 45 °C
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det | mode 300 pm WD V. |mag B det |mode 300 urn-—
50x |[ETD| SE 11.6 mm DkV| 150x |ETD| SE

(¢) 1200 rpm, 0.25% SA, 50 °C (f) 1200 rpm, 0.25% SA, 45 °C

Figure 13. Electron microscope images of microcapsules synthesized with varying production parameters.

In general, the synthesized microcapsules had a smooth outer surface and a spherical shape.
Some microcapsules, however, seem to be deflated and this may be attributed to the sodium
bicarbonate wash that was used to neutralize the traces of sulfonic acid in the microcapsules’
shell. This is because it was observed that a prolonged exposure of sodium bicarbonate and/or
a strong solution of sodium bicarbonate was prone to deflate the microcapsules significantly
when compared to samples that were not rinsed with a sodium bicarbonate wash.

Based on a qualitative analysis, it is apparent that higher agitation corresponds to smaller
microcapsules, given that all the electron micrographs were taken at the same magnification of
150x. In addition, the microcapsules appear to be smaller when a larger sulfonic acid
concentration has been added. To confirm these observations, at least 250 measurements were
taken for each sample produced from the experimental matrix shown in Table 3. Figure 14
illustrates the influence of the microcapsule production parameters to the mean capsule
diameter. For comparison purposes, one production parameter was varied at a time while the
others were kept constant. Therefore, to evaluate the influence of temperature, the sulfonic acid
concentration was kept at 0.25%. Similarly, to understand how the sulfonic acid concentration
affects the mean capsule diameter, the temperature was kept constant at 45 °C.
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Figure 14. Influence of production parameters: (a-left) Temperature, and (b-right) Sulfonic acid concentration on
mean microcapsule diameter.

A statistical analysis using Fisher’s Least Square Difference (LSD) at the 5% level was used
to evaluate whether the production parameters had a significant effect on the microcapsule
diameter. A variation in temperature produced significant differences, where a higher
temperature corresponding to a smaller mean diameter between those samples produced at 50
°C and those produced at 40 °C and 45 °C. The sulfonic acid concentration also had a
significant effect on the mean microcapsule diameter, where a higher sulfonic acid
concentration corresponded to a smaller particle size. The exception was found on the sample
produced at 400 rpm, 45 °C, where both 0.25% and 0.50% had no significant differences.
Based on these observations, the selected production parameters for synthesizing
microcapsules were the following: Temperature of 40 °C, an agitation rate of 800 rpm, and an
acid catalyst concentration of 0.25%.

Encapsulation Efficiency: The encapsulation efficiency was determined using a
Thermogravimetric analysis (TGA) technique at a heating rate of 10 °C /minute and stopped
at 600 °C. The following samples were prepared for analysis: (a) calcium nitrate tetrahydrate
(core material); (b) urea-formaldehyde microcapsules containing water only; and (c) urea-
formaldehyde microcapsules containing calcium nitrate tetrahydrate healing agent. The
temperature of interest is 500 °C, where the thermal degradation of urea-formaldehyde occurs.
The TGA curve is shown in Figure 15.

22



120
] J9_110317_TGA1.TGA
————  Sample J97101117_TGA1.TGA
———  Sample2 UFP_107117_TGA1.TGA
] ———  Sample 1_Ca(N03)2.4F20_101117_TGA1.TGA
100+
B \‘ -
~. R
~ ~. 200.35°C .
| T~ 79.40% 200.35°C 496.60°C
- ¥ 69.68% 68.03%
80
;\a | ——— e — ey S S S —
£ 60
© ] 0 49709°C  596.71°C
= 68.74% N 24.20% 2251%
\ 496.64°C
40 \
20 N 496.81°C
| S 9473%
0 T T T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600
Terrmrature (°C) Universal V4.3A TA Instruments

Figure 15. Thermogravimetric analysis of (a) calcium nitrate tetrahydrate (greem); (b) urea-formaldehyde
microcapsules containing water (blue); and (c) urea-formaldehyde microcapsules containing calcium nitrate
tetrahydrate healing agent (red and black).

The sample with microencapsulated water had a weight loss of 21.6% at 200 °C, a temperature
that indicates the total decomposition of absorbed water, and any water that is less able to
diffuse to the surface. Next, the urea-formaldehyde polymer continues to decompose until 500
°C, indicating a weight loss of 90.6%. In contrast, the sample with microencapsulated calcium
nitrate had a weight loss of 31.3% at 200 °C, and a weight loss of 75-76% at 500 °C.

The theoretical water content of calcium nitrate tetrahydrate (Ca(NOs3)224H20) is 28% by
weight, yet in the TGA curve, the water weight is approximately 31.3% while the amorphous
calcium nitrate was observed to be 68.7%. It is worth mentioning that amorphous calcium
nitrate does not degrade at 500 °C, and therefore, any differences in weight from the analyzed
microcapsule samples can be attributed to the amount of calcium nitrate successfully
encapsulated. Thus, the encapsulation efficiency of amorphous calcium nitrate is estimated to
be 13.9% - 14.7%. However, given that the amorphous calcium nitrate is 68% of the total mass
of calcium nitrate tetrahydrate, the actual encapsulation efficiency ranges from 20 to 22%.

5.1.2. Triethanolamine

Seed Latex - Initiator: Initiator concentration was evaluated. Dense concentration of initiators
facilitated growth of polymers while increasing the seed latex solid content. A 2-hour of
polymerization time was chosen for the seed latex. It was observed that the longer the
polymerization was carried out, an inverse consequence on the growth of polymers occurred.
Figure 16 shows the influence of the initiator’s concentration on the growth of polymers
(measured as the percentage of seed latex solid content) over time.
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Figure 16. Influence of initiator concentration on seed latex solids content (as a percentage by weight).

Seed Latex — Molecular Weight: Seed latex was composed of MAA, BA, and MMA in the
ratio of 28:9:63, respectively. By developing a seed latex at maximal carboxylic acid content,
this heavily influenced the concentration of triethanolamine that can be attached onto the seed
latex. Keeping the BA constant, the carboxylic acid content was manipulated by changing the
molecular weight of the seed latex through MAA and MA. Two different monomer ratios were
evaluated at 28:9:63 and 36:9:55. The 36:9:55 was not chosen due to the failure of this ratio
being able to produce spherical seed latex particles.

Shell Particles - Sodium Hydroxide Concentration: Shell particle monomers were treated
with sodium hydroxide at different concentrations, as shown in Figure 17. This allowed for
maximum activity amongst monomers prompting a high conversion of shell particles. Based
on the experimental results, the highest sodium hydroxide concentration yielded the highest
solid content, and thus 10% sodium hydroxide was chosen for the shell particle wash.

Sodium Hydroxide Content Vs. Shell Solid

Content
30
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Shell Solid Content %

0% 5% 10%
Sodium Hydroxide Concentration %

Figure 17. Influence of sodium hydroxide wash concentration on the shell’s solid contents (as percentage by weight).

Shell Particles — Water Content: Shell particles were starved of water in order to impact the
physical properties of the nanocapsules. As water content was altered, nanocapsules appeared
to experience more amalgamation, which made separation of nanocapsules extremely difficult.
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Separating nanocapsules are imperative to distributing the corrosion inhibitor uniformly.
Nanocapsules are well distributed throughout the concrete specimen to combat the aggressive
behavior of corrosion.

Having capsules distributed uniformly aids in the dispersion of corrosion inhibitors. If all
capsules are concentrated in small areas, the corrosion mitigation system will be ineffective.
The water content was varied at 10%, 40%, and 90%. A water content of 10% produced shell
particles that were coarse and had a high presence of amalgamation. A water content of 40%
produced shell particles that were fine but also had a high presence of amalgamation. Water
content of 90% was chosen, and this produced shell particles whose characteristics were fine
with no amalgamation. The 90% water content allowed the capsules to be distributed
uniformly, which aided in the corrosion mitigation system being effective. Figure 18 illustrates
seed-shell latex particles with no TEA, with TEA, and with TEA after separation, respectively.

zﬁg, a* Fia b

Figure 18. TEM Image of: (a) Seed-Shell latex partlcles w1th no TEA, (b) Seed-Shell latex particles with TEA, before
separation, and (c) Seed-Shell latex particles with TEA, after separation.

5.2. Concrete Testing

5.2.1. Fresh Concrete Properties

The slump and air test results are shown in Table 9 for the initial calcium nitrate microcapsule
group that was poured without polymer fiber reinforcement. The slump of the concrete
increased as the microcapsule concentration increased, indicating that the microcapsules
increased the workability. The air content test results showed low differences between each
specimen group, indicating that the defoaming agent was successful in controlling the air

content even when the microcapsule concentrations were increased.
Table 9. Slump and air test results for initial concrete specimens with microencapsulated calcium nitrate.

Sample ID Concentration Slump (mm) Air Content (%)
(% by wt. of cement)

Ctrl-1 N/A 15 2.6

CN-10.25 0.25 40 24

CN-10.50 0.50 50 2.0

CN-12.00 2.00 70 2.4

The slump and air test results are shown in Table 10 for the calcium nitrate specimen groups
that were poured with polymer fiber reinforcement, at concentrations of 0.5%, 2.0%, and 5.0%
as a percentage by weight of cement. Virtually all specimens had a higher slump than the
control specimen, thus indicating that the workability of the mixtures was improved when
calcium nitrate was added through microcapsules or as an admixture. The only exception was
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for specimen group CN-A 2.0%, and this was attributed to the variability of the mix given that
higher slumps were observed when calcium nitrate was admixed at higher and lower
concentrations (CN-A 0.5% and CN-A 5.0%, respectively). The air content test results also
showed low differences between each specimen group, although a higher calcium nitrate
concentration (when added as an admixture or as microcapsules) caused a slightly higher air

content.
Table 10. Slump and air test results for concrete specimens reinforced with polymer fibers, including
microencapsulated calcium nitrate, and calcium nitrate added as an admixture at varying concentrations, respectively.

Sample ID Concentration Slump (mm) Air Content (%)
(% by wt. of cement)
Ctrl-F Control with Fibers 20 2.0
CN-C 0.5% 0.50 65 1.5
CN-C 2.0% 2.00 75 2.1
CN-C 5.0% 5.00 65 2.4
CN-A 0.5% 0.50 25 2.3
CN-A 2.0% 2.00 15 2.2
CN-A 5.0% 5.00 135 2.9

With respect to the triethanolamine sample groups, the slump and air test results are shown in
Table 11. The slump results indicate that the workability of the mix was not substantially
changed when triethanolamine was added as an admixture. However, when the encapsulated
triethanolamine was added, the consistency of the concrete mix was dramatically changed

since the added microcapsules changed the viscosity of the mixing water.
Table 11. Slump and air test results for concrete specimens with microencapsulated triethanolamine, and
triethanolamine added as an admixture at varying concentrations, respectively.

Sample ID Concentration Slump (mm) Air Content (%)
(% by wt. of cement)
Ctrl-NF Control without fibers 95 3.0
TEA-A 0.5% 0.5 125 1.8
TEA-A 2.0% 2.0 75 2.6
TEA-A 5.0% 5.0 90 2.5
TEA-C 0.5% 0.5 40 2.0
TEA-C 2.0% 2.0 0 2.9
TEA-C 4.0% 4.0 0 3.2
TEA-C 5.0%** 5.0 0 5.3

**Specimen group was admixed with double the dosage of super plasticizer during the mixing process due to
poor workability.

With the exception of TEA-C 0.5%, all samples with triethanolamine nanocapsules resulted in
a stiff, dry mix with poor workability and no slump. At the highest nanocapsule concentrations
(TEA-C 5.0%), the super plasticizer dosage was doubled to facilitate the concrete casting
process. However, even with the use of the vibrating table, the compaction and consolidation
of fresh concrete into the beam molds proved to be challenging and the hardened concrete
cover’s quality was poor, featuring honeycombing as shown in Figure 19. The air content was
observed to increase with a higher dosage of triethanolamine, particularly when added as
nanocapsules. In general, the air content did not change significantly between all specimen
groups shown in Table 11, with the exception of sample TEA-C 5%, due to the defoaming
agent. This is because sample TEA-C 5% exhibited honeycombing, which caused a significant
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increase in air content.
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Due to the difficulties in casting concrete specimens with embedded triethanolamine capsules
at high concentrations (above 2%), it will be necessary to optimize the mix design to
compensate the lack of workability observed for the samples cast at 4% and 5%. Otherwise,
high concentrations of TEA capsules would be considered impractical for implementation,
especially since the concrete cover suffered dramatically.

5.2.2. Compressive Strength

The compressive strength results shown in Figure 20 indicate that for the calcium nitrate
specimens, an increase in microcapsule concentration has a negative impact on strength. The
highest microcapsule concentration (2% by wt. of cement) resulted in an 18% strength
reduction. A statistical test using Fisher’s least squares difference (LSD) was used to determine
if the addition of microcapsules had a significant effect on the compressive strength of
concrete. The analysis shows that the control specimen group is significantly different from
those samples admixed with microcapsules at 0.5% and 2.0%. Even though the defoaming
agent was shown to improve dispersibility of the microcapsules in water, it is possible that
with the defoamer concentration used, it was still insufficient to adequately disperse the
capsules throughout the concrete matrix. Thus, any clusters of microcapsules would weaken
the cementitious matrix and increase the variability of the compressive strength considerably
as compared to the control specimens.
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Figure 20. Compressive strength test results.

For the additional sample groups poured, the compressive strength results are shown in Figure
21.
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Figure 21. Compressive strength results for: (a) CN-C Group, (b) CN-A Group, (¢) TEA-C Group, and (d) TEA-A
Group. The CN-A and CN-C samples were fiber reinforced, while the TEA-A and TEA-C samples were not fiber
reinforced.

The four sample groups tested include: (a) calcium nitrate, added through microcapsules [CN-
C]; (b) calcium nitrate, added as an admixture [CN-A]; (c) triethanolamine, added through
microcapsules [TEA-C]; and (d) triethanolamine, added as an admixture [TEA-A]. Since the
calcium nitrate samples had an encapsulation efficiency of 22%, the CN-A groups had an
equivalent amount of calcium nitrate admixed than the CN-C groups have encapsulated.
Similarly, the triethanolamine samples had an assumed encapsulation efficiency of 5.2%
(based on Choi et al. (7)), and therefore the TEA-A groups had an equivalent amount of
triethanolamine admixed than the TEA-C groups have encapsulated.

The encapsulated calcium nitrate (CN-C) specimen group’s compressive strength test results
did not agree with the initial calcium nitrate microcapsule groups, since a higher concentration
of microcapsules did not result in a weaker compressive strength (particularly at a 5% level).
This may be attributed to the addition of 57 mm polymer fibers in the matrix, which may have
added an extra level of variability depending on how well they were distributed in the 100 mm
x 200 mm concrete cylinders. On the other hand, the CN-A groups did not have significant
differences in compressive strength when compared to the control specimens, with the
exception of sample CN-A 2% which exhibited a stronger compressive strength. Thus, these
results reaffirm that calcium nitrate as an admixture is compatible with concrete and does not
negatively impact the mechanical properties.

The encapsulated triethanolamine (TEA-C) specimen group’s compressive strength results
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showed that as the microcapsule concentration is increased, the concrete’s strength decreased.
However, there were no significant differences between the TEA-C 0.5% and the Control NF
specimen groups. With respect to the TEA-A group, it was observed that triethanolamine is
also compatible as an admixture with concrete as it did not cause any significant differences in
compressive strength relative to the control specimens. The only difference was observed with
the TEA-A 2% specimen groups, which resulted in a significantly weaker compressive strength
(a 10% decrease in strength).

5.4. Corrosion Testing
There were two main sets of samples tested in this study. The first set consisted of trial samples
named Ctrl-I, CN-I 0.25, CN-I 0.50, and CN-I 2.00. For the second set, all the samples listed
earlier in Table 7 are included other than the first set of samples listed above.

5.4.1. Open Circuit Potential Results

First Set: Figures 22a and b shows the OCP values for the samples in the continuous-then-
cyclic exposure, and samples subjected to only cyclic exposure, respectively. During 12 weeks
of continuous ponding (Figure 22a), Ctrl-1 and CN-10.25 (sample with the lowest microcapsule
concentration, 0.25% by weight of cement) remained passive while CN-I 0.5 and CN-I 2.00
(samples with higher microencapsulated calcium nitrate concentrations) remained active even
from the first measurement. CN-I 0.50 and 2.00 were found to be more electrochemically
active than the Control and CN-I 0.25 during 12 weeks of continuous ponding exposure, as
evident by more negative OCP values for CN-I 0.20 and 2.00. While the Control and CN-I
0.25 remained passive (low-corrosion risk), CN-I 0.50 and 2.00 were subject to intermediate-
corrosion risk.

After 12 weeks of continuous ponding, the exposure was switched to the wet/dry cycles. This
step was performed to simulate the condition when the actual environment surrounding the
concrete changes from continuous immersion to wet/dry exposure due to environmental
changes. During the 12 weeks of wet/dry cycles, Control and CN-I 0.25 samples kept passive
while CN-I 0.50 tended to become more passive with time. On the other hand, CN-I 2.00
became more active. Its OCP values significantly dropped during 12 weeks of wet/dry cycles.
The corrosion risk of CN-I2.00 was close to 90% in the last weeks of testing. The interpretation
of OCP values shown in all the OCP graphs in this study follows the interpretation made by

Broomfield (34), as shown in Table 12.
Table 12. Corrosion condition for OCP values (34).

OCP (mV vs SCE) Corrosion Condition
>-80 mV Low (10% risk of corrosion)

-80 mV to -230 mV Intermediate corrosion risk
<-230 mV High (> 90% risk of corrosion)
<-380 mV Severe corrosion

The OCP values for the encapsulated samples, which were exposed to ASTM G 109 cyclic
exposure since the beginning of testing, are shown in Figure 22b. It can be seen that the sample
with the highest concentration (i.e., CN-I 2.00) stayed within the passive region for the entire
test. Samples CN-I 0.25 and CN-I 0.50 both showed activation in the first 2 weeks but then
showed repassivation of the rebar as the test continued. The results from the cyclic test were
in contrast with the continuous-then-cyclic test, where the highest concentration of
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microcapsules was more effective in the ASTM cyclic test, while the samples with the lowest
concentration of microcapsule and no microcapsules performed the best in the continuous-
then-cyclic test. The inconsistent finding in OCP trend in the ASTM cyclic and continuous-
then-cyclic test could be attributed to the different mechanism of corrosion and diffusion of
aggressive species occurring in the continuous ponding compared to that of the ASTM G 109
cyclic ponding. For instance, the Cl ions and O are more limited in the continuous ponding
environment due to the low diffusion rate of these species through the ponding solution (3.5%
NaCl). In addition, the difference in the number of ruptured microcapsules in each same type
of sample which affect the actual concentration of inhibitor released from capsules to concrete
may also play a significant role in this inconsistent trend.
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Figure 22. OCP values of the Control and encapsulated calcium nitrate (CN-I) samples in the first set exposed to: (a)
continuous-then-cyclic, and (b) ASTM G109 cycle exposure.

Since the Control sample for ASTM G 109 cyclic exposure was completely broken during the
3-point bending to create cracks, the values of OCP, PD, macrocell corrosion current, EIS
spectra, concrete resistance, corrosion rate, and % inhibition could not be reported in this study.
Second Set: In the second set, samples were subject to different exposures: (1) ponding and
(2) fog chamber exposure. Both ponding and fog chamber exposures consisted of 2 days of
wet cycle and 2 days of dry cycle. The difference is that the ponding exposure had the wet/dry
cycles in the air while the fog chamber, as its name suggests, had them in the fog chamber.

In the first 26 days of ponding exposure, CN-C samples showed corrosion activation as
indicated by their OCP values located in the intermediate-corrosion risk (Figure 23a). As time
increases, their OCP values increased to the passive (low-corrosion risk) zone. This corrosion
activation in the first 26 days of days could be associated with higher availability of aggressive
species such as chloride diffusing more quickly into concrete due to cracks. Although calcium
nitrate was already available in the concrete (released from ruptured microcapsule) before
corrosion testing, it took time for calcium nitrate to diffuse and reach the rebar and worked as
an inhibitor. The calcium nitrate available at different depths of concrete from different
positions of microcapsules took time to diffuse and reach the rebar. After 26 days, a sufficient
amount of calcium nitrate released from microcapsules blocked the anodic areas and formed
the passive films on the rebar, resulting in more positive OCP values. In contrast, CN-A
samples that had no cracks, meaning lower concentration of aggressive species, were almost
stable in the passive (low corrosion risk) zone (Figure 23a). Unlike in the CN-C samples,
calcium nitrate in CN-A samples was readily available at the rebar — concrete interface to
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passivate the rebar. This made the OCP values of CN-A samples almost constant in the passive
zone from the beginning until the end of testing.

For the TEA-C samples, the sample with the lowest concentration (0.50%) remained stable in
the low corrosion risk zone while the higher concentrations (2.00, 4.00, and 5.00%) were in
the intermediate corrosion risk (with more negative potentials) during the ponding exposure
(Figure 23b). However, as can be seen, a slight increase in OCP values with increasing time
were observed for those higher concentration samples. In contrast, all of TEA-A samples
remained passive during the testing. The more negative potentials of TEA-C samples than the
ones for TEA-A could be attributed to the fact that TEA in TEA-A samples was readily
available in the concrete and even at the rebar/concrete interface to react and form the passive
film while the TEA in TEA-C samples needed a pH change to be released form microcapsule
to the concrete. Considering the diffusion of aggressive species was faster than the speed of
TEA release from microcapsules due to pH change in the laboratory wet/dry cycles, the
concentration of TEA in TEA-C might be ineffective compared to TEA-A sample case.

All Control samples (no corrosion inhibitors) for both CN and TEA samples remained passive
during 68 days of testing without showing any corrosion activation while some CN-C and
TEA-C samples did show an activation in the early days (26 days) of exposures. CN-A and
TEA-A also remained passive like Control samples did during 68 days the testing, but they
were slightly more noble than the Control samples. After 68 days of exposure, the OCP values
for CN-C and TEA-C became more noble, locating in the passive (low corrosion risk) zone.
However, their OCP values were still lower than the ones for CN-A, TEA-A and Control.
These phenomena could be related to the effective concentration of corrosion inhibitor in each
type of samples. The CN and TEA are anodic corrosion inhibitors. The CN and TEA react with
the metal ions to form a passive layer on the metal surface that is able to slow down the
corrosion process. For an anodic inhibitor, the concentration must be high enough to cover the
anodic sites on the metal. If the concentration is low, only a few anodic sites are covered by
the passive film. This condition is worse compared to the situation where a metal has no passive
film at all. When a metal is not fully covered by a passive film or in other words, only few
areas are covered by the passive film, localized corrosion may occur. This localized corrosion
is more active than the uniform corrosion.

For CN-C samples, at the early stages (less than 26 days) the actual amount of released
corrosion inhibitor from ruptured microcapsules might not be sufficient at the rebar/concrete
interface to form the passive film. This is because the released corrosion inhibitor took time to
diffuse and reach the rebar. As a result, only small areas of anodic sites were initially covered
by the passive film. This left some sites of metal uncovered which then led to localized
corrosion. After 26 days, most of the released corrosion inhibitors had reached the rebar surface
and covered the surface, leading to more noble OCP values located in the passive zone (Figure
23a). For CN-A, in contrast, since sufficient concentration of corrosion inhibitor was readily
available at the rebar/concrete interface, this corrosion inhibitor instantaneously formed the
passive film, even from the beginning of testing. This is evident by constant passive OCP
values during the testing. For the Control, since localized corrosion induced by incomplete
passive film coverage did not happen, corrosion was expected to be less active. This is proved
by the constant passive OCP value. As can be seen in Figure 23a, the most noble OCP values
were achieved by CN-A samples that had readily sufficient concentration of corrosion inhibitor
at the rebar/concrete interface, followed by the Control and lastly by CN-C. It is well know
that the use of insufficient concentration of anodic inhibitor leads to worse corrosion process
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on the metal compared to the case where no corrosion inhibitor is present. These explanations
for CN-C samples apply to CN-I samples in Figure 22a where incomplete passive film
coverage made OCP values of CN-I samples were more active.
For TEA, similarly, TEA-A had more noble OCP values than TEA-C because sufficient
corrosion inhibitors might have been more readily available at the rebar/concrete interface in
TEA-A samples. The pH change due to wet/dry cycles might have triggered the release of
corrosion inhibitor in TEA-C as indicated by a slight increase in OCP with time but the
concentration might not have been sufficiently at the early stages. The explanation why the
OCP values of the Control was between TEA-A and TEA-C is the same as the one for CN
samples. It is related to the absence of localized corrosion induced by incomplete passive film
coverage.
However, it should be considered that the slightly more noble OCP values do not represent
lower corrosion rates. The OCP is a thermodynamics parameter that does not provide
information about the corrosion rate. It describes how likely corrosion to occur. In the
corrosion field, the kinetics of corrosion in terms of corrosion rate is more important and
practical. In order to evaluate the kinetics of corrosion of these rebars, the EIS was performed
and analyzed.
In the fog chamber exposure, CN-C samples in the fog chamber were generally more
electrochemically active than the CN-A ones. With the concentrations of encapsulated calcium
nitrate being same as the ones in the ponding exposure, these encapsulated samples in the fog
chamber had more negative OCP values (Figure 24), indicating more active corrosion. This
suggests that the environment inside the fog chamber is more aggressive than the one in the
ponding exposure. The corrosion activation on the rebar was followed by re-passivation
process regardless small fluctuations in the OCP observed in all samples except for CN-C 0.50
and 2.00. While corrosion risk for microencapsulated CN-C 0.50 and 2.00 became higher with
increasing exposure time, the rest of samples (for both CN-A and CN-C) tend to be stable and
stayed in the same corrosion risk zone in the entire testing time although some small
fluctuations were observed. In the fog chamber testing, the diffusion of harmful species
especially ClI" was faster than in the ponding exposure, making the pore solution is more
conductive and more conducive for corrosion to occur.
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Figure 23. Open circuit potential for: (a) Control with fiber and calcium nitrate (admixed and encapsulated), and (b)
Control without fiber and triethanolamine in the ponding exposure.
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Figure 24. Open circuit potential for Control (with fiber) and calcium nitrate (admixed and encapsulated) in the fog
chamber exposure.

5.4.2. Macrocell Corrosion Current

First Set: The corrosion process of reinforcing steel in concrete is complicated by the
coexistence and mutual influence of micro and macro corrosion cells. Due to the multiscale
and non-uniform phase of concrete, various spatial dimensions of microcell and macrocell
corrosion exist in the corrosion process of steel in concrete. In this study, the measurement of
these two types of corrosion enables us to evaluate which is more dominant. Microcell
corrosion is defined as a corrosion process where active dissolution and the corresponding
cathodic half-cell reaction take place in adjacent parts of the same metal. In this study, the
microcell corrosion current was converted to and presented as corrosion rate (mm/year).
Macrocell corrosion can occur when the active rebar is coupled to another/other rebars, which
are passive or have a lower corrosion rate, either due to its different metal composition or
different environments.

Figures 25a and b show the macrocell corrosion current for microencapsulated CN-I samples
exposed to continuous ponding then wet/dry cycles and ASTM G109 cyclic exposure,
respectively. For CN-I samples exposed to continuous then wet/dry cycles (Figure 25a), the
highest current was found in CN-I 2.00 (the highest concentration of calcium nitrate in
microcapsule) while the lowest one belonged to CN-I 0.50, followed by the Control. This
suggests that the most active corrosion was found on the anode of CN-I 2.00 while the lowest
one was in CN-I 0.25. This trend is slightly different from the OCP results shown in Figure 22
where the least and most active samples were the Control and CN-I 2.00, respectively.
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Figure 25. Macrocell corrosion current values for the Control and encapsulated calcium nitrate samples (CN-I) in the
first set exposed to: (a) continuous-then-cyclic, and (b) ASTM G109 cycle exposure.

For the encapsulated samples exposed to ASTM G 109 cyclic exposure (Figure 25b), the trend
is similar to the one of OCP (Figure 24) where increasing the concentration of calcium nitrate
improved the corrosion resistance of rebar. The macrocell corrosion current that represents the
total current flowing in the system show that for both exposures (continuous then cycles and
ASTM G 109 cyclic exposure), its current values, in general, increased with decreasing the
percentage of calcium nitrate (by the weight of cement). Since the OCP of the top rebar only
depends on the electrochemical reactions while macrocell corrosion current gets contributions
from electrochemical reactions from the bottom rebars; the trend in macrocell corrosion current
does not have to be necessarily the same as the one in OCP. In some samples, the OCP values
of the bottom rebars were found to be more active than the top one, making the bottom ones,
which are expected to be cathodes become anodes.

No potential difference measurement was performed on the fog chamber due to the activation
of bottom rebars.

Second Set: For the calcium nitrate (admixed and microencapsulated) and triethanolamine
(admixed and microencapsulated), the macrocell corrosion current values were similar even
when compared to the Control samples. There are two possible explanations. First, the
corrosion inhibitor in both microcapsules and admixtures have not been activated. Second,
although the triggering factors have activated the inhibitors, the difference in corrosion rate
between the top rebar (anode) and bottom ones (cathode) was extremely small. For both
samples (Figures 26a and b), the macrocell corrosion current tend to remain constant during
68 days of exposure, indicating that there is no significant corrosion process on the rebars. An
abrupt increase in current observed for CN-A 0.50 and 2.00 was most likely caused by an
interference in the measurement due to high impedance system, such as concrete, the currents
are low and the measurement can pick up any random electric noise.
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Figure 26. Macrocell corrosion current values for: (a) Control with fiber and calcium nitrate (admixed and
encapsulated) and (b) Control without fiber and triethanolamine in the ponding exposure.

5.4.3. EIS Results

First Set of Samples: The electrochemical and chemical reactions occurring in the concrete
and rebar/concrete interface was studied by EIS. EIS is a frequency domain technique that is
able to extract of electrochemical and chemical reactions by correlating the kinetics
degradation with the relation between input (potential) and output (current). For corrosion
assessment in reinforced concrete, depending on the frequency range, mechanistic information
in the concrete/rebar interface (pore network, isolated pore matrix), and rebar surface can be
characterized in steady state conditions and as a non-destructive technique. EIS follows the
lineal system theory in which electrical passive elements can be used to represent the
electrochemical system from EIS signature. Three different representations resulted from EIS
analysis are Nyquist, Bode and phase angle plots. The Nyquist or complex diagrams cover the
mechanistic processes existing within the concrete/rebar system. Bode and Phase angle
diagrams cover the quantitative or qualitative elements forming the electrochemical system,
such as capacitors, resistances and mass transfer magnitudes.

Figures 27 to 30 are the EIS signatures for the CN-I samples exposed to continuous ponding
then wet/dry cycles exposure while Figures 31 to 33 are for the samples exposed to ASTM
G109 cyclic exposure. Two capacitive loops are observed at medium and low frequencies in
the Nyquist plots (Figures 27a-30a and Figures 31a-33a), indicating two different processes in
the system. The first process relates to the reaction in the connected and unconnected pore
networks, and solid phase. This is observed at medium frequencies. At low frequencies, the
process corresponds to the charge transfer reactions at the rebar/concrete interface. From the
impedance modulus in the Bode plot (Figures 27-30b and Figures 31-33b), it can be seen that
the modulus values range from 60 to 80 kQ-cm? for all samples from week 1 to 22. This
indicates that the corrosion rates were similar for the Control and all inhibited samples. In this
case where the impedance modulus values for each sample is close to one another, another
technique is required to more precisely calculate the corrosion rate. This technique is a
polarization resistance obtained from the EIS spectra. A polarization resistance measurement
using Equivalent Circuit (EC) in Figure 11 was used to evaluate the instantaneous corrosion
rate on the rebars. From the high (10° Hz) to intermediate (10° Hz) frequencies (Figures 27-
30c and Figures 31-33c¢), the phase angle is at 0°, indicating that concrete resistance factor is
dominant in the electrochemical and chemical reaction in the system.

Based on these characteristics, the types of exposures were altered for the second set of
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samples. In order to speed up the tests and to increase the aggressiveness of the environment,
the testing was conducted in the 2-2 day wet dry cycle in the ponding and fog exposure. These
are the exposures that were used for the second set of samples, as described below.
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Figure 28. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 0.25% exposed to
continuous-then-cyclic exposure.
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Figure 29. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 0.50% exposed to
continuous-then-cyclic exposure.
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Figure 30. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 2.00% exposed to
continuous-then-cyclic exposure.
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Figure 31. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 0.25% exposed to
ASTM G109 cyclic exposure.
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Figure 32. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 0.50% exposed to
ASTM G109 cyclic exposure.
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Figure 33. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated calcium nitrate 2.00% exposed to
ASTM G109 cyclic exposure.

Second Set: The EIS spectra of calcium nitrate (CN-A and CN-C) and triethanolamine (TEA-
A and TEA-C) including their Control samples exposed to ponding exposures are shown in
Figures 34 to 48. Quarter circles (poorly defined capacitive loops) at high frequencies are
observed in all samples (Figures 34-48a). This is the characteristic that is also found in the
samples exposed to continuous then cyclic and ASTM G109 cyclic exposures (Figures 27-
33a). This typical quarter circle corresponds to a very high resistance of concrete.

The impedance modulus values in the CN-A and CN-C are, in general, slightly higher than the
ones observed in the Control with fiber sample. This suggests that calcium nitrate slightly
improved the corrosion resistance of rebars. When comparing CN-A to CN-C, it was observed
that CN-C was more effective in decreasing the corrosion kinetics than CN-A as suggested by
the higher impedance modulus of CN-C. This trend is different than the one observed in the
OCP values, indicating that the OCP values cannot be solely used to predict corrosion
resistance of rebars protected by corrosion inhibitors.

In contrast, the inhibiting effects can be seen clearly in the TEA-C. The impedance modulus
values increase from around 60 kQ-cm? in the Control sample to around 200 kQ-cm? in the
TEA-C samples except for 2% TEA-C. This suggests that the pH change that might be
stimulated by wet/dry cycles successfully activated the release of triethanolamine and inhibited
corrosion on the rebars.

For the admixed triethanolamine, there is no significant change in the impedance modulus
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compared to the Control sample. The impedance modulus values for the Control and admixed
triethanolamine samples are around 60-80 kQ-cm? This finding proves that the
microencapsulated triethanolamine is more effective in inhibiting corrosion than admixed

triethanolamine.

From the phase angle plots (Figures 34-48c, the dominant process in the concrete can also be
seen in phase angle at high to intermediate frequencies. This very high resistance might have
slowed down the diffusion process of species to the concrete and rebar. The maximum peak
angles for the TEA-C samples that have lower corrosion rate (based on the modulus
impedance) are located at the higher frequencies (= 60°) than the ones for Controls, admixed
triethanolamine, admixed calcium nitrate, and microencapsulated calcium nitrate.
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Figure 38. (a) Nyquist, (b) Bode, and (c) phase angle plots for admixed calcium nitrate 0.50% exposed to Ponding
exposure.
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Figure 42. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated triethanolamine 0.50% exposed to

Ponding exposure.
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Figure 43. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated triethanolamine 2.00% exposed to

Ponding exposure.
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Figure 44. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated triethanolamine 4.00% exposed to
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Figure 45. (a) Nyquist, (b) Bode, and (c) phase angle plots for microencapsulated triethanolamine 5.00% exposed to

Ponding exposure.
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Figure 46. (a) Nyquist, (b) Bode, and (c) phase angle plots for admixed triethanolamine 0.50% exposed to Ponding
exposure.
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Figure 47. (a) Nyquist, (b) Bode, and (c) phase angle plots for admixed triethanolamine 2.00% exposed to Ponding
exposure.
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Figure 48. (a) Nyquist, (b) Bode, and (c) phase angle plots for admixed triethanolamine 5.00% exposed to Ponding
exposure.

For the CN-A and CN-C samples exposed to the fog chamber exposure, the quarter circles
(poorly defined capacitive loops) are observed in the Nyquist plots (Figures 49-55). This
characteristic was also found in all types of samples exposed to continuous-then-cyclic, ASTM
G109 cyclic, and ponding exposures. The impedance modulus of these samples were lower
than the ones observed in the same type of samples exposed to ponding exposure. The modulus
values are in the range of 30-40 kQ-cm? in the fog chamber while they are between 4060 kQ-
cm? in the ponding exposure, indicating that corrosion rate of rebars tested in the fog chamber
was higher than the one in on the ponding exposure. The impedance modulus values of the
Control sample for each exposure are close to the ones of inhibited samples, suggesting that
admixed and microencapsulated calcium nitrate did not give a significant corrosion protection
to the rebars. A small increase in corrosion resistance with an addition of CN might occur but
it cannot be directly observed in the Bode plots. A corrosion rate calculation based on the
polarization resistance values obtained from EIS spectra, in this case, could give a more
accurate corrosion rate value for each sample.
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Figure 49. (a) Nyquist, (b) Bode, and (c) phase angle plots for the Control with fiber exposed to fog chamber exposure.
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Figure 50. (a) Nyquist, (b) Bode, and (c) phase angle plots for the microencapsulated calcium nitrate 0.50% exposed to

fog chamber exposure.
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Figure 51. (a) Nyquist, (b) Bode, and (c) phase angle plots for the microencapsulated calcium nitrate 2.00% exposed to
fog chamber exposure.
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Figure 52. (a) Nyquist, (b) Bode, and (c) phase angle plots for the microencapsulated calcium nitrate 5.00% exposed to
fog chamber exposure.
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Figure 54. (a) Nyquist, (b) Bode, and (c) phase angle plots for the admixed calcium nitrate 2.00% exposed to fog
chamber exposure.
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Figure 55. (a) Nyquist, (b) Bode, and (c) phase angle plots for the admixed calcium nitrate 5.00% exposed to fog
chamber exposure.

5.4.4. Corrosion Rate and Percent Inhibition

The corrosion rates of samples exposed to different types of exposures are shown in Figures
56-58. In general, the corrosion rates of all samples in all exposures are considered to be
insignificant because they are less than 1 mils/year (< 0.0254 mm/year). In general, for CN-I
samples, it can be seen that an addition of corrosion inhibitor decreased the corrosion rate
compared to the Control (Figure 56). Although there are some variations in the corrosion rates
for CN-A and CN-C samples, the corrosion rate of CN-C is generally higher than the one for
CN-A (Figure 57a). For TEA samples (Figure 57b), the corrosion rates are very slow, one order
of magnitude lower than the ones for CN samples.

The percent of inhibition of all samples, in general, is considered to be low (Figure 59). The
fluctuations are observed which are attributed to inconsistent corrosion rate on the Control and
inhibited samples. Again, since the corrosion rate is considered to be insignificant, the percent
inhibition calculation becomes complex and tends to give more errors.
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Figure 56. Corrosion rate for: (a) Control and microencapsulated nitrate exposed to continuous-then-cyclic exposure,
and (b) only microencapsulated calcium nitrate exposed to ASTM G109 cyclic exposure.
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6. CONCLUSIONS

The first phase of this study focused on optimizing the procedures to encapsulate calcium
nitrate and triethanolamine, and tested their effects on concrete properties, respectively. When
varying the agitation rate, sulfonic acid catalyst concentration, and temperature, the
morphology of the microcapsules containing calcium nitrate remained consistent, showing
spherical capsules with a smooth outer edge. However, the concentration of the sodium
bicarbonate wash (used to neutralize the sulfonic acid traces in the microcapsule’s shell) was
shown to deflate the microcapsules. Therefore, it is recommended to reduce the sodium
bicarbonate wash concentration and exposure time to minimize impact on the microcapsule
morphology while successfully neutralizing the sulfonic acid traces. With respect to
microcapsule size, a variation in temperature did produce significant differences, where a
higher temperature corresponded to a smaller mean diameter between those samples produced
at 50 °C and those produced at 40 °C and 45 °C. The sulfonic acid concentration also had a
significant effect on the mean microcapsule diameter, where a higher sulfonic acid
concentration corresponded to a smaller particle size.

The encapsulation of triethanolamine (TEA) involved a four-step process, requiring the
production of the seed latex material, the formation of an amphiphilic first shell, the formation
of a hydrophobic second shell, and the neutralization of the seed materials with TEA (and thus
loading the seed latex particles with TEA). A free radical polymerization process was utilized
in order to synthesize the seed latex particles. Seed latex particles were modified at different
molecular weights of methacrylic acid and methyl methacrylate to control carboxylic acid
content of the seed latex. The carboxylic acid content has a direct impact on the amount of
triethanolamine that is infused onto the seed latex particles. The initiator concentration by
weight was modified for the solid weight content of the seed latex particles. The introduction
of shell particles onto the seed latex particles occurred through a free radical polymerization
process as well. Water content of shell particles were altered for a uniform dispersion of
nanocapsules throughout the specimen. Sodium hydroxide concentration by weight was
changed in order to create an environment with maximal activity amongst monomers.

With the addition of microcapsules admixed into the concrete matrix, it was shown that there
is a decrease in the compressive strength for the encapsulated calcium nitrate. The decrease
becomes significant with concentrations of microcapsules above 0.5% by weight of the
cement. However, when polymer fibers are added onto the concrete matrix, the results did not
reflect the same trend, since a higher concentration of microcapsules did not result in a weaker
compressive strength (particularly at the 5% level). When triethanolamine capsules were
added, nanocapsule concentrations higher than 0.5% resulted in a lower concrete strength. In
addition, it should be noted that from all the sample groups tested in this study, those with
admixed TEA nanocapsules resulted in significant differences in workability, since the added
nanocapsules at higher concentrations dramatically changed since the added microcapsules
changed the viscosity of the mixing water. Thus, TEA-C samples resulted in a stiff, dry mix
with poor workability and no slump. At the highest nanocapsule concentrations (TEA-C 5.0%),
the superplasticizer dosage was doubled to facilitate the concrete casting process. However,
even with the use of the vibrating table, the compaction and consolidation of fresh concrete
into the beam molds proved to be challenging and the hardened concrete cover’s quality was
poor, featuring honeycombing. Future research is needed to optimize a mix design that
accommodates TEA nanocapsules in concrete.
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With respect to the TEA-A group, it was observed that triethanolamine as an admixture is also
compatible with concrete as it did not cause any significant differences in compressive strength
relative to the control specimens. The only difference was observed with the TEA-A 2%
specimen groups, which resulted in a significantly weaker compressive strength (a 10%
decrease in strength). These results may not be in agreement with the literature (where
triethanolamine as an admixture decreased concrete’s compressive strength with higher
dosages). This may be attributed to TEA’s interaction with the defoaming agent, since the
defoamer does strengthen concrete’s mechanical properties and its ability to maintain the air
content at a low percentage. On the other hand, the CN-A samples had no significant
differences in compressive strength when compared to the control samples, with the exception
of sample CN-A 2%.

The results of OCP measurements clearly showed that the rebars protected by CN-A were more
passive than the ones by CN-C when they are exposed to ponding exposure. The OCP values
for the Control were between the ones for CN-A and CN-C. The same trend was observed for
TEA samples where the noblest OCP values were found for TEA-A, followed by the Control,
and TEA-C. For CN-I samples, an increase in corrosion inhibitor resulted in more noble OCP
values for the samples exposed to ASTM G109 cyclic samples, indicating a better corrosion
protection. However, for the continuous-then-cyclic exposure, the positive effect of corrosion
inhibitor on the corrosion tendency was not obvious due to inconsistent trend.

From EIS spectra results, it is evident that encapsulated TEA (TEA-C) is more effective in
inhibiting corrosion than the TEA-A and the Control. This is based on the impedance modulus
results, where TEA-C was observed to be four times higher than the TEA-A and Control
specimens. The pH change that might be stimulated by wet/dry cycles successfully released
and activated the encapsulated TEA. This is also supported by the fact that the phase angle at
low frequency for TEA-A is close to zero, indicating that charge transfer reactions that are
typical reactions for corrosion were a dominant process at the metal/concrete interface in the
admixed samples. For both CN-A and CN-C, the inhibiting effect was found to be minor as
suggested by their low impedance modulus difference. However, in general, their values were
still higher than the ones for the Control which indicated an improvement in corrosion
resistance of rebars with an addition of CN. The phase angle at low frequency indicated that
the reaction at the metal/concrete interface in the admixed and microencapsulated samples
were similar. Both sample groups had charge transfer reactions dominant at low frequencies.
When exposed to the more aggressive environment (fog chamber), corrosion kinetics in both
admixed and microencapsulated samples increased as evident by a decrease in the impedance
modulus and phase angle.

The corrosion rate that was calculated using polarization resistance data in the EIS spectra, in
general, showed that TEA-C samples had the lowest rate. However, since the corrosion rate of
all samples are below 1 mils per year (less than 0.0254 mm/year), the difference in percent
inhibition of all corrosion inhibitors could not be observed clearly.

From all these corrosion testing results, it can be concluded that TEA-C was more effective in
giving a corrosion protection than TEA-A and the Control. In contrast, the corrosion protection
performance of both CN-A and CN-C was alike. The corrosion kinetics was slightly reduced
on inhibited rebars compared to unprotected rebars (the Control). When comparing TEA-C
and CN-C, in the presence of each stimulus (pH changes for TEA-C, cracks for CN-C), TEA-
C protected the rebar better than CN-C did. For the admixture samples (TEA-A and CN-A)
that do not need stimuli in the concrete, a stable and better corrosion protection was provided
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by CN-A.

The corrosion protection trend found in OCP was found to be different from the one in EIS
spectra. This might be attributed to the ohmic drop effect across the concrete. This effect
normally affects the OCP reading but it does not influence the phase angle reading in EIS.
Therefore, the results of phase angle in EIS spectra is more reliable to study the performance
of corrosion inhibitor in the good-quality concrete with a high concrete resistance.

6.1 Current Findings

We present the preparation and inhibition behavior of rebar in the presence of
microencapsulated calcium nitrate (CN) with concentrations of 0.5, 2.0, and 5 wt.% in
concrete. From both open circuit potential (OCP) and electrochemical impedance spectroscopy
spectra, it was found that an addition of CN corrosion inhibitor-containing microcapsules into
concrete beams successfully repassivated or maintained the passivity of the rebar when the
concrete was cracked. This corrosion inhibitor healed the rebar by forming a passive layer on
the rebar surface under the crack. This healing process was evident by an increase of OCP
values to more positive values or by stable OCP values at around -100 mV vs SCE. An increase
in phase angle after corrosion activation for CN C 2% clearly showed this healing process. The
optimum concentration for maintaining the passivity on rebar in the cracked concrete was
found to be 5 wt.%.

6.1.1 Encapsulation of Calcium Nitrate

The microencapsulation procedure was adapted from a previous study (70). The process is
based on a water-in-oil suspension polymerization reaction of polyurea-formaldehyde, where
a 25% calcium nitrate solution (by weight) was encapsulated as the core material. The
suspension polymerization reaction was enabled by heating at an elevated temperature (40 °C)
in the presence of an acid catalyst (sulfonic acid) for 2 hours. The sulfonic acid concentration
used was of 0.25% by wt. of organic solvent. Once the microcapsules were synthesized, any
trace of sulfonic acid on the microcapsules’ surface was neutralized by washing the
microcapsule slurry with a 1% sodium bicarbonate solution. The microcapsules were then
recovered through a vacuum filtration.

6.1.2 Concrete Mix Design
A water-cement ratio of 0.48 was selected through preliminary laboratory tests. The nominal
maximum aggregate size was 19 mm for the coarse aggregate, and 4.76 mm for the fine
aggregate, respectively. The microcapsules were embedded at varying concentrations of
microencapsulated corrosion inhibitors by weight of cement to determine the minimal dosage
required to mitigate corrosion considerably. A superplasticizer was added to increase the
workability of the concrete mix. A defoaming agent was also added at a dosage of 0.1% by
weight of cement to counter the increases in air voids caused by the addition of microcapsules

in concrete. The details of the concrete mix design are shown in Table 13.
Table 13. Concrete mix design.

Material Description Proportions (kg/m%)
Aggregate 1: Sand, Southern Aggregates, LA 744

Aggregate 2: #67 Limestone, Pine Bluff 1151

Cement: Holcim Type I 297

Water: Mixing water 142

Air (%) 5.0
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Material Description Proportions (kg/m?)

50 mm Polymer Fibers** 1.8

Admixture 1: Adva 195 (ml/100kg) 195

Admixture 2: Microcapsules™ (%) 0%, 0.5%, 2.0%, 5.0%
Admixture 3: TEGO Antifoam MR 1015* (%) | 0.10

Table 14 shows the characteristics of the specimens used in this study, where two 75 mm x
150 mm cylinders were poured per specimen group. Given that the microcapsules need to be
ruptured during cracking to release the calcium nitrate, it was important to damage the concrete
specimens in a controlled manner. As such, polymer fibers were added to increase the ductility
of concrete, so as to prevent sudden failure when cracking the specimens. After 14 days of
curing in a 95% relative humidity chamber, the specimens were subjected to a splitting tensile
test, where a displacement rate (0.005 in/min) was applied until a crack was induced. The crack
size was around 0.3 mm.

Table 14. Samples tested in current results.

Sample Corrosion Mechanism Microcapsule Corrosion Fiber Pre-
ID Inhibitor of Concentration Inhibitor Reinforced? | Cracked?
Protection (% by wt. of Concentration
cement) (% by wt. of
cement)

CTRL Control N/A 0.00 % 0.00 % Y Y
CN C 0.50 | Calcium Nitrate Microcapsule 0.50 % 0.11 % Y Y
CN C2.00 | Calcium Nitrate Microcapsule 2.00 % 0.44 % Y Y
CN C5.00 | Calcium Nitrate Microcapsule 5.00 % 1.10 % Y Y

6.1.3 Exposure of Concrete Samples
The cylindrical concrete beams were pre-cracked before the exposure to release the calcium
nitrate from the microcapsules. For the corrosive environment a 5% by weight NaCl brine was
used to simulate an aggressive marine environment. Before exposure the top and bottom of the
cylindrical samples were sealed with an epoxy to limit the exposure area of the rebar to that in
the middle of the sample. To determine the effectiveness of the corrosion inhibitors, the
electrochemical tests were performed as follow.

6.1.4 Electrochemical Testing
During exposure of the concrete samples, electrochemical tests were performed for 10 days.
The electrochemical tests performed were open circuit potential (OCP) and electrochemical
impedance spectroscopy (EIS). All tests were performed with a three-electrode system with
saturated calomel electrode as the reference electrode, and a graphite rod as the counter
electrode (Figure 60). The EIS testing was carried out from 10 kHz to 0.01 Hz with an
amplitude of 10 mV.
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Figure 60. Experimental set-up for open circuit and electrochemical impedance spectroscopy measurement.

6.1.5 Discussion

Figure 61 shows an evolution of OCP values during 10 days of testing. In general, the control
sample (without the microcapsule) showed the most active corrosion process compared to the
microcapsule samples, as indicated by its lowest OCP values. It is also observed that the sample
with 0.5 wt.% of microcapsules (CN C 0.5%) followed the similar trend found in the control
sample, but the OCP value of CN C 0.5% decreased more gradually at more positive values.
This may indicate there was a release of corrosion inhibitor from the capsule due to crack but
the concentration was not sufficient to passivate the rebar surface under the crack.
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Figure 61. OCP change over the experimental period.

The sample with 2 wt.% of microcapsules (CN C 2%) showed the OCP trend that reflects the
effect of inhibitor. The OCP values decreased during the first 4 days, but they then tend to be
increased to be more positive as the inhibitor was released and activated. The last OCP value
of this sample which was -350 mV vs. SCE indicated that corrosion inhibitor could not give
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adequate corrosion protection regardless a passivation effect that can be seen from day 6 to 10.
The sample with 5 wt.% microcapsule (CN C 5%) showed a better inhibiting performance
compared to any other samples as its OCP values were far more positive than control and other
inhibited samples. This suggests an addition of 5 wt.% microcapsule into the concrete is
adequate to provide a corrosion protection to rebar.

Figures 62-63 show the comparison of the EIS results between the control sample and 2 wt.%
microcapsule sample. Nyquist plots for the control (Figure 62a) and CN C 2% (Figure 62b)
present the similar magnitude of real part of impedance (X-axis) but the imaginary part showed
that the impedance for CN C 2% is higher. The semicircle Nyquist plot is observed more
clearly in the Nyquist plot of CN C 2% from day 2 - 9. The final impedance found in CN C
2% sample was found to be higher than the one for the control sample, indicating better
corrosion resistance in CN C 2% sample.
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Figure 62. Nyquist plots for (a) Control and (b) CN C 2%.

From the Bode plots shown in Figure 63, the modulus of impedance for the control sample
(Figure 63a) was lower than the one for the sample with CN C 2% (Figure 63b), indicating a
lower corrosion resistance for the control sample. The modulus of impedance was found to be
decreased from 65 to 15 kohm-cm? for the control sample, whereas it was 100 to 30 kohm-cm?
for CN C 2%. The Phase angle plots for the control sample and CN C 2% are presented in
Figure 5. Unlike the control sample (Figure 64a) that showed a continuous corrosion activation,
CN C 2% sample (Figure 64b) showed a passive-active-repassivation transition behavior
during 10 days of testing. This transition is clearly shown by a change in the number in time
constant at the lowest frequency in CN 2 wt.% sample. At day 1, there was only one time
constant, indicating the rebar was still passive. However, at day 2, the phase angle dropped
from 70 to 20° which indicated a change from semi capacitive to resistive behavior. This
decrease in phase angle was accompanied by the presence of second time constant at the low
frequencies which corresponded to active corrosion process. From day 3 — 9, the phase angle
increased from 30 to 60° and the second time constant gradually disappeared. At day 10, the
second time constant almost disappeared and the phase angle reached almost 70°, which was
the same as the phase angle at day 1. The disappearance of the second time constant is
attributed to the repassivation of rebar by corrosion inhibitor.
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Figure 64. Phase angle plots for (a) Control and (b) CN C 2%.

The effect of encapsulated corrosion inhibitors in the concrete matrix was experimentally
characterized in this study. From both OCP values and EIS spectra, it was found that an
addition of calcium nitrate corrosion inhibitor-containing microcapsules into cracked concrete
beams successfully repassivated or maintained the passivity of the rebar when the concrete is
damaged. This corrosion inhibitor healed the rebar by forming a passive layer on the rebar
surface under the crack. This healing process was evident by an increase of OCP values to
more positive values or by stable OCP values at around -100 mV vs SCE during corrosion
testing. An increase in phase angle after corrosion activation for CN C 2% clearly showed this
healing process due to corrosion inhibitor. These results suggest that calcium nitrate
encapsulated in polyurea-formaldehyde is a good candidate for anticorrosion self-healing
system in the concrete. The optimum concentration of microcapsule containing calcium nitrate
for maintaining the passivity on rebar in the cracked concrete was found to be 5 wt.%.
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7. RECOMMENDATIONS

The innovative in-situ EIS measurements clearly demonstrated the reliability of the proposed
technique to measure the EIS signatures in the fog chamber. This successful technique offers
fast and reliable in-situ electrochemical measurements in the fog chamber for any systems, not
only for the concrete. A natural continuation of this work would involve long-term corrosion
testing, and possibly testing of other encapsulated corrosion inhibitors before moving towards
field testing, where environmentally-friendly inhibitors will be highly desired. In addition,
microcapsules that feature a pH controlled release behavior are recommended, as this can
ensure the corrosion inhibition mechanism to occur precisely when needed.
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