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INTRODUCTION

Corrosion is a pervasive issue that poses significant challenges to the
longevity and structural integrity of metallic substrates. To combat this
phenomenon, anti-corrosion coatings are employed worldwide to mitigate the
deterioration caused by moisture, chemicals, and environmental salts. These
coatings play a vital role in extending the service life of metals by forming a
protective barrier that inhibits the penetration of corrosive agents. The
formulations of these coatings often include polymers such as polyurethanes,
alkyds, acrylics, epoxies, and aspartic acid esters, which contribute to their
effectiveness and versatility (Fig. 1). The global market for anti-corrosion
coatings is substantial, with an estimated value ranging between $30 and $40
billion USD, driven by consistent annual growth [1].

BY TYPE:
Epoxy BY TECHNOLOGY:

POyLIEt AN Solvent borne
Acrylic
Alkyd
Zinc
Chlorinated rubber

Water borne

Powder coating

BY REGION:
North America
Europe
Asia Pacific
= Latin America
— | Middle East and Africa

Fig. 1. Global anti-corrosion coating market

Among these coatings, epoxy-based systems stand out due to their
multifaceted protective capabilities. Epoxy coatings not only offer robust
corrosion resistance but can also be tailored for enhanced mechanical and
environmental performance. Depending on their formulation, these coatings
can exhibit elasticity for impact resistance, hardness for superior abrasion and
weather resistance, or hydrophobic properties to repel moisture and pollutants
[2—4]. Additionally, epoxy coatings are known for their remarkable chemical
and thermal stability, with the ability to cure at subzero temperatures while
maintaining their functional properties [5, 6]. Advanced formulations can
endure prolonged exposure, ensuring durability and service life of up to 15—
20 years without significant degradation.



The evolving regulatory landscape, driven by heightened environmental
awareness, has placed increased emphasis on reducing the ecological and
health impacts of paints and coatings. The primary toxic substances in epoxy
coating formulations are low molecular weight amines, which are used as
hardeners. As an alternative, less toxic hardeners are being introduced — bio-
based phenalkamines (PhA) synthesized from substances found in renewable
natural sources, such as cashew nutshell liquid (CNSL) [7, 8]. Cardanol-based
PhA hardeners exhibit hydrophobic properties and the ability to cure epoxy
resins even at low temperatures and in humid climate conditions [8—10].

Additionally, manufacturers are adapting to stringent regulations by
developing formulations that minimize or eliminate volatile organic
compounds (VOC) [11-13]. A prominent trend in this context is the shift
toward high-solids coatings, which incorporate minimal or no volatile
components, thereby reducing environmental harm. These coatings often
utilize reactive diluents (RD) as a substitute for traditional solvents. RD not
only facilitate the reduction of viscosity but also contribute to the solid content
of the composition by undergoing chemical reactions, ensuring that they
remain within the cured coating [14-16].

Amidst these advancements, smart self-healing coatings have gained
considerable attention for their potential to reduce material waste and extend
product lifespans. Various self-healing mechanisms have been investigated,
including the release of encapsulated healing agents, the formation of
reversible chemical bonds, and the use of nanoparticles with migration
capabilities [17, 18]. Of these, the release of healing agents has emerged as a
leading strategy, offering a well-documented and practical approach to
addressing the challenges of durability and sustainability in modern coatings
[19].

Novelty and originality of this work.

This study introduces innovative approaches to sustainable epoxy
coatings by exploring novel bio-based materials and advanced self-healing
technologies.

To harden epoxy resins, low molecular weight amines derived from
petroleum compounds, which are highly toxic and harmful not only to the
environment but also to human health, are commonly used. In order to reduce
toxicity and improve environmental sustainability, the effectiveness of
phenalkamine-based bio-derived amines in curing bisphenol A-based epoxy
resins was evaluated. Kinetic studies of the reactions between bisphenol A and
low molecular weight amines, as well as PhA-based curing agents, were
conducted for the first time to determine and compare their thermal efficiency,
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degree of curing, and pot-life using differential scanning calorimetry (DSC)
and rheological methods.

Volatile organic compounds are often used in epoxy coating formulations
due to their ability to reduce costs and viscosity of epoxy-based coatings.
However, these volatile components evaporate, increasing air pollution and
posing health risks. To reduce the VOC content in coatings, a new emerging
alternative — reactive diluents — was explored. Due to the presence of epoxy
functional groups, RDs can react with amine-based hardeners intended for
epoxy systems, remaining chemically bound within the coating during
formation. To assess the impact of RDs on epoxy formulations and their
curing process, the gelation and vitrification times of the forming coatings
were examined, and the viscosity was determined using a rotational
rheometer. Additionally, mechanical tests were performed to evaluate the
influence of RDs on the properties of the cured coatings.

One of the key achievements of this work is the development of a novel
microencapsulation technology, which enabled the synthesis of polyaspartic
acid ester (PAAE) microcapsules with a wall formed under ultraviolet (UV)
light. This method is applied for the first time in the encapsulation of PAAE.
UV polymerization for microcapsule formation provides a significant
advantage due to the very rapid synthesis process. The encapsulation process
of isophorone diisocyanate (IPDI) into a polyurea (PU) shell was improved,
resulting in a high encapsulated material content. To optimize the efficiency
of PAAE and IPDI microcapsule production, the Taguchi experimental design
method was employed — a technique particularly useful for optimizing
synthesis conditions yet rarely seen in publications related to microcapsule
synthesis. Finally, a dual microcapsule system was developed, and these
microcapsules were incorporated into epoxy coating formulations to create
advanced self-healing coatings.

The aim of this work was to develop zero VOC based anticorrosive
coatings using environmentally less harmful curing agents, reactive diluents,
and to investigate the use of a dual microcapsule system for the production of
self-healing coatings. The tasks to achieve the main goal were formulated as
follows:

1. Evaluate the effect of bio-based phenalkamine hardeners on curing

kinetics of anti-corrosion epoxy coatings.

2. Evaluate the effect of reactive diluents on curing and properties of

anti-corrosion epoxy coating.
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3. Optimize the encapsulation process of polyaspartic acid ester in UV
curable polyacrylate shell using the Taguchi method of experimental
design.

4. Optimize the encapsulation process of isophorone diisocyanate into
polyurea shell using the Taguchi method of experimental design.

5. Develop smart self-healing anti-corrosion epoxy coatings using dual
microcapsule system.

12



1. LITERATURE OVERVIEW
1.1. Anti-corrosion coatings

Anti-corrosion coatings are engineered to endure diverse environmental
conditions, including UV radiation, chemically intensive industrial zones,
exposure to precipitation and fertilizers, subterranean environments with
bacterial activity, high humidity, and immersion in oceanic conditions
characterized by wave impact, wind forces, and elevated salinity. The specific
requirements and classifications for anti-corrosion coatings across various
environmental contexts are defined in the international standard ISO
12944:2019, titled “Coatings and Varnishes — Corrosion Protection of Steel
Structures by Protective Coating Systems” [20]. Based on the range of
exposures encountered, anti-corrosion coatings are categorized into six
distinct corrosivity classes, as outlined in Table 1.

Table 1. Corrosivity categories by environmental impact

Steel
Corrosion | corrosion . .
. Interior Exterior
category | rate (First
year)
C1 Heated buildings with clean
v L <1.3 pum atmosphere: office, shop, -
L LA hotel, school
Unheated buildings, where Atmospheres with low levels
C2 . .
L 1.3-25 pm condensation can occur: of pollution. Mostly rural
ow sports hall, depots areas
Production rooms with high Wrigera ] A il
C3 o . . =~ | atmospheres, moderate sulfur
. 25-50 um humidity, and air pollution: . .
Medium . . dioxide pollution, coastal
laundry, breweries, dairies . ..
areas with low salinity
C4 Chemical plants, swimming Industrial areas and coastal
. 50-80 pm pools, coastal ships and . -
High areas with moderate salinity
boatyards
Buildings or areas with Industrial areas with high
C5 80-200 um almost permanent humidity and aggressive
Very High H condensation and high atmosphere. Coastal areas
pollution with high salinity
Offshore areas with high
CX Industrial areas with extreme | salinity and industrial areas
200-700 um | air humidity and aggressive with extreme air humidity
Extreme . .
atmosphere subtropical and tropical
atmosphere.

Anti-corrosion coatings are typically classified based on the mechanisms

by which they prevent corrosion on metal surfaces. These coatings employ
three fundamental protective mechanisms [21]:

13



e Barrier protection. Corrosion protection is achieved by applying
a coating system that restricts the penetration of corrosive species
into the substrate surface through its low permeability to liquids,
gases, and ions.

e Substrate surface passivation (inhibitive effect). Protection can
be accomplished through the formation of a chemical conversion
layer or by incorporating inhibitive pigments into the coating.

e Sacrificial protection (galvanic effect). This mechanism of
protection is widely used in metallic, organic, and inorganic
coatings, and involves protecting the substrate by the sacrificial
corrosion of a more electrochemically active metal that is in
electrical contact with the substrate.

An anti-corrosion coating system typically comprises multiple layers of
coatings, each designed with specific properties and functions. Depending on
the performance requirements, these layers may consist of metallic, inorganic,
or organic coatings [21].

In highly corrosive marine environments, a standard anti-corrosion
system usually includes a primer, one or more intermediate coats, and a
topcoat (Fig. 2) [22].

UV protection,
color, gloss

Barrier, mechanical
Interlayer resistance

(epoxy)
50-100 ym

Adhesion, corrosion
inhibition

Fig. 2. Anti-corrosion coating system

The primary function of the primer is to protect the substrate from
corrosion and ensure strong adhesion. For this purpose, metallic zinc or
corrosion-inhibitive pigments are often incorporated into primers, especially
for structures located in splash zones or atmospheric conditions [23], [24],
[25].
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The intermediate coat serves to build up the coating system's thickness
and acts as a barrier to prevent the penetration of corrosive species to the
substrate. It also ensures good adhesion between the primer and the topcoat
[26].

The topcoat, which is directly exposed to the external environment, must
provide the desired color and gloss while offering protection against varying
weather conditions and physical impacts. Additionally, the topcoat requires
high resistance to UV radiation. Environmental factors such as moisture,
temperature fluctuations, and UV radiation can lead to degradation of the
coating, ultimately reducing its lifespan [21, 27].

Pigments and extenders Additives
Binder system % 4 y }
4 _ = = e _© e ©° e W Solvents
—_— = o '
— S— e Qe
_— = Qe
B + Color * Flow and leveling
¢ Film formation * Opacity * Anti-foaming ol * Viscosity control
* Adhesion t ! * Protective barrier * UV stabilization . * Better film formation
* Mechanical strength * Corrosion resistance * Anti-corrosion $ * Dryingtime control
* Chemical resistance 1 * Reduce cost E * Slip control ¢+ Leveling

Fig. 3. Components in coating

The appropriate selection and combination of components and process
steps can result in an anti-corrosion coating system that provides long-lasting
protection against environmental elements while maintaining aesthetic
qualities. Coatings can be formulated using a diverse range of chemicals and
materials or combinations thereof, with each component serving a specific
function. The primary categories of components in coatings include pigments,
binders, extenders, additives, and solvents (Fig. 3) [28].

1.1.1.Epoxy-amine coatings

Epoxy resins, the principal component of epoxy coatings, represent a
versatile class of materials characterized by their high reactivity and excellent
mechanical, electrical, chemical, thermal, and anti-corrosion properties [29,
30]. These attributes make epoxy resins suitable for a broad range of
applications, including paints and coatings [31-33], adhesives [34-37],
industrial tooling [38—40], aerospace components [41-43], electronic
materials [44—46], and biomaterials [47—49].
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Fig. 4. Formation of epoxy resin

Epoxy resins are synthesized via a condensation reaction between
diphenyl propane derivatives and epichlorohydrin (Fig. 4) [50]. The most used
precursor to produce solvent-borne epoxy resins is bisphenol A, which results
from the reaction of phenols with acetone. Other precursors, such as bisphenol
F (formed from phenols and formaldehyde), and modified epoxy resins,
including epoxy esters and epoxy-functional silanes, have been developed to
address specific application requirements. For particularly aggressive
environments, epoxy novolac resins are preferred due to their superior
chemical resistance (Fig. 5) [2]. This enhanced resistance is attributed to the
higher density of epoxy groups per molecule in novolac resins compared to
bisphenol A or bisphenol F epoxy resins, resulting in a more tightly
crosslinked and durable coating.

Bisphenol A epoxy resin Epoxy novolac resin

MHW\{ v Y
Pt OO C 6**%

Fig. 5. Types of epoxy resins

Due to their high reactivity, epoxy resin pre-polymers or polymers
containing epoxide groups can react with a variety of co-reactants, including
high and low molecular weight aliphatic and aromatic amines, acid
derivatives, amides, anhydrides, esters, and thiols, forming cross-linked
structures [2]. Cycloaliphatic amines have traditionally been used as curing
agents for epoxy resins due to their excellent corrosion resistance, though their
availability is decreasing. Alternatives such as polyamines and amides, often
used in combination, are becoming more common to optimize film formation
and improve coating properties. The toxicity associated with amine curing
agents has led manufacturers to develop coatings where an initial amine-epoxy
adduct is formed, with additional epoxy resin required to complete the curing
process [51].

PhA is a relatively new class of curing agents for epoxy resins, widely
used in protective coatings. Advantages of these curing agents are related to
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low/room temperature curing applications, good moisture tolerance and good
surface appearance of the coatings [8—10]. PhA are bio-based amines
synthesized from cardanol refined from renewable material, CNSL (Fig. 6) [7,
8].

OH Phenalkamine

u R OH/_\ Good adhesion,
H,N NH,

reactivity
RCHO g
CisHyy
Cardanol
Curing with CysHy;
epoxy resin N H)

H,N N (h=0,1,23...)

Chemical resistance

[ P N ] <« Hydrophobicity, flexability

Fig. 6. The synthesis and structure—property relationship of phenalkamines
[52]

The distinctive structure of PhA has some effect on properties of the
resulting paints and coatings. Due to the long aliphatic alkyl side chain of
cardanol, PhA-containing paints are characterized by lower viscosity and
surface tension, and improved wetting properties; resulting coatings possess
good flexibility and hydrophobicity, and improved water resistance. The
aromatic backbone of PhA gives excellent chemical resistance. Side chains of
PhA containing amino- and iminogroups, react easily with the epoxy groups
giving highly cross-linked products. High activity of PhA even at ambient
temperature as well as good adhesion is related to the presence of the phenolic
hydroxyl group. Furthermore, PhA hardeners are known for low toxicity,
which makes them eco-friendly [10, 53].

Curing low-molecular-weight epoxy resins with amine hardeners typically
results in tightly cross-linked materials with a high glass transition
temperature (T,) [54]. PhA can be effectively used as an eco-friendly solution
to reduce the brittleness and T, of cured epoxy resins. The curing mechanism
and properties of the epoxy coatings depend on the PhA structure, molecular
weight and the amount of amine groups.

1.1.2.Solvent-free coatings

Solvent-borne coatings are a vital part of the coating industry and are
widely used in various segments [55-58]. Formulations for such coatings
contain organic solvents, most of them with relatively low boiling point,
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which are referred to as VOC [58]. VOC are unsafe, harmful to the human
body, and cause environmental pollution. Since environmental requirements
are increasing, a demand for the coating’s formulations with very low VOC
and for the solvent-free coating systems is becoming essential. Solvent-free
epoxy resin coatings not only solve environmental issues but also improve
some coatings properties like stability and strength [59, 60].

To avoid problems associated with VOC, the use of RDs in solvent-borne
coatings instead of organic solvents was proposed and realized [61]. RDs are
substances that contain reactive groups and take part in reactions with a
hardener becoming integral part of a coating during curing [62]. The essential
requirements to RD are low viscosity, compatibility with the base resin, low
volatility, non-toxicity, and the ability to participate in the curing process [63—
65]. The addition of RD reduces viscosity of resins, allows the addition of
more fillers, improves the wetting behavior, and facilitates film-forming
process. RDs are categorized as monofunctional and polyfunctional.

Most monofunctional RDs are excellent in reducing viscosity but cause a
decrease in the crosslink density of the resin, which affects mechanical
properties of the coatings. Reaction behavior of polyfunctional RD is
considered to be similar to that of the basic epoxy components, which means
that they do not affect the crosslink density [66—68]. Among the RDs, those
with epoxy groups are the most important for VOC-free (or very low VOC)
epoxy coatings. Usually, they are compatible with the base resin, do not
produce VOC during curing, and therefore are more environmentally friendly
than non-reactive diluents [69].

The effect of difunctional RD 1,4-butanediol diglycidyl ether (BDGE),
cyclohexandiol diglycidyl ether (CHDGE), and diglycidyl aniline (DGA) on
epoxy systems was studied by differential scanning calorimetry (DSC) [70—
73]. It was determined that the presence of DGA decreased the apparent
activation energy of the curing process. Contrarily, the addition of BDGE
increased the value of E, and the reaction exponent. Moreover, the addition of
BDGE increased the efficiency of the curing process, curing degree, and T, of
the cured coatings [72].

In order to evaluate the effect of functionality of RD, rheological behavior
and curing of RD containing epoxy resins, as well as mechanical and physical
properties of epoxy coatings were investigated [66]. As additives to epoxy
resin formulations, three RD were used: monofunctional C12-C14 alkyl
glycidyl ether (AGE), difunctional 1,6-hexandiol diglycidyl ether (HDE) and
trifunctional trimethyl propane glycidyl ether (TMGE). The highest viscosity
was characteristic for the epoxy resin mixture containing trifunctional TMGE
while the viscosity of the mixtures containing AGE or HDE was similar and
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lower. Addition of RD improved workability and usually increased pot-life
(the period of time during which mixed coating formulation remains usable,
usually considered as time until which the viscosity of a paint doubles) of the
epoxy resins; in some cases, addition of the trifunctional TMGE slightly
reduced pot-life of the system. The longest pot-life of the epoxy system was
obtained using monofunctional AGE. The presence of difunctional HDE and
trifunctional TMGE significantly increased compressive and flexural strength
of the epoxy coatings. Addition of RD irrespective of their functionality
decreased adhesion of the epoxy coatings.

The same RD were used in another study [63] evaluating their effect on
viscosity of the epoxy resins, and physical and mechanical properties of the
epoxy coatings. The epoxy mixture containing trifunctional TMGE exhibited
the fastest curing and the shortest film drying time. The best mechanical
properties of the epoxy coatings were obtained using epoxy mixtures
containing 12% RD, irrespective of functionality. The presence of
difunctional HDE increased molecular chain flexibility and impact strength of
the coatings, while the presence of TMGE increased brittleness and decreased
impact resistance of the coatings.

1.2. Self-healing coatings

Polymeric coatings are utilized as barrier layers to protect substrates from
environmental impacts. For effective protection, the coating must maintain its
adhesion, structural integrity, and resist degradation under operational
conditions, such as mechanical stress, wear, pH variations, surface tension,
and temperature changes [74, 75]. However, over time, these factors can lead
to scratches, surface and internal microcracks, or even delamination,
prompting the search for solutions to mitigate environmental interactions [75,
76]. Self-healing coatings possess the ability to autonomously or externally
stimulate "repair" damage, either fully or partially, which extends their service
life and reduces maintenance costs [77, 78].

00 9°4/0°%080 )
® e

Microcapsule system Vascular system Intrinsic system

Fig. 7. Self-healing systems

Contemporary self-healing polymer technologies offer the potential to
develop safer, more durable, and resilient materials for various industries,
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including coatings, electronics, and energy applications [77]. Self-healing
systems can be categorized into three main types: capsule-based systems,
vascular systems, and intrinsic self-healing systems (Fig. 7) [77].

In capsule-based systems self-healing of materials can occur when
capsules containing an active agent are embedded within the material [75, 79,
80]. When the material, along with the embedded capsules, is damaged, the
active component inside the capsules is released and reacts at the damage site
with active substances either present in the material itself or in other types of
capsules. After healing, the entire content of the capsule is consumed, and it
cannot be replenished.

A similar mechanism operates in vascular systems using capillaries:
hollow capillaries filled with an active agent can be incorporated into the
matrix, creating one-dimensional, two-dimensional, or three-dimensional self-
healing materials [79]. When a capillary is damaged, and the active
component is used up for healing, it can be replenished externally. Moreover,
if further damage occurs, the active agent from another intact capillary within
the network can be utilized for healing.

In systems employing intrinsic self-healing, no active healing agent is
present. These systems exhibit what is termed latent self-healing, which is
activated either by material damage or by external stimulation (e.g., heating,
UV irradiation, etc.). The healing process in these materials can occur through
mechanisms such as reversible polymerization, the melting of thermoplastic
phases, formation of ionic or hydrogen bonds, or the reorganization of a
flexible polymeric network [77, 81, 82].

The primary objective of any self-healing system is to achieve 100%
healing efficiency. Each self-healing methodology includes at least one
example system that has successfully reached this goal. However, the range
of damage volumes that can be effectively healed varies significantly
depending on the approach (Table 2). Most intrinsic systems require minimal
damage volumes for efficient repair, as intrinsic rebonding mechanisms
necessitate close proximity between damaged surfaces. Capsule-based
systems are capable of addressing small to moderate damage volumes,
constrained by the limited volumetric fraction of the encapsulated healing
agent. Vascular systems, by contrast, can deliver healing agents to both small
and large damage zones, with the lower limit determined by damage
dimensions sufficient to intersect the vascular network. Since vascular
networks are replenishable, it is hypothesized that their upper damage volume
limit significantly exceeds that of capsule-based systems [77].
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Table 2. Comparison of self-healing system efficiencies

Maximum healing
Material | Healing system Chemistry efficiency (%) / Ref.
Evaluation method
Epoxy Dual etched ; 93% .
e ' glass | Epoxy-amine Taple;red d?;gce lge)ntmltever [83]
microcapsules eam es
Epoxy Dual PMMA . 84.5%
coating microcapsules Epoxy-amine TDCB [84]
PUR Intrinsic 92%
coating | disulfide bonds HELARIY Tensile test [85]
93%
Ep(t)X Y .Dual MFI PEA-IPDI True color confocal [81]
coating microcapsules microscope (TCCP)
PCL Intrinsic PCL with 92% [86]
network | disulfide bonds disulfide Tensile test
; > 60%
Ep(:X y Mlcr(ivasclll lar Epoxy—amine Scanning electron [87]
coating .ne wor microscopy (SEM)
Epoxy MMEOEpSH - Epoxy-amine; 100%
coa ting microvascular HEMA-HEA Seal testmg of impact [88]
system specimens
Microvascular
Epoxy glass fiber Epoxy-anhydride 69% [89]
composite system Tensile test
Epoxy Microvascular g 100%
coating network Sl Mode-I fracture test [0]
. Furan-
PUR Intrinsic . 939
coating Diels-Alder nﬁggﬁ?ﬁ?ggﬁ Tensile/otest [o1]
PUR Intrinsic PO}:y(iOpall;nI-lllll{e 96% [92]
composite Diels-Alder pagslocc;:nate i Tensile test

1.2.1.Microcapsule systems

The capsule-based system is the most extensively studied and widely
used. Although it has limitations — such as allowing only a single healing event
at a specific location and posing challenges in achieving uniform capsule
distribution throughout the substrate — it remains dominant due to its
technological simplicity compared to other self-healing systems [93]. There
are several types of self-healing capsule systems:

e Single microcapsule system;

e Microcapsule and dispersed catalyst system;

e Dual microcapsule system.
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In the single microcapsule system, the active substance is encapsulated,
and in the event of coating damage, it can react with functional groups within
the material [94].

Healing can be initiated by light or environmental moisture in this
system. UV light-curable polyurethane acrylate and a 2-hydroxy-2-methyl-
phenylacetone initiator were encapsulated within a methylether-melamine-
formaldehyde shell to protect the core material from high temperatures and
sunlight. When incorporated into a bitumen sample at just 3 % concentration,
these microcapsules facilitated the self-healing of microcracks under UV
light, forming a waterproof layer [95]. Isocyanates such as hexamethylene
diisocyanate (HDI) and isophorone diisocyanate (IPDI) are considered ideal
candidates for moisture-triggered self-healing systems. These compounds
react with water to produce amines, which subsequently interact with
unreacted isocyanates to form a crosslinked polymer network. This
crosslinking process results in the formation of a robust protective barrier,
effectively enhancing the coating's integrity and durability [96].

In the microcapsule and dispersed catalyst system, self-healing occurs
when the active agent released from the capsule upon damage reacts with a
catalyst dispersed in the matrix [97]. In such systems, Grubbs' catalyst is
utilized in conjunction with PUF (poly(urea-formaldehyde)) microcapsules
containing dicyclopentadiene. Upon the formation of a crack, the
microcapsules rupture, releasing the encapsulated healing agent. The released
dicyclopentadiene interacts with Grubbs' catalyst, initiating a ring-opening
polymerization reaction that effectively seals and cures the crack. Wax was
used to create a protective layer for Grubbs’ catalyst as well as improve
incorporation into epoxy-amine system [98].

The dual microcapsule system encapsulates two separate healing agents,
which react with each other when the capsules are damaged. This system is
versatile and can be applied to both thermosetting and thermoplastic polymer
systems [99]. Numerous dual microcapsule systems have been reported, with
epoxy-amine systems being the most extensively studied. A thermally stable
healing system based on epoxy-amine chemistry was developed, where one
type of microcapsule contained polyamine, prepared through vacuum
infiltration into hollow polymeric microcapsules. The second set of
microcapsules was fabricated by forming a urea-formaldehyde wall around
epoxy resin via interfacial polymerization. The healing performance of such a
system, measured using SEM was up to 84% [100].

Microcapsules with active agent have been successfully produced using
various techniques such as interfacial polymerization, in sifu polymerization,
coacervation, meltable dispersion, or physical wall formation [101]. Core-
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shell microcapsules have also been prepared by inverse emulsion (w/0),
Pickering stabilization [102—105], inverse Pickering stabilization [106—108],
and multiple emulsions [101], etc.

These microcapsules contain healing agents such as epoxy resins [109—
111], amines [112, 113], isocyanates [114—118] and various kinds of oils
[119-121]. If the coating is damaged, either through mechanical force or its
inclination to shrink and crack, the microcapsules release healing agents into
the affected area. This action forms a new barrier against the environment and
seals the damaged area.

The correct choice of wall material is very important since it influences
the encapsulation efficiency and stability of the microcapsules. The ideal wall
material should have good compatibility with coating formulation, chemical
non-reactivity with the active core materials, ability to seal and hold the active
material within its structure during processing or storage, ability to provide
maximum protection to the active material against oxygen, heat, light, and
humidity, and other environmental conditions [122]. Numerous polymer
materials are appropriate for creating the shells of capsules. The most popular
shells for microcapsules formation are poly(urea formaldehyde) [121, 123—
127], poly(melamine formaldehyde) [128-130], poly(urea melamine
formaldehyde) [129, 131], polyurethane [132], polyurea [133-135],
poly(methyl methacrylate) [136—138], and others.

Among others, UV curable materials are promising to be used for
encapsulation of active compounds. UV curable shell of microcapsules can be
formed from various materials subject to the specific requirements of an
application. UV-curable resins or polymers, such as acrylates, epoxies, or
urethanes, can be used to form the shell. These materials are designed to
undergo polymerization and cross-linking upon exposure to UV light,
resulting in a solid and durable shell. A microfluidic device was employed to
produce monodisperse water-in-oil-in-water (W/O/W) double-emulsion
droplets of controllable size [123]. Under UV irradiation, ethoxylated
trimethylolpropane triacrylate prepolymer was cross-linked to form the shell
of microcapsules [139]. Tung oil as a self-healing agent was encapsulated into
photo-crosslinkable polyacrylic shell [140]. The oil phase contained tung oil,
photopolymerization monomer glycidyl methacrylate, and crosslinker 1,6-
hexanediol diacrylate. Upon UV irradiation, glycidyl methacrylate and 1,6-
hexanediol diacrylate were polymerized along the inner side of the oil
droplets, leading to the formation of cross-linked poly(glycidyl methacrylate)
shell. The microcapsules exhibited good mechanical properties, allowing
them to maintain their integrity even under high shear forces encountered
during agitation and further dispersion within water-based epoxy coating
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[140]. Photopolymerization technology combined with solvent evaporation
technique was employed to prepare microcapsules containing linseed oil as an
active agent for self-healing purposes [124]. Polyurethane acrylate with four
active sites was used for shell formation. The initial emulsion was directly
irradiated by UV light for the polymerization of UV-curable prepolymer of
polyurethane acrylate, and then the co-solvent was removed to prepare
microcapsules. Water-borne epoxy coatings formulated with microcapsules
exhibited good self-healing properties, enabling full recovery of scratches
with a microcapsule concentration of 15 wt % [141].

PAAE represent a relatively recent advancement in coating technologies.
PAAEs are essential for the development of polyaspartic coatings. PAAE is
used as co-reactants in the two-component PU system, along with an
isocyanate component [125]. During NCO-amine reaction, a crosslinked PU
network is formed, providing the coating unique properties, such as
exceptional chemical resistance, abrasion resistance, flexibility, and fast
curing. Due to fast reaction with isocyanates, PAAE can be used for the
development of microcapsules for self-healing coatings. Since the PAAE are
relatively new, there are very few published works using PAAE as a healing
agent in microcapsule systems. In a limited number of studies investigating
the feasibility of utilizing PAAE as a self-healing agent, PAAE was
encapsulated within a poly(melamine-formaldehyde) shell through an in-situ
polymerization process [126]. It was determined, however, that the reaction
between the amino groups of PAAE and hydroxyl groups of the melamine-
formaldehyde prepolymer occurred during the shell formation leading to
reduced size of microcapsules [127]. It was reported that smaller
microcapsules were less likely to rupture during the scratch process providing
worse self-healing properties to the coating [126].

Isocyanate Water Carbamic acid Amine Carbon
’ dioxide
N OH NH,
N 0 ~ - /\\
- "~ + HO — R ——F— R o o
R \/ ’ decomposes
]
Isocyanate Polyurea

H H
NH, N N
R/N\/O+R/ —'R/Y\R
0

Fig. 8. Isocyanate reaction with water
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Isocyanates have been extensively studied in the context of self-healing
systems due to their high reactivity with polyols, amines, and aspartic acid
esters [142—-144]. They can also form coatings independently through partial
hydrolysis to amines under humid conditions. Isocyanate reaction with water
proceeds in two distinct steps. Initially, the isocyanate group reacts with water
to generate an amine group and carbon dioxide (CO») [145].

Subsequently, the newly formed amine group reacts with remaining
isocyanate groups, leading to the formation of a PU polymer while releasing
additional CO, (Fig. 8). The resulting PU can form a continuous film,
effectively sealing the crack without requiring additional reactants or
components.

1.3. Taguchi experimental design

The successful microencapsulation process depends on numerous
controlled and uncontrolled parameters within the preparation process, which
are interconnected in a synergistic manner. Taguchi method was developed by
Dr. Genchi Taguchi, a Japanese scientist in early years of 20" century.
Taguchi's techniques have been used widely in engineering design. The
Taguchi method contains system design, parameter design, and tolerance
design procedures to achieve a robust process and result for the best product
quality [146]. Taguchi experimental design method utilizes two major tools:
orthogonal array for experiment design and analysis of data using signal-to-
noise ratio (SNR).

Experiment | P1 P2 P3 P4
El 1 1 1 1
E2 1 2 2 2
E3 1 3 3 3
E4 2 1 2 3
E5 2 2 3 1
E6 2 3 1 2
E7 3 1 3 2
E8 3 2 1 3
E9 3 3 2 1

Fig. 9. Example of orthogonal array L9 four parameters: P1 — voltage, P2 —
temperature, P3 — pressure, P4 — humidity; and three levels: 1 —high, 2 —
medium, 3 — low.

The Taguchi orthogonal array is a robust and systematic experimental
design technique used to minimize the impact of uncontrollable factors and
identify the optimal combination of process parameters. This approach helps
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reduce both the time and cost of experimentation. These arrays were created
using an algorithm developed by Taguchi, ensuring that each variable and
setting is tested equally [147].

For example, if we have four parameters (e.g., voltage, temperature,
pressure, and humidity) and three levels (high, medium, low), the appropriate
array is L9 (Fig. 9).

Taguchi method uses statistical measure of performance called SNR. The
SNR indicates the sensitivity of signal (characteristic of quality) to noise
(deviation in factors). The SNR is mainly used as an objective function to
determine the most optimum set of operating conditions. There are three main
types of SNRs used in the Taguchi method: smaller-the-better (used when the
goal is to minimize the response), larger-the-better (used when the goal is to
maximize the response) and nominal-the-best (used when the aim is to achieve
a target value for the response) (Fig. 10) [148].

S 101 (12 2) S 101 (1 1)
N °9\n LY N 095237

Smaller-the-better Larger-the-better

o2

= —10- logz—2

S
N
Nominal-the-best

y — the measured value
n — the number of measurements in a trial
s — the nominal value

Fig. 10. The standard SNR ratios

Two characteristics such as higher loading and optimal size of
microcapsules are the most desirable for optimization of encapsulation
processes. Different parameters can be varied in obtaining both
characteristics. Usually, such parameters as agitation speed, surfactant type
and concentration, reaction time, reaction temperature, and core to shell ratio
are chosen as affecting loading and size of microcapsules [136, 149—-152].

The Taguchi design tool can be applied across various research domains,
including the development of self-healing materials. While this methodology
has been relatively underutilized, the study applied the Taguchi design to
develop hybrid self-healing coatings containing linseed oil nanocapsules
[153]. In this work, 16 samples were prepared, varying in the amounts of
linseed oil nanocapsules, anti-corrosion agents, paint type, and the type of
anti-corrosion agent used. Another study applied the Taguchi design to
investigate the influence of several process parameters — such as surfactant
concentration, core-to-shell ratio in the initial feed, temperature, and agitation
speed — on the core content of epoxy-loaded polymethylmethacrylate
(PMMA) microcapsules [154]. Optimal parameters for microcapsule
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formation were identified, resulting in a high core content of 66.53% epoxy
within the PMMA shell.

To summarize the literature review, the development of environmentally
friendly protective coatings is one of the most important areas for extending
the service life of metallic structures. The search for new alternatives to
classical toxic materials has great prospects for the development of advanced
anti-corrosion coatings. Phenalkamines, amines from renewable sources, can
be used as less toxic hardeners for epoxy systems. However, the use of
phenalkamines in coatings is comparatively limited and it is therefore essential
to investigate their rheological behavior, curing kinetics and film formation
characteristics in order to maintain high environmental requirements. Reactive
diluents are materials that contain reactive groups and chemically react with
the curing agent, becoming a permanent part of the coating once cured. Their
incorporation helps lower the resin’s viscosity, enables the addition of more
fillers, enhances wetting properties, and aids in the film formation process.
Consistent and systematic research on reactive diluents is essential for the
development of low or VOC-free coatings.

A self-healing two-capsule system coating is an advanced smart coating
engineered to autonomously repair damage, such as scratches or cracks,
without the need for external intervention. This area is currently the focus of
extensive research, with scientists continually exploring new active materials
for encapsulation and developing innovative shell structures — efforts that are
driving the creation of next-generation self-healing coating systems.
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2. EXPERIMENTAL

2.1. Coating development materials

Commercial epoxy resins and amine hardeners, typically used in anti-

corrosion epoxy-based coatings, were employed.

The epoxy resins used in formulations (Table 3) were bisphenol-A with
the commercial names Araldite GY-240 and Araldite GY-2600, bisphenol-A/-
F and novolac epoxy resins with commercial names Araldite GY 783 and
Araldite GY 289, respectively, and reactive epoxy diluents Araldite DY-L —
trifunctional RD based on glycerol propoxylate triglycidyl ether (GPTE),
Araldite DY-D and Araldite DY-H — difunctional RD based on BDGE and
HDE, and Araldite DY-E — monofunctional RD based on AGE. These
chemicals were kindly donated by Huntsman Co.

Table 3. Epoxy resins and reactive diluents

Name Resin/RD Parameters ‘ Basic chemical formula
Araldite® Resin EEW:IIf;) -1/8;11 gleq
GY 240  Bisphenol A P '7_9%” o -
EEW = 184180 gieq |1t 701K
Araldite® Resin - 117g o g
GY 2600 | Bisphenol A n=12-14 Pas
T \( [} o7
Araldite® Resin EE\';V:ll 16 97 'gl /ang/eq ~5 i Lq
GY 289 | Phenol novolac 1=9-11 Pa-s N\b "D
o o F
Resin _ : Y N ) e
Araldite® Bisphenol A/F EEEVZ 11§39 gz/g(r)n%/eq L ST '
GY 783 with reactive ) - = - - .
diluent n=08-1.1 Pas > O KA
Araldite®  Trifunctional EEW:fgg'S/g?n%/ . ?,
DY-L | reactive diluent N z 0 1.6— 0 g2 4 Pas .
160 DUV
Araldite® | Monofunctional EEW:OZgg _3/101715/6(1 MO%
DY-E reactive diluent p=7.97 & . d
1 =0.004-0.012 Pa's
. . . EEW = 118-125 g/eq
Araldite® Difunctional
. . p=1.08 g/cm? W/\O{/\ho%
DY-D | reactive diluent 1= 0.015-0.025 Pa-s o
. . . EEW = 143 g/eq
Araldite® | Difunctional
: Lo p=1.06 g/cm’ WAO{/\)&?%
DY-H | reactive diluent 1 =0.021-0.031 Pa-s \d
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The amine hardeners (Table 4) low-molecular-weight amines such as 1,2-
ethanediamine (EDA), triethylenetetramine (TETA), and diethylenetriamine
(DETA), an amine-terminated polyoxypropylene glycol (polyetheramine)
commercially known as Jeffamine D-230, polyamidoamine Aradur 450 and
low viscosity co-hardener (accelerator) based on 2,4,6-tris[(dimethylamino)
methyl]phenol (DMP) Accelerator 960-1 were provided by Huntsman Co.
Other amine hardeners Luna-cure PACM-20 based on para-
diaminodicyclohexylmethane (PACM) and Luna-cure MACM-F based on
4,4'-methylenebis(2-methylcyclohexylamine) (DMDC) were obtained from
DKSH. Additionally, cardanol-based PhA containing Cardolite Lite-2002,
Cardolite GX-6004 and Cardolite NX-6019 were generously supplied by
Cardolite Co (Table 5).

Table 4. Amine curing agents

Basic chemical

Name Type Parameters formula

AHEW =15 g/eq
EDA Aliphatic amine p=0.90 g/cm? ™,
n =0.002 Pa-s

AHEW =21 g/eq . "
DETA Aliphatic amine p=0.95 g/cm’ NS
1n =0.007 Pa-s

AHEW =24 g/eq .
TETA Aliphatic amine p=0.98 g/cm’ AN
n=0.014 Pa-s

AHEW = 60 g/eq

Jeffamine . _ 3 HN § N,
D-230 Polyether amine p=0.97 g/cm {\ﬁ }/Y
1n =0.009 Pa-s

AHEW = 115 g/eq 7\ e
Aradur 450 | Polyamidoamine p=1.01 g/cm? " W‘)/\’
n=1-2Pas k

AHEW =52 g/eq

Luna-cure Cycloaliphatic _ 3 HZN\O\/O/NH’
PACM-20 amine p=0.96 g/em

n =0.05-0.1 Pa-s

Luna-cure Cycloaliphatic AHEJW ~ 60 g/iq
MACM-F amine p— U o
1N =0.08-0.15 Pas - N

Accelerator Accelerator/ p=1-1.1 g/lcm? \
960-1 curing agent 1N =0.05-0.5 Pa‘s
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Table 5. The compositions of cardanol-based commercial phenalkamines*

Cardolite

Components Lite-2002, % GX-6004, % NX-6019, %
(AHEW =104 eq/g) = (AHEW =76 eq/g) = (AHEW =133 eqlg)

Cardanol-based
phenalkamine
R OH

HN 72-78 50-62 68-75

m-Xylylenediamine
(MXDA)

H?N/\O/\NHZ 18-22 15-23 18-21

Cashew nutshell extract,
decarboxylated
Tetraethylenepentamine
(TEPA) 4-6
H H
H;N/\‘\/N\\/\u/\/r\l\/\m2
2,2,4-Trimethylhexane-1,6-
diamine (TMD)

- ~7 -
H:MN
NH;

2,4,6-Tris[(dimethylamino)

- 16-20 18-21

methyl]phggol (DMP)
~ -
! ’r : :
W
|
Dimethylaminopropylamine
(DMAPA)
\T/\/\NH: - - 2-3
Phenol - - 0.6-0.9
Ethylenediamine (EDA)
H.N - - 0.6-0.9
~ NH,

* From the material safety data sheets of phenalkamines
2.2. Microencapsulation materials

The UV printing photopolymer resin Anycubic Colored UV Resin
containing mixture of acrylate monomers and photoinitiator ethyl
phenyl(2,4,6-trimethylbenzoyl)phosphinate was purchased from ANYCUBIC
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3D Printing. The acrylic UV resin is characterized by low viscosity (0.15-0.25
Pa-s at 25 °C), short curing time, low shrinkage after curing, and appropriate
hardness. PAAE with commercial name of Desmophen® NH 1220, IPDI
(NCO content 37.5%) and polyisocyanate under commercial name Desmodur
RFE (27% solution of tris(4-isocyanato phenyl)thiophosphate (TIPTP) in
ethyl acetate, NCO content of 7.2%) was purchased from Covestro AG. TETA
was supplied by Huntsman Co. Xylene was supplied by Eurochemicals, ethyl
lactate was obtained from TCI, and sodium dodecylbenzenesulfonate (SDBS)
was acquired from Eurochemicals. Gum arabic (GA) was purchased from
Thermo Fisher Scientific, while styrene-maleic anhydride copolymer (SMA,
M,y ~7000 g/mol, 13% in water) and polyvinyl alcohol (PVA, M,, ~85000-
124000 g/mol, deacetylation degree 85%) were obtained from Sigma-Aldrich.

2.3. Coating formulation

Cured coating samples for testing were made by mixing epoxy resin or
resin mixture with RD and the corresponding amount of amine hardener or
amine hardener mixture (Tables 6, 7).

Table 6. Compositions of epoxy resins and reactive diluents (PA)

Epoxy PA1, % PA2, % PA3, % PA4, %
system EEW=184 | EEW=178 | EEW=163 | EEW=167
Araldite®
GY 783
Araldite®
GY 289
Araldite®
DY-L
Araldite®
DY-E
Araldite®
DY-D
Araldite®
DY-H

15 15 15 15

75 75 75 75

10 - - -

- - . 10

Table 7. Compositions of amine hardeners (PB)

Hardener system PB1, % PB2, %
AHEW=66.2 g/eq AHEW=67.9 g/eq
Aradur 450 52 70
PACM-20 33 20
MACM-F 9 -
DETA 6 5
Accelerator 960-1 - 5
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The mixing ratio of epoxy resin to a curing agent was stoichiometric.
Amine hydrogen equivalent weight (AHEW) of amine blends, epoxy
equivalent weight (EEW) of epoxy blends, and weight of curing agent per 100
parts of epoxy resin (phr) are calculated using equations (1) — (3).

Total Weight of Amine Blend (1)

AHEW of Amine Blend = WeightA+WeightB 4o
AHEW, " AHEWj,
' Total Weight of Epoxy Blend )
EEW of Epoxy Resin Blend = —p-m 3y |, WeightB
EEW, EEWg
AHEW of Amine Blend
phr = f 100 ©)

X
EEW of Epoxy Resin Blend

EEW and AHEW were determined using equations (1) and (2), with the
calculated values presented in Tables 6 and 7, respectively. To prepare coating
samples of PA+PB composition, a fixed amount of 100 g of component PA
was used. The required amount of component PB was then calculated based
on the phr formula, as described in equation (3). For instance, in the case of
the PA1+PB2 system, the phr calculation is as follows:

66.2 g/eq (AHEW of PB1)
184 g/eq (EEW of PA1)

x 100 = 35.97g 4)

That means that for 100 g PA1, 35.97 g of PB1 was used to cure
composition and prepare samples for the tests.

2.3.1. Evaluation of coating curing by DSC

A calorimeter Perkin Elmer DSC8500 was used to study curing of epoxy
resins by amines. A non-isothermal DSC test was performed under nitrogen
atmosphere (rate 40 mL/min). A sealed empty aluminum pan was used as a
reference. Samples of 3—5 mg were heated from -60 to 200 °C at the rates of
5,10, 15 and 20 °C/min and then kept at this temperature for an additional 10
min. The heat flow curves were recorded, and the thermal data were further
processed to determine the initial curing temperature (T;), peak curing
temperature (T,), terminal curing temperature (T and reaction enthalpy
(AHR). For determination of the T, of the fully cured systems, mixed epoxy-
amine samples were cured at room temperature for 2 weeks, and then, non-
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isothermal DSC test was performed heating from 0 to 200 °C at the rate of 10
°C/min.

2.3.2. Evaluation of coating curing by rheological measurements

A rheometer Anton Paar MCR302 was used to study the initial stage of
curing and for the determination of pot-life of the curing system. The pot-life
is defined as the amount of time it takes for the product’s initial mixed
viscosity to double. The measurements were performed at 25 °C with a
parallel-plate of diameter 50 mm; a distance between the parallel plate and the
base mount of 1 mm; the shear rate was kept constant at 0.25 s™'. The viscosity
(in mPa-s) was measured every 5 s.

Rheological properties of the epoxy/amine mixtures during isothermal
curing at 50 °C were studied by the oscillatory shear measurements using a
rheometer MCR302 (Anton Paar). Parallel-plate measuring system with a
diameter of 25 mm and a gap between measuring plates of 0.5 mm was used
to perform the shear oscillation sweep test. All experiments were carried out
with amplitude of oscillation 0.1% and an angular frequency of 1 Hz, 2 Hz,
and 4 Hz. Sinusoidal stress was used in all experiments, which is the basis for
calculating the storage modulus (G’) the loss modulus (G"), and the loss factor
(tand). Components of PA and PB were used as received and carefully mixed
at the stoichiometric ratio. After preparing the sample, it was immediately
placed in the plate—plate geometry assembly and quickly heated (60 °C/min)
to the target curing temperature (50 °C).

The three-interval thixotropy test (31TT) was performed to determine the
thixotropic behavior of the mixed compositions PA + PB as well as
compositions with added microcapsules using a rheometer MCR302 (Anton
Paar). Parallel-plate measuring system with a diameter of 50 mm with a gap
between measuring plates of 1 mm and constant 25 °C temperature was used
to perform the 3ITT test. The low-high-low shear test regime of 3ITT test
closely resembles brush/roller/spray loading, brushing/rolling/spraying, and
subsequent drying of paint, respectively [155]. During the first interval, the
sample was subjected to low shear rate (0.1 s™') for 50 s, and then, for 5s, a
higher (1000 s) shear rate is applied and finally back to low shear rate for
200 s. The low—high—low shear rate test of 3ITT resembles the application
process of composition. During this process, the internal structure of
composition is broken down using high shear rates and the recovery pre- and
post-application of high shear was measured by tracking the change in
viscosity. The recovery rate of viscosity at given time after removal of high
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shear was used to predict the sagging and leveling characteristics of coating
systems [156].

2.3.3. Anti-sagging test

Anti-sagging properties were determined according to ASTM D4400
using a BYK Sag Meter. The multiple notched applicators with varying
clearances spanning medium range (3-12 mils) and high range (4-24 mils)
were used. For the measurements, approximately 10 mL of the mixed
composition PA+PB were transferred onto a flexible smooth metal plate. The
multiple notch applicator was drawn down across the metal plate, which
formed a series of evenly spaced stripes. The plate was then quickly hung
vertically and left to dry in room conditions. The coating samples were
monitored visually after drying and rated for an anti-sagging measure. The
anti-sagging index was defined as the thickest thickness (mm) of dry coating
stripe remained without sagging.

2.4. Evaluation of mechanical properties of coatings
2.4.1. Coating sample preparation

PA and PB were mixed at stoichiometric ratio, and three different metal
substrates were coated immediately by the curing epoxy resins (Table 8). The
steel smooth plates were used for hardness and impact resistance tests,
aluminum coated flexible plates for flexibility tests and blasted plates of high
roughness for adhesion tests.

Table 8. Metal substrates used for mechanical tests

Steel plates, Aluminum Blasted plates,
Substrate .
tvpe smooth surface, coated flexible roughness 50 to 85 pm,
yp thickness 1 mm plates thickness 5 mm
Coating Automatic, BYK byko- = Automatic, BYK byko-
drive XL, thickness 200 | drive XL, thickness 200 | Coating by hand with spatula
method um, speed 3 mm/s um, speed 3 mm/s
Coating hardness (BYK
Mechanic %):Srtlssluénirg?rifge:z + Coating flexibility (BYK | Adhesion, resistance to abrasion
al tests resistanc,e (TQC InI')lpact Conical Mandrel Tester) (PosiTest AT-A Automatic)
Tester)

The steel smooth plates and flexible aluminum coated plates were coated
using BYK byko-drive XL and a film applicator with 4 gaps from 50 to 200
um. The thickness chosen for the coating application was 200 um and the
applicator was pushed at 3 mm/s speed to assure good coating spread. The
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blasted plates were coated by hand using spatula, spreading and levelling the
coating across the plate surface.

2.4.2.Hardness test

Hardness of the epoxy coatings was evaluated by the Konig pendulum
method according to ASTM D4366 (BYK Ko6nig Pendulum Hardness Tester).
The test was performed on a coating with a thickness of 200 um on a steel
surface. The pendulum hardness of the coating surface was measured with
respect to the pendulum oscillation time from 6° to 3° at relative humidity
23+1 °C and 5042 %. The number of oscillations is recorded. Three replicates
were made for each treatment group.

2.4.3.Direct impact test

Coatings resistance to cracking or peeling from the metal substrate was
evaluated according to ISO 6272-1:2011 using the impact resistance testing
device TQC. The test was performed on coatings with a thickness of 200 pm
on a steel surface. The minimum height of fall for 20 mm diameter 1 kg weight
was measured under normalized conditions, in order to damage tested
coatings. Impact resistance is defined as the impact energy (J) that a coating
can withstand without visual damage. Three replicates were made for each
treatment group.

2.4.4 Flexibility test

Flexibility of coatings with the thickness 200 pwm on a flexible aluminum
plate was evaluated according to ASTM D5221. The coating on the plate was
cut into even pieces every 2 cm. Conical mandrel bend tests were performed
by bending the coated panels on a conical mandrel tester (BYK Conical
Mandrel Tester) up to 135° over a period of 3 seconds. For the test, three
coated aluminum specimens from each coating with dimensions of 150 x 100
x 0.5 mm? were used. The diameter of the cone varied from 38 mm to 3 mm.
The coating was considered flexible if there was no crack on its surface on all
three coated samples.

2.4.5.Adhesion test

Determination of the adhesion to a metal surface was performed
according to ATSM D4541 using a PosiTest® AT-A (DeFelsko). The pull-off
test was carried out by gluing 14 mm diameter dollies to the abrased with
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sandpaper coating using a two-part epoxy glue. After 24 h a pull-off test was
conducted by applying a tensile stress perpendicular to the surface. The tensile
stress was applied until the coating was torn from the metal surface and the
magnitude of the stress measured was recorded in N/mm? (MPa). On
completion of the test, the dolly was visually examined to determine if the
failure had occurred at the interface (cohesion) or in the substrate (adhesion).
Three replicates were made for each treatment group, and the average results
were reported.

2.4.6.Abrasion test

The abrasion resistance of the coatings was determined according to
ASTM D4060 using Taber Abrasion Tester. In a Taber test, a coating is
mounted on a turntable platform that rotates on a vertical axis at a fixed speed.
Two standard CS17 Taber abrasive wheels, each applied with 1000 g load, are
lowered onto the specimen surface. 1000 cycles of abrasive wear action were
produced. The reducing of the coating weight (mg) after abrasion was
evaluated. Two replicates were made for each treatment group, and the
average results were reported.

2.5. Microencapsulation methods
2.5.1.Encapsulation of polyaspartic acid ester

Microcapsules containing PAAE were obtained by an oil-in-water
emulsion photopolymerization method by initiating shell formation using UV
light. General procedures and an example of the material used are presented
below. To make microcapsules EA1, the oil phase was prepared by mixing
UV curable acrylic resin (1.67 g), PAAE Desmophen NH 1220 (1.67 g), and
solvent ethyl lactate (1.67 g). An emulsifier solution was prepared by
dissolving and stirring overnight PVA (3.00 g) and GA (4.50 g) in deionized
water (142.50 g) to make PVA 2% / GA 3% solution. The oil phase (5.00 g)
was then added to 150 g of aqueous emulsifier solution and stirred at a given
speed by Ultra Turrax homogenizer for 10 min. The resulting emulsion was
subjected to photo-irradiation with 48 W UV light for 3 min at a distance of
10 cm. The microcapsules obtained were washed with deionized water and
separated by lyophilization.
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2.5.2.Encapsulation of IPDI into PU shell

Microcapsules containing IPDI with PU shell were obtained by an oil-in-
water emulsion interfacial polymerization method. The shell formation was
achieved by adding TETA into isocyanate-water emulsion. To prepare
microcapsules No IE1 solution of the emulsifiers PVA 2% / GA 3% was
prepared by dissolving PVA (3.0 g) and GA (4.5 g) in deionized water
(142.5g) and stirring overnight. The oil phase was prepared by mixing IPDI
(13.3 g) with the solution of Desmodur RFE (15.6 g). The oil phase (28.9 g)
was then added to the emulsifier solution (150 g) and stirred at 3000 rpm for
5 min. The resulting emulsion was set to stir at the constant speed of 1000 rpm
while the temperature was increased up to 60 °C. When the temperature
reached the intended value, TETA was slowly added to the emulsion, and the
emulsion was stirred at 1000 rpm for 30 min. To remove unreacted materials,
the obtained microcapsules were washed with deionized water 4-5 times.
Finally, microcapsules were separated by lyophilization at -55 °C and 0.2
mbar.

2.5.3.Characterization of microcapsules

The assessment of average microcapsule size, size distribution, and
stability was conducted using an optical microscope Nikon Eclipse
LV100ND. Further characterization of microcapsule size, morphology, and
rupture was performed utilizing a scanning electron microscope (SEM)
Hitachi TM3000. The analysis of the microcapsules using Fourier-transform
infrared spectroscopy (FT-IR) spectra within the range of 550-4000 cm™ was
carried out by Jasco FT-IR 4600 spectrometer. The determination of the
PAAE as well as IPDI content within the microcapsules was executed through
thermogravimetric analysis (TGA) using a Hitachi STA200 instrument. The
TGA involved a heating rate of 40 °C/min until reaching 150 °C, followed by
10 °C/min until 550 °C, all under a nitrogen gas flow.

2.5.4.Design of experiment by Taguchi method

In preliminary investigation it was identified that five pivotal parameters
have the biggest potential to influence the core content, size of microcapsules
and microcapsule yield. These parameters are core-to-shell ratio, agitation
speed, type and quantity of emulsifier, type and quantity of solvent and
reaction time. The chosen parameters and their respective levels are given in
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Tables 9-11, with the range of levels determined through preliminary
experimental assessments.

The Taguchi design methodology was employed to find the optimal
process parameters using SNR analysis [152]. The larger-the-better criterion
was used to determine optimal conditions to achieve maximum microcapsule
core content and maximum reaction yield. Simultaneously, the nominal-the-
better criterion was used to identify conditions conducive to the production of

microcapsules with a size

of 50 pm.

Table 9. Taguchi design parameters for PAAE — ethyl lactate encapsulation

P ¢ it Levels

arameter, units ‘ 1 ‘ > 3 7
Core-to-shell ratio 2:1 3:1 4:1 5:1
Agitation speed, rpm 500 750 1000 3000
Emulsifier and its PVA 2/ PVA 1/ SDBS 1 PVA 2/
concentration, % GA 3 GA 1.5 SDBS 1
Ethyl lactate, % of the ‘ 50 25 10 B
core content

Table 10. Taguchi design parameters for PAAE — xylene encapsulation

Parameter, units Levels

! 1 2 3 4
Core-to-shell ratio 2:1 3:1 4:1 5:1
Agitation speed, rpm \ 500 750 1000 3000
Emulsifier and its PVA 2/ PVA 1/
concentration, % GA 3 GA15 SDBS 1 SMA T

o,

Xylene, % of the core B 10 25 50
content

Table 11. Taguchi design parameters for IPDI encapsulation

Parameter, units Levels

’ 1 | 2 3 4
Core-to-shell ratio 2:1 3:1 4:1 5:1
Agitation speed, rpm 3000 4000 5000 6000
Emulsifier and its PVA 2/ PVA 1/
concentration, % GA 3 GA 1.5 SDBS 1 GA T
Reaction time, min | 30 | 45 60 90

2.6. Evaluation of self-healing of coatings

To evaluate the self-healing performance, microcapsules containing
PAAE (EA8) and IPDI (IA4) were mixed together by equal amounts and
incorporated into an epoxy coating formulation at concentrations of 5 % (2.5%
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of each type), 10 % (5% of each type), and 15 % (7.5% of each type) by
weight. The prepared formulations were applied to freshly blasted metal
substrates at 400 pm thickness using a coating blade and allowed to cure for
one day. Twenty-four hours after application, cross-incisions were made in
the hardened coating using a blade with an approximate width of 100 um,
ensuring full penetration through the coating to the metal substrate. The
samples were then subjected to self-healing conditions, either at room
temperature for 24 hours or at 80 °C for 1 hour.

After the healing process, the coatings were evaluated through visual
inspection and optical microscopy (OM) to determine the extent of self-
healing. Subsequently, the performance of the self-healed coatings was further
evaluated by subjecting the damaged samples to a salt spray chamber for 7
days. After exposure, the damaged areas of the coatings — both with and
without microcapsules — were analyzed and compared visually and using OM
to assess corrosion resistance and healing efficiency.
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3. RESULTS AND DISCUSSION
3.1. Development of epoxy anti-corrosion coatings
3.1.1.Curing of epoxy resins by bio-based phenalkamines

PhA represent a relatively new class of amine curing agents, alleged to
offer several advantages over traditional low-molecular-weight amines. These
advantages include the ability to cure at low temperatures (reported to be as
low as 5 °C), a bio-based origin derived from renewable sources like CNSL,
extended pot-life, inherent hydrophobicity, and superior corrosion resistance
[9, 52, 53]. However, to verify these claims and evaluate their practical
applicability, systematic experimental investigations under real conditions
were necessary. Such evaluations are critical for determining the extent to
which these properties translate into measurable performance benefits in
epoxy resin systems.

To analyze the differences in the epoxy resin curing process, two
bisphenol A-based resins, Araldite GY-240 and Araldite GY-2600, were
selected. While these resins exhibit similar fundamental properties, their key
differentiating factor is molecular weight — Araldite GY-240 has a lower
molecular weight compared to Araldite GY-2600.

For an evaluation of curing agents, several low molecular weight amines
— TETA, EDA, and polyetheramine (Jeffamine D-230) — were selected for
testing. Furthermore, to assess the potential benefits of using commercially
available amines, the PhA-based compounds Cardolite Lite-2002, Cardolite
GX-6004, and Cardolite NX-6019 were specifically chosen for comparison.
All three Cardolite products are comprised of 50-78% cardanol-based PhA, 0-
21% of CNSL extract and 22-30% of smaller amines — MXDA, TEPA, TMD,
EDA, DMP and DMAPA. The approximate compositions of these
commercial PhA-based hardeners are provided in Table 5.

Curing of epoxy resins by bio-based PhA containing hardeners and, for
comparison, by low-molecular-weight amines was studied by DSC and
rheological measurements. DSC tests of curing epoxy compositions are very
important since they provide several parameters characterizing curing
process: initial reaction temperature (T;) indicates which of curing agents has
the potential to be used for curing at low temperature, temperature cure
interval (AT) correlates with the reaction rate, and the AHr of the curing
reaction presents thermal effect of the curing process. In turn, rheological
measurements help to determine pot-life of the curing system, which is
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defined as the time required for the viscosity of the epoxy-amine system to
double.
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Fig. 11. Reaction of epoxy resin with amine hardener

Evidently, the curing reaction (Fig. 11) is an exothermic process which
is represented by one exothermic peak (Fig. 12). From the curing curves, T;,
peak curing temperature (T}), terminal curing temperature (T;) [157], AT, and
AHg of the curing reaction were obtained and listed in Table 12. The T; did
not depend on the type of the epoxy resin but was dependent on the type of
the hardener being the lowest for the PhA-based hardeners NX-6019 and GX-
6004 (Table 12). PhA-based hardener NX-6019 contains tertiary amines DMP
and DMAPA which are used as accelerators in epoxy-amines curing systems
and greatly increase reaction speed as well as lower T; of reaction. Curing by
Jeffamine D-230 was evidently late, which was reflected in higher values of
Ti, Tp, and T.. T, obtained by using other hardeners including PhA-based
hardeners was similar and close to 100 °C.
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Fig. 12. DSC curing of epoxy resins GY-240 (a) or GY-2600 (b) by different
amines

AHr of the cure reaction of the epoxy resin GY-240 by various hardeners
was slightly higher compared to that of GY-2600. Curing of the epoxy resins
by low-molecular-weight amines TETA and Jeffamine D-230 was
accompanied by the highest exothermic effect (AHg about 386-431 J/g).
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Table 12. Characteristic parameters of DSC curing of epoxy resins by
different amines

Amine hardener | Ti,°C | Tp,°C | Ty, °C | AT,°C” AHR, Ty
J/g
Epoxy resin GY-240
EDA 72.6 100.9 132.7 60.1 - 76
TETA 64.7 100.0 142.7 78.0 431.4 -
Jeffamine D-230 85.2 126.5 188.9 103.7 386.0 80
Lite-2002 64.2 108.9 161.3 97.1 363.9 73
NX-6019 48.2 99.9 146.0 97.8 344.9 50
GX-6004 55.0 96.8 136.0 81.0 308.5 85
Epoxy resin GY-2600
EDA 71.5 103.1 141.4 69.9 312.4 53
TETA 62.9 94.7 142.4 79.5 - 98
Jeffamine D-230 83.2 127.7 186.1 102.9 397.9 71
Lite-2002 63.9 108.9 158.0 94.1 335.1 76
NX-6019 47.1 103.0 146.9 99.8 276.8 53
GX-6004 55.5 96.8 137.2 81.7 291.4 82
*AT =T,-T;, °C

The smallest AT were characteristic of the epoxy resins cured by low-
molecular-weight amines EDA and TETA which indicates the highest cure
rate. Curing by these hardeners started at 63—73 °C, and the AT was relatively
narrow and ranged 60—80 °C. Surprisingly, curing of the epoxy resins by
polyetheramine Jeffamine D-230 proceeded at a significantly higher
temperature and full cure was reached at about 190 °C.

The AHr of curing of the epoxy resins by PhA-based hardeners Lite-
2002, GX-6004, or NX-6019 was lower (AHr 277-364 J/g). In these cases,
the cure process started earlier (at about 47-64 °C), and the AT was broader
(about 80—100 °C). Since all PhA-based hardeners had lower T; in comparison
to low molecular weight amines, it can be concluded that they start reacting at
lower temperatures. In comparison, GX-6004 appears to be the most active
PhA-based hardener among all those investigated, as it exhibited the shortest
AT. This phenomenon can be attributed to highly reactive TMD [158] present
in the composition of this PhA-based hardener.

T, of the cured epoxy resins is associated with crosslinking density of the
system (Fig. 13). T, of the cured epoxy resins varied from 50 °C to 98 °C and
was dependent on the type of hardener (Table 12). The highest Tg (98 °C) was
characteristic for the epoxy resin GY-2600 cured by TETA. Likely, tightly
crosslinked network was formed in this case due to high functionality of
TETA and short distances between active centers.
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Fig. 13. DSC curves of the epoxy resins GY-240 (a) and GY-2600 (b) cured
using different amines (second heating)

Lower values of T, were characteristic for the epoxy resins cured by EDA
and Jeffamine D-230. The crosslinking density in the cured epoxy resins is
expected to be lower in these cases due to lower functionality of these
hardeners. Lower T, of the epoxy resins cured by PhA-based hardener NX-
6019 and Lite-2002 (50-76 °C) could be attributed to the long alkyl chains
present in the PhA, which increase flexibility and chain mobility in the cured
system. Slightly higher T, (82-85 °C) was characteristic of the epoxy resins
cured by PhA-based hardener GX-6004. This correlates well with higher
reactivity of this hardener demonstrated by DSC studies.

Changes in viscosity of the curing epoxy resins at room temperature
during 1-2 hours after mixing were evaluated by rotational rheometer. The
curing of epoxy resins by amine hardeners results in consistent increase in
viscosity of the system. The rate of the viscosity changes could be an indicator
of activity of the reacting components during initial stage of the curing. Pot-
life of the curing system was considered to be quantitative parameter
reflecting the rate of the cure process (Table 13). The curves presenting
changes in viscosity of the epoxy resins GY-240 and GY-2600 mixed with
various amines show similar trends (Fig. 14). The initial viscosity of the epoxy
resins mixed with low-molecular-weight amines EDA and TETA, and PhA-
based hardener Lite-2002 doubles in approx. 25-35 min. Pot-life of the epoxy
resins mixed with Jeffamine D-230 is more than 120 min. This indicates that
the activity of Jeffamine D-230 at room temperature is very low. Nevertheless,
this amine could be used as a hardener for epoxy resins at higher temperatures,
as it was shown by DSC studies. The shortest pot-life (less than 20 min) was
characteristic for the systems comprising epoxy resins and PhA-based
hardeners NX-6019 and GX-6004. A high reactivity of the PhA-based
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hardener GX-6004 in curing epoxy resins was determined also by DSC studies
(Table 12).
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Fig. 14. Changes in dynamic viscosity of the epoxy resins GY-240 (a) and
GY-2600 (b) after mixing with various amine hardeners

A short pot-life of the systems containing epoxy resins and PhA-based
hardener NX-6019 correlates well with the lowest Ti (at about 48 °C)
(Table 12), which means that energetic barrier to start curing reactions is low
due to accelerators (DMP and DMAPA) used in the system. Thus, DSC curing
of epoxy resins by PhA-based hardener NX-6019 starts earlier and, regardless
of the lower curing rate, reaches full curing in approximately the same time as
by using the most reactive PhA-based hardener GX-6004.

Table 13. Dynamic viscosity and pot-life of epoxy resins under curing by
various amine hardeners

Amine hardener | Initial viscosity, | Pot-life, | Initial viscosity, | Pot-life,
mPa-s min mPa-s min
Epoxy resin GY-240 Epoxy resin GY-2600
EDA 1050 35.5 1500 30
TETA 1680 26.5 2490 24.5
Jeffamine D-230 530 >120 790 >120
Lite-2002 2320 30 2510 30
NX-6019 3960 12 3900 12.5
GX-6004 6010 15 7000 19

Curing of bisphenol A based epoxy resins Araldite GY-2600 and Araldite
GY-240 by low-molecular-weight amines EDA, TETA, and Jeffamine D-230,
and bio-based PhA containing hardeners Cardolite NX-6019, Cardolite Lite-
2002, and Cardolite GX-6004 were studied by DSC and rheology
measurements. DSC analysis revealed that epoxy resins cured with PhA-based
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hardeners initiated curing at a lower temperature, exhibited a broader curing
temperature range, and had slightly slower curing rates compared to those
cured with low-molecular-weight amine hardeners. These differences
highlight the distinct curing behavior of PhA-based systems, which may
influence the final properties of the epoxy network. Curing of epoxy resins by
the PhA-based hardener NX-6019 was characterised by the lowest Ti and the
shortiest pot-life while curing by the PhA-based hardener GX-6004 started
later but proceeded with the highest rate. In PhA-based hardeners this is
achieved using only a fraction of compositions (22-30%) as small molecular
weight amines (MXDA, TMD, TEPA, EDA) and accelerators (DMP,
DMAPA). T, of the cured epoxy resins depended on the type of hardener and
varied from 50 °C to 98 °C. Slightly lower T, of the epoxy resins cured by
PhA-based hardeners is related to the long alkyl chains present in the
composition of the PhA, which increases flexibility and chain mobility in the
cured system. Nevertheless, the use of the most reactive PhA-based hardener
GX-6004 containing ~7% of highly reactive TMD provided a possibility to
increase T, of the cured epoxy resins to 80-85 °C.

In conclusion, this study highlights the numerous benefits of using PhA-
based hardeners for epoxy coatings. PhA are bio-based, derived from
renewable sources, and have a lower environmental impact due to their
reduced toxicity. Their low T; allows for curing at lower temperatures, which
extends the workable time across the cold seasons. Epoxy resins cured by
PhA-based hardeners achieve T, values comparable to those cured with pure
low-molecular-weight amines. Moreover, the long aliphatic chains in PhA
could contribute to enhanced flexibility, improved hydrophobicity, reduced
shrinkage, and the potential for better mechanical properties in the cured
epoxy coatings.

3.1.2.The effect of reactive diluents on curing and properties of the epoxy
coatings

RDs are recognized for their potential to reduce VOC content while
maintaining the mechanical performance of coatings. By replacing VOC with
RD, it is possible to reduce viscosity, increase pigment loading, and enhance
mechanical properties such as flexibility, hardness, adhesion, and scratch
resistance, while simultaneously reducing the harmfulness of the composition
since RDs react with amine hardeners and stay in coating (Fig. 15). However,
existing literature on the effects of RD on the properties of epoxy resins and
coatings is limited and, in some cases, inconsistent.
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Fig. 15. Reactive diluents in epoxy coating

In this work four epoxy-based compositions were mixed each containing
bisphenol-A/-F resin (15 %) by commercial name of Araldite® 783, novolac
resin (75 %) Araldite® 289 and 10 % of tested RDs. The RDs chosen for the
experiment were trifunctional RD based on GPTE used in PA1 formulation,
monofunctional RD based on AGE in PA2 formulation and difunctional RDs
based on BDGE in PA3 and HDE in PA4 formulations. Additionally, two
different hardeners were employed, PB1 and PB2 with the main difference
being DMP tertiary amine accelerator used in PB2 formulation, to test how
RDs work with different curing agents. The full PA and PB compositions are
given in Tables 6 and 7.

The primary objective was to compare the effect of different RDs on the
gelation and vitrification times of the curing systems. Additionally, the effect
of RD on the cured epoxy coatings was examined by determining the T, of the
cured systems. Finally, the effect of RD functionality on the mechanical
properties of cured epoxy coatings with and without fillers, such as hardness,
impact resistance, adhesion, and abrasion resistance, was systematically
assessed.

Understanding the viscoelastic properties of materials is vital for product
development. Oscillatory shear measurements are performed in controlled
strain mode. The given deformation and the measured time-delayed shear
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stress response are used to calculate the storage modulus G' and loss modulus
G"”. G' measures the energy retained during deformation, indicating the
material's stiffness and resistance to shape change. G” measures the energy
lost as heat during deformation, reflecting the material's damping capabilities.
The relationship between G’ and G’ is important: if G exceeds G’, the
material acts like a liquid; if G’ is greater, it behaves like a solid. This
relationship is quantified by the loss tangent tand, which helps in
understanding the damping characteristics of viscoelastic materials [159].

Evolution and trend of the parameters of G, G" and tano during curing
of epoxy resins present important information about the cure process, more
specifically, provides gelation and vitrification times. Gelation refers to the
formation of three-dimensional crosslinked network that increases viscosity
of the material exponentially to infinity [160]. The most generally accepted
criterion for gelation is the crossover point of the shear G’ and G”[161]. For
other, more complicated networks, the gel point can be found by detecting
tano at different frequencies and determining their crossover point during cure
[161-165].

Vitrification time is defined as the point at which the molecular weight
or cross-link density of the curing polymer exceeds that which is
thermodynamically stable as a rubber to a glass, at which point the reaction
dramatically slows due to the reduced mobility of the reactants [166].
Vitrification can be determined from the maximum tano peak at 1 Hz, the
maximum G’ peak at 1 Hz, the onset of frequency dependence in G’, and with
the end of frequency dependence in G'[167].

In this study, gelation time of the curing epoxy systems was determined
by crossover of the parameters G’ and G”, and crossover of tand at different
frequencies, and vitrification time was determined from the maximum tand
peak at 1 Hz and the maximum G'’ peak at 1 Hz. The gelation and vitrification
values were summarized in Table 14.

The tested epoxy-amine systems behave like solids at the beginning of
the curing process (G’ > G'’) due to entrapped air bubbles during mixing of
the epoxy system and a curing agent together. After 10-15 min, the G”
becomes larger than the G’ since the system shows liquid type behavior.
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Fig. 16. Evolution of storage modulus G’ (-m-) and loss modulus G"' (- A -)
(angular frequency 1 Hz), and loss factor tano (---) (angular frequencies 1
Hz (---); 2 Hz (---); 4 Hz (---)) during curing of the epoxy system PA4 by
amine hardeners PB1 (a) and PB2 (b) at 50 °C. Filled circles indicate tano
crossover (@), crossover of G’ and G"' (#), peak of G" (@), and second peak
of tand at 1 Hz (e).

As the reaction proceeds, both G’ and G’ increase and at a certain time
intersect; the crossover point indicates equilibrium between viscous and
elastic behavior. In this zone gelation occurs. Later-on, when curing reaction
progresses and elastic behavior dominates, G' becomes larger than G” and
tends to approach its maximum value whereas G'' reaches a peak and starts to
decrease. In this zone vitrification occurs (Fig. 16).

Gelation time and vitrification time determined by tand crossover and
tano peak, respectively, are shorter compared to those determined by G’ and
G'"' crossover, and G"' peak, respectively (Table 14). More reliable data are
received from the dependencies of tano [158—162].

Table 14. Gelation and vitrification time of the curing epoxy resins

) Gelatlop time, Vitrification time, min
Epoxy/amine min
system tano crossover, G’ and G” tanopeak, =~ G'' peak,

1 Hz, 2 Hz, 4 Hz crossover, 1 Hz 1 Hz 1 Hz
PA1/PB1 111 132 120 152
PA1/PB2 51 59 88 112
PA2/PB1 85 90 140 173
PA2/PB2 49 59 100 126
PA3/PB1 67 75 110 134
PA3/PB2 45 49 90 111
PA4/PB1 66 76 120 147
PA4/PB2 45 49 83 102
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It is evident from Table 14, that gelation time and vitrification time of the
epoxy system under curing by the accelerator-containing hardener PB2 were
significantly shorter compared to those received under curing by the
accelerator-free hardener PB1. This confirms that curing of epoxy systems in
the presence of the accelerator proceeds much faster.

Gelation time is affected by the type of the epoxy system, more
specifically, by the used RD. The shortest gelation time is characteristic for
the epoxy systems PA3/PBI1(PB2) and PA4/PB1(PB2) containing
difunctional RDs BDGE and HDE (Table 14). Higher reactivity of
difunctional RDs in curing reactions could be related to lower epoxy
equivalents and low molecular weight of these RDs compared to
monofunctional and trifunctional RDs (Table 3). Epoxy systems containing
monofunctional AGE (PA2) and trifunctional GPTE (PA1) were less reactive.
Monofunctional AGE has a long aliphatic chain of C12-C14 and only one
epoxy group, which makes it less reactive and impeding crosslinking
reactions. Trifunctional GPTE has the highest molecular weight and branched
structure, which could reduce flexibility of the compound and make some
reactive groups inaccessible.

Vitrification time of the epoxy systems containing difunctional BDGE
and HDE (PA3 and PA4) and trifunctional GPTE (PA1) is very close (Table
14). The presence of monofunctional AGE (PA2) makes vitrification time
longer; this could be related to plasticizing effect of this RD containing long
aliphatic chain.
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Fig. 17. DSC curves of the epoxy resins PA1, PA2 and PA4 cured by the
amine hardeners PB1 (a) and PB2 (b)

DSC curves of the epoxy systems containing various RDs and cured by
two hardeners are presented in Fig. 17. DSC curves show endothermic
transition at about 60—75 °C. This transition appears like a part of an
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endothermic peak which is caused by the thermal history of the cured epoxy
systems and should be ignored [168, 169]. T, of the cured epoxy resins
depends on the type of hardener being higher for the systems cured by the
accelerator-containing hardener PB2 (Table 15). It is related to a higher degree
of crosslinking taking place in the presence of tertiary amine DMP. T, of the
cured epoxy resins containing difunctional HDE and trifunctional GPTE (PA4
and PA1, respectively) are very close. Monofunctional AGE (PA2) had more
remarkable effect on the T, raising its value by 3—7 °C. This could be
attributed to the lower viscosity of the epoxy system PA2 (Table 16), which
makes it easier for network structure to form and create higher crosslinking
during formation of the coatings. Nevertheless, differences in T, of the cured
epoxy resins containing RD of different functionality are rather small and
hardly deserve attention.

Table 15. Properties of the cured epoxy coatings containing reactive diluents
of various functionality

Epoxy resin PA1 PA2 PA3 PA4

Hardener PB1 PB2 PB1 PB2 | PBl1 | PB2 PBl1 | PB2
T,, °C 51.9 | 60.0 | 58.2 | 64.4 - - 51.3 | 61.9
Hardness, Osc 88 103 83 96 101 | 104 | 102 | 103
Adhesion, MPa 203 1 198  19.7 | 22.1 | 17.3 | 233 | 23.0 | 19.8
Impact resistance, J 4.5 4.5 5.0 4.5 6.0 5.5 6.0 5.0

Mechanical properties of the naked epoxy coatings (without fillers and
various additives) prepared from the epoxy resin mixtures containing RD and
cured by the hardeners with and without accelerator are listed in Table 15. The
hardness of the coatings is rather high, about 100 Osc. Slightly higher hardness
is characteristic for the coatings containing difunctional BDGE and HDE
(PA3 and PA4) and cured by the hardener containing an accelerator DMP
(PB2). This could be predetermined by rather short aliphatic chains between
epoxy groups in BDGE and HDE, which creates tighter crosslinking of the
coatings.

Slightly higher impact resistance is characteristic for the coatings
containing difunctional RDs BDGE and HDE (PA3 and PA4) (Fig. 18).
Curing of the coatings by the hardener containing DMP accelerator (PB2)
slightly reduces impact resistance. This correlates to the T, parameter as well
as hardness, since higher T, and hardness shows more cross-linked matrix
which results in less deformative/flexible coatings with reduced impact
resistance.
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Fig. 18. Impact resistance of different coating systems: a) PA1+PB1; b)
PA1+PB2; c) PA2+PB1; d) PA2+PB2; ¢) PA3+PBI; f) PA3+PB2; g)
PA4+PB1; h) PA4+PB2

The adhesion of the coatings is good and does not seem to depend on the
used RD and amine hardeners (Fig. 19).

Fig. 19. Adhesion test of different coating systems: a) PA1+PB1; b)
PA1+PB2; c) PA2+PB1; d) PA2+PB2; ¢) PA3+PB1; f) PA3+PB2;
g) PA4+PB1; h) PA4+PB2

51



Table 16 presents properties of anti-corrosion epoxy coatings containing
not only RD but also fillers and various additives. Coatings containing fillers
and various additives were used to evaluate the effect of RD on properties of
coatings in real formulations. It should be noted that the content of fillers and
additives is the same in all compositions. The compositions included various
additives: glass flakes, quartz and silicon carbide to enhance mechanical
resistance, hardness, scratch resistance, and impact resistance; strontium
aluminum polyphosphate hydrate for corrosion protection; titanium dioxide
for color and opacity; dispersion agents to improve pigment loading; rheology
modifiers to enhance anti-sagging properties; and silicon-based additives to
provide anti-foaming, leveling, and wetting properties. The hardness and
adhesion of the filled coatings are comparable to those of unfilled and do not
depend on RD.

Impact resistance of the filled epoxy coatings is much higher due to
special fillers used in formulation such as glass flakes and quartz but also do
not depend on RD. The filled coatings are characterized by very high abrasion
resistance, especially those containing difunctional BDGE and HDE (PA3 and
PA4) RDs due to tighter crosslinking of the coatings. The use of the amine
hardener containing a DMP accelerator (PB2) also increases abrasion
resistance.

Table 16. Properties of the cured epoxy coatings containing various reactive
diluents, fillers and additives

Epoxy resin PA1 | PA2 PA3 | PA4
Hardener PBl PB2 PBl PB2 PBl PB2 PBl PB2
Viscosity at shear o5 403 451 302 | 401 | 267 435 278
rate 0.1 cm™, Pa-s
Viscosity at shear
rate 1000 cm™!, Pa-s

2.65 347 1.69 | 242 189 263 224 | 2.65

Hardness, Osc 94 95 93 97 90 105 97 107
Abrasion resist., mg 39 34 52 25 23 20 19 15
Adhesion, MPa 219 | 212 | 214 | 242 | 193 | 19.8 | 19.3 | 20.6

Impact resistance, J 7 9 8 10 7 8 9 9

A very important characteristic of the mixed epoxy compositions is
dynamic viscosity at low shear rate (0.1 s™') mimicking storage state, and at
high shear rate (1000 s') mimicking airless spray (Table 16). The low
viscosity of the mixed compositions is desirable since it requires easier
application methods as well as gives better coating formation and leveling.
Dynamic viscosity of the mixed compositions at high shear rates was in
correlation with the viscosity of RD. The highest viscosity is characteristic for
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the composition containing trifunctional GPTE (PA1). The viscosities at high
and low shear rates of the compositions containing difunctional and
monofunctional RDs are significantly lower. Mixing with the hardener
containing an accelerator DMP (PB2) reduces viscosity at a low shear rate but
evidently increases viscosity of the compositions at high shear rate.

The influence of RDs with different functionalities on the curing of epoxy
resins is evident but minimal. Epoxy resins containing difunctional RD exhibit
the shortest gelation time during curing. The vitrification time of cured epoxy
resins with difunctional BDGE, HDE and trifunctional GPTE is nearly
identical, whereas the inclusion of monofunctional AGE extends the
vitrification time. The data obtained from DSC analysis suggest that the use
of monofunctional reactive diluent had more remarkable effect on the T,
raising its value by 3—7 °C. Reactive epoxy diluents had some effect on
properties of the cured naked and filled epoxy coatings. Monofunctional AGE
reduced the viscosity of epoxy formulations at high shear rates. Difunctional
BDGE and HDE had the most significant impact, reducing the viscosity of
epoxy formulations while enhancing the hardness and abrasion resistance of
the filled coatings. This study demonstrated that RDs can not only replace
traditional VOCs to reduce viscosity but also improve the mechanical
properties of coatings without introducing toxic side effects.

3.2. Optimization of encapsulation of reactive compounds for self-healing
anti-corrosion epoxy coatings

Dual-component microcapsules are widely employed to achieve effective
self-healing properties. Amines are an attractive choice for healing materials
due to their ability to react with epoxies and isocyanates. Unfortunately,
amines are generally hydrophilic, highly reactive and possess a high pH,
which makes encapsulation via oil-in-water methods particularly difficult
[113]. In this work, a dual microcapsule system was selected for testing: one
microcapsule containing PAAE as the healing agent encapsulated in a UV-
curable shell, and the other containing IPDI as the healing agent enclosed
within a PU shell.

PAAE was selected as the healing agent due to its high reactivity with
isocyanates and its compatibility with the coating matrix. However, the use of
PAAE as a healing agent remains relatively unexplored, primarily due to its
novelty and the challenges associated with its encapsulation. The more
hydrophobic nature of PAAE in comparison to other amines allows it to be
emulsified in water, making oil-in-water encapsulation techniques feasible
[81, 140]. This study introduces a novel approach to encapsulating PAAE

53



within a UV-curable shell. This method offers significant advantages,
including faster encapsulation times, higher microcapsule yields, and
represents an area that has not been extensively studied.

N N
R/Y
0

Fig. 20. PAAE reaction with IPDI

To complement the dual-microcapsule system, [PDI was selected as the
isocyanate component due to its compatibility and reactivity with PAAE. IPDI
is a cycloaliphatic diisocyanate, characterized by two isocyanate groups with
differing reactivities (primary and secondary -NCO groups), enabling
selective interactions with hydroxyl-functionalized compounds. This unique
reactivity profile has made IPDI a common choice in the synthesis of
polyurethane foams [170-173] and polyurethane coatings [174—176]. The
reaction between PAAE and IPDI (Fig. 20) results in PU which offers
numerous advantages, such as good leveling performance, alkali and acid
resistance, water and wear resistance.

3.2.1.Encapsulation of PAAE into UV curable shell

Successful encapsulation depends on many factors, with emulsification
being the primary and most influential factor. Emulsification depends on the
selected emulsifier, agitation speed, temperature, and duration of the process.
The emulsifier ensures generation of new oil droplets in the dispersed phase
and subsequent stabilization of these droplets. Polymeric and charge-
containing emulsifiers (stabilizers) were used for stabilization of the
emulsions. Mixture of PVA-GA, a copolymer of SMA or SDBS were used as
stabilizers. GA demonstrated good stabilization ability in many studies on
microencapsulation [177, 178]. Combining two polymeric stabilizers, PVA
and GA, gave even better results, increasing efficiency of microencapsulation.
SMA was also often used for stabilization of emulsions containing
encapsulating materials [179]. Hydrolyzed SMA possesses hydrophilic
carboxyl groups alongside hydrophobic aryl groups, enabling it to self-
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assemble into a dual-layered structure. This emulsifier combines both
polymeric and ionic stabilization. Low molecular weight charge-containing
emulsifier SDBS exhibits good stabilization by the formation of micellar layer
on hydrophobic droplets.

Table 17. Results of microencapsulation of PAAE in UV-curing resin (first
series — ethyl lactate as a solvent)

No | Core: | Agitation| Emulsifier and Ethyl Core Microcapsule Average
shell speed, | its concentration, | lactate | content, | size range, pm | microcapsule
rpm % in core, % size, pm
%
EA1l 2:1 500 PVA2/GA3 50 40.3 30-270 70
EA2 3:1 750 PVA1/GA 1S 25 51.2 20-260 130
EA3 4:1 1000 SDBS 1 10 21.0 5-160 50
EA4 5:1 3000 PVA2/SDBS 1 - 19.0 5-100 30
EA5S 2:1 750 SDBS 1 - 47.6 10-1110 100
EA6 3:1 1000 PVA2/SDBS 1 50 10.3 5-110 40
EA7 4:1 3000 PVA2/GA3 25 41.7 15-100 50
EAS8 5:1 500 PVA1/GA 1.5 10 71.1 70-400 130
EA9 2:1 1000 PVA2/GA3 10 37.5 10-140 70
EA10 @ 3:1 3000 PVA1/GA 1S - 51.6 10-120 70
EA1l @ 4:1 500 SDBS 1 50 43.7 30-280 70
EA12 | 5:1 750 PVA2/SDBS 1 25 14.2 5-150 60
EA13 2:1 3000 SDBS 1 25 13.2 5-110 10
EA14 | 3:1 500 PVA2/SDBS 1 10 58.1 20-330 100
EA15 41 750 PVA2/GA3 - 63.7 40-180 80
EA16 | 5:1 1000 PVA1/GA 1S5 50 46.4 10-150 70

Table 18. Data of microencapsulation of PAAE in UV-curing resin: second
series — xylene as a solvent

No | Core: | Agitation| Emulsifier and | Xylene | Core | Microcapsule Average
shell speed, | its concentration, in content, | size range, um | microcapsule
rpm % core, % size, pm
Y%
XAl 2:1 500 PVA2/GA3 - 54.3 18-500 60
XA2 3:1 750 PVA1/GA 1S 10 53.1 11-620 60
XA3 4:1 1000 SDBS 1 25 48.5 21-53 50
XA4 5:1 3000 SMA 1 50 6 9-28 15
XAS 2:1 750 SDBS 1 50 28.5 38-70 20
XA6 3:1 1000 SMA 1 - 57.4 18-280 70
XA7 @ 41 3000 PVA2/GA3 10 17.3 5-50 30
XA8 5:1 500 PVA1/GA 1S 25 68.7 20-150 50
XA9 2:1 1000 PVA2/GA3 25 15.6 8-25 20
XA10 | 3:1 3000 PVA1/GA 1S 50 40.8 15-60 25
XAll | 41 500 SDBS 1 - 63.1 30-390 230
XA12 | 5:1 750 SMA 1 10 56.8 16-240 50
XA13 | 2:1 3000 SDBS 1 10 29.8 9-130 22
XA14 | 3:1 500 SMA 1 25 54.8 23-210 60
XA15 | 4:1 750 PVA2/GA3 50 23.5 5-35 15
XAl6 | 5:1 1000 PVA1/GA 1S - 62.7 10-140 40

It is known that increasing size of microcapsules usually worsens their
mechanical properties but improves healing efficiency [96]. Obviously, there
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is an optimal microcapsule size that can effectively balance both properties.
When the size of microcapsules approaches the thickness of a coating, it leads
to compromised mechanical and visual characteristics of the coating [180].

In the present study, obtaining of microcapsules with the size of 50 pym
was projected, since microcapsules of such dimensions are appropriate for the
coatings with the thickness of 200-500 pm.

Two series of experiments were carried out to synthesize microcapsules
differing in size and core content. Four key parameters such as core-to-shell
ratio, agitation speed, emulsifier type and concentration, and amount of
solvents ethyl lactate or xylene were chosen to govern core content and size
of microcapsules. The microcapsules were created using water in oil
emulsification method described in 2.5.1 (Scheme 1).
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Scheme 1. PAAE encapsulation into UV cured polyacrylate shell.

PAAE and UV curable acrylic resin were mixed and subsequently added
to water-emulsifier solution to create an oil-in-water emulsion. A
homogenizer was employed to achieve the desired oil droplet size. After
preparing the emulsion, UV light was used in combination with a
photoinitiator present in the UV resin mixture to initiate a radical
polymerization reaction. The photoinitiator used (ethyl phenyl(2,4,6-
trimethylbenzoyl)phosphinate) absorbed the UV light, generating reactive
free radicals that triggered the polymerization of the C=C double bonds in the
UV-curable resin comprised of monomers, leading to the formation of the
microcapsule shell (Fig. 21).
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In the first series (Table 17), solvent for the oil phase ethyl lactate was
used to enhance layer separation during emulsification. Ethyl lactate is a
biodegradable solvent with high solvency power, low vapor pressure, low
surface tension and high boiling point.

Fig. 21. Photopolymerization reaction of microcapsule shell formation

The substitution of solvents like toluene or acetone with ethyl lactate has
led to a notably safer working environment [181]. In the second series (Table
18), the solvent for the oil phase ethyl lactate was replaced by xylene, and the
emulsifier mixture PVA / SDBS by an emulsifier SMA. This was done trying
to evaluate whether xylene contributes to improving layer distribution
between UV curable resin and PAAE within the core before shell formation.
Data of microencapsulation of PAAE in UV curing acrylic resin are presented
in Tables 17 and 18.

3.2.1.1. Characterization of PAAE microcapsules with UV curable shell

Size of microcapsules was evaluated using OM and SEM (Fig. 22-25).
The microcapsules are round and of perfectly spherical structure. After
lyophilization, most of the microcapsules were in powder form. Average size
of microcapsules significantly depends on conditions of preparation and varies
from 10 pm to 230 um (Tables 17 and 18, Fig. 22-25). Core-to-shell ratio has
low impact on the microcapsule size, and this is in accord with previous
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observations [136]. Microcapsule size highly depends on agitation speed
being large at low agitation and much smaller at high agitation. The smallest
microcapsules with the average diameter 10—30 um were obtained at agitation
speed 3000 rpm while the largest with the diameter 100—-130 um at agitation
speed 500-750 rpm. Emulsifiers prevent agglomeration of microcapsules;
thus, high concentration of emulsifiers is preferential for the formation of the
microcapsules with smaller diameter. Solvents dilute viscous oil phase which
facilitates formation of smaller microcapsules. The viscosity of xylene is more
than 3 times lower compared to that of ethyl lactate, that is why dilution of the
oil phase with xylene gives the smallest microcapsules and with narrower size
distribution.

a

Fig. 22. OM micrographs of the microcapsules EA15 (upper line) and EA16
(bottom line), obtained in the presence of ethyl lactate as a solvent, in
solution (a), dried (b) and ruptured (c).

b

Fig. 23. SEM micrographs of dried (a) and ruptured (b) microcapsules
EALlS6.
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Upon pressing microcapsules between two glass panels, the healing agent
PAAE is released and is seen as oil spatters on the glass. It was noticed that
the microcapsules obtained using a mixture of emulsifiers PVA 2% / SDBS
1% were mostly tended to agglomeration, were unstable during lyophilization
process and releasing lower amount of encapsulated PAAE after mechanical
crush. Release of the core material PAAE after mechanical damage of the

microcapsules was observed in Fig. 22c and 24c.
a c

Fig. 24. OM micrographs of the microcapsules XA12 (upper line) and XA15
(bottom line), obtained in the presence of xylene as a solvent, in solution (a),
dried (b) and ruptured (c).

b

Fig. 25. SEM micrographs of dried (a) and ruptured (b) microcapsules
XA15S.

Under mechanical pressure, the microcapsules containing ethyl lactate as
a solvent tend to shrink instead of breaking, which means that microcapsule
shell is too elastic. In contrast, the microcapsules containing xylene as a
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solvent tend to break. We suppose, this phenomenon is related to volatility of
the solvents: ethyl lactate remains mainly in the shell while xylene mainly
evaporates making shell structure more fragile.
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Fig. 26. FTIR spectra of PAAE, UV cured resin and EA8 microcapsules.

FTIR spectra of the cured acrylic resin (microcapsule shell), PAAE
Desmophen NH 1220 (microcapsule core) and microcapsules containing
encapsulated PAAE were recorded (Fig. 26). At several frequencies, the
absorption bands of the core and shell materials overlapped due to the
similarity of their functional groups. The absorption bands at approximately
2982 and 2870 cm! belong to asymmetric and symmetric vibrations of C-H
bonds of CHs or CH» groups, respectively. Characteristic absorption band of
C=0 stretching vibrations at 1730 cm™! is associated with both acrylic resin
and PAAE [182]. Fortunately, PAAE C=0O absorption band is stronger than
that of the shell material, which enables to confirm encapsulation by
increasing intensity of that band. A broad absorption band associated with
hydroxyl groups of acrylates is observed at 3580-3200 cm™'. The absorption
band at 1520 cm™ corresponds to C=C stretching vibration in aromatic epoxy
resin. The absorption band at 1247 cm™ is characteristic for the
0O=C-0-C ester bond in the polymeric acrylate [81]. Characteristic absorption
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bands of PAAE secondary amine are at 3340 cm™ (-NH stretching vibrations),
860 c¢cm”! (-NH rocking vibrations), and 1030 cm™ (—C-N stretching
vibrations). In the spectra of microcapsules, in addition to the distinctive
absorption bands attributed to the shell material, the absorption bands
attributed to the core material were also present.

For determination of the core content in microcapsules, TGA of the core
material, shell material, and microcapsules was done. Destruction and
evaporation of the core material PAAE starts at approximately 200 °C and
continues until approx. 300 °C. Degradation of the shell material proceeds at
much higher temperatures, between 330 °C and 480 °C. As degradation of
both materials occurs at distinct temperatures, determination of the core
content in microcapsules is based on relative weight loss at temperatures until
320 °C.

Unfortunately, there is no possibility to discern between PAAE and
solvent present in the core of microcapsules by TGA since these materials lose
weight in the same temperature interval. Core content of the microcapsules
was affected by many factors and was in the range from 6% to 72% (Tables
17 and 18). Very important that combining several parameters affecting
microencapsulation process enabled to achieve high core content with the
amount of encapsulated PAAE in microcapsules up to 60-70%.

3.2.1.2. Optimization of encapsulation of PAAE into UV curable shell

The SNR calculated using the Taguchi criterion larger-the-better as used
for identification of the optimal conditions to achieve the maximum core
content of the microcapsules, and the Taguchi criterion nominal-the-best to
find conditions favorable for producing microcapsules with the average size
of 50 um. The impact of each parameter is presented in Fig. 27.

The highest SNR value (and the same, the highest core content) was at
the core-to-shell ratio 4:1 when using ethyl lactate as the solvent, and at the
core-to-shell ratio 3:1 when using xylene (Fig. 27A and 27B). Microcapsule
size was closest to the target value of 50 um at core-to-shell ratio 4:1 in the
presence of ethyl lactate as the solvent, but this ratio was shifted to 5:1 in the
presence of xylene (Fig. 27C and 27D).

The core content of microcapsules is the highest at low agitation speed
(Fig. 27A and 27B). This phenomenon could be attributed to the formation of
larger microcapsules, since faster agitation usually leads to smaller
microcapsules. Furthermore, increasing the agitation speed may raise the
likelihood of destruction of microcapsules with thinner shells and, the same,
higher core content. The microcapsules with an average size of 50 um (Fig.
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27C and 27D) were produced at agitation speed of 1000 rpm, which was found
to be optimal for both series.
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Fig. 27. SNR plots according to Taguchi method; the dependence of the
microcapsule core content (A, B) and microcapsule size (C, D) on
microencapsulation parameters core to shell ratio, agitation speed, type and
concentration of emulsifier, and ethyl lactate (A, C) or
xylene (B, D) content.

In the presence of ethyl lactate as the solvent, the highest core content of
the microcapsules was achieved using a mixture of the emulsifiers PVA 2%
and GA 3% (Fig. 27A). Meanwhile, when ethyl lactate was replaced by



xylene, the optimal emulsifier concentration was lower — PVA 1% and GA
1.5%. The lower concentration of the emulsifiers PVA and GA also fits well
for the compositions containing ethyl lactate (Fig. 27A). Optimal emulsifier
for the microcapsules with the size of 50 um in the presence of ethyl lactate is
a mixture of PVA 2% and GA 3% (Fig. 27C); reasonably good results were
obtained also using SDBS 1 % as an emulsifier. When xylene was used as the
solvent, the optimal concentration of the emulsifiers was lower PVA 1% and
GA 1.5% (Fig. 27D).

Table 19. Optimal conditions for microencapsulation of PAAE in UV curing
resin in respect to the highest amount of the core content

Core:shell Agitation Emulsifier and its | Solvent content,
speed, rpm | concentration, % %
First series ;
EA1-EA16 4:1 500 PVA2/GA3 -
Second series )
XA1-XA16 3:1 500 PVA1/GA 15 -

Table 20. Optimal conditions for microencapsulation of PAAE in UV curing
resin in respect to the nominal microcapsule size of 50 pm

‘ Core:shell Agitation Emulsifier and its | Solvent content,
speed, rpm | concentration, % %
First series .
EA1-EA16 4:1 1000 PVA2/GA3 Ethyl lactate, 25
Second series .
XA1-XA16 5:1 1000 PVA1/GA 1S5 Xylene, 25

Addition of the solvents either ethyl lactate or xylene to the oil phase
before encapsulation decreases core content of the microcapsules. Thus, the
optimal conditions for the microencapsulation of PAAE in respect to core
content exclude both solvents. Dilution of PAAE by a certain amount of ethyl
lactate or xylene (25%) was favorable in preparing microcapsules with an
average size of 50 pum (Figs 27C and 27D). Optimal conditions for
microencapsulation of PAAE in UV curing resin are presented in Tables 19
and 20.

Microencapsulation of PAAE into UV cured polyacrylate shell was done
through oil-in-water emulsion polymerization triggered by UV light. The
microencapsulation of PAAE in UV-curable acrylic resin was optimized using
the Taguchi L16 parameter design approach, aiming to identify conditions that
maximize core content while achieving a microcapsule size of 50 um. The
optimal conditions for highest core content was identified, which included a
core-to-shell ratio of approximately 3:1 or 4:1, a low agitation speed of 500
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rpm, the use of two polymeric emulsifiers mixture, PVA 1-2% / GA 1.5-3%
in the absence of solvents. The microcapsules of optimal size 50 um are
formed by using 4:1 or 5:1 core content, agitation speed of 1000 rpm,
emulsifier mixture of PVA 1-2% / GA 1.5-3%, and solvent content of 25%.
The UV-initiated polymerization process significantly reduced processing
time while enabling high core content and precise control over microcapsule
size, offering a promising method for efficient encapsulation of active
compounds.

3.2.2.Encapsulation of IPDI into PU shell

The microcapsules were produced through an oil-in-water emulsion,
utilizing the interfacial polymerization reaction described in section 2.5.2.
(Scheme 2). Two isocyanates, IPDI and 27% TIPTP solution in ethyl acetate
(Desmodur RFE) were mixed and subsequently added to water-emulsifier
solution to create an oil-in-water emulsion. A homogenizer was employed to
achieve the desired oil droplet size. After emulsifying the isocyanates in the
aqueous phase, the reactive amine TETA was added to initiate the interfacial
polymerization reaction.

Addition of TETA

Mixture of oil
phase in emulsifier

solution

Trielhyleneletr;nﬁne
Emulsifier / Y \‘:. }{ S, e ZPv.)lyn'lcn:.e:d microcapsule wall
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Scheme 2. IPDI encapsulation into PU shell

The reaction between TETA and the isocyanate groups led to the
formation of a polymeric shell around the microcapsules, confined to the outer
surface due to TETA’s solubility in the aqueous phase and its insolubility in
the oil phase. Since TIPTP is the more reactive of the two isocyanates, it is
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likely that TETA primarily reacted with this isocyanate, although some
reaction with IPDI may have also taken place.

The encapsulation process was studied using L16 Taguchi method
matrix, where 4 chosen parameters were changed throughout the synthesis.
Three different signals were received and measured — content of the healing
agent IPDI inside microcapsules (core content), microcapsule size and
microcapsule yield. Synthesis parameters and the signals are given in

Table 21.
Table 21. Data of microencapsulation of IPDI into PU shell
No | Core: | Agitation | Emulsifier and | Reaction | Core Size Average | Yield,
shell speed, its time, min | content, range, size, pm %
rpm concentration, % pm
Y%
1IE1 2:1 3000 PVA2/GA3 30 58.9 20-90 35 36.7
1IE2 3:1 4000 PVA1/GA 1S5 45 64.1 20-90 45 58.9
1E3 4:1 5000 SDBS 1 60 72.3 10-40 20 74.3
1E4 5:1 6000 GA 7 90 78.6 20-90 60 26.9
IE5 2:1 4000 SDBS 1 90 52.2 10-20 10 84.3
1E6 3:1 5000 GA 7 30 61.7 15-110 60 56.0
IE7 4:1 6000 PVA2/GA3 45 74.6 8-20 15 25.2
1E8 5:1 3000 PVA1/GA 1S 60 76.1 30-120 80 32.6
1E9 2:1 5000 PVA2/GA3 60 58.3 10-40 35 6.5
IE10 | 3:1 6000 PVA1/GA 1S5 90 65.8 20-60 40 12.6
IE11 | 4:1 3000 SDBS 1 30 66.4 10-60 25 6.0
IE12 | 5:1 4000 GA 7 45 69.7 30-60 50 29.4
IE13 | 2:1 6000 SDBS 1 45 49.9 10-20 10 71.5
IE14 | 3:1 3000 GA 7 60 74.6 20-70 50 48.9
IE15 4:1 4000 PVA2/GA3 90 71.8 20-70 40 16.8
IE16 | 5:1 5000 PVA1/GA 1S 30 73.1 20-80 40 19.3
Table 22. Stability of the synthesized microcapsules
Emulsifier/ Stability in Stability after | Microcapsule Average
No concentration % solution lyophilization size range, microcapsule
nm size, pm

IE1 PVA2/GA3 Stable Stable 20-90 35

1E2 PVA1/GA 15 Stable Stable 20-90 45

1IE3 SDBS 1 Agglomerated Agglomerated 10-40 20

1E4 GA 7 Stable Stable 20-90 60

IES SDBS 1 Agglomerated Agglomerated 10-20 10

1E6 GA 7 Stable Stable 15-110 60

IE7 PVA2/GA3 Stable Stable 8-20 15

1E8 PVA1/GA 15 Stable Stable 30-120 80

1E9 PVA2/GA3 Stable Stable 10-40 35
1E10 PVA1/GA 15 Stable Stable 20-60 40
1IE11 SDBS 1 Agglomerated Agglomerated 10-60 25
1E12 GA 7 Stable Stable 30-60 50
1IE13 SDBS 1 Agglomerated Agglomerated 10-20 10
1E14 GA 7 Stable Stable 20-70 50
1IE15 PVA2/GA3 Stable Stable 20-70 40
1E16 PVA1/GA 1S Stable Agglomerated 20-80 40
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It was determined that some microcapsules tend to agglomerate more
than others. During lyophilization, which proceeds under deep vacuum, some
microcapsules with thin or defectively formed shells were deformed and even
ruptured. After rupture, the core content of the microcapsules was released
and spread among other microcapsules which invoked sticking them together
and agglomerating. Agglomeration can also be caused by an unsuitable
emulsifier chosen for the system. It was determined that the microcapsules
obtained in the presence of SDBS as an emulsifier had higher tendency to
agglomerate than those obtained using GA or PVA / GA solutions (Table 22).
Moreover, using 1% SDBS as an emulsifier led to the smallest microcapsule
size. It is known that small particles have a higher tendency to agglomeration
which leads to the formation of much larger aggregates [184].

3.2.2.1. IPDI microcapsule with PU shell characterization

The prepared microcapsules were analyzed using OM and SEM to
evaluate the microcapsule size, size distribution, stability in aqueous solution
and in dry state, and resistance to rupture under applied force (Fig. 28-29).

In aqueous solution Dried Crushed

IE3

IE6

1E8

Fig. 28. Optical microscope images of the microcapsules IE3, IE6 and IE8

It was determined by OM that microcapsules synthesized in the presence
of 1% SDBS as emulsifier were agglomerated both in water and when dried.
The agglomerates measured 300-1000 pum in size were made up from 10-60
pm microcapsules stuck together and remained agglomerated even after
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washing and lyophilization. In contrast, the microcapsules synthesized using
GA and GA / PVA as emulsifiers were stable, round and dispersed evenly.
When pressed between two glass panels, the microcapsules underwent
collapse, and the subsequently released healing agent was observed between
the glass panels. This observation signifies a high efficiency in the
encapsulation of the healing agent and suggests the presence of thin
microcapsule walls that can be easily damaged.

Magnification x500

‘Magnification x1000

Ma nication x2000

1E4

ALTDS2 20k Sbum

TET %R0 200 um AL 062 A0k 100um

Fig. 29. SEM images of the crushed microcapsules IE4

SEM was used to measure microcapsule size as well as visualize their
surface, form, and determine approximate thickness of microcapsule shell
(Fig. 29). Before the experiment, some microcapsules were crushed using
metal spatula to examine the rupture picture and microcapsule shell thickness.
As it is seen from SEM images, the microcapsule surface is smooth with slight
indentations which could be caused by lyophilization process. It was
determined that microcapsule shell was very thin, with the thickness of about
1-3 pm, that’s why it can be easily crushed.

Microcapsules inside clear coating Crosscut of coating

Fig. 30. Optical microscope images of microcapsules IES inside clear

coating and coating crosscut
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Microcapsules IE8 were added to PAAE/isocyanate through the coating
which was cured. The clear coating was examined with an optical microscope
trying to determine microcapsule dispersibility inside the coating as well as
microcapsule ability to rupture when crack appears (Fig. 30).

The microcapsules inside the cured coating were dispersed evenly and
did not agglomerate or rupture. The crosscut of coating showed that
microcapsules were conjugated with the coating and split in two parts when
coating was broken. A part of the healing agent is seen near the rupture place
as oil splatter (Fig. 30).

FTIR spectra of IPDI (core material), PU shell and microcapsules IE14
were recorded and presented in Fig. 31. The absorption band of stretching
vibrations of N-H at about 3350 cm™ and absorption bands of C=O and N-H
in carbamide group at about 1510 cm™ and 1650 cm™, respectively, are
characteristic to PU shell material and are seen in spectra of the shell material
and microcapsule.
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Fig. 31. FTIR spectra of IPDI as core material, polyurea shell, and
microcapsules IE14
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Intensive absorption band of stretching vibrations of N=C=0O in
isocyanate groups appears at about 2250 cm™ in both spectra of IPDI and
microcapsules 1E14; this proves that the encapsulation of IPDI as core
material was successful.

For determination of core content in microcapsules, TGA of the core
material and microcapsules was done. IPDI evaporation and destruction starts
at about 130 °C and continues until approx. 240 °C. The first stage of
degradation of the shell material PU starts at about 150 °C and lasts until
200 °C; this part of degradation could be attributed to the destruction of
unreacted shell material TETA, TIPTP and evaporation of ethyl acetate. The
actual destruction of PU starts at about 250 °C and lasts until 550 °C and even
further. The microcapsule IE4 analysis demonstrates that 79% of the
microcapsule materials are destroyed at temperatures below 300 °C. This part
of the weight loss could be contributed to IPDI. Slightly higher destruction
temperature of IPDI in microcapsules is expected since IPDI is entrapped
inside a PU shell, and destruction can only begin when the shell is damaged
by rising pressure inside the microcapsule or under degradation. The core
content of the microcapsules was in the range of 50% to 79%.

3.2.2.2. Optimization of encapsulation of IPDI into PU shell

The Taguchi method was employed to identify the optimal parameters to
achieve the highest core content, a microcapsule size closest to 50 um, and
maximum microcapsule yield. The SNR was calculated using the larger-the-
better criterion to discern optimal conditions for core content and yield, while
the nominal-the-better criterion was applied for the optimization of
microcapsule size. The results are summarized in Fig. 32.

The highest SNR value and significantly higher core content (Fig. 32A)
was achieved using core-to-shell ratio 5:1. Agitation speed had small impact
to the core content, but the best results were at the agitation speed 3000 rpm.
Three emulsifiers — PVA 1 % / GA 1.5%, PVA 2% / GA 3% and GA 7% —
had similar impact to the core content with small superiority of; GA 7%;
anionic emulsifier SDBS was not suitable in achieving high core content.
Reaction time also had rather small impact to the core content, although the
highest core content was at the reaction time 60 min.

The optimal microcapsule size closest to 50 um (Fig. 32B) was achieved
at various combinations of the reaction parameters. Considering core-to-shell
ratio, the optimal microcapsule size was at the ratio 3:1 and 5:1; at the ratio
2:1 and 4:1, the microcapsules tended to be either too large or too small.
Agitation speed had lower impact on the microcapsule size while the optimal
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microcapsule size was at the agitation speed 4000 rpm. The emulsifier had a
strong impact on the microcapsule size. Microcapsules of the optimal size
were preferentially formed in the presence of GA 7% as an emulsifier. SDBS
was not suitable as an emulsifier since it promoted agglomeration of the
microcapsules. Reaction time had minimal impact on the microcapsule size,
but the optimal time was 45 min.
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Fig. 32. SNR plots according to Taguchi method; the dependence of the
microcapsule core content (A), microcapsule size (B) and microcapsule yield
(C) on microencapsulation parameters core to shell ratio, agitation speed,
type and concentration of emulsifier, and reaction time.

The highest yield of microcapsules (Fig. 32C) was obtained at the core-
to-shell ratio 3:1; the ratio 4:1 was the most unfavorable. The optimal agitation
speed regarding yield was 4000 rpm. The optimal emulsifier promoting the
highest yield of microcapsules was SDBS 1%. Possibly, this could be
explained by agglomeration of microcapsules in the presence of SDBS, since
losses of large agglomerates during washing and lyophilization processes are
minimal. The highest yield was achieved at the reaction time 45 min.
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Optimal conditions for microencapsulation of IPDI in PU shell regarding
the highest core content, optimal microcapsule size of 50 um and the highest
yield are presented in Table 23.

Table 23. Optimal conditions for microencapsulation of IPDI in PU shell

Agitation | Emulsifier and its Reaction
Core:shell . R .
speed, rpm | concentration, % time, min
Highest core content 5:1 3000 GA7 60
l(l)rll)ltlmal size of 50 31 4000 GA 7 45
Highest yield 3:1 4000 SDBS 1 45

Microencapsulation of IPDI into PU shell was done by oil-in-water
interfacial polymerization. The microencapsulation process was optimized
using Taguchi L16 parameter design. Optimal conditions for the
microencapsulation, to achieve all three — highest core content, highest yield
and average microcapsule size of 50 pm, included the core-to-shell ratio 3:1,
the agitation speed 3000 rpm, GA (7%) as an emulsifier and the reaction time
60 min. Under optimal conditions, the IPDI core content within the
microcapsules was up to 74.6% and the microcapsule yield was up to 48.9%,
with average microcapsule size of 50 um.

3.3. Development of self-healing epoxy coatings

To prepare self-healing coatings, microcapsules EA8 with PAAE as
healing agent (core content 71.1%) and polyacrylate shell, and microcapsules
IE4 with IPDI as healing agent (core content 78.6%) and PU shell were
dispersed in epoxy formulations. Two types of microcapsules were mixed at
ratio 1:1 and added to epoxy formulation in different amounts given in Table
24.

Table 24. Epoxy formulations with added microcapsules

|  EA8,% | 1E4,%
2AE120-0 - -
, 2AE120-1 2.5 2.5
Epoxy coating 2AE120-2 5.0 5.0
2AE120-3 75 7.5

The epoxy coating used in this experiment was a zero-VOC, 100% solid
formulation specifically designed for application in humid environments and
for underwater curing. The coating is typically applied at a thickness of 200-
500 um, with an epoxy-to-amine ratio of 3:1 by weight. This formulation was
selected for its zero-VOC characteristic, which eliminates potential solvent
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interactions with microcapsule systems and minimizes shrinkage during the
curing process.
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Fig. 33. Three interval rheology test of epoxy compositions, containing
microcapsule EA8+IE4 mixtures of: 2AE120-0 — 0%; 2AE120-1 — 5%;
2AE120-2 — 10%; 2AE120-3 — 15%

The viscosity of formulations was tested using rheology three interval
rheology test. Rheological analysis revealed that the addition of 5% (2.5% of
each type) to 15% (7.5% of each type) of microcapsules to the epoxy
composition increases the viscosity at both low shear rates (0.1 s') and under
simulated pressure conditions corresponding to the shear rate during the
application process (1000 s!), regardless of the type of microcapsules used.
In the dual microcapsule system, consisting of IPDI encapsulated in PU shell
and PAAE encapsulated in polyacrylate shell, the initial viscosity increased
from 106000 mPa-s to 125000 mPa-s, when 5% microcapsules (2.5% of each
type) were added (2AE120-2). Similarly, at a shear rate of 1000 s, the
viscosity increased from 1460 mPa-s to 1960 mPa-s (Fig. 33).

The maximal viscosity was characteristic for the formulation containing
15% (7.5% of each type) microcapsules (2AE120-3), where the initial
viscosity was 1.5 times higher, and the viscosity at a shear rate of 1000 s™! was
twice as high as for the composition without microcapsules (2AE120-0).

To assess the efficiency of microcapsule systems in promoting self-
healing of epoxy coatings, selected epoxy formulations were combined with
microcapsules in quantities detailed in Table 24. The resulting mixtures were
applied to steel plates at a thickness of 400 um and allowed to cure for one
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week. After curing, the coatings were deliberately damaged with a knife blade,
left for microcapsule healing agent to cure for one day, and then subjected to
salt spray exposure for one week. Rust formation was visually assessed (Fig.
34). Since no significant differences were observed at the damaged sites
between the coatings with and without microcapsules, it was concluded that
self-healing was either absent or the damaged area was too wide for
microcapsules of this size and amount to fully heal.

2AE120-0 2AE120-1 2AE120-2 2AE120-3

Fig. 34. Image of the steel plates coated in self-healing coating containing
microcapsule mixture (EA8+IE4) after exposure in the salt spray chamber
2AE120-0 — 0%; 2AE120-1 — 5%; 2AE120-2 — 10%; 2AE120-3 — 15%

An additional experiment was conducted in which the samples, instead
of being allowed to self-heal at room temperature, were placed in an oven at
80 °C for 1 hour. This thermal treatment was applied to enhance the self-
healing performance by promoting the thermal activation of the damaged
regions. The damaged areas were subsequently analyzed using OM.
Evaluation of the self-healing properties of epoxy coatings utilizing a dual
microcapsule system (Fig. 35) demonstrated a reduction in coating damage
after 1 hour of thermal curing in all samples containing microcapsules,
compared to the control coating without microcapsules. Before heat exposure,
the metal surface beneath the damaged coating was visible. However, after
exposure, the active components released from the microcapsules covered and
sealed most of the damaged area, effectively hiding the metal surface. The
highest self-healing effect, as observed under OM, was exhibited by the
composition 2AE120-3, which contained the highest concentration of
microcapsules (15%).

The dual microcapsule system investigated in this study shows
considerable promise for improving the performance and durability of epoxy
coatings. By releasing active agents upon mechanical damage, this system not
only reduces the size of the damaged area but also has potential to prevent
further rust formation, which is a common issue in coatings exposed to harsh
environments.
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Before heating After heating 80 °C, 1 hour

b)

d)

Fig. 35. OM images of epoxy coatings containing microcapsule mixtures
(EA8+IE4) before and after heating 1 hour at 80 °C: a) 2AE120-0 — 0% b)
2AE120-1 - 5%, c) 2AE120-2 — 10%, d) 2AE120-3 — 15%

The controlled release of repair agents ensures the restoration of
protective properties, contributing to the coating's durability. However, further
detailed studies are needed, as the results obtained are only preliminary. This
approach could be pivotal in extending the lifespan of epoxy coatings, making
them more efficient in maintaining structural integrity and reducing
maintenance costs, particularly in industries where long-term protection is
critical.
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CONCLUSIONS

As determined by DSC and rheology experiments, curing of epoxy
resins by phenalkamine based hardeners started at lower temperature,
the cure temperature interval was broader, and the curing rates were
slightly lower compared to those cured by low-molecular-weight
amine hardeners. The curing of epoxy resins by PhA-based hardener
NX-6019 was characterized by the lowest T and the shortest pot-life
due to tertiary amine-based accelerators DMP and DMAPA used in
composition. Due to TMD used in GX-6004 the curing of epoxy resin
started later but proceeded with the highest rate and provided a
possibility to increase T, of formed coating up to 80-85 °C.
Oscillation, DSC and mechanical testing showed that reactive
diluents influence both the curing process and the properties of epoxy
coatings. Monofunctional RD C12-C14 alkyl glycidyl ether
significantly reduced viscosity and slightly increased T, of the cured
coating, but also prolonged vitrification time. Difunctional reactive
diluents 1,4-buthanediol and 1,6-hexandiol diglycidyl ethers led to
the shortest gelation and vitrification times, moderate viscosity
reduction, and noticeable improvements in coating hardness and
abrasion resistance. Importantly, all studied formulations were VOC-
free, as the reactive diluents remained chemically bound in the cured
network, ensuring environmentally safer and solvent-free epoxy
coating systems.

The new microencapsulation technique of PAAE into UV cured
polyacrylate shell was developed through oil-in-water emulsion
polymerization triggered by UV light. Synthesis parameters were
optimized using Taguchi L16 parameter design approach. The
optimal conditions for highest core content were identified, which
included a core-to-shell ratio of approximately 3:1 or 4:1, a low
agitation speed of 500 rpm, the use of two polymeric emulsifiers
mixture, PVA 1-2% / GA 1.5-3% in the absence of solvents. The
microcapsules of optimal size 50 um are formed by using 4:1 or 5:1
core content, agitation speed of 1000 rpm, emulsifier mixture of PVA
1-2% / GA 1.5-3%, and solvent content of 25%.
Microencapsulation of IPDI into a PU shell was done by oil-in-water
emulsion interfacial polymerization method. Optimal conditions for
the microencapsulation, prepared by Taguchi L16 parameter design
method to achieve all three — highest core content, highest yield and
average microcapsule size of 50 um, included the core-to-shell ratio
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3:1, the agitation speed 3000 rpm, GA (7%) as an emulsifier and the
reaction time 60 min. Under optimal conditions, the IPDI core
content within the microcapsules was up to 74.6% and the
microcapsule yield was up to 48.9%, with average microcapsule size
of 50 um.

Self-healing properties of advanced epoxy coatings utilizing a dual
microcapsule system demonstrated a reduction in coating damage
after 1 hour of thermal curing at 80 °C in all samples containing
microcapsules, compared to the control coating without
microcapsules. The highest self-healing effect, as observed under
OM, was exhibited by the composition 2AE120-3, which contained
the highest concentration of microcapsules (15%).
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SUMMARY IN LITHUANIAN

IVADAS

vV =

metaliniy pavirSiy ilgaamziskumui ir struktiriniam vientisumui. Norint
sumazinti drégmés, cheminiy medziagy ir aplinkos drusky jtaka korozijos
procesui yra naudojamos antikorozinés dangos. Sios dangos atlieka svarby
vaidmen] sudarydamos apsauginj barjera, kuris neleidzia korozijg
sukelian¢ioms medZziagoms prasiskverbti iki metalo pavirSiaus ir taip
prailgina metaliniy konstrukcijy ir objekty tarnavimo trukmeg. Antikoroziniy
dangy pagrinda sudaro jvairios polimerinés medziagos, tokios kaip
poliuretanai, alkidai, akrilai, epoksidai ir asparto riigsSties esteriai. Tinkamos
sudéties kompozicijos uztikrina ne tik formuojamy dangy antikorozinj
efektyvuma, bet ir cheminj, mechaninj ir terminj atsparuma.

Epoksidinés dangos iSsiskiria savo daugiafunkcémis apsauginémis
savybémis. Jos uztikrina didelj pavirSiy atsparumg korozijai. Be to, gali
pagerinti mechanines ir atsparumo jvairioms aplinkos sglygoms savybes.
Priklausomai nuo sudéties, Sios dangos gali pasizyméti atsparumu smiigiams,
itin dideliu kietumu, kuris savo ruoztu uztikrina didelj atsparumg nusitrynimui
ir atmosferos veiksniams. Taip pat Sios dangos gali buti hidrofobinés,
atstumiancios drégme ir terSalus [2—4]. Epoksidinés dangos taip pat Zinomos
dél puikaus cheminio ir Siluminio stabilumo, jomis pavirSiai dengiami net ir
zemose temperattirose [5, 6]. Pazangios epoksidinés dangos apsaugo metalg
ar kitus substratus iki 15-20 mety, uztikrindamos patvaruma ir ilgg
eksploatavimg be reik§Smingos degradacijos.

Siomis dienomis vis daugiau démesio skiriama aplinkosaugai, todél
sickiama sumazinti pavojingy ir toksiSky medziagy kiekj dangose.
Pagrindinés toksiskos medziagos epoksidiniy dangy kompozicijose —
mazamolekuliai aminai, naudojami epoksidervoms kietinti. Kaip alternatyva
mazamolekuliams aminams gali biiti naudojami maziau toksiski kietikliai —
biologinés kilmés fenalkaminai (angl. Phenalkamines, PhA), kurie sintetinami
1§ anakardziy rieSuty kevaly (angl. Cashew nutshell liquid, CSNL) esanciy
medziagy, pvz. kardanolio [7, 8]. Kardanolio pagrindo PhA kietikliai
pasizymi hidrofobinémis savybémis yra tinkami kietinti epoksidines dervas
net esant Zemai temperatiirai ar drégno klimato salygoms [8—10].

Dangy gamintojai privalo gaminti produktus, atsizvelgdami j grieztus
aplinkosaugos reglamentus, kuriy tikslas — sumazinti arba visiskai pasalinti
lakiyjy organiniy junginiy (angl. Volatile organic compounds, VOC) kiekj
dangy kompozicijose [11-13]. Pastebima tendencija pereiti prie didelio sausy
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ir riSan¢iyjy medziagy kiekio turin¢iy dangy kompozicijy, kuriy sudétyje néra
lakiyjy komponenty, t.y. organiniy tirpikliy, kurie formuojantis dangai
iSgaruoja, arba yra minimalus jy kiekis, taip sumazinant zalingg poveikj
aplinkai ir Zzmogui. Tokiose dangy kompozicijose kaip alternatyva gali buti
naudojami reaktyviis skiedikliai (angl. Reactive diluent, RD), turintys
aktyvias funkcines grupes, pvz, epoksi-. Todél RD ne tik padeda sumazinti
dangy kompozicijy klampg, bet ir yra priskiriami prie riSikliy, kadangi
reaguoja su kitais dangy kompozicijose esanc¢iais komponentais ir lieka
»suristi“ dangoje [14-16].

Per pastaruosius du deSimtmecius labai sparciai vystomas savaime
uzsigydanciy (angl. self-healing) dangy, kurios leisty prailginti dengiamy
medziagy tarnavimo trukme. Kuriant savaime uzsigydancias dangas gali biiti
taikomi jvairiis jy pazeidimo uzsigydymo mechanizmai. Siuo metu vienas
labiausiai tiriamy budy, leidziantis efektyviai spresti pazangiy dangy
patvarumo ir tvarumo i$§tikius, yra mikrokapsuliy su aktyviomis medziagomis
jterpimas j dangg [19].

Sio darbo naujumas ir originalumas.

Siame darbe siekiant sukurti i$manias epoksidines dangas buvo
pritaikytos pazangios biologinés kilmés medziagos — fenalkaminai, skirtingo
funkcionalumo reaktyviis skiedikliai ir iStirtas savaiminio dangy uzsigydymo
mikrokapsulémis metodas.

Epoksidinéms dervoms sukietinti daznai pasirenkama naudoti
mazamolekulius aminus, gaunamus i§ naftos produkty, kurie dél didelio
toksiSkumo kenkia ne tik aplinkai, bet ir zmonéms. Siekiant sumazinti
epoksidiniy dangy kompozicijy toksiskuma ir padidinti ekologiskuma, buvo
jvertintas fenalkaminy, biologinés kilmés aminy, veiksmingumas kietinant
bisfenolio A pagrindo epoksidines dervas. Pirma kartg istirta reakcijy tarp
bisfenolio A ir mazamolekuliy aminy bei fenalkaminy pagrindo kietikliy
kietinimo reakcijos kinetika, siekiant nustatyti ir palyginti jy terminj
efektyvuma, sutinklinimo laipsnj ir darbinj laikg (angl. Pot-life), naudojantis
diferencinés skenuojamosios kalorimetrijos (DSC) ir reologiniais metodais.

Neretai epoksidiniy dangy kompozicijose yra naudojami lakiis organiniai
tirpikliai dél galimybeés atpiginti ir suskystinti epoksidines kompozicijas. Sie
lakiis epoksidiniy dangy kompozicijy komponentai formuojantis dangai
garuoja ir didina oro tarSa bei kenkia zmogaus sveikatai. Siekiant sumazinti
lakiyjy organiniy junginiy kiekj dangose, buvo naudojamos alternatyvios
medziagos — reaktyviis epoksidiniai skiedikliai, kurie aktyviai dalyvauja
poliadicijos reakcijoje, tapdami neatskiriama sukietéjusios dangos dalimi.
Pirmg kartg buvo istirtas skirtingo funkcionalumo reaktyviyjy epoksidiniy
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skiedikliy poveikis skysty epoksidiniy dervy kieté¢jimui ir sukietéjusios
epoksidinés dangos savybéms. Taip pat jvertintas jy poveikis reguliuojant
kietinimo sistemos klampg ir geléjimo trukme. Atlikus dangy tyrimus jvertinta
reaktyviy skiedikliy jtaka mechaninéms dangy savybéms.

Sukurta inovatyvi danga, naudojant dviejy mikrokapsuliy savaiminio
uzsigydymo sistema. Pirma kartg susintetintos poliasparto riigSties esteriy
(PAAE) mikrokapsulés su UV S$viesoje kiet¢janCiu poliakrilatinés dervos
apvalkalu. UV polimerizacija mikrokapsuliy formavimui suteikia didziulj
pranasumag dél labai greito sintezés proceso. Patobulintas izoforondiizocianato
(IPDI) jkapsuliavimo i poliur¢jos (PU) apvalkalg sintezés procesas ir pasiektas
didelis jkapsuliuotos aktyvios medziagos kiekis. Siekiant optimizuoti PAAE
ir IPDI mikrokapsuliy sintezés salygas, pritaikytas Taguchi eksperimento
dizaino metodas. Ivertintas mikrokapsuliy poveikis savaiminiam dangy
uzsigydymui.

Sio darbo tikslas buvo sukurti betirpikles antikorozines dangas,
naudojant aplinkai maziau kenksmingus kietiklius, reaktyvius epoksidinius
skiediklius ir istirti dvigubos mikrokapsuliy sistemos panaudojimg savaime
uzsigydantioms dangoms gauti. Siam tikslui pasiekti buvo iskelti Sie
uzdaviniai:

1. Jvertinti Dbiologinés kilmés fenalkaminy kietikliy poveikj

antikoroziniy epoksidiniy dangy kietéjimo kinetikai.

2. Jvertinti reaktyviy epoksidiniy skiedikliy poveiki dangy kietinimo

procesui ir mechaninéms antikoroziniy epoksidiniy dangy savybéms.

3. Optimizuoti poliasparto rugsties esteriy jkapsuliavimo j UV

kietinamg poliakrilatinj apvalkalag procesa, taikant Taguchi
eksperimento dizaino metoda.

4. Optimizuoti izoforondiizocianato jkapsuliavimo | poliuréjos

apvalkala procesa, taikant Taguchi eksperimento dizaino metoda.

5. Sukurti savaime uzsigydancias antikorozines epoksidines dangas,

naudojant dvigubg mikrokapsuliy sistema.

EKSPERIMENTINE DALIS

Eksperimentiné dalis sudaryta i§ SeSiy poskyriy. Pirmajame poskyryje
yra iSvardinti pagrindiniai komponentai, naudoti dangy kurimo etape:
epoksidinés dervos, RDs, PhA, mazamolekuliai aminai, pateiktos jy formulés
bei fizikinés savybés. Antrame poskyryje pateiktos medziagos, naudotos
mikrokapsuliy sintez¢je, jy fizikiniai parametrai. Treciame poskyryje
nurodytos dangy kompozicijos, naudotos jvertinti RDs jtakg kietinamy dangy
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viskoelastinéms ir mechaninéms savybéms. Pateikiami DSC ir reologiniy
matavimy metody apraSymai. Ketvirtame poskyryje pateikti mechaniniy
tyrimy aprasymai. Penktame poskyryje aprasyti PAAE ir IPDI jkapsuliavimo
metodai. Taip pat nurodyti mikrokapsuliy tyrimo metodai, aprasytas Taguchi
metodas Sestame poskyryje pateikta dangy savaiminio uZsigydymo
efektyvumo vertinimo metodika.
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REZULTATAI IR JU APTARIMAS
1.1. Antikoroziniy epoksidiniy dangy kiirimas
1.1.1.Epoksidiniy dervy kietinimas fenalkaminais

PhA yra palyginus nauja amininiy kietikliy klasé, kuri turi keletg
pranasumy pries tradicinius mazamolekulius aminus. PhA pasizymi galimybe
kietinti epoksidines dervas zemose temperatiirose (net iki 5 °C), jie gaunami
i§ atsinaujinanciy gamtos Saltiniy — CNSL, pasizymi hidrofobiskumu ir
suteikia dangoms puikias antikorozines savybes [9, 52, 53].

Kinetiniams epoksidiniy dervy kietinimo tyrimams buvo pasirinktos dvi
bisfenolio A pagrindo dervos: Araldite GY-240 (maZesnés molekulinés
maseés) ir Araldite GY-2600 (didesnés molekulinés maseés), kurios buvo
kietinamos mazamolekuliais aminais: trietilentetraminu (TETA), 1,2-
etandiaminu (EDA) ir polieteraminu (Jeffamine D-230), bei komerciniais PhA
pagrindo kietikliais: Cardolite Lite-2002, Cardolite GX-6004 ir Cardolite NX-
6019. Visi trys komerciniai PhA pagrindo kietikliai sudaryti i§ 50-78 %
kardanolio pagrindo PhA, 0-21 % CNSL ir 22-30 % mazamolekuliy aminy —
m-ksililendiamino  (MXDA), tetractilenpentamino  (TEPA), 2,2,4-
trimetilheksan-1,6-diamino (TMD), EDA, 2,4,6-tri[(dimetilamino)metil]
fenolio (DMP) ir dimetilaminopropilamino (DMAPA). Tikslesnés S$iy
komerciniy PhA pagrindo kietikliy sudétys pateikiamos eksperimentinéje
dalyje 5 lentel¢je.

Epoksidiniy dervy kietinimas aminais buvo tiriamas DSC ir reologiniais
metodais. DSC tyrimo metu nustatyti parametrai, apibiidinantys kietéjimo
procesa: pradiné reakcijos temperatiira (T;), kietéjimo temperatiiros intervalas
(AT = T - Ty) ir kietéjimo reakcijos entalpija (AHgr). Atlikti reologiniai
matavimai padeda nustatyti kietéjimo sistemos darbinj laika (angl. Pot-life).
Jis apibréziamas kaip laikas, per kurj epoksido-amino sistemos klampos verté
padvigubéja, lyginant su pradine iSkart po komponenty sumaiSymo.

Reakcija tarp epoksidiniy dervy ir aminy/PhA pagrindo kietikliy yra
egzoterminis procesas (1 pav.). Nustatyta, kad maZziausig T; turi PhA pagrindo
kietikliai NX-6019 ir GX-6004. PhA pagrindo kietiklio NX-6019 sudétyje
esantys DMP ir DMAPA yra tretiniai aminai, kurie naudojami kaip
katalizatoriai. Jie greitina kietinimo reakcijg ir sumazina Ti. Aukstos T;, Tp ir
T: vertés, gautos kietinant epoksidines dervas su mazamolekuliu aminu
Jeffamine D-230, rodo, kad maZamolekulis aminas Jeffamine D-230 yra
maziausiai aktyvus i§ visy tirty aminy. Kietinimo reakcijose naudoti
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mazamolekuliai

aminai TETA

ir Jeffamine D-230

lémé didziausia

egzotermin] reakcijos efekta (AHr 386-431 J/g) (1 lentele).

——TETA

—+— Jeffamine D-230
—v— Lite-2002

—a— GX-6004

—e— NX-6019

Silumos srautas, endo j apatig, mW

——EDA
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Temperatura, °C

1 pav. Epoksidiniy dervy GY-240 (a) ir GY-2600 (b) kietinimo skirtingais
aminais DSC kreivés (pirmas kaitinimas)

1 lentelé. Epoksidiniy dervy kietinimo skirtingais aminais DSC tyrimo

parametrai

Aminy Kietikliai ‘ Ti, °C | Tp,°C | Te °C ‘ AT, °C ‘ AHRg, J/g | Ty

Epoksidiné derva GY-240
EDA 72,6 100,9 132,7 60,1 - 76
TETA 64,7 100,0 142,7 78,0 431,4 -
Jeffamine D-230 85,2 126,5 188,9 103,7 386,0 80
Lite-2002 64,2 108,9 161,3 97,1 363,9 73
NX-6019 48,2 99,9 146,0 97,8 3449 50
GX-6004 55,0 96,8 136,0 81,0 308,5 85

Epoksidiné derva GY-2600
EDA 71,5 103,1 141,4 69,9 312,4 53
TETA 62,9 94,7 1424 79,5 - 98
Jeffamine D-230 83,2 127,7 186,1 102,9 397,9 71
Lite-2002 63,9 108,9 158,0 94,1 335,1 76
NX-6019 47,1 103,0 146,9 99,8 276,8 53
GX-6004 55,5 96,8 137,2 81,7 291,4 82

Reakcijose, kuriose buvo naudojami PhA pagrindo kietikliai, AHg vertés
buvo maZzesnés (AHr = 277-364 J/g). PhA pagrindo kietikliai reaguoja su

epoksidervomis esant zemesnei temperatirai

(Ty = 47-64

°C), nei

mazamolekuliai aminai (Ti= 62-85 °C). I§ trumpiausio AT intervalo nustatyta,
kad GX-6004 yra aktyviausias i§ visy tirty PhA pagrindo kietikliy. Sis
fenomenas gali biiti paaiSkinamas didesniu aktyviy komponenty, kaip TMD
[158], kiekiu PhA kompozicijoje.
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aminais DSC kreivés (antras kaitinimas)

Epoksidiniy dangy stikl¢jimo temperatira (Tg) priklauso nuo
kompozicijos susitinklinimo tankio (2 pav.). Didziausia Tg (98 °C) nustatyta,
kai GY-2600 epoksidiné derva kietinta mazamolekuliu aminu TETA. Siuo
atveju didelis sutinklinimo tankis su auksta T, gautas dé¢l didelio TETA
funkcionalumo ir mazy atstumy tarp aktyviyjy reaguojanc¢iy funkciniy grupiy.
PhA pagrindo kietikliais NX-6019 ir Lite-2002 sukietintos epoksidinés
dangos pasizymi zemesnémis T, (50-76 °C) dél retai iSsidés¢iusiy amino
grupiy bei PhA budingy ilgy alifatiniy grandiniy, jsiterpianciy dangos
strukttiroje ir mazinanciy dangos sutinklinimo tankj. Didesné T, (82-85 °C)
nustatyta epoksidines dervas kietinant su PhA pagrindo kietikliu GX-6004,
nes jis yra aktyviausias i$ visy fenalkaminy.

Naudojantis rotaciniu reometru buvo nustatyti epoksidiniy dervy
reakcijos su aminais dinaminés klampos pokyciai per 1-2 valandas nuo
komponenty sumai§ymo. Reaguojant epoksidinéms dervoms su aminais
kompozicijos klampa nuolat didéja, o klampos padvigubéjimas yra
fiksuojamas kaip darbinis laikas, (angl. Pot-life). llgiausias darbinis laikas
nustatytas epoksidines dervas kietinant su maziausiai aktyviu aminu
Jeffamine D-230 (>120 min) (2 lentelé). Trumpiausias darbinis laikas (maziau
nei 20 min) nustatytas naudojant kietinimui aktyviausius PhA pagrindo
kietiklius — NX-6019 ir GF-6004. Kietinant epoksidervas su PhA pagrindo
kietikliais gauti trumpi darbiniai laikai koreliuoja su DSC tyrime nustatytomis
zemomis T; (I lentel¢), kurias nulemia mazamolekuliy aminy (TMD) ir
katalizatoriy (DMP ir DMAPA) buvimas PhA pagrindo kietikliy sudétyse.
Atlikus reologinius tyrimus buvo pastebéta, kad reakcijos tarp epoksidiniy
dangy ir daugumos PhA pagrindo kietikliy turi trumpesnj darbinj laikg (angl.
Pot-life) nei su mazamolekuliais aminais (2 lentelé).
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2 lentelé. Epoksidiniy dervy dinaminé klampa ir kompozicijy darbinis
laikas, kietinant jvairiais aminy kietikliais

Aminy Kietikliai Pradiné Darbinis Pradiné Darbinis
klampa, laikas, min klampa, laikas, min

mPa-s mPa-s

Epoxy resin GY-240 \ Epoxy resin GY-2600
EDA 1050 35,5 1500 30
TETA 1680 26,5 2490 24,5
Jeffamine D-230 530 >120 790 >120
Lite-2002 2320 30 2510 30
NX-6019 3960 12 3900 12,5
GX-6004 6010 15 7000 19

Ivertinus DSC tyrimo rezultatus nustatyta, kad PhA pagrindo kietikliais
kietinant epoksidines dervas reakcija prasideda prie Zemesniy T; ir vyksta
grei¢iau dél PhA pagrindo kietikliy sudétyse esan¢iy mazamolekuliy aminy ir
katalizatoriy. Sukietinty epoksidiniy dervy stikl¢jimo temperatira (T,)
priklauso nuo naudojamo amino tipo ir gali svyruoti nuo 50 °C iki 98 °C. Toks
T, skirtumas parodo, kad priklausomai nuo mazamolekuliy aminy esanciy
PhA pagrindo kietikliy kompozicijose, galima gauti didesnio ir mazesnio
sutinklinimo tankio dangas, o tai leidzia reguliuoti dangy mechanines savybes
ir pritaikymo galimybes.

Apibendrinant galima teigti, kad kietinant epoksidervas PhA pagrindo
kietikliais, kurie turi tik dalj (22-30 %) mazamolekuliy aminy (MXDA, TMD,
TEPA, EDA) ir katalizatoriy (DMP, DMAPA) galima pasiekti tokius pat ar
geresnius  sukietinty dangy rodiklius nei naudojant tradicinius
mazamolekulius aminus. Dél mazos T; vertés PhA pagrindo kietikliai tinkami
naudoti kietinti epoksidines dervas zemesnéje temperatiiroje. Taip pat tai gali
suteikti galimybe prailginti epoksidiniy dangy kompozicijy darbinj laika
Saltuoju mety laiku. Epoksidiniy dervy kietinimas PhA pagrindo kietikliais
leidzia pasiekti sutinklinty dangy T, reikSmes, panasias j tas, kurios gaunamos
naudojant mazamolekulius aminus. Be to, PhA sudétyje esancCios ilgos
alifatinés grandinés gali padidinti sukietinty epoksidiniy dangy elastinguma,
padidinti hidrofobiskumg ir sumazinti susitraukima.

1.1.2.Reaktyviy skiedikliy jtaka epoksidiniy dangy formavimuisi ir
savybéms

RDs — tai medziagos, naudojamos vietoj VOC, siekiant sumazinti

kompozicijy klampa, lakiy komponenty kiekj ir padidinti sausy uzpildy kiekj,
i$laikant arba pagerinant mechanines dangy savybes. Darbe buvo istirta RDs
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jtaka epoksidiniy antikoroziniy dangy formavimui, geléjimui ir vitrifikacijos
savybéms, bei sukietinty kompozicijy T Taip pat jvertinta RDs
funkcionalumo jtaka sukietinty epoksidiniy dangy su uzpildais ir be jy
mechaninéms savybéms, tokioms kaip kietumas, atsparumas smigiams,
adhezija ir atsparumas nusitrynimui.

Norint pabrézti RDs privalumus epoksidinése kompozicijose, pasirinktos
formuluotés, kuriy sudétyje naudota bisfenolio-A/-F derva (15 %), novolakiné
derva (75 %) ir 10 % testuojamy RDs. Siam eksperimentui pasirinkti RDs —
trifunkcinis RD glicerolio propoksilatriglicidileteris (GPTE) naudotas
kompozicijoje PA1, monofunkcinis RD C12-C14 alkilglicidileteris (AGE)
kompozicijoje PA2, difunkcinis RD 1,4-butanedioldiglicidileteris (BDGE)
kompozicijoje PA3 ir 1,6-heksandioldiglicidileteris (HDE) kompozicijoje
PA4. Kompozicijos PA1-PA4 buvo kietintos su dviem pasirinktais kietikliais
— PBI1 ir PB2. Pagrindinis skirtumas tarp kietikliy — PB2 kompozicijoje
naudotas tretinis aminas DMP, kuris veikia kaip tinklinimo reakcijos
katalizatorius. Epoksidy ir aminy kompozicijos pateiktos eksperimentinéje
dalyje 6 ir 7 lentelése.

Viskoelastinéms dangy kietéjimo savybéms nustatyti pritaikytas
reometro osciliacijos testas. Tyrimo metu nustatomas medziagos
pasiprieSinimas, meéginj veikiant sinusoidine jtemptimi ir gaunami du
parametrai — kaupimo modulis (angl. Storage modulus, G') kuris apibtidina
struktiring, elasting polimero dalj ir klampos nuostoliy modulis (angl. Loss
modulus, G”) kuris apibadina klampia, takia polimero dalj. Siy parametry
santykis (G"/G") pateikia dar viena parametra — nuostoliy faktoriy (angl. Loss
factor, tand). Vertinant Siuos modulius galima nustatyti epoksidinés
kompozicijos, kietinamos aminais, reakcijos gel¢jimo ir vitrifikacijos
trukmes.

Epoksidiniy dangy kompozicijy geléjimo trukmé yra vertinama kaip
polimero trimatés struktiiros formavimas, kurio metu klampa iSauga
eksponentiskai iki begalybés [160]. Atliekant reometrinius matavimus,
geléjimo trukmé nustatoma G’ ir G" susikirtimo taske [161]. Sudétingesnése
reakcijose gel¢jimo trukmé randama nustacius tano susikirtimo taska esant
skirtingiems dazniams [161-165].

Vitrifikacijos trukmé apibiidina polimero sutankéjimg pereinant i§
elastinio i stikliskajj biivj, kuriuo metu reakcija stipriai sulétéja deél
sumazéjusio komponenty judrumo [166]. Vitrifikacijos trukmé randama
nustacius G" arba tand kreiviy auksciausias reikSmes esant 1 Hz dazniui
[167].
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Nustatyta, kad epoksidiniy dangy kompozicijy geléjimo trukmé
priklauso nuo naudoto RD. Trumpiausios geléjimo trukmés nustatytos
kompozicijose, kuriose naudoti difunkciniai RDs: BDGE (PA3) ir HDE (PA4)
(3 lentel¢). Difunkciniai BDGE ir HDE pasizymi didesniu aktyvumu dél
trumpesniy atstumy tarp epoksidiniy grupiy.

3 lentelé. Epoksidervy kietinimo metu nustatytos geléjimo ir vitrifikacijos

trukmés
Geléjimo trukmé, Vitrifikacijos trukmé,
min min
. . tand 7
Epoksidu/aminy S G ir G tano .
sistemos . s maksimalios | maksimalios
taskas, susikirtimo . .
1Hz,2Hz, 4  taskas, | Hz veres, veres,
Hz 1 Hz 1 Hz
PA1/PB1 111 132 120 152
PA1/PB2 51 59 88 112
PA2/PB1 85 90 140 173
PA2/PB2 49 59 100 126
PA3/PB1 67 75 110 134
PA3/PB2 45 49 90 111
PA4/PB1 66 76 120 147
PA4/PB2 45 49 83 102

Vitrifikacijos trukmés, nustatytos kompozicijose su difunkciniais BDGE
(PA3), HDE (PA4) ir trufunkciniu GPTE (PA1l) RDs, yra labai panaSios.
Taciau monofunkcinis AGE (PA2) RD prailgina vitrifikacijos trukme dél
ilgos alifatinés grandinés, kuri jsiterpia tarp aktyviy centry reakcijos metu.

Visais atvejais epoksidniy dangy kompozicijy geléjimo ir vitrifikacijos
trukmés yra Zenkliai trumpesnés naudojant aktyvesnj kietiklj PB2, kuris
sudétyje turi tretinio amino, DMP, greitinancio epoksidy-aminy reakcija.

Epoksidiniy dangy T, priklauso nuo pasirinkty kietikliy ir RDs.
Epoksidinés dangos, kurios buvo gautos kietinant kietikliu PB2, pasizymi
aukstesnémis Ty nei PB1 (4 lentelé). Tai paaiskinama PB2 kietiklio sudétyje
esanC¢iu DMP, kuris skatina epoksidy-aminy reakcija, taip padidindamas
galutinj dangos sutinkilinimo tankj. Difunkciniai BDGE (PA3), HDE (PA4)
ir trifunkcinis GPTE (PA1) didelés jtakos dangy stikléjimo temperatiirai
neturi. Taciau kompozicijose su monofunkciniu AGE (PA2) matomas
nezymus T, padid¢jimas (AT=3-7 °C). Toks T, padidéjimas galimas dél
maziausios monofunkcinio RD klampos, kas padeda funkcinéms grupéms
lengviau reaguoti.
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Norint jvertinti RDs jtakg epoksidiniy dangy savybéms, buvo atlikti
mechaniniai dangy tyrimai (4 lentel¢). Tyrimo metu nustatyta, kad Siek tiek
didesnis dangy kietumas gaunamas su difunkciniais BDGE (PA3), HDE
(PA4) RDs ir kompozicijose kietintose su kietikliu kurio sudétyje yra
akseleratoriaus DMP (PB2). Didesnis dangy kietumas paaiSkinamas mazesniu
atstumu tarp difunkciniuose BDGE ir HDE esanciy epoksigrupiy.

Nustatyta, kad Siek tiek didesnis dangy atsparumas smiigiui gaunamas
naudojant difunkcinius BDGE (PA3) ir HDE (PA4). Pastebimas Siek tiek
mazesnis dangy atsparumas smigiui, kai buvo naudotas PB2 kietiklis su
katalizatoriumi,. Sie tyrimai koreliuoja su DSC nustatytomis T, reik§mémis.
Aukstesnis Ty rodo didesnj dangos sutinklinima, dél to gaunamas ir didesnis
dangy kietumas. Priesingai, dangy elastingumas, ir tuo paciu metu atsparumas
smiigiams yra mazesnis dél didesnio dangos trapumo.

4 lentelé. Epoksidiniy dangy su jvairiais RDs savybés

PA kompozicija |  PAl PA2 | PA3 | PA4

Kietiklis PB1 PB2 PB1 PB2 PB1 PB2 PB1 PB2
Tg, °C 51,9 | 60,0 | 582 | 644 - - 51,3 | 61,9
Kietumas, Osc 88 103 83 96 101 104 102 103
Adhezija, MPa 20,3 | 198 | 19,7 | 22,1 | 17,3 | 233 | 23,0 | 198
Atsparumas smugiui,J | 4,5 4.5 5,0 4.5 6,0 5,5 6,0 5,0

Siekiant jvertinti RD poveiki realiose epoksidinése antikorozinése
sistemose, buvo sukurtos dangy kompozicijos, pridedant vienoda kiekj
uzpildy ir jvairiy priedy ] prie§ tai iStirtas epoksidiniy dervy (PA1-PA4) ir
kietikliy kompozicijas (5 lentele).

Buvo jvertinta RDs jtaka kompozicijy klampai. Klampy tyrimas atliktas
esant keliems skirtingiems Slyties grei¢iams, norint imituoti kompozicijy
sandéliavimo sglygas (mazas Slyties greitis, 0,1 cm™) ir darbines sglygas
pur§kimo ar dazymo metu (didelis Slyties greitis, 1000 cm™) (5 lentele).
Nustatyta, kad epoksidiniy kompozicijy dinaminé klampa, esant dideliems
Slyties greiCiams, koreliuoja su RDs klampomis. Didziausia klampa nustatyta
PA1 kompozicijoje su trifunkciniu RD GPTE, o maziausia — PA2
kompozicijoje su monofunkciniu RD AGE.

Nustatyta, kad dangy su uzpildais ir specialiais priedais, adhezija,
atsparumas smugiui ir kietumas koreliuoja su minétais parametrais, gautais
dangose be uzpildy. Uzpildy prid¢jimas pagerina atsparumg smigiui dél
naudoty sausy priedy, taciau papildomy uzpildy jtakos nebuvo pastebéta. Taip
pat nustatyta, kad dangos, kuriy sudétyje buvo difunkciniy RDs BDGE (PA3)
ir HDE (PA4), pasizymi labai dideliu atsparumu nusitrynimui. Kietiklis su
akseleratoriumi PB2 taip pat pagerina atsparumo nusitrynimui savybes.
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5 lentelé. Epoksidiniy sistemy su papildomai jdétais uzpildais ir specialiais
priedais savybés

PA kompozicija PA1 PA2 | PA3 PA4
Kietiklis PBI PB2 PBI PB2 PBl PB2 PBI PB2
Klampa prie 0.1 cm! 603 403 | 451 302 40,1 @ 26,7 43,5 | 27.8
Slyties greicio, Pa-s
Klampa prie 1000 cm!
Slyties greicio, Pa-s

2,65 347 1,69 | 242 1,89 2,63 | 2,24 | 2,65

Kietumas, Osc 94 95 93 97 90 105 97 107
I‘?E”"“‘“” trinciat, 39 34 52 25 23 2 | 19 | 15
Adhezija, MPa 219 | 21,2 | 214 | 242 193 | 19,8 | 193 | 20,6
Atsparumas smigiui, J 7 9 8 10 7 8 9 9

Skirtingo funkcionalumo RDs jtaka epoksidiniy dervy kietéjimui yra
akivaizdi, nors ir néra didelé. Trumpiausia geléjimo trukmé pasiekta kietinant
epoksidines dervas, kuriy sudétyje yra difunkciniy RD. Difunkciniy BDGE,
HDE ir trifunkciniy GPTE, turinéiy epoksidiniy dervy, kietinimo trukmé yra
beveik identiSka, o monofunkciniy RD, turin¢iy sudétyje AGE, naudojimas
padidina kietinimo trukme¢. Monofunkcinio RD naudojimas turéjo didesnj
poveiki dangy T,, padidindamas T, verte 3-7 °C. Reaktyviis epoksidiniai
skiedikliai turéjo jtakos epoksidiniy dangy be uzpildy ir su uZzpildais
savybéms. Monofunkcinis AGE labiausiai sumazino epoksidiniy kompozicijy
klampa, esant dideliam $lyties grei¢iui. Didziausig jtaka turéjo dvifunkciniai
BDGE ir HDE, kurie sumazino epoksidiniy kompozicijy klampg ir padidino
dangy su uzpildais kietuma bei atsparuma nusitrynimui. Sis tyrimas parodé,
kad RDs gali ne tik pakeisti tradicinius VOC, norint sumazinti kompozicijos
klampa, bet ir pagerinti mechanines dangy savybes.

1.2. Reaktyviy komponenty jkapsuliavimo salygy optimizavimas savaime
uzsigydancioms epoksidinéms antikorozinéms dangoms gauti

Savaime uzsigydanioms dangoms kurti pasirinktas dviguby
mikrokapsuliy uzsigydymo modelis. Buvo susintetintos dviejy tipy
mikrokapsulés, kurias pazeidus, abu aktyvis komponentai sureaguoja
tarpusavyje, tokiu biidu uzgydydami dangos pazeidima.

Aminai yra vieni i§ tinkamiausiy komponenty savaiminio uzgydymo
mikrokapsuliy sistemoms kaip aktyvios jkapusliuojamos medziagos dél jy
gebéjimo reaguoti su izocianatais ir epoksidais sukuriant atspariag dangg.
Taciau jy jkapsuliavimas yra komplikuotas dél jy hidrofiliskumo ir didelio pH
[113]. Siekiant sukurti amino pagrindo mikrokapsules, PAAE buvo
ikapsuliuotos j UV spinduliais kietinama akrilatinés dervos apvalkala.
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PAAE pasirinktas dél jo naujumo ir hidrofobiniy savybiy, kurios leidzia
§i komponentg disperguoti vandenyje ir pritaikyti aliejus-vanduo emulsinés
polimerizacijos metoda. Apvalkalo formavimas UV spinduliuotéje yra
greitesnis ir  efektyvesnis metodas, taciau retai naudojamas
mikrokapsuliavimo srityje.

Izocianato mikrokapsuléms pasirinkta jkapsuliuoti IPDI j PU apvalkala.
IPDI jkapsuliavimas yra placiai apraSytas, IPDI mikrokapsulés yra
naudojamos savaiminio uzsigydymo dangy kiirime, ta¢iau retai izocianatai
ikapsuliuojami j PU apvalkalg. D¢l gero izocianato grupiy reaktingumo su
amino grupémis, IPDI tinkamas greitoms reakcijoms su PAAE (3 pav.),
abiems komponentams susimaiSius formuojama apsauginé danga, kuri
pasiZyminti cheminiu ir mechaniniu atsparumu.
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3 pav. PAAE reakcija su IPDI
1.2.1.PAAE jkapsuliavimas UV kietinamame poliakrilatiniame apvalkale

PAAE mikrokapsulés, gautos aliejus-vanduo emulsijos sistemoje,
fotopolimerizacijos biidu, apvalkalg formuojant UV spinduliuotéje
(1 schema). Mikrokapsuléms sintetinti aliejiné fazé sudaryta i§ PAAE,
tirpiklio ir UV spinduliuot¢je kietinamos akrilatinés dervos buvo disperguota
emulsiklio vandeninéje fazéje. Susidarius emulsijai, apvalkalas buvo
formuotas i§ akrilaty miSinio, polimerizacijg inicijuojant UV spinduliuotéje.

Sintezés salygoms optimizuoti buvo naudotas Taguchi L16 eksperimento
dizaino metodas, kuris padeda sumazinti eksperimenty kiekj siekiant rasti
tinkamas jkapsuliavimo salygas.

Kintamais reakcijos parametrais pasirinkti — jkapsulivojamos medziagos
ir apvalkalo santykis, reakcijos misinio mai§ymo greitis, emulsikliai ir jy
koncentracija, bei tirpikliai ir jy kiekis (6-7 lentelés). Taguchi eksperimento
tikslas buvo pasiekti kuo didesnj jkapsuliuvoto PAAE kiekij, islaikant
mikrokapsuliy dydj kuo artimesnj 50 um [180].
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1 schema. PAAE jkapsuliavimas j UV kietinama poliakrilatinj apvalkalg

- Hidrofobinis tirpiklis \ .

Fotoiniciatorius

Gauty mikrokapsuliy dydis ir iSvaizda buvo vertinami optiniu
mikroskopu (OM) ir skenuojanciu elektroniniu mikroskopu (SEM) (4-5 pav.)
Nustatyta, kad mikrokapsulés yra tolygios sferinés formos. Mikrokapsuliy
dydis varijuoja tarp 10-230 um, priklausomai nuo pasirinkty parametry (6 ir 7
lentelés). Maziausi mikrokapsuliy dydziy vidurkiai 10-30 um gauti, esant
didziausiam maiSymo greiciui 3000 apsk/min, o didziausios — 100-130 pm —

gautos, esant maziausiems maiSymo greic¢iams — 500-750 apsk/min.

6 lentelé. PAAE mikrokapsuliavimo rezultatai (etillaktatas naudotas kaip

tirpiklis)

Nr. Ik.:Apv. | MaiSymo | Emulsiklis ir jo Etil- | Ikapsuliuotas | Mikro- Vid.
santykis greitis, koncentracija, | laktatas kiekis, % kapsuliy mikro-

apsk/min % , % dydziai, | kapsuliy

Hm dydis, pm
EA1l 2:1 500 PVA2/GA3 50 40,3 30-270 70
EA2 3:1 750 PVA1/GA L5 25 51,2 20-260 130
EA3 4:1 1000 SDBS 1 10 21,0 5-160 50
EA4 5:1 3000 PVA2/SDBS 1 - 19,0 5-100 30
EAS 2:1 750 SDBS 1 - 47,6 10-1110 100
EA6 3:1 1000 PVA2/SDBS 1 50 10,3 5-110 40
EA7 4:1 3000 PVA2/GA3 25 41,7 15-100 50
EA8 5:1 500 PVA1/GA 1,5 10 71,1 70-400 130
EA9 2:1 1000 PVA2/GA3 10 37,5 10-140 70
EA10 3:1 3000 PVA1/GA L5 - 51,6 10-120 70
EA11 4:1 500 SDBS 1 50 43,7 30-280 70
EA12 5:1 750 PVA2/SDBS 1 25 14,2 5-150 60
EA13 2:1 3000 SDBS 1 25 13,2 5-110 10
EA14 3:1 500 PVA2/SDBS 1 10 58,1 20-330 100
EA15 4:1 750 PVA2/GA3 - 63,7 40-180 80
EAl6 5:1 1000 PVA1/GA 15 50 46,4 10-150 70
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Emulsikliai  apsaugo  besiformuojancias  mikrokapsules  nuo
aglomeravimo, be to smulkesnés mikrokapsulés gaunamos naudojant didesne
emulsiklio koncentracija. Naudoti tirpikliai — etillaktatas ir ksilenas — taip pat
padeda kontroliuoti mikrokapsuliy dydj. Naudojami tirpikliai praskiedzia
alicjaus faze, dispergavimas tampa lengvesnis ir tokia aliejaus fazé yra
lengviau i$skaidoma j mikrolaselius. Naudojant ksileng gautos smulkiausios
mikrokapsulés su siauresniu daleliy dydzio pasiskirstymu dél maZzesnés
tirpiklio klampos.

7 lentelé. PAAE mikrokapsuliavimo rezultatai (ksilenas naudotas kaip

tirpiklis)
Nr. | Ik.:Apv. | MaiSymo | Emulsiklis ir jo | Ksilenas, | Jkapsuliuotas | Mikro- Vid.
santykis | greitis, koncentracija, % kiekis, % kapsuliy | mikro-
apsk. min % dydziai, | kapsuliy
pm dydis, pm

XAl 2:1 500 PVA2/GA3 - 54,3 18-500 60
XA2 3:1 750 PVA1/GA 1S5 10 53,1 11-620 60
XA3 4:1 1000 SDBS 1 25 48.5 21-53 50
XA4 5:1 3000 SMA 1 50 6,0 9-28 15
XAS 2:1 750 SDBS 1 50 28,5 38-70 20
XA6 3:1 1000 SMA 1 - 574 18-280 70
XA7 4:1 3000 PVA2/GA3 10 17,3 5-50 30
XA8 5:1 500 PVA1/GA L5 25 68,7 20-150 50
XA9 2:1 1000 PVA2/GA3 25 15,6 8-25 20
XA10 3:1 3000 PVA1/GA 1,5 50 40,8 15-60 25
XAll 4:1 500 SDBS 1 - 63,1 30-390 230
XA12 5:1 750 SMA 1 10 56,8 16-240 50
XA13 2:1 3000 SDBS 1 10 29,8 9-130 22
XAl14 3:1 500 SMA 1 25 54,8 23-210 60
XA15 4:1 750 PVA2/GA3 50 23,5 5-35 15
XAl6 5:1 1000 PVA1/GA 1,5 - 62,7 10-140 40

Siekiant jvertinti mikrokapsuliy tvirtumg ir jkapsuliuotos medziagos
i8siliejimg, mikrokapsulés buvo sutraiSkomos tarp dviejy stiklo ploksteliy.
Pazeidus mikrokapsules ant stiklo ploksteliy stebima jkapsuliuotos medziagos
skysta fazé (4-5 pav.). Nustatyta, kad smulkesnés mikrokapsulés yra sunkiau
mechaniskai pazeidziamos nei stambesnés.

Sékmingas aktyvios medziagos jkapsuliavimas buvo patvirtintas FTIR
spektroskopija. Signalas ties 1730 cm™, biidingas C=0 rySiams, esantiems tiek
PAAE, tiek apvalkalo dervoje. Tafiau PAAE signalas yra zenkliai
intensyvesnis PAAE ir mikrokapsulése nei apvalkalo FTIR spektre.
Mikrokapsuliy spektre stebimi antriniams aminams budingi signalai —
3340 cm™ ir 860 cm” (-NH rySio vibraciniai svyravimai), bei PAAE
esan¢ioms —C—N ry$io vibracijoms biidingas signalas ties 1060 cm™'.
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4 pav. Mikrokapsuliy EA15 OM nuotraukos: vandenyje (a), dziovintos (b)
traiSkytos (c)

5 pav. Mikrokapsuliy EA16 SEM nuotraukos: dziovinty (a) sublitiskusiy (b)

Mikrokapsuliy terminés savybés ir jkapsuliuotos PAAE medziagos
kiekis mikrokapsulése jvertintas i$ termogravimetrinés analizés (TGA)
duomeny. Nustatyta, kad PAAE skilimas ir garavimas prasideda ties 200 °C
ir vyksta iki 300 °C, o apvalkalo skilimas vyksta nuo 330 iki 480 °C.
Skirtingas temperatiiry intervalas leidzia tiksliai nustatyti jkapsuliuoto PAAE
kiekj mikrokapsulése. Jkapsuliuotas PAAE kiekis mikrokapsulése svyruoja
tarp 6 % ir 72 % (6-7 lentelés).
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6 pav. Jkapsuliuotos medziagos (A, B) ir mikrokapsuliy dydzio (C, D)
priklausomyb¢ nuo jkapsuliavimo parametry ir pasirinkty tirpikliy kiekio —
etillaktato (A, C) ir ksileno (B, D)

Optimizuojant mikrokapsuliy sintezés parametrus buvo vertinamas
signalo ir triuk§mo santykis (angl. Signal-to-noise, SNR), kuris rodo signalo
(kokybés parametro) jautrumg triuk§mui (veiksniy nuokrypiui). SNR
dazniausiai yra naudojamas kaip tikslo funkcija optimaliam veikimo salygy
rinkiniui nustatyti. Siekiant gauti didziausig jkapsuliuojamos medziagos kiekj
ir optimaly jy dydj (50 pm) buvo pasirinkti Taguchi kriterijai didZiausias-
geresnis (angl. Larger-the-better) ir nominalus-geriausias (angl. Nominal-the-
best). Apskai¢iavus SNR vertes gautos priklausomybés, parodancios, kurios
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1§ pasirinkty parametry reikSmiy yra tinkamiausios ir kuris parametras daro
didziausig jtaka jkapsuliuotos medziagos kiekiui ir mikrokapsuliy dydziui (6
pav.).

PAAE miSinio su etillaktatu jkapsuliavimo metu nustatyta, kad
didziausias jkapsuliuotos medZziagos kiekis gaunamas naudojant — 4:1
jkapsuliuojamos medziagos ir apvalkalo santykj, maziausig reakcijos miSinio
maiSymo greiti (500 apsk/min), emulsikliais pasirenkant 2 %
polivinilalkoholio (PVA) / 3 % gumarabiko (GA), bei nenaudojant tirpiklio.
Mikrokapsulés artimos 50 um dydziui gautos naudojant 4:1 jkapsuliuojamos
medziagos ir apvalkalo santykj, 1000 apsk/min maiSymo greitj, 1 % PVA /
1,5 % GA emulsikliy misinj ir 25 % tirpiklio.

PAAE miSinio su ksilenu jkapsuliavimo metu nustatyta, kad didziausias
ikapsuliuotos medziagos kiekis gaunamas naudojant — 3:1 jkapsuliuojamos
medziagos ir apvalkalo santykj, maziausig reakcijos miSinio maiSymo greitj
(500 apsk/min), emulsikliais pasirenkant 1 % PVA / 1,5 % GA, bei
nenaudojant tirpiklio. Mikrokapsulés artimos 50 um dydziui gautos naudojant
5:1 jkapsuliuojamos medziagos ir apvalkalo santykj, 1000 apsk/min maiSymo
greit], 1 % PVA /1,5 % GA emulsikliy misinj ir 25 % tirpiklio.

Siame darbe buvo atlikta PAAE mikrokapsuliy su UV spinduliuote
kietinamu poliakrilatiniu apvalkalu sintezé aliejus-vanduo emulsijoje.
Sintezés parametrai optimizuoti naudojant Taguchi L16 parametry metoda.
Didziausias jkapsuliuotos PAAE kiekis gautas naudojant jkapsuliuojamos
medziagos ir apvalkalo santykj 3:1 arba 4:1 ir maziausig reakcijos misinio
maiSymo greitj (500 apsk/min). PAAE jkapsuliavimas, nenaudojant tirpikliy,
leidzia formuotis didesnio dydzio mikrokapsuléms dél klampios aliejaus
fazés. 50 um dydzio mikrokapsulés gaunamos, naudojant jkapsuliuojamos
medziagos ir apvalkalo santykius 4:1 arba 5:1, reakcijos miSinio maiSymo
greit] 1000 apsk/min bei 25 % etillaktato ar ksileno tirpiklio aliejinei fazei
praskiesti. Visais atvejais geriausi rezultatai pasiekti naudojant emulsikliy
misinj 1-2 % PVA / 1,5-3 % GA. Darbo metu pritaikytas UV inicijuojamos
radikalinés polimerizacijos metodas zenkliai pagreitina mikrokapsuliy
sintezés procesg ir turi potencialy pritaikyma mikrokapsuliy formavimo
srityje.

1.2.2. IPDI jkapsuliavimas j PU apvalkala

IPDI mikrokapsulés buvo gautos vykdant tarpfazing polimerizacija
aliejus-vanduo emulsijoje (2 schema). Mikrokapsuléms gauti IPDI ir tri(4-
izocianato fenil)tiofosfato (TIPTP) misinys buvo disperguotas pasirinktame
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emulsiklio tirpale. Emulsijai susidarius, laSinamas TETA, kuris reaguodamas
su TIPTP suformuoja PU apvalkalg.
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2 Schema. IPDI jkapsuliavimas j PU apvalkalg

Ikapsuliavimo  parametrams  optimizuoti  pasirinktas ~ Taguchi
eksperimento dizaino metodas, siekiant gauti didziausig jkapsuliuotg IPDI
kiekj bei tinkamo dydzio mikrokapsules (50 um). Ikapsuliavimo proceso
parametrai ir rezultatai pateikti 8 lentel¢je.

Nustatyta, kad dalis mikrokapsuliy linkusios aglomeruotis. Panasu, kad
i§skiriant mikrokapsules liofilizavimo buidu, mikrokapsulés su plona
apvalkalo sienele sublitikSta, o iSsiliejusi jkapsuliuota medZziaga sulipina
mikrokapsules tarpusavyje. Naudojant emulsikliu natrio
dodecilbenzensulfonata (SDBS) mikrokapsuliy aglomeravimas buvo zenkliai
daznesnis. Taip pat, naudojant §] emulsiklj, buvo gautos maZziausios
mikrokapsulés, kas skatina mikrokapsuliy aglomeravimg ir dideliy agregaty
formavimasi [184].

Mikrokapsulés tirpale, iSdziovintos liofilizavimo biidu ir mechaniskai
pazeistos buvo tirtos OM ir SEM (7 pav.). Mikroskopo nuotraukose aiSkiai
matyti, kad mikrokapsulés 1E3, kuriy emulsijoms formuoti buvo naudotas
SDBS, buvo mazos ir linkusios aglomeruotis. Kita vertus, mikrokapsulés,
gautos naudojant GA ir PVA / GA emulsikliy miSinius, buvo stabilios,
apvalios ir tolygiai pasiskirs¢iusios.
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8 lentelé. IPDI mikrokapsuliavimo j PU apvalkala rezultatai

Nr | Ik.::Apv. | Mais. | Emulsiklis ir jo | Reake. Ik. Mikro- Vid. ISeiga,
santykis | greitis, | koncentracija, | laikas, medZ. kapsuliy Mikro- %
apsk/ % min kiekis, dydziai, | kapsuliy
min % um dydis, pm
IE1 21 3000 PVA2/GA3 30 589 20-90 35 36,7
IE2 3:1 4000  PVA1/GA15 | 45 64,1 20-90 45 58.9
IE3 41 5000 ~ SDBS1 60 723 10-40 20 74,3
IE4 5:1 6000 GA7 90 78,6 20-90 60 26,9
IE5 21 4000  SDBSI 9 | 522 10-20 10 84,3
1E6 3:1 5000 GA7 30 61,7 15-110 60 56,0
IE7 41 6000 PVA2/GA3 45 746 8-20 15 25,2
IE8 5:1 3000 PVA1/GALS | 60 76,1 30-120 80 32,6
IE9 21 5000 PVA2/GA3 60 583 10-40 35 6,5
IE10  3:1 6000 | PVA1/GAL5 90 65,8 20-60 40 12,6
IE1l 41 3000  SDBSI 30 664 10-60 25 6.0
IE12 5 4000 GA7 45 69,7 30-60 50 29,4
IE13 21 6000  SDBSI 45 499 10-20 10 71,5
IE14 31 3000 GA7 60 74,6 20-70 50 48,9
IE15 41 4000  PVA2/GA3 9 718 20-70 40 16,8
IE16 51 5000 PVA1/GALS| 30 73,1 20-80 40 19,3

Sutraiskius mikrokapsules tarp stiklo ploksteliy, matomas jkapsuliuotos
medziagos iStekéjimas ir pastebimos sublitiskusios mikrokapsulés (7 pav.).
Mikrokapsuliy sienelé yra ypa¢ plona (1-3 um), o mikrokapsulés pavirSius
susirauksléjes, galimai dél liofilizavimo metu naudoto gilaus vakuumo

(8 pav.).

1E3

1IE6

1E8

Tirpale

I8dZiovintos

-

Sutraiskytos

7 pav. Mikrokapsuliy IE3, IE6 ir IES OM nuotraukos

118
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8 pav. Mikrokapsuliy IE4 SEM nuotraukos

Sékmingas aktyvios medziagos, IPDI, mikrokapsuliavimas patvirtintas
FTIR spektroskopija. Spektruose aiSkiai matoma IPDI izocianato grupés
N=C=0 absorbcijos juosta ties 2250 cm™! ir mikrokapsuliy spektruose jrodo
s¢kmingg IPDI jkapsuliavima.

Mikrokapsuliy terminés savybés ir jkapsuliuotos medziagos kiekis
jvertintas i§ TGA. IPDI garavimas ir destrukcija prasideda ties 130 °C ir tesiasi
iki 240 °C. PU apvalkalo skilimas prasideda ties 250 °C ir tesiasi iki 550 °C.
Gauti jkapsuliuoto IPDI kiekiai svyruoja nuo 50 % iki 79 %.

Siekiant optimizuoti mikrokapsuliy sintezés parametru buvo pasitelktas
Taguchi eksperimento dizaino metodas, o vertinant signalo ir triuk§mo santykj
SNR pasirinkti kriterijai didZiausias-geresnis (angl. Larger-the-better)
didziausiam jkapsuliuotos medziagos kiekiui bei mikrokapsuliy iSeigai ir
nominalus-geriausias (angl. Nominal-the-best) norimo 50 pm dydzio
mikrokapsuléms gauti (9 pav.).

Ikapsuliuotos medziagos kiekiui didziausig jtaka turéjo jkapsuliuojamos
medziagos ir apvalkalo santykis. Naudojant didesnj jkapsuliuojamos
medziagos kiekj gautas didesnis jkapsuliuotos medziagos mikrokapsulése
kiekis. Mikrokapsulés, gautos naudojant 5:1 pradiniy medziagy santykj,
iSlieka patvarios, kas rodo tvirta PU apvalkala.

Optimalus mikrokapsuliy dydis, artimas 50 pm, gautas pasirinkus
ikapsuliuojamos medZziagos ir apvalkalo santykius 3:1 ir 5:1, reakcijos
maisSymo greitj 4000 apsk/min ir 7 % GA emulsiklio. Reakcijos trukmé turéjo
maziausig jtaka mikrokapsuliy dydziui. Didziausia jtaka gautiems rezultatams
turéjo santykis tarp jkapsuliuojamos medziagos ir apvalkalo bei emulsiklio
tipas/kiekis.

Tinkami reakcijos parametrai didziausiai kapsuliy iSeigai gauti:
ikapsuliuojamos medziagos ir apvalkalo santykiai 2:1 ir 3:1, 4000 apsk/min
reakcijos miSinio maiSymo greitis ir emulsikliy kiekis: 1 % SDBS arba 7 %
GA. Optimali reakcijos trukmé didZiausiai iSeigai pasiekti — 45 min.
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9 pav. SNR grafikai pagal Taguchi metodo skai¢iavimus; jkapsuliuotos
medziagos kiekio (A), mikrokapsuliy dydzio (B) ir mikrokapsuliy i$eigos
(C) priklausomybé nuo pasirinkty jkapsuliavimo parametry

Siame darbe atliktas IPDI jkapsuliavimas j PU apvalkala tarpfazinés
polimerizacijos budu. Procesas optimizuotas naudojantis Taguchi L16
parametry metodu. Didziausias nustatytas jkapsuliuotas IPDI kiekis — 78,6 %.
(nustatyta TGA metodu). DidZiausia mikrokapsuliy iSeiga — 84,3 %. Jvertinta,
kad norint gauti mikrokapsules artimas 50 pm, kuriy sudétyje biity kuo
didesnis jkapsuliuotos aktyvios medziagos kiekis ir didziausia mikrokapsuliy
iSeiga, tinkamiausios saglygos yra Sios — 3:1 jkapsuliuojamos medziagos ir
apvalkalo santykis, 3000 apsk/min reakcijos miSinio maiSymo greitis, 7 % GA
emulsiklio ir 60 min reakcijos trukmé.

1.3. PaZangiy antikoroziniy epoksidiniy dangy kuirimas ir tyrimas

Savaime uzsigydan¢ioms dangoms sukurti buvo pasirinktos EAS
mikrokapsulés su jkapsuliuvotu PAAE (jkapsuliuotos medziagos kiekis
71,1 %) ir mikrokapsulés IE4 su jkapsuliuotu IPDI (jkapsuliuotos medziagos
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kiekis 78,6 %). Mikrokapsulés santykiu 1:1 buvo jdétos j epoksiding
kompozicija pridedant 5 % (po 2,5 % abiejy rasiy kapsuliy), 10 % (po 5 %
abiejy riisiy kapsuliy) ir 15 % (po 7,5 % abiejy rtsiy kapsuliy) nuo bendros
kompozicijos masés. Tyrimui pasirinkta betirpiklé epoksidiné kompozicija,
tam, kad biity iSvengta tirpikliy jtakos ir dangos susitraukimy tyrimo metu.

Rotaciniu  reometru istirtos epoksidiniy  kompozicijy klampy
priklausomybés nuo jvesto mikrokapsuliy kiekio. Nustatyta, kad didinant
mikrokapsuliy kiekj klampos didé¢jimas yra proporcingas jvestam
mikrokapsuliy kiekiui. Kompozicijos, kuriose mikrokapsuliy nebuvo, klampa
esant 1000 s Slyties grei¢iui sieké 1460 mPa-s, pridéjus 5 % mikrokapsuliy
klampa padidéjo iki 1960 mPa-s, 10 % — 2370 mPa-s ir 15 % — 2990 mPa-s.

Mikrokapsuliy  uzsigydymo efektyvumui jvertinti, epoksidinés
kompozicijos su 5, 10 ir 15 % mikrokapsuliy buvo padengtos 400 um storio
sluoksniu ant metalinio substrato, sukietintos, pazeistos 100 um storio
metaliniu peiliu ir paliktos uzgyti. Po uzsigydymo dangos buvo perkeltos j
druskos riiko kamerg ir po dienos buvo vertintas uzsigydymo efektyvumas.
Pastebéta, kad pilnas uzsigydymas nebuvo pasiektas, dél galimai per didelio
pazeisto ploto (10 pav.).

2AE120-0 2AE120-1 2AE120-2 2AE120-3

10 pav. Epoksidiniy dangy su mikrokapsuliy sistema (EA8+IE4) nuotraukos
po druskos rtiko korozijos tyrimo: 2AE120-0 — 0%; 2AE120-1 — 5%;
2AE120-2 — 10%; 2AE120-3 — 15%

Papildomai tyrimas atliktas ploksteles po pazeidimo pakaitinus 80 °C
temperatiiroje 1 valandg, siekiant pagreitinti ir pagerinti savaiminj dangos
uzsigydymg. Dangos uzsigydymas buvo tirtas OM (11 pav.). Dangas
pakaitinus 80 °C temperatiiroje, pazeidimo vietoje akivaizdziai matomas
ipjovos susiauréjimas ir dalinis metalo padengimas naujai susiformavusia
plévele. Geriausias efektas gautas naudojant 15 % mikrokapsuliy epoksidiniy
dangy kompozicijoje.
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Pries kaitinimg Po kaitinimo 80 °C, 1 val.

a)

b)

d)

11 pav. Epoksidiniy dangy su mikrokapsuliy sistema (EA8+IE4) OM
nuotraukos pries ir po kaitinimo: a) 2AE120-0 — 0 % b) 2AE120-1 — 5 %, ¢)
2AE120-2 - 10 %, d) 2AE120-3 - 15 %

Apibendrinus pazangiy antikoroziniy kompozicijy ir i$ jy formuojamy
dangy tyrima, nustatyta, kad dvigubos mikrokapsuliy sistemos, sudarytos i$
PAAE ir IPDI, jvedimas j epoksiding kompozicijg kelia kompozicijos klampg
proporcingai jvesty mikrokapsuliy kiekiui. Suformuota danga turinti nuo 5 %
iki 15 % mikrokapsuliy sumaZzina pazeistos dangos plota ir turi potencialo
prailginti epoksidiniy dangy naudojimo trukme.
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ISVADOS

DSC ir reologiniai tyrimai parodé, kad reakcija tarp epoksidiniy dervy
ir fenalkaminy pagrindo kietikliy vyksta prie Zemesniy temperatiiry,
ir Siek tiek léCiau nei su mazamolekuliais aminais. Fenalkaminy
pagrindo kietiklis NX-6019 pasizyméjo zemiausia T; ir trumpiausiu
darbiniu laiku (angl. Pot-life) dél jo sudétyje esanciy tretiniy aminy
DMP ir DMAPA kurie veikia kaip epoksidiniy dervy tinklinimo
reakcijos katalizatoriai. Naudojant GX-6004 fenalkaminy pagrindo
kietiklj, turintj mazamolekulio TMD, stebétas didZiausias kietinimo
reakcijos greitis, o suformuota danga pasizyméjo auksta (iki 80-85 °C)
Te.

Osciliaciniai, DSC ir mechaniniai tyrimai parodé, kad monofunkcinis
reaktyvus  skiediklis, C12-C14 alkilglicidileteris, prailgina
kompozicijy vitrifikacijos trukme, labiausiai sumazina jy klampas bei
padidina sutinklinty dangy T,. Difunkciniai reaktyvis skiedikliai —
1,4-butanedioldiglicidileteris ir 1,6-heksandioldiglicidileteris —
suteikia kompozicijoms trumpiausias geléjimo ir vitrifikacijos
trukmes, vidutiniSkai sumazina klampas bei suteikia dangoms
geriausias kietumo ir atsparumo nusitrynimams savybes, lyginant su
kitais testuotais reaktyviais skiedikliais. Reaktyvis skiedikliai buvo
pritaikyti kaip lakiy organiniy junginiy alternatyvos, taip sukuriant
ekologiskesnes ir aplinkai maziau kenksmingas epoksidiniy dangy
kompozicijas.

Sukurtas naujas PAAE mikrokapsuliy su UV poliakrilatiniu apvalkalu
sintezés aliejus-vanduo emulsijoje, inicijuojant apvalkalo radikaling
polimerizacijg UV spinduliuote, metodas. Nustatyta, kad norint gauti
kapsules su kuo didesniu jkapsuliuotos aktyvios medziagos kiekiu,
tinkamiausios sglygos yra — 3:1 ir 4:1 jkapsuliuotos medziagos ir
apvalkalo santykis, 500 apsk/min maiSymo greitis, 1-2 % PVA / 1,5-
3 % GA emulsikliy misinys. Gautos artimos 50 pm dydziui
mikrokapsulés naudojant — 4:1 ir 5:1 jkapsuliuotos medziagos ir
apvalkalo santykius, 1000 apsk/min maiSymo greitj, 1-2 % PVA/1,5-
3 % GA emulsikliy misinj ir 25 % tirpikliy jkapsuliuojamos
medziagos sudétyje.

Atliktas IPDI jkapsuliavimas j PU apvalkalg tarpfazinés
polimerizacijos biidu. Nustatyta, kad norint gauti mikrokapsules,
artimas 50 pm, kuriy sudétyje biity kuo didesnis jkapsuliuotos
aktyvios medziagos kiekis, didziausia mikrokapsuliy iSeiga, tinkamos
salygos yra — 3:1 jkapsuliuojamos medziagos ir apvalkalo santykis,
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3000 apsk/min reakcijos miSinio maiS§ymo greitis, 7 % emulsiklio GA
ir 60 min reakcijos trukmé. Esant Sioms salygoms, pasiektas 74,6 %
IPDI jkapsuliavimas ir 48,9 % mikrokapsuliy iSeiga.

Sukurtos pazangios epoksidinés antikorozinés dangos su dviguba
mikrokapsuliy sistema sumazina pazeista dangos plota dangas
pakaitinus 80 °C temperatiroje 1 val. Didziausias pazeisty dangy
uzsigydymo efektas pastebétas naudojant 2AE120-3 kompozicijg, ir
esant didziausiam mikrokapsuliy kiekiui epoksidiniy dangy
kompozicijose (15 %).

124



PUBLIKACIJU SARASAS

Publikacijos Zurnaluose

[T

J. Jonikaité-évégidiené, L. Pastarnokiené, V. Jukneviciuté, R.
Makuska. Curing of epoxy resins by bio-based phenalkamines vs low-
molecular-weight amines: study by DSC. Chemija 33(2) (2022) 54-
63. https://doi.org/10.6001/chemija.v33i2.4709

L. Pastarnokiené, J. Jonikaité-Svégzdiené, N. Lapinskaité, R.
Kulbokaité, A. Bockuviené, T. Kochané, R. Makuska. The effect of
reactive diluents on curing of epoxy resins and properties of the cured
epoxy coatings, J Coat Technol Res 20 (2023) 1207-1221.
https://doi.org/10.1007/s11998-022-00737-4.

L. Pastarnokiené, E. Potapov, R. Makuska, T. Kochané. Optimization
of microencapsulation of polyaspartic acid ester into UV curable
epoxy-acrylate resin using Taguchi method of experimental design. J.
Appl. Polym. Sci. 141(15) (2024). https://doi.org/10.1002/app.55216
L. Pastarnokiené, E. Potapov, R. Makuska, T. Kochané. Optimization
of microencapsulation of isophorone diisocyanate into polyurea shell
by oil-in-water interfacial polymerisation. Chemija, 35(2) (2024) 54-
64. https://doi.org/10.6001/chemija.2024.35.2.4

125


https://doi.org/10.6001/chemija.v33i2.4709
https://doi.org/10.1007/s11998-022-00737-4
https://doi.org/10.1002/app.55216

Konferenciju tezés

L. Pastarnokiené, T. Kochané, R. Makuska. Improvement of anti-
abrasion properties of anti-corrosive epoxy coating for industrial
applications. Tarptautiné konferencija ,,Advanced Materials and
Technologies 20217, Palanga, Lietuva.

L. Pastarnokiené¢, T. Kochané, A. Jankauskyté, R. Makuska.
Synthesis of microcapsules containing diisocyanate as a healing
agent. Tarptautiné konferencija ,,Chemistry & Chemical Technology
20217, Vilnius, Lietuva.

L. Pastarnokiené, T. Kochang, S. Zukaityté. R. Makuska. Synthesis of
microcapsules containing amines as healing agents. Tarptautiné
konferencija ,,Baltic Polymer Symposium 20227, Talinas, Estija.

E. Potapov, L. Pastarnokiené, T. Kochané, R. Makuska. Synthesis of
microcapsules containing polyaspartic acid ester within UV curable
shell. Tarptautiné¢ konferencija ,,Chemistry & Chemical Technology
2023, Vilnius, Lietuva

L. Pastarnokiené, T. Kochané, E. Potapov, R. Makuska. Optimization
of microencapsulation of isophorone diisocyanate in polyurea shell.
Tarptautiné konferencija ,,Baltic Polymer Symposium 20237,
Jelgava, Latvia.

T. Kochane, A. Jankauskyté, L. Pastarnokiené. Optimization of
microencapsulation conditions of polyaspartic acid esters. Tarptautiné
konferencija ,,Baltic Polymer Symposium 2024”, Bir§tonas, Lietuva.

126



COPIES OF PUBLICATIONS

127



CHEMIJA. 2022. Vol. 33. No. 2. P. 54-63

© Lietuvos moksly akademija, 2022

Curing of epoxy resins by bio-based phenalkamines
vs low-molecular-weight amines: study by DSC
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In this study, curing of BPA-based epoxy resins Araldite°GY-2600 and
Araldite®GY-240 by low-molecular-weight amines EDA, TETA and
Jeffamine D-230, and bio-based phenalkamines Cardolite®NX-6019,
Cardolite’Lite-2002 and Cardolite°’GX-6004 was studied by differential
scanning calorimetry (DSC) and rheology measurements. DSC provided
quantitative information on the overall reaction kinetics (the enthalpy
of curing reaction, AH ; cure degree, a; curing reaction rate, da/dt) and
the glass transition temperature (Tg) of the cured product. It was dem-
onstrated that the DSC curing of epoxy resins by phenalkamines started
at lower temperature, and the curing rates were slightly lower compared
to those cured by low-molecular-weight amine hardeners. The enthal-
py of the curing by phenalkamines was lower, especially in the case of
more viscous epoxy resin GY-2600. T’ of the cured epoxy resins varied
from 50 to 98°C and was slightly lower when cured with cardanol-based
phenalkamines. The results demonstrate that curing of epoxy resins by
bio-based phenalkamines proceeds in a similar temperature interval like
using low-molecular-weight amines as hardeners but with less exother-
mic effect, which could be an advantage.

Keywords: phenalkamines, epoxy resins, curing reaction, pot-life, DSC

INTRODUCTION

Phenalkamines are Mannich base generally syn-
thesised from equimolar quantities of cardanol,

Phenalkamines (PA) are a relatively new class of
curing agents for epoxy resins, widely used in pro-
tective coatings. Advantages of these curing agents
are related to low/room temperature curing appli-
cations, a good moisture tolerance and a good sur-
face appearance of the coatings [1-3]. PA are bio-
based amines synthesised from cardanol refined
from renewable material, Cashew nut shell liquid
(CNSL) [3, 4]. CNSL has proven itself to be an in-
valuable resource for the development of a wide va-
riety of products including not only epoxy curing
agents but also other components of epoxy resins
and polyurethanes, and much more [5].

* Corresponding author. Email: jurate.jonikaite-svegzdiene@chgf.vu.lt

formaldehyde and polyamine (Scheme 1) [6].

The distinctive structure of PA has some effect
on the properties of the resulting paints and coat-
ings. Due to a long aliphatic alkyl side chain of
cardanol, PA-containing paints are characterised
by lower viscosity and surface tension, and im-
proved wetting properties; the resulting coatings
possess a good flexibility and hydrophobicity, and
an improved water resistance. The aromatic back-
bone of PA gives an excellent chemical resistance.
Side chains of PA containing amino- and imino-
groups react easily with the epoxy groups giving
highly cross-linked products. A high activity of
PA even at ambient temperature as well as a good
adhesion is related to the presence of the phenolic
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OH Phenalkamine
H /—\ Good adhesion,
%\/Ng\/\ reactivity
H,N NH
2 n 2 Chemical resistance
RCHO
CysHy;
Cardanol
Curing with CysHy;
epoxy resin
n (1=0,1,2,3..)
[ G X ] ~—— Hydrophobicity, flexability

Scheme 1. The synthesis and structure—property relationship of phenalkamines [6]

hydroxyl group. Furthermore, PA hardeners are
known for a low toxicity, which makes them eco-
friendly.

Curing low-molecular-weight epoxy resins by
amine hardeners, tightly cross-linked materials
with high T, are formed usually [7]. To reduce
the brittleness (and the same, Tg) of the cured
epoxy resins, phenalkamines can be successfully
used in an eco-friendly way. The curing mecha-
nism and properties of the epoxy coatings depend
on the PA structure, molecular weight and amine
value.

Differential scanning calorimetry (DSC) is
a thermal analysis technique widely used to ob-
tain a thorough understanding of the cure kinetics
of various systems. A DSC calorimeter captures
the exothermic heat flow which is released during
the cross-linking process of a reactive polymer in
respect of curing time under isothermal or non-
isothermal conditions [8]. The curing kinetics of
various epoxy-based systems has been extensively
investigated by this method [9-15]. Furthermore,
DSC is very useful to gain additional information
about the extent of cross-linking by changes in
glass transition temperature (T ). Some authors
declare that T is even more suited for monitoring
of the cross-linking process than the cure degree
a[16, 17].

Rheology is the science of deformation and
the flow of matter and describes the interrelation
between force, deformation and time. Flow prop-
erties of a fluid are usually characterised by a plot
of the shear stress associated with the shear rate

applied to the fluid. One of the important rheo-
logical terms is viscosity, which is a measure of its
resistance to deformation at a given rate. The ini-
tial viscosity of epoxy resin—amine mixture is in-
creasing with curing time, which could serve as an
indicator of the curing rate [18-20].

The objective of the present work was to evalu-
ate the kinetics of DSC curing of commonly used
liquid epoxy resins by bio-based phenalkamines
and compare with curing using typical low-mo-
lecular-weight amines. The further objective was
to identify the specific features of curing of epoxy
resins by cardanol-based phenalkamines in regard
with the thermal effect, development of cure de-
gree, and pot-life of the curing systems.

EXPERIMENTAL

Materials

Commercial epoxy resins and amine hardeners
typically used in anti-corrosion epoxy-based coat-
ings were used in this study. Bisphenol-A epoxy
resins with commercial names Araldite® GY-240
(epoxy equivalent weight (EEW) 178-183 g/eq,
viscosity (25°C) 7000-9000 mPa-s) and Araldite®
GY-2600 (EEW 184-190 g/eq, viscosity (25°C)
12000-14000 mPa-s) were from Huntsman Co.
Low-molecular-weight amines 1,2-ethanediamine
(EDA, amine equivalent weight (AEW) 15 g/eq),
triethylenetetramine (TETA, mixture of four eth-
yleneamines with similar boiling points including
linear, branched and two cyclic, AEW = 24 g/eq)
and amine-terminated polyoxypropylene glycol
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(polyetheramine) with the commercial name Jef-
famine® D-230 (AEW = 60 g/eq) were provided
by Huntsman Co. Cardanol-based phenalkamines
with the commercial name Cardolite® were kindly
donated by Cardolite Co. The commercial names
and the composition of bio-based phenalkamines
are given in Table 1.

Batches for DSC measurements were made by
mixing 1 g of epoxy resin and the corresponding
amount of an amine hardener. The mixing ratio
of epoxy resin to a curing agent was stoichiomet-
ric. The amount of a hardener (g) required to cure
1 g of an epoxy resin was calculated by the equa-
tion [21]:

Table 1. The composition of cardanol-based commercial phenalkamines*

Cardolite®

Components

Lite-2002, %
(AEW = 104 eq/g)

6X-6004, %
(AEW =76 eq/g)

NX-6019, %
(AEW =133 eq/q)

Cardanol-based phenalkamine

72-78 50-62 68-75

1,1"-(1,3-Phenylene)di(methanamine)

m-Xylylenediamine (MXDA)

18-22 15-23

Cashew (Anacardium occidentale) nutshell extract,
decarboxylated, distilled

- 16-20 18-21

N'-(2-Aminoethyl)-N2-{2-[(2-aminoethyl)amino]ethyl}
ethane-1,2-diamine

Tetraethylenepentamine (TEPA)
H H

HZN/\/N\/\H/\/N\/\NHZ

2,2,4-Trimethylhexane-1,6-diamine (TMD)

HN%)\/\
) NH

2

2,4,6-Tris[(dimethylamino)methyllphenol
(DMP)

oH

by N

CHa CHs
§-CHs

CHa

HaC. _CHs

3-4

N',N'-Dimethylpropane-1,3-diamine
Dimethylaminopropylamine (DMAPA)

HsC
3 \'Tl/\/\NHz
CHs

2-3

Phenol

0.6-0.9

Ethylenediamine (EDA)

0.6-0.9

* From the material safety data sheets (MSDS) of phenalkamines.
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_AEW-m

‘epoxyresin
m, =

EEW

The general structure of BPA-based epoxy res-
ins and amines used in this study is presented in
Scheme 2.

DSC measurements

A calorimeter Perkin Elmer DSC8500 was used
to study curing of epoxy resins by amines. A non-
isothermal DSC test was performed under ni-
trogen atmosphere (rate 40 mL/min). A sealed
empty aluminium pan was used as a reference.
Samples of 3-5 mg were heated from -60 to
200°C at the rate of 10°C/min. and then kept at
this temperature for additional 10 min. The heat
flow curves were recorded, and the thermal data
were further processed to determine the cure de-
gree (a) and the curing reaction rate (da/dt). After
the first heating, the temperature was decreased to
-60°C and equilibrated for 3 min. Then the sec-
ond heating at the rate 10°C/min to 200°C was
performed, which was used for determination of
the glass transition temperature (T) of the cured
system.

Rheological measurements

A rheometer Anton Paar MCR302 was used to
study the initial stage of curing and for the de-
termination of pot-life of the curing system.
The pot-life refers to the amount of time it takes
for the product’s initial mixed viscosity to dou-
ble [22]. The measurements were performed at
25°C with a parallel-plate of diameter 50 mm and
a distance between the parallel plate and the base

o oMo o 28

mount of 1 mm, and the shear rate was kept con-
stant at 0.25 s™'. The viscosity (in mPa-s) was
measured every 5 s.

RESULTS AND DISCUSSION

To demonstrate the curing progress of the epoxy
resin-amine system, non-isothermal DSC tests
were carried out. Some results of these tests pre-
sented in the form of DSC curves are shown in
Fig. 1. The heat flow as a function of temperature
was determined and the thermal data were further
processed to determine the cure degree a (Fig. 2)
as well as the rate of the curing reaction da/dt
(Figs. 3-4). The cure degree a was calculated by
the ratio a = AH/AH_ 23], where AH, represents
the enthalpy of the curing reaction at time ¢, and
AH_ is the total enthalpy of the curing reaction of
the epoxy resin. AH, was calculated by integrating
the heat flow over the whole exothermic peak for
a completely uncured sample. The curing reaction
rate (da/dt) is proportional to the measured heat
flow (dH/dt) [24] or, the same, to the changes in
the cure degree. da/dt was calculated by taking
the derivatives of the curves presented in Fig. 2.
Evidently, the curing reaction is an exothermic
process which is represented by one exothermic
peak (Fig. 1). From the curing curves, the initial
curing temperature (T), peak curing temperature
(T ), terminal curing temperature (T) [25] and en-
thalpy of the curing reaction (AH_) were obtained
and listed in Table 2. Some data were not pro-
cessed due to the instability of the baseline (cases
of EDA and TETA). The initial curing temperature
T, did not depend on the type of the epoxy resin

R

BPA-based epoxy resins (Araldite240 and Araldite2600)

H
H,N H,;N N H,;N NH
2 \/\Nllz 2 \/\]l\l/\/ \/\NHZ 2 ﬁ/\o,};\r 2

Polyetheramine (Jeffamine D-230)

EDA TETA

" N/NNII)n

2
Phenalkamines
(NX-6019, GX-6004, Lite-2002)

Scheme 2. Structure of the epoxy resins and amine hardeners used in the present study
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Fig. 1. DSC curing of the epoxy resins GY-240 (a) or GY-2600 (b) by different amines

but was dependent on the type of the hardener be-
ing the lowest for the phenalkamines NX-6019 and
GX-6004 (Table 2). Curing by Jeffamine D-230 was
evidently late, which was reflected in higher values
of T, T, and T,. The peak curing temperature T,
obtained by using other hardeners including phen-
alkamines was similar and close to 100°C.

During curing, the cure degree a starts at 0 and
can reach a maximum value of 1, representing
the fully cured epoxy resin (Fig. 2). The relation-
ship between the curing reaction rate (da/dt) and
temperature is presented in Fig. 3. The curing rate
in all the cases increases gently when the epoxy

resin—amine system begins to cure. As the reaction
progresses, the heat released by the curing reaction
itself simultaneously accelerates the curing process.
Thus, the internal system epoxy resin-amine most
likely exhibits an autocatalytic curing reaction
mechanism (Scheme 3) [9].

The maximal values of the curing reaction rate
were reached at about 100°C with an exception for
the mixture containing Jeffamine D-230. When
most of the functional groups were reacted, the cur-
ing rate of the epoxy resin-amine system started to
gradually decrease and at 150-200°C approached
the values close to 0.

1.0 —a— TETA 1.0l —a— EDA )
—+— Jeffamine D-230 —— ]E'ffarnlne D-230
—v— Lite-2002 —v— Lite-2002
0.8 —=— GX-6004 0.8 —=— GX-6004
s —o— NX-6019 s —— NX-6019
b o
© 0.6 C 0.6
o0 &b
O O
= <
L 0.4 L 0.4
= 1=}
© O
0.24 0.24
0~0j a 0.0- b
25 50 75 100 125 150 175 25 50 75 100 125 150 175 200

Temperature, °C

Temperature, °C

Fig. 2. The dependence of the cure degree a on temperature under DSC curing of the epoxy resins GY240 (a) and GY2600 (b) by different amines
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Table 2. Characteristic parameters of the DSC curing of epoxy resins by different amines

Amine hardener T, °C Tp, °C T, °C AT=T-T, °C AH,, J/g Tg
Epoxy resin GY-240
EDA 72.6 100.9 132.7 60.1 - 76
TETA 64.7 100.0 142.7 78.0 431.4 -
Jeffamine D-230 85.2 126.5 188.9 103.7 386.0 80
Lite-2002 64.2 108.9 161.3 97.1 363.9 73
NX-6019 48.2 99.9 146.0 97.8 3449 50
GX-6004 55.0 96.8 136.0 81.0 308.5 85
Epoxy resin GY-2600
EDA 71.5 103.1 1414 69.9 3124 53
TETA 62.9 94.7 142.4 79.5 - 98
Jeffamine D-230 83.2 127.7 186.1 102.9 397.9 71
Lite-2002 63.9 108.9 158.0 94.1 335.1 76
NX-6019 47.1 103.0 146.9 99.8 276.8 53
GX-6004 55.5 96.8 137.2 81.7 2914 82

The relationship between the curing rate da/dt
and the cure degree a is given in Fig. 4. As the cur-
ing reaction progresses, the curing rate increases,
reaches maximal values at the degree of curing
0.45-0.55 and then gradually decreases. There are
no obvious differences in curing by low-molecular-
weight amines and bio-based phenalkamines.

Enthalpy of the cure reaction of the epoxy resin
GY-240 by various hardeners was slightly higher
compared to that of GY-2600. Curing of the epoxy
resins by low-molecular-weight amines TETA and
Jeffamine D-230 was accompanied by the high-
est exothermic effect (AH, about 386-431 ]/g).
The highest curing rates (more than 0.2 min™') were
characteristic of the epoxy resins cured by low-mo-
lecular-weight amines EDA and TETA. Curing by

these hardeners started at 63-73°C, and the cure
interval was relatively narrow and ranged 60-80°C.
Surprisingly, curing of the epoxy resins by poly-
etheramine Jeffamine D-230 proceeded at a signifi-
cantly higher temperature. The curing rate of this
system was lower (about 0.175 min™), irrespective of
the epoxy resin used, and the full cure was reached at
much higher temperature (at about 190°C).

The enthalpy of curing of the epoxy resins by
phenalkamines Lite-2002, GX-6004 or NX-6019 was
lower (AH,277-364]/g). In these cases, the cure pro-
cess started earlier (at about 47-64°C), and the cure
interval was broader (about 80-100°C). The lowest
curing rates were characteristic of the epoxy resins
mixed with phenalkamines NX-6019 and Lite-2002,
0.15 min™ and 0.175 min™, respectively (Fig. 3).

0 A 0 B O c HO
f E + NHRR) —>» \\\ ——-— —
R R “NHR,R, R/\ N+ /\ \

NHR,R, R NR;R,

R “NHR,R,

Scheme 3. The general mechanism presenting the autocatalytic nature of curing epoxy resins by amines: A, formation of an intermediate com-
plex; B, ring-opening; C, proton transfer; D, the autocatalytic role of OH groups
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Fig. 3. The dependence of the curing reaction rate da/dt on temperature under DSC curing of epoxy resins GY-240 (a) and GY-2600 (b) by dif-

ferent amines

Curing by the phenalkamine GX-6004 proceeded
a little bit faster (da/dt almost 0.2 min™') giving
the lowest peak curing temperature (T, 96.8°C).
Thus, it seems that GX-6004 is the most active phen-
alkamine among all investigated. This phenomenon
can be attributed to highly reactive 2,2,4-trimethyl-
hexane-1,6-diamine (TMD) [26] present in the com-
position of this phenalkamine.

The glass transition temperature (T ) of the cur-
ed epoxy resins is associated with the crosslinking
density of the system (Fig. 5). T, of the cured epoxy
resins varied from 50 to 98°C and was dependent on
the type of hardener (Table 2). The effect of the type

of the epoxy resin (GY-240 or GY-2600) on T, was
much less. The highest Tg (98°C) was characteristic
of the epoxy resin GY-2600 cured by TETA. Likely,
a tightly crosslinked network was formed in this
case due to a high functionality of TETA and short
distances between active centers. Lower values of
T, were characteristic of the epoxy resins cured by
EDA and Jeffamine D-230. The crosslinking densi-
ty in the cured epoxy resins is expected to be lower
in these cases due to a lower functionality of these
hardeners. Lower T, of the epoxy resins cured by
phenalkamines NX-6019 and Lite-2002 (50-76°C)
could be attributed to the long alkyl chains present

——TETA —a—EDA b
0.25|_—Jeffamine D-230 a 0251 ——Jeffamine D-230
—v—Lite-2002 —v—Lite-2002
204 GX-6004 ) —=—GX-6004
02 NX6019 029
£ o1 £ 01
5 g
3 3
201 2 01
0.054 0.054
0.0 0.0
T T T T T 1 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a

Fig. 4. The relationship between the curing rate da/dt and the cure degree a under DSC curing of epoxy resins GY-240 (a) and GY-2600 (b) by

different amines
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Fig. 5. DSC curves of the epoxy resins GY-240 (a) and GY-2600 (b) cured using different amines (second heating)

in the phenalkamines, which increase the flexibil-
ity and chain mobility in the cured system. Slightly
higher T (82-85°C) was characteristic of the epoxy
resins cured by phenalkamine GX-6004. This cor-
relates well with a higher reactivity of this hardener
demonstrated by DSC studies.

The curing of epoxy resins by amine harden-
ers results in a consistent increase in the viscosity
of the system. The rate of viscosity changes could
be an indicator of the activity of reacting compo-
nents during the initial stage of curing. Changes
in the viscosity of the curing epoxy resins at room
temperature during 1-2 h after mixing were eval-
uated by a rotational rheometer. The pot-life of
the curing systems was considered to be a quan-
titative parameter reflecting the rate of the cure
process (Table 3). The curves presenting changes in

the viscosity of the epoxy resins GY-240 and GY-
2600 mixed with various amines show a similar
trend (Fig. 6). The initial viscosity of the epoxy res-
ins mixed with low-molecular-weight amines EDA
and TETA, and phenalkamine Lite-2002 doubles in
approx. 25-35 min. The pot-life of the epoxy resins
mixed with Jeffamine D-230 is more than 120 min.
This indicates that the activity of Jeffamine D-230
at room temperature is very low. Nevertheless,
this amine could be used as a hardener for epoxy
resins at higher temperatures, as it was shown by
DSC studies. The shortest pot-life (less than 20 min)
was characteristic of the systems comprising epoxy
resins and phenalkamines NX-6019 and GX-6004.
A high reactivity of the phenalkamine GX-6004 in
curing epoxy resins was determined also by DSC
studies (Fig. 3).

Table 3. Dynamicviscosity and pot-life of the mixtures of epoxy resins and amine hardeners

Amine hardener Initial viscosity, mPa-s

Pot-life, min

Initial viscosity, mPa-s Pot-life, min

Epoxy resin GY-240 Epoxy resin GY-2600
EDA 1050 355 1500 30
TETA 1680 26.5 2490 24.5
Jeffamine D-230 530 >120 790 >120
Lite-2002 2320 30 2510 30
NX-6019 3960 12 3900 12.5
GX-6004 6010 15 7000 19
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Fig. 6. Changes in the dynamic viscosity of the epoxy resins GY-240 (a) and GY-2600 (b) after mixing with various amine hardeners

A short pot-life of the systems containing epoxy
resins and phenalkamine NX-6019 correlates well
with the lowest initial curing temperature (at about
48°C) (Table 2), which means that the energetic bar-
rier to start curing reactions is low. Thus, the DSC
curing of epoxy resins by phenalkamine NX-6019
starts earlier and, regardless a lower curing rate,
reaches full curing in approximately the same time
as by using the most reactive phenalkamine GX-
6004 (Fig. 2).

CONCLUSIONS

The curing of BPA-based epoxy resins
Araldite®GY-2600 and Araldite®’GY-240 by low-
molecular-weight amines EDA, TETA and Jef-
famine D-230, and bio-based phenalkamines
Cardolite®NX-6019, Cardolite®Lite-2002  and
Cardolite°’GX-6004 was studied by DSC and rhe-
ology measurements. Usually, the DSC curing of
epoxy resins by phenalkamines started at lower
temperature, the cure temperature interval was
broader, and the curing rates were slightly lower
compared to those cured by low-molecular-weight
amine hardeners. The enthalpy of the curing by
phenalkamines was lower, especially in the case
of more viscous epoxy resin GY-2600, which is an
advantage. The curing of epoxy resins by phen-
alkamine NX-6019 was characterised by the lowest
initial curing temperature and the shortiest pot-life
while curing by the phenalkamine GX-6004 started
later but proceeded with the highest rate. The glass

transition temperature T, of the cured epoxy resins
depended on the type of the hardener and varied
from 50 to 98°C. Slightly lower T, of the epoxy res-
ins cured by phenalkamines is related to the long
alkyl chains present in the composition of the phen-
alkamines, which increases the flexibility and chain
mobility in the cured system. Nevertheless, the use
of the most reactive phenalkamine GX-6004 pro-
vided a possibility to increase T, of the cured epoxy
resins to 80-85°C.
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EPOKSIDINIU DERVU KIETINIMO
BIOLOGINES KILMES FENALKAMINAIS IR
MAZAMOLEKULIAIS AMINAIS TYRIMAS DSK
METODU

Santrauka

Dviejy BPA tipo komerciniy epoksidiniy dervy Aral-
dite® GY-2600 ir Araldite® GY-240 kietinimas (tinkli-
nimas), naudojant mazos molekulinés masés aminus
EDA, TETA ir Jeffamine D-230, taip pat i§ kardanolio
susintetintus fenalkaminus Cardolite® NX-6019, Car-
dolite® Lite-2002 bei Cardolite® GX-6004, buvo tirtas di-
ferencinés skenuojamosios kalorimetrijos (DSK) ir re-
ologijos metodais. Nustatyti tokie svarblis parametrai
kaip epoksidiniy dervy tinklinimo reakcijos entalpija
AH,, sutinklinimo laipsnis « ir tinklinimo greitis da/dt,
taip pat sutinklinty epoksidiniy dervy stikléjimo tem-
peratiira T,. Naudojant fenalkaminus, tinklinimo re-
akcijos prasidéjo Siek tiek Zemesnéje temperatiroje ir
vyko $iek tiek mazesniu grei¢iu nei kietinimui naudo-
jant mazamolekulius aminus. Tinklinimo fenalkami-
nais entalpijos poky¢iai buvo mazesni, ypa¢ tinklinant
didesnés klampos epoksiding derva GY-2600. Epok-
sidiniy dervy ir fenalkamino NX-6019 sistemai buvo
budinga maziausia pradiné tinklinimo temperatara ir
trumpiausia darbo su kietinama derva trukmé, o ty pa-
¢iy dervy tinklinimas fenalkaminu GX-6004 prasidéjo
véliau, taciau vyko didziausiu greiciu. I§ kardanolio
susintetinty fenalkaminy naudojimas epoksidinéms
dervoms kietinti turi privalumy, nes reakcijos pakan-
kamai greitai vyksta net ir kambario temperatiiroje,
pasiekiamas didelis sutinklinimo laipsnis ir i§vengia-
ma kietinamos sistemos perkaitimo. Sutinklinty epok-
sidiniy dervy stikléjimo temperatira kito tarp 50 °C ir
98 °C, ir buvo $iek tiek Zemesné, kai tinklinimui buvo
naudojami fenalkaminai. Norint stikléjimo tempera-
targ padidinti iki 80-85 °C, kietinimui reikia naudoti
reaktingiausig fenalkaming GX-6004.
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Abstract The effect of monofunctional, difunctional,
and trifunctional reactive epoxy diluents (RDs) on
curing of epoxy resins by amine hardeners was studied
by DSC and oscillatory rheometry. It was determined
that curing of the epoxy resins containing difunctional
RD was characterized by the lowest activation energy
E,, and the cure reaction was of first order. The
shortest gelation time under curing was characteristic
for the epoxy resins containing difunctional RDs, while
vitrification time of the cured epoxy resins containing
difunctional or trifunctional RDs was similar. The use
of difunctional RDs as a part of epoxy resins was the
most advantageous since they facilitated curing process
enabling to reach high degree of curing faster. The
effect of RDs of various functionalities on glass
transition temperature 7, of the cured epoxy resins
and mechanical properties of the epoxy coatings was
noticeable but small. Functionality of RDs had no
noticeable effect on adhesion and flexibility of the
epoxy coatings. Coatings of the cured epoxy resins
containing difunctional RD were characterized by
slightly higher hardness and increased abrasion resis-
tance. Difunctional reactive epoxy diluents show great
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potential to be used in epoxy formulations by facili-
tating curing process and improving mechanical prop-
erties of the cured epoxy coatings.

Keywords Reactive diluents, Epoxy resins, Cure
kinetics, DSC, Rheometry, Gelation time

Introduction

Epoxy resins are a versatile class of materials contain-
ing specific high reactivity and good mechanical, elec-
trical, chemical, thermal, and anticorrosive
properties."> Due to excellent properties, epoxy resins
are used in different fields like paints and coatingsﬁ’5
adhesives,’” industrial tooling, 10-12 aerospace indus-
try,13'15 electronic materials, 16-18 and biomaterial
systems. *?! Due to very high reactivity, the epoxy
resin prepolymers or polymers that contain epoxide
groups in their molecular structures can react with
various co-reactants such as high and low molecular
weight aliphatic and aromatic amines, acid derivatives,
amides, anhydrides, esters, thiols and form crosslinked
structures.”> However, successful application of such
polymeric materials in coatings requires a proper
balance between the crosslink density controlled by
the curing conditions, and the processability charac-
teristics of the resins.>* Despite great properties, epoxy
resins have some limitations such as high viscosity, high
price, and tendency to high-density crosslinking, which
limit the application of epoxy resins in some industrial
and structural fields. These limitations can be elimi-
nated to some extent by replacing a part of these resins
with solvents or reactive diluents.?*~2°

Solventborne coatings are a vital part of the coatin%
industry and are widely used in various segments.' "~
Formulations for such coatings contain organic sol-
vents, most of them with a relatively low boiling point,
which are referred to as volatile organic compounds
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(VOC).¥ VOC are unsafe, harmful to the human
body, and cause environmental pollution. Since envi-
ronmental requirements are increasing, a demand for
the coating’s formulations with very low VOC and for
the solvent-free coating systems is becoming essential.
Solvent-free epoxy resin coatings not only solve envi-
ronmental issues, but also improve some coatings
properties like stability and strength.>*>!

To avoid problems associated with VOC, the use of
reactive diluents in solventborne coatings instead of
organic solvents was proposed and realized.*> Reactive
diluents (RDs) are substances that contain reactive
groups and take part in reactions with a hardener
becoming an integral part of a coating during curing.*
The essential requirements to RDs are low viscosity,
compatibility with the base resin, low volatility, non-
toxicity, and the ability to participate in the curing
process.’®**% The addition, RDs reduce viscosity of
resins, allows the addition of more fillers, improves the
wetting behavior, and facilitates film-forming process.
RDs are categorized as monofunctional and polyfunc-
tional. Most monofunctional diluents are excellent in
reducing viscosity but cause a decrease in the crosslink
density of the resin, which affects mechanical proper-
ties of the coatings. Reaction behavior of polyfunc-
tional RDs are considered to be similar to that of the
basic epoxy components, which means that they do not
affect the crosslink density.>*>® Among the RDs, those
with epoxy groups are the most important for VOC-
free (or very low VOC) epoxy coatings. Usually, they
are compatible with the base resin, do not produce
VOC during curing, and therefore are more environ-
mentally friendly than nonreactive diluents.*

There is a lot of information about the use of RDs in
epoxy coatings. The effect of several monofunctional
RDs including aliphatic glycidyl ether (AGE), butyl
glycidyl ether (BGE), and phenyl glycidyl ether (PGE)
on viscosity of epoxy resins and thermal properties of
epoxy coatings was studied.*’ Viscosity of the epoxy
resins decreased with increasing the amount of RD and
depended on molecular weight of RD. Thermal stabil-
ity of the epoxy coatings depended on chemical
structure of the monofunctional RD being the best
when using PGE; the presence of PGE increased the
value of T, of the coatings, while the presence of BGE
decreased it.

The effect of difunctional reactive diluents 1,4-
butandioldiglicidylether ~(BDGE), cyclohexandiol
diglycidyl ether (CHDGE), and diglycidyl aniline
(DGA) on epoxy systems was studied by DSC.*'~* Tt
was determined that the presence of DGA decreased
the apparent activation energy of the curing process.
Contrarily, addition of BDGE increased the value of
E, and the reaction exponent. Moreover, the addition
of BDGE increased the efficacy of the curing process,
curing degree, and 7, of the cured coatings.” It was
shown by DMA that the presence of BDGE in an
epoxy resin reduced the storage modulus and glassy
state region but had no effect on gelling time.

In order to evaluate the effect of functionality of
RDs, rheological behavior and curing of RDs contain-
ing epoxy resins as well as mechanical and phglsical
properties of epoxy coatings were investigated.”® As
additives to epoxy resin formulations, three RDs were
used: monofunctional C12-14 alkyl glycidyl ether
(AGE), difunctional 1,6-hexandiol diglycidyl ether
(HDE), and trifunctional trimethyl propane glycidyl
ether (TMGE). The highest viscosity was characteristic
for the epoxy resin mixture containing trifunctional
TMGE, while the viscosity of the mixtures containing
AGE or HDE was similar and lower. Addition of RDs
improved workability and usually increased pot-life of
the epoxy resins; in some cases, addition of the
trifunctional TMGE slightly reduced pot-life of the
system. The longest pot-life of the epoxy system was
obtained using monofunctional AGE. The presence of
difunctional HDE and trifunctional TMGE signifi-
cantly increased compressive and flexural strength of
the epoxy coatings. Addition of RDs irrespective of
their functionality decreased adhesion of the epoxy
coatings.

The same RDs were used in another study®®
evaluating their effect on viscosity of the epoxy resins,
and physical and mechanical properties of the epoxy
coatings. The fastest curing of the epoxy resin and the
shortest film drying time were characteristic for the
epoxy mixture containing trifunctional TMGE. The
best mechanical properties of the epoxy coatings were
obtained using epoxy mixtures containing 12% RDs,
irrespective of functionality. The presence of difunc-
tional HDE increased molecular chain flexibility and
impact strength of the coatings, while the presence of
TMGE increased brittleness and decreased impact
resistance of the coatings.

The published data about the effect of RDs on
properties of epoxy resins and epoxy coatings are not
numerous and, in some cases, contradictive. The main
purpose of the present study was to evaluate the effect
of reactive epoxy diluents of different functionality on
curing of liquid epoxy resins and properties of the
cured epoxy coatings. A further objective was to
control viscosity and gelling time of the curing systems,
and also hardness and elasticity of the epoxy coatings.

Experimental
Materials

Commercial epoxy resins and amine hardeners typical
for anticorrosion epoxy coatings were used in this
study. Bisphenol-A/-F and novolac epoxy resins with
commercial names Araldite® GY 783 and Araldite®
GY 289, respectively, reactive epoxy diluents Ara-
Idite® DY-L, Araldite® DY-E, Araldite® DY-D, and
Araldite® DY-H as well as components of the amine
hardeners Aradur 450, DETA (diethylenetriamine)
and Accelerator 960-1 were kindly donated by Hunts-
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man Co. Other amine hardeners LUNACURE
PACM-20 and LUNACURE MACM-F were obtained
from DKSH. Composition of the mixtures of the epoxy
resins (PA) and amine hardeners (PB) is presented in
Tables 1 and 2. Structure of the epoxy resins, amine
hardeners, and reactive epoxy diluents is presented in
Schemes 1, 2, and 3, respectively.

The mixture of epoxy resins was chosen by antici-
pated properties of the epoxy coatings foreseen for
particular applications. Novolac resin Araldite GY 289
was chosen as a nonviscous epoxy resin that has high
reactivity and produces high crosslinking density pro-
viding coatings with excellent chemical resistance. A
certain amount (15% in all cases) of the epoxy resin
Araldite GY 783 was added for dilution of the novolac
resin and increasing flexibility of the coatings.

Amine hardeners used in this study were based on
polyaminoamine adduct (Aradur 450), 4,4"-methylene-
bis (cyclohexylamine) (LUNACURE PACM-20), 4,4'-
methylenebis  (2-methylcyclo-hexylamine) (LUNA-
CURE MACM-F) and DETA (diethylenetriamine).
Mixture of the hardeners was chosen from the practical
point of view seeking to reduce curing time and
improve mechanical properties of the coatings. Com-
mercial hardener polyaminoamine Aradur 450, which
is oligomeric and moderately reactive, was chosen as
the main hardener. Addition of more reactive low
molecular weight amines PACM, MACM, and DETA
to PB was predetermined by intention to increase the
curing rate and crosslinking density and improve
hardness and adhesion of the coatings.

Reactive diluents used in this study contained
different amounts of epoxy functional groups: Ara-
ldite® DY-L—trifunctional RD based on glycerol
propoxylated triglycidylether, Araldite® DY-D and
Araldite® DY-H—difunctional RDs based on digly-
cidylether of butanediol and 1,6-hexanediol, respec-
tively, and Araldite® DY-E—monofunctional RD
based on monoglycidylether alcohol.

Methods
DSC measurements

A calorimeter DSC8500 (PerkinElmer) was used to
study curing of epoxy resin mixtures PA1, PA2, and

Table 1: Composition of epoxy resins (PA)

PA4 by amine hardeners PB1 or PB2. PA and PB were
preweighed in stoichiometric proportions and mixed
just before DSC experiment. Amine hydrogen equiv-
alent weight (AHEW) of amine blends, epoxy equiv-
alent weight (EEW) of epoxy blends, and weight of
curing agent per 100 parts of epoxy resin (phr) are
calculated using equations (1)—(3). Nonisothermal
DSC test was performed under nitrogen atmosphere
(rate 40 mL/min). A sealed empty aluminum pan was
used as a reference. Samples of 3-5 mg were heated
from 0 °C to 200 °C at heating rates 5, 10, 15, and
20 °C/min. The heat flow curves were recorded, and
the thermal data were further processed to determine
the total reaction heat (AHR), cure degree (), curing
reaction rate (do /dt), enthalpy of the reaction (E,),
preexponential factor (A), and the experimental reac-
tion order (n). For determination of the glass transition
temperature (T,) of the fully cured systems, mixed
epoxy-amine samples were cured at room temperature
for 2 weeks, and then, nonisothermal DSC test was
performed heating from 0 to 200 °C at the rate of
10 °C/min.

Total Weight of Amine Blend
Weight A n Weight B n
AHEW, " AHEW; " "~

AHEW of Amine Blend =

1)
EEW of Epoxy Resin Blend
Total Weight of Epoxy Resin Blend
= Weight A |~ Weight B, )
EEW, "EEW, " "
hr — AHEW of Amine " 3)
P = EEW of Epoxy Resin

Rheological measurements

Rheological properties of the epoxy/amine mixtures
during isothermal curing at 50 °C were studied by the
oscillatory shear measurements using a rheometer
MCR302 (Anton Paar). Parallel-plate measuring sys-
tem with diameter of 25 mm and a gap between
measuring plates of 0.5 mm was used to perform the

Epoxy system EEW (g/eq) PA1 (%) PA2 (%) PA3 (%) PA4 (%)
EEW = 183.5 EEW = 1775 EEW = 162.8 EEW = 167.0
Araldite® GY 783 189 15 15 15 15
Araldite® GY 289 167 75 75 75 75
Araldite® DY-L 606 10 - - -
Araldite® DY-E 278 - 10 - -
Araldite® DY-D 118 - - 10 -
Araldite® DY-H 143 - - - 10
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Table 2: Composition of amine hardeners (PB)

Hardener system PB1 (%); AHEW = 66.2 g/eq PB2 (%); AHEW = 67.9 g/eq
Aradur 450 52 70
PACM 33 20
MACM 9 -
DETA 6 5
Accelerator 960-1 5
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Table 3: Metal substrates used for mechanical tests

Substrate Steel plates, smooth surface, thickness 1 mm Aluminum-coated flexible Blasted plates, roughness
type plates 50 to 85 um, thickness
5 mm
Coating Automatic, BYK byko-drive XL, thickness Automatic, BYK byko-drive XL, Coating by hand with
method 200 pum, speed 3 mm/s thickness 200 um, speed spatula
3 mm/s
Mechanical Coating hardness (BYK Pendulum Hardness  Coating flexibility (BYK Conical Adhesion, resistance to
tests Tester), direct impact resistance (TQC Mandrel Tester) abrasion (PosiTest AT-A

Impact Tester)

Automatic)

shear oscillation sweep test. All experiments were
carried out with amplitude of oscillation 0.1% and an
angular frequency of 1 Hz, 2 Hz, and 4 Hz. Sinusoidal
stress was used in all experiments, which is the basis for
calculating the storage modulus (G’), the loss modulus
(G”), and the loss factor tano. Components of PA and
PB were used as received and carefully mixed at the
stoichiometric ratio. After preparing the sample, it was
immediately placed in the plate—plate geometry assem-
bly and quickly heated (60 °C/min) to the target curing
temperature (50 °C).

The three-interval thixotropy test (3ITT) was per-
formed to determine the thixotropic behavior of the
mixed compositions PA + PB using a rheometer
MCR302 (Anton Paar). Parallel-plate measuring sys-
tem with diameter of 50 mm with a gap between
measuring plates of 1 mm and constant 25 °C temper-
ature was used to perform the 3ITT test. The low-high-
low shear test regime of 3ITT test closely resembles
brush/roller/spray loading, brushing/rolling/ipraying,
and subsequent drying of paint, respectively.*’ During
the first interval, the sample was subjected to low shear
rate (0.1 s’l) for 50 s, and then, for 5s, a higher
(1000 s ') shear rate is applied and finally back to low
shear rate for 200 s. The low-high—low shear rate test
of 3ITT resembles the application process of compo-
sition. During this process, the internal structure of
composition is broken down using high shear rates and
the recovery pre- and postapplication of high shear was
measured by tracking the change in viscosity. The
recovery rate of viscosity at given time after removal of
high shear was used to predict the sagging and leveling
characteristics of coating systems.

Preparation of the samples for testing of mechanical
properties of coatings

PA and PB were mixed at stoichiometric ratio, and
three different metal substrates were coated immedi-
ately by the curing epoxy resins (Table 3). The steel
smooth plates were used for hardness and impact
resistance tests, aluminum-coated flexible plates for
flexibility tests, and blasted plates of high roughness for
adhesion tests. The steel smooth plates and flexible

aluminum-coated plates were coated using BYK byko-
drive XL and a film applicator with 4 gaps from 50 to
200 pm. The thickness chosen for the coating applica-
tion was 200 um, and the applicator was pushed at
3 mm/s speed to assure good coating spread. The
blasted plates were coated by hand using spatula,
spreading and leveling the coating across the plate
surface.

Hardness test

Hardness of the epoxy coatings was evaluated by the
Konig pendulum method according to ASTM D4366
(BYK Konig Pendulum Hardness Tester). The test was
performed on a coating with the thickness of 200 um
on a steel surface. The pendulum hardness of the
coating surface was measured with respect to the
pendulum oscillation time from 6° to 3° at 23 £ 1 °C
and 50 2% R.H. The number of oscillations is
recorded. Three replicates were made for each treat-
ment group.

Direct impact test

Coatings resistance to cracking or peeling from the
metal substrate was evaluated according to ISO 6272-
1:2011 using the impact resistance testing device TQC.
The test was performed on coatings with the thickness
200 pum on a steel surface. The minimum height of fall
for 20 mm diameter 1 kg weight was measured under
normalized conditions, in order to damage tested
coatings. Impact resistance is defined as the impact
energy (J) that a coating can withstand without visual
damage. Three replicates were made for each treat-
ment group.

Flexibility test
Flexibility of coatings with the thickness of 200 pm on
a flexible aluminum plate was evaluated according to

ASTM D5221. The coating on the plate was cut into
even pieces every 2 cm. Conical mandrel bend tests
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were performed by bending the coated panels on a
conical mandrel tester (BYK Conical Mandrel Tester)
up to 135° over a period of 3 s. For the test, three
coated aluminum specimens from each coating with
dimensions of 150 x 100 x 0.5 mm® were used. The
diameter of the cone varied from 38 to 3 mm. The
coating was considered flexible if there was no crack on
its surface.

Adbhesion test

Determination of the adhesion to a metal surface is
performed according to ATSM D4541 using a PosiT-
est® AT-A (DeFelsko). The pull-off test was carried
out by gluing a 14-mm diameter dollies to the abrased
with sandpaper coating using a two-part epoxy glue.
After 24 h, a pull-off test was conducted by applying a
tensile stress perpendicular to the surface. The tensile
stress was applied until the coating was torn from the
metal surface and the magnitude of the stress mea-
sured was recorded in N/mm? (MPa). On completion
of the test, the dolly was visually examined to deter-
mine if the failure had occurred at the interface
(cohesion) or in the substrate (adhesion). Three
replicates were made for each treatment group, and
the average of results is reported.

Antisagging test

Antisagging properties were determined according to
ASTM D4400 using a BYK Sag Meter. The multiple-
notched applicators with varying clearances spanning
medium range (3-12 mils) and high range (4-24 mils)
were used. For the measurements, approximately
10 mL of the mixed composition PA + PB was trans-
ferred onto a flexible smooth metal plate. The multi-
ple-notched applicator was drawn down across the
metal plate, which formed a series of evenly spaced
stripes. The plate was then quickly hanged vertically
and left to dry at room conditions. The coating samples
were monitored visually after drying and rated for an
antisagging measure. The antisagging index is defined
as the thickest thickness (mm) of dry coating stripe
remained without sagging.

Abrasion test

The abrasion resistance of the coatings was determined
according to ASTM D4060 using Taber Abrasion
Tester. In a Taber test, a coating is mounted on a
turntable platform that rotates on a vertical axis at a
fixed speed. Two standard CS17 Taber abrasive wheels,
each applied with 1000 g load, are lowered onto the
specimen surface. 1000 cycles of abrasive wear action
were produced. The reducing of the coating weight
(mg) after abrasion was evaluated. Two replicates were

made for each treatment group, and the average of
results is reported.

Results and discussion

The effect of reactive diluents on the curing
of the epoxy/amine systems

In order to understand the effect of the reactive
diluents on the curing of epoxy resins, the cure process
was monitored by DSC and oscillatory rheometry.
Despite differences in conditions of the above methods
(nonisothermal DSC and rheological measurements at
50 °C), they are providing different and complemen-
tary information about the cure process allowing
evaluating the effect of reactive epoxy diluents.

Differential scanning calorimetry (DSC) is provid-
ing quantitative information on overall reaction kinet-
ics” including the enthalpy of curing reaction, AHg,
cure degree, o, curing reaction rate, do/dt, the activa-
tion energy, E,, Arrhenius preexponential factor, A,
and reaction order, n. The nonisothermal method to
study kinetics of exothermic reactions is more popular
because of its versatility and a broad range of temper-
atures, in which some changes of materials could be
efficiently observed.*® So far, the curing kinetics of
various epoxy systems has been extensively investi-
gated by nonisothermal DSC method.*°

Figure 1 presents nonisothermal DSC curves of
epoxy/amine mixtures PA4/PB1 (a) and PA4/PB2 (b)
recorded by curing the mixtures at different heating
rates. DSC curves of PA1 and PA2 cured by PB1 and
PB2 are provided in SI. Obviously, the curing reaction
is an exothermic process which is represented by one
exothermic peak. At higher heating rates (f), the
exothermic peak becomes stronger and shifts to higher
temperature. From the curing curves, the characteristic
peak temperature (7,) and the total reaction heat
(AHR) were obtained and are listed in Table 4. T,
slightly depends on the type of hardener being lower
when using PB2. This difference is attributed to the
tertiary amine accelerator present in the hardener
system PB2: Accelerated curing proceeds faster reach-
ing the peak temperature T}, earlier. The total reaction
heat AHgr was calculated by integrating the heat flow
over the whole exothermic peak. This was done by
Pyris software processing data in the coordinates heat
flow (W/g) vs time (s) (see SI). Average values of AHg
for PA1, PA2 and PA4 cured by PB1 are 296.4, 312.6
and 319.1 J/g, respectively, and for the same epoxy
systems cured by PB2 are 286.5, 318.8 and 318.8 J/g,
respectively. The total reaction heat AHR slightly
depends on the epoxy system being the highest for
PA4 which contains difunctional RD; the lowest values
of AHg are characteristic for the epoxy system PA1l
which contains trifunctional RD.

Nonisothermal DSC thermographs (Fig. 1) were
converted into dependencies of the cure degree (o)
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Fig. 1: Nonisothermal DSC curves of epoxy/amine mixtures PA4/PB1 (a) and PA4/PB2 (b) recorded at heating rates 5, 10,
15, and 20 °C/min

Table 4: Characteristic parameters of DSC curing of epoxy resins by different amines

PA system Heating rate f (K/min) T (K) R, (min™") AHg (J/9)
PB1 PB2 PB1 PB2 PB1 PB2
PA1 5 371.4 368.6 0.093 0.119 — 342.6 — 288.1
10 386.0 383.2 0.195 0.201 - 311.5 —294.3
15 391.5 389.7 0.362 0.300 —258.0 —286.5
20 400.1 393.0 0.349 0.400 — 2734 - 277.0
PA2 5 374.6 373.2 0.102 0.100 — 364.3 —342.0
10 387.5 382.4 0.205 0.203 — 258.6 - 3314
15 395.0 391.4 0.283 0.279 — 306.9 — 3132
20 401.2 396.5 0.369 0.358 —320.7 — 288.6
PA4 5 369.9 367.9 0.104 0.106 — 360.9 — 336.8
10 383.2 383.5 0.208 0.189 - 2205 —308.3
15 389.3 391.5 0.297 0.272 —347.3 — 3234
20 398.8 393.9 0.372 0.388 — 347.6 — 306.6

on isoconversional temperatures (Fig. 2). The same
dependencies for the systems PA1/PB1, PA1/PB2,
PA2/PB1, and PA2/PB2 are provided in SI. The cure
degree o was calculated by the ratio o = AH/AHg,>
where AH, represents the heat of the curing reaction at
time ¢, and AHp is the total reaction heat of the curing
process. AHg was calculated by integrating the heat
flow over the whole exothermic peak for a completely
uncured sample. During DSC curing, the cure degree o
starts at 0 and at a certain temperature is reaching
maximal value equal to 1 which corresponds to fully
cured epoxy resin (Fig. 2). At higher heating rates, the
dependencies of the cure degree o on temperature are
shifted to higher temperatures. This is explained by
diffusion control of the process, i.e., deficiency of the
reactin% species in the reaction site at higher temper-
atures.

The curing reaction rate (d«/dr) is proportional to
the measured heat flow (dH/df)*' or, the same, to the
changes in the cure degree o. do/dt was calculated by
taking the derivatives of the curves « versus time. The
relationship between the curing reaction rate (de/dr)
and temperature is presented in Fig. 3. The same
dependencies for the systems PA1/PB1, PA1/PB2,
PA2/PB1, and PA2/PB2 are provided in SI. At about
50 °C, and the curing rate starts to increase and later
increases gently reaching maximal values at about 100—
130 °C. The maximal values of the DSC curing rate R,
for various epoxy/amine systems are presented in
Table 4. Evidently, they strongly depend on the
heating rate but are almost unvarying in respect to
the epoxy system and the hardener. When most of the
functional groups were reacted, the curing rate R, of
the epoxy resin/amine system started gradually de-
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Fig. 3: The dependence of the reaction rate d«/dt on temperature under DSC curing of epoxy resin PA4 by the hardeners

PB1 (a) and PB2 (b) at heating rates 5, 10, 15, and 20 °C/min

crease and at 150-190 °C approached the values close
to 0.

The characteristic peak temperatures T, listed in
Table 4 were used to calculate activation energy E, of
the cure process, Arrhenius preexponential factor A,
and the cure reaction order n. These parameters were
calculated by the methods of Kissinger,® Ozawa>® and
Crane® used before for similar curing processes. Basics
of these methods and formulas as well as Kissinger,
Ozawa, and Crane plots for the studied epoxy/amine
systems are presented in SI. Kinetic parameters calcu-
lated using Kissinger, Ozawa, and Crane plots are
listed in Table 5.

The apparent activation energy E, for the studied
epoxy/amine systems is similar to that of typical epoxy-

amine cure reactions (50-70 kJ/mol).>> E, calculated
by the Ozawa method is higher than that calculated by
the Kissinger method, irrespective of the epoxy/amine
system. Activation energy E, for the accelerated curing
(cured by PB2) is higher irrespective of the epoxy
system. Possibly, higher FE, values for the curing
reactions taking place in the presence of the hardener
PB2 containing tertiary amines are related to forma-
tion of tridimensional molecular network at early
stages of the curing and higher viscosity of the system,
which impedes further development of the reaction.
Activation energy E, of curing of the epoxy system
PA4 containing difunctional RD is the lowest in the
studied set; moreover, its value (about 40 kJ/mol for
nonaccelerated curing) is below typical values of E, for
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Table 5: Kinetic parameters for the DSC curing of epoxy/amine systems

PA system E, (kJ/mol) (Kissinger) A (min~") (Kissinger)

n (Kissinger-Crane)

E, (kJ/mol) (Ozawa) n (Ozawa-Crane)

PB1 PB2 PB1 PB2 PB1 PB2 PB1 PB2 PB1 PB2
PA1 55.4 59.9 1.7 x 10° 7.8 x 10 0.893 0.903 61.7 66.3 0.995  0.999
PA2 49.7 58.6 2.1 x 10° 47 x 107 0.902 0.909 52.2 64.1 0.947  0.995
PA4 39.9 54.8 1.0 x 10° 1.4 x 107 0.902 0.895 44.3 61.2 1.000 0.999

epoxy-amine cure reactions.® Low values of E, for
curing the epoxy system containing difunctional RD
suggest that such RD facilitates curing process en-
abling to reach high degree of curing faster.

Activation energy is the energy required for a
reaction to occur and determines its rate. The higher
the activation energy, the slower the chemical reaction
will be. Activation energy for a chemical reaction
depends upon nature and environment of reacting
groups. Likely, difunctional RD containing flexible
alkyl chain and terminal epoxy groups not impeding
each other is favorable for the development of the
curing reaction. The use of trifunctional RD stimulates
formation of tridimensional molecular network at early
stages of the curing and higher viscosity of the system,
which impedes further development of the reaction.
Slightly higher activation energy values of curing re-
action of the epoxy system PA2, compared to that of
the epoxy system PA4 are, possibly, predetermined by
monofunctionality of RD, which partly terminates
curing reactions.

Preexponential factor A (Arrhenius factor) is a
constant for each chemical reaction that defines the
rate due to the frequency of collisions in the correct
orientation. Preexponential factor A is larger for the
accelerated curing (using the hardener PB2) indicating
that the number of collisions is higher in that case
(Table 5). Preexponential factor is almost independent
on composition of PA (i.e., on type of RD). Reaction
order n calculated by two different methods is in the
range 0.9-1.0, which demonstrates that the cure pro-
cess is first-order reaction irrespective of the used
hardener system.

Complementary information about the cure process
was received studying the same epoxy/amine systems
by oscillatory rheometry. Rheological analysis of the
oscillatory test gave a total curing profile, which
provided information about the curing behavior in
terms of the measured storage modulus G’, the loss
modulus G”, and the loss factor tand. Evolution of
these parameters during curing of the epoxy system
PA4 by amine hardeners PB1 and PB2 is presented in
Fig. 4. Similar dependencies for the systems PA1/PB1,
PA1/PB2, PA2/PB1, PA2/PB2, PA3/PB1, and PA3/
PB2 are provided in SI.

Evolution and trend of the parameters G’, G” and
tand during curing of epoxy resins present important

information about the cure process, more specifically,
provide gelation and vitrification times. There is no
generally accepted criterion for the detection of the
gelation and vitrification times. One criterion is that
gelation occurs when viscosity increases exponentially
to infinity.®! The problem is that infinite viscosity is
very difficult to detect. The most generally accepted
criterion for gelation is the crossover point of the shear
storage modulus G’ and loss modulus G”.' For other,
more complicated networks, the gel point can be found
by detecting loss factor tand at different frequencies
and determining their crossover point during cure.®*~%
Vitrification time is defined as the point at which the
molecular weight or crosslink density of the curing
polymer exceeds that which is thermodynamically
stable as a rubber to a glass, at which point the
reaction dramaticallgé slows due to the reduced mobil-
ity of the reactants.”” Thus, vitrification is a reversible
change of the viscous liquid state to crosslinked glassy
state for a gelled system. Vitrification can be deter-
mined from the maximum tand peak at 1 Hz, the
maximum G” peak at 1 Hz, the onset of frequency
dependence in G’, and with the end of frequency
dependence in G".%

In the present study, gelation time of the curing
epoxy systems was determined by crossover of the
parameters G’ and G”, and crossover of tand at
different frequencies. Vitrification time was deter-
mined from the maximum tand peak at 1 Hz and the
maximum G” peak at 1 Hz. These parameters are
presented in Table 6.

Epoxy-amine systems behave like solids at the
beginning of the curing process (G’ > G”) due to
entrapped air bubbles during mixing of the epoxy
system and a hardener together. After 10-15 min, the
loss modulus G” becomes larger than the storage
modulus G’ since the system shows liquid-type behav-
ior (Fig. 4). As the reaction proceeds, both G” and G”
increase and at a certain time intersect; the crossover
point indicates equilibrium between viscous and elastic
behavior, and after this point gelation occurs. Later-
on, when curing reaction progresses and elastic behav-
ior dominates, G’ becomes larger than G” and tends to
approach its maximum value, whereas G” reaches a
peak and starts to decrease. In this zone, vitrification
occurs.
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Table 6: Gelation and vitrification time of the curing epoxy resins determined by oscillatory rheometry

Epoxy/amine system

Gelation time (min)

Vitrification time (min)

tand crossover, 1 Hz, 2 Hz, 4 Hz G  and G” crossover, 1 Hz tand peak, 1 Hz G” peak, 1 Hz
PA1/PB1 111 132 120 152
PA1/PB2 51 59 88 112
PA2/PB1 85 90 140 173
PA2/PB2 49 59 100 126
PA3/PB1 67 75 110 134
PA3/PB2 45 49 90 111
PA4/PB1 66 76 120 147
PA4/PB2 45 49 83 102

Gelation time and vitrification time determined by
tand crossover and tand peak, respectively, are shorter
compared to those determined by G” and G” crossover,
and G” peak, resgectively (Table 6). As it was
discussed before,’'™® more reliable data are consid-
ered to be received from the dependencies of tand. It is
evident from Table 6 that gelation time and vitrifica-
tion time of the epoxy system under curing by the
accelerator-containing hardener PB2 were significantly
shorter compared to those received under curing by the
accelerator-free hardener PBI1. This confirms that
curing of epoxy systems in the presence of the
accelerator proceeds much faster.

Gelation time is affected by the type of the epoxy
system, more specifically, by the used reactive diluent.
The shortest gelation time is characteristic for the
epoxy systems PA3/PB1(PB2) and PA4/PB1(PB2)
containing difunctional RDs (Table 6). Higher reac-
tivity of difunctional RDs in curing reactions could be
related to lower epoxy equivalents and low molecular
weight of these RDs compared to monofunctional and
trifunctional RDs (Table 1). Epoxy systems containing
monofunctional (PA2) and trifunctional (PA1) RDs
were less reactive. Monofunctional RD has long
aliphatic chain of C,,—C,4 and only one epoxy group,

which makes it less reactive and impeding crosslinking
reactions. Trifunctional RD has the highest molecular
weight and branched structure, which could reduce
flexibility of the compound and make some reactive
groups inaccessible.

Vitrification time of the epoxy systems containing
difunctional and trifunctional reactive diluents is very
close (Table 6). The presence of monofunctional RD
makes vitrification time longer; possibly, this could be
related to plasticizing effect of this RD containing long
aliphatic chain.

The data got from DSC analysis and rheological
measurements on curing of epoxy systems containing
various reactive epoxy diluents suggest that the use of
difunctional RD facilitates curing process enabling to
reach high degree of curing faster. By contrast,
trifunctional RD increases activation energy of the
process and retards curing.

The effect of reactive diluents on properties
of the cured epoxy coatings

The effect of reactive diluents in epoxy resin mixtures,
on glass transition of the cured epoxy resins and
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properties of the cured epoxy coatings were studied.
DSC curves of the epoxy resin mixtures containing
various RDs cured by two amine hardeners are
presented in Fig. 5. DSC curves show endothermic
transition at about 60-75 °C. This transition appears
like a part of an endothermic peak which is caused by
the thermal history of the cured epoxy systems and
should be ignored.®””° Glass transition temperature T,
of the cured samples determined from the DSC curves
is presented in Table 7. T, of the cured epoxy resins
depends on the type of hardener being higher for the
systems cured by the accelerator-containing hardener
PB2. Apparently, it is related to higher degree of
crosslinking taking place in the presence of tertiary
amine. T, of the cured epoxy resins containing difunc-
tional and trifunctional reactive diluents (PA4 and
PA1, respectively) is very close. Monofunctional reac-
tive diluent (PA2) had more remarkable effect on the
glass transition raising its value by 3-7 °C. This could
be attributed to lower viscosity of the epoxy system
PA2 (Table 8), which makes it easier for network
structure to form and create higher crosslinking during
formation of the coatings. Nevertheless, differences in
T, of the cured epoxy resins containing reactive
diluents of different functionality are rather small and
hardly deserve attention.

Mechanical properties of the naked epoxy coatings
(without fillers and various additives) prepared from
the epoxy resin mixtures containing RDs and cured by
the hardeners with and without accelerator are listed in
Table 7. Hardness of the coatings is rather high, about
100 Osc. Slightly higher hardness is characteristic for
the coatings containing difunctional reactive diluents
(PA3 and PA4) and also cured by the hardener
containing an accelerator (PB2). This could be prede-
termined by rather short aliphatic chains between
epoxy groups in PA2, which creates tighter crosslinking
of the coatings. Flexibility of the coatings is fair and
almost independent of the used reactive diluent.

(@)

Curing of the coatings by the hardener-containing
accelerator (PB2) increases flexibility of the coatings.
Adhesion of the coatings is good and does not depend
on the used RDs and amine hardeners. Impact resis-
tance of the coatings is rather good and is slightly
affected by composition of PA and PB. Slightly higher
impact resistance is characteristic for the coatings
containing difunctional reactive diluents (PA3 and
PA4). Curing of the coatings by the hardener-contain-
ing accelerator (PB2) slightly reduces impact resis-
tance.

Table 8 presents properties of anticorrosion epoxy
coatings containing not only RDs but also fillers and
various additives. Coatings containing fillers and var-
ious additives were used to evaluate the effect of
reactive diluents on properties of coatings in real
formulations. Quartz, glass flakes, and silicon carbide
were used as fillers. Quartz is a filler increasing
mechanical properties of coatings such as abrasion
resistance, hardness and impact resistance and also
decreasing coatings cost.”' The diameter of the quartz
particles used in the present compositions was between
20 and 60 pm. Glass flakes are known to improve
corrosion resistance as well as decrease water and
chemical permeability through coatings by creating
barrier.” Glass fillers are often used in lining systems
and marine coatings that require the highest mechan-
ical properties, resistance to both heat and cold, and
great chemical resistance. Silicon carbide particles
were chosen to improve abrasion resistance of the
coatings. Coatings were pigmented by titanium dioxide
that is widely used to increase whiteness and hiding
power of coatings. The amount of pigments/fillers and
solvents in PA was 30% and 2%, respectively. Com-
mercial defoamers, rheology additives, and leveling
agents were used to reduce bubble formation, control
viscosity, and improve leveling.

It should be noted that the content of fillers and
additives is the same in all compositions. Hardness and
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Fig. 5: DSC curves of the epoxy resins PA1, PA2, and PA4 cured by the amine hardeners PB1 (a) and PB2 (b)
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Table 7: Properties of the cured epoxy coatings containing reactive diluents of various functionalities

Epoxy resin PA1 PA2 PA3 PA4
Hardener PB1 PB2 PB1 PB2 PB1 PB2 PB1 PB2
Ty (°C) 51.9 60.0 58.2 64.4 - - 51.3 61.9
Hardness (Osc) 88 103 83 96 101 104 102 103
Flexibility (°) 12.3 23.0 16.2 22.6 9.2 14.6 12.3 15.7
Adhesion (MPa) 20.3 19.8 19.7 221 17.3 23.3 23.0 19.8
Impact resistance (J) 45 45 5.0 45 6.0 55 6.0 5.0
Table 8: Properties of the cured epoxy coatings containing various reactive diluents, fillers, and additives
Epoxy resin PA1 PA3 PA4
Hardener PB1 PB2 PB1 PB2 PB1 PB2 PB1 PB2
Viscosity at shear rate 0.1 cm~" (Pa's) 60.3 40.3 451 30.2 40.1 26.7 435 27.8
Viscosity at shear rate 1000 cm~" (Pas) 2.65 3.47 1.69 242 1.89 2.63 2.24 2.65
Hardness (Osc) 94 95 93 97 90 105 97 107
Abrasion resist. (mg) 39 34 52 25 23 20 19 15
Adhesion (MPa) 21.9 21.2 21.4 24.2 19.3 19.8 19.3 20.6
Impact resistance (J) 7 9 8 10 7 8 9 9

adhesion of the filled coatings are comparable to those
of unfilled and do not depend on RDs (see SI for
illustration). Impact resistance of the filled epoxy
coatings is much higher due to special fillers such as
glass flakes and quartz but also do not depend on RDs.
The filled coatings are characterized by very high
abrasion resistance, especially, those containing difunc-
tional RDs (PA3 and PA4) due to tighter crosslinking
of the coatings. The use of the amine hardener
containing an accelerator (PB2) increases abrasion
resistance.

Very important characteristic of the mixed epoxy
compositions is dynamic viscosity at low shear rate
(0.1 s~1) mimicking storage state and at high shear rate
(1000 s~') mimicking airless spray (Table 8). Low
viscosity of the mixed compositions is desirable.
Dynamic viscosity of the mixed compositions at high
shear rates was in correlation with the viscosity of RDs.
The highest viscosity is characteristic for the compo-
sition containing trifunctional RD (PA1). Viscosity of
the compositions containing difunctional RD is the
lowest, especially, at low shear rate. Mixing with the
hardener containing an accelerator (PB2) reduces
viscosity at low shear rate but evidently increases
viscosity of the compositions at high shear rate.

Conclusions

The effect of reactive epoxy diluents (RDs) of various
functionalities on curing of epoxy resins is noticeable
but small. Curing of the epoxy resin containing
trifunctional RDs is characterized by the largest

activation energy E,, while curing of the epoxy resin
containing difunctional RDs by the lowest. Cure
process of the epoxy resins by amine hardeners is the
first-order reaction irrespective of the RDs used. The
shortest gelation time under curing is characteristic for
the epoxy resins containing difunctional RDs. Vitrifi-
cation time of the cured epoxy resins containing
difunctional and trifunctional RDs is very close, but
the presence of monofunctional RDs makes vitrifica-
tion time longer. The data got from DSC analysis and
rheological measurements on curing of epoxy resins
containing reactive diluents of various functionalities
suggest that the use of difunctional RDs facilitates
curing process enabling to reach high degree of curing
faster. By contrast, trifunctional RDs increases activa-
tion energy of the process and retards curing.

Reactive epoxy diluents had some effect on proper-
ties of the cured naked and filled epoxy coatings.
Adhesion and flexibility of the coatings did not depend
on functionality of RDs. The use of trifunctional RD
increased viscosity of the epoxy formulations and had
no positive effect on mechanical properties of the
coatings. Monofunctional RD helped to decrease
viscosity of the epoxy formulations at high shear rate
and increase flexibility of the coatings. The most
noticeable effect had difunctional RDs decreasing
viscosity of the epoxy formulations and increasing
hardness and abrasion resistance of the filled coatings.

Difunctional reactive epoxy diluents show great
potential to be used in epoxy formulations by facili-
tating curing process and improving mechanical prop-
erties of the cured epoxy coatings.
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Abstract

Due to fast reaction with isocyanates, polyaspartic acid esters (PAAE) can be
used for the development of microcapsules for self-healing coatings. Microcap-
sules with encapsulated PAAE into shell formed by UV-cured commercial
epoxy-acrylate resin were produced through oil-in-water emulsion polymeriza-
tion triggered by UV light. The obtained microcapsules were characterized by
FTIR, TGA, optical microscopy, and SEM. Various encapsulation parameters,
including core to shell ratio, agitation speed, emulsifier type and concentra-
tion, solvent type and its concentration in the oil phase, have been selected at
four different levels. Microencapsulation was optimized using Taguchi L16
parameter design approach for determination of desired outcome as larger is
better (maximal core content) and nominal is better (microcapsule diameter of
50 pm). It was determined that conditions to prepare microcapsules with the
highest core content and the microcapsule size close to 50 pm are rather simi-
lar requiring core-to-shell ratio at about 4:1, low agitation speed of 500-
1000 rpm, and the use of two polymeric emulsifiers poly(vinyl alcohol) and
Gum Arabic at concentration of about 2%. Primary benefits of UV-induced
shell formation during microencapsulation of active compounds are remark-
ably shorter time of the process and possibilities to reach high core content
and prepare microcapsules of desirable size.

KEYWORDS

epoxy-acrylate resin, microencapsulation, polyaspartic acid ester, Taguchi method, UV
curing

successfully produced using various techniques such as
interfacial polymerization, in situ polymerization, coacer-

Encapsulation is an effective preservation method to
cover an active compound with a protective shell. The
protective shell provides stabilization of the active com-
pounds, allowing them to maintain their chemical, physi-
cal, and biological properties, as well as release of active
compounds or delivery under specified or desired condi-
tions."? Microcapsules with active agent have been

vation, meltable dispersion, or physical wall formation.?
Core-shell microcapsules have also been prepared by
inverse emulsion (w/o), Pickering stabilization,*”” inverse
Pickering stabilization,*'° and multiple emulsions,® and
so forth. The correct choice of the wall material is very
important since it influences the encapsulation efficiency
and stability of the microcapsules. The ideal wall material
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should have good rheological properties at high concen-
trations, chemical non-reactivity with the active core
materials, ability to seal and hold the active material
within its structure during processing or storage, ability
for providing maximum protection to the active material
against oxygen, heat, light, and humidity, and other envi-
ronmental conditions."" The advantages and benefits of
encapsulation technology have been applied in various
areas of applications, such as textile, cosmetics, wastewa-
ter treatment, food, pharmaceutical, chemical industry,
corrosion inhibition, and so forth.

In the last two decades, extensive studies were directed
toward microcapsules providing self-healing capabilities.
The encapsulation of reactive components not only pro-
longs pot-life of active materials, but it also serves for their
controlled release as required for practical applications.
Self-healing polymeric materials have a great potential to
be explored and utilized in many applications such as
engineering and surface coating. The prevailing technique
often employed involves the integration of microcapsules
filled with an active agent into the primary polymer
matrix. When cracks develop within the polymer matrix,
the microcapsules rupture, enabling the release of the
active agent. The active agent then triggers cross-linking
processes, enabling the repair and restoration of the
cracked areas. Numerous polymer materials are appropri-
ate for creating the shell of the capsules. The most popular
shells for microcapsules formation are poly(urea
formaldehyde),">” poly(melamine formaldehyde),'**°
poly(urea melamine formaldehyde),"**" polyurethane,*
polyurea,** poly(methyl methacrylate),?** and others.

Among others, UV curable materials are promising to
be used for encapsulation of active compounds. UV curable
shell of microcapsules can be formed from various materials
subject to the specific requirements of an application. UV-
curable resins or polymers, such as acrylates, epoxies, or
urethanes, can be used to form the shell. These materials
are designed to undergo polymerization and cross-linking
upon exposure to UV light, resulting in a solid and durable
shell. A microfluidic device was employed to produce
monodisperse  water-in-oil-in-water (W/O/W) double-
emulsion droplets of controllable size.'* Under UV irradia-
tion, ethoxylated trimethylolpropane triacrylate prepolymer
was cross-linked to form the shell of microcapsules.®® Tung
oil as a self-healing agent was encapsulated into photo-
crosslinkable polyacrylic shell.*! The oil phase contained
tung oil, photopolymerization monomer glycidyl methacry-
late, and crosslinker 1,6-hexanediol diacrylate. Upon UV
irradiation, glycidyl methacrylate and 1,6-hexanediol diacry-
late were polymerized along the inner side of the oil drop-
lets, leading to the formation of cross-linked poly(glycidyl
methacrylate) shell. The microcapsules exhibited good
mechanical properties, allowing them to maintain their

integrity even under high shear forces encountered during
agitation and further dispersion within water-based epoxy
coating.*! Photopolymerization technology combined with
solvent evaporation technique was employed to prepare
microcapsules containing linseed oil as an active agent for
self-healing purposes.”® Polyurethane acrylate with four
active sites was used for shell formation. The initial emul-
sion was directly irradiated by UV light for the polymeriza-
tion of UV-curable prepolymer of polyurethane acrylate,
and then the co-solvent was removed to prepare microcap-
sules. Water-borne epoxy coatings formulated with micro-
capsules exhibited good self-healing properties, enabling
full recovery of scratches with a microcapsule concentration
of 15 wt%.”

Polyaspartic acid esters (PAAE) are essential for the
development of polyaspartic coatings. PAAE is used as
co-reactants in the two-component polyurea system,
along with an isocyanate component.* During NCO-
amine reaction, a crosslinked polyurea network is
formed, providing the coating unique properties, such as
exceptional chemical resistance, abrasion resistance, flex-
ibility, and fast curing. Due to fast reaction with isocya-
nates, PAAE can be used for the development of
microcapsules for self-healing coatings. However, to our
knowledge, there are only a couple publications on
encapsulation of PAAE. PAAE was encapsulated in
poly(melamine-formaldehyde) shell via in situ polymeri-
zation method.' It was determined, however, that the
reaction between the amino groups of PAAE and
hydroxyl groups of the melamine-formaldehyde prepoly-
mer occurred during the shell formation leading to
reduced size of microcapsules.'® It was reported that
smaller microcapsules were less likely to rupture during
the scratch process providing worse self-healing proper-
ties to the coating.'®

The successful microencapsulation process depends
on numerous controlled and uncontrolled parameters
within the preparation process, which are interconnected
in a synergistic manner. The Taguchi orthogonal array is
a robust and systematic experimental design technique
employed to minimize the influence of uncontrollable
factors and determine the optimal combination of process
parameters. Taguchi experimental design method utilizes
two major tools: orthogonal array for experiment design
and analysis of data using signal-to-noise ratio (SNR).
Orthogonal arrays are fractional factorial design of exper-
iments where only a fraction of the total possible combi-
nations of variables are considered. The SNR indicates
the sensitivity of signal (characteristic of quality) to noise
(deviation in factors). The SNR is mainly used as an
objective function to determine the most optimum set of
operating conditions. There are three main types of SNRs
used in the Taguchi method: smaller-the-better (used
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when the goal is to minimize the response), larger-
the-better (used when the goal is to maximize the
response) and nominal-the-better (used when the aim is
to achieve a target value for the response).*®> Two charac-
teristics such as higher loading and optimal size of micro-
capsules are the most desirable for optimization of
encapsulation processes. Different parameters can be var-
ied in obtaining both characteristics. Usually, such
parameters as agitation speed, surfactant type and con-
centration, reaction time, reaction temperature, and core
to shell ratio are chosen as affecting loading and size of
microcapsules.?®34-3%

The purpose of the present study was to demonstrate
the possibilities of encapsulation of PAAE into UV-cured
epoxy-acrylate shell produced through oil-in-water emul-
sion polymerization triggered by UV light. Another objec-
tive was optimization of the encapsulation process using
Taguchi's L16 parameter design approach enabling to
find optimal encapsulation parameters ensuring desired
outcome as larger is better (maximal core content) and
nominal is better (microcapsules size of 50 pm).

2 | EXPERIMENTAL

2.1 | Materials and methods

The UV printing resin Anycubic Colored UV Resin con-
taining epoxy resin and (1-methyl-1,2-ethanediyl)bis[oxy
(methyl-2,1-ethanediyl)|diacrylate was purchased from
ANYCUBIC 3D Printing. The epoxy-acrylate resin is char-
acterized by low viscosity, short curing time, low shrink-
age after curing, and appropriate hardness. Polyaspartic
acid ester Desmophen® NH 1220 (PAAE) was purchased
from Covestro AG, xylene was supplied by Eurochemicals,
ethyl lactate was obtained from TCI, and sodium dodecyl-
benzenesulfonate (SDBS) was acquired from Eurochemi-
cals. Gum Arabic (GA) was purchased from Thermo
Fisher Scientific, while styrene maleic anhydride copoly-
mer (SMA) and polyvinyl alcohol (PVA, deacetylation
degree 85%) were obtained from Sigma-Aldrich.

2.2 | Encapsulation of polyaspartic
acid ester

Microcapsules containing encapsulates PAAE were
obtained by an oil-in-water emulsion polymerization
method. General procedures and an example of the used
materials are presented below. To make microcapsules
EA1, the oil phase was prepared by mixing UV curable
epoxy-acrylate resin (1.67 g), PAAE Desmophen NH 1220

SCIENCE

(1.67 g), and solvent ethyl lactate (1.67 g). An emulsifier
solution was prepared by dissolving and stirring over-
night PVA (3g) and GA (4.5g) in deionized water
(142.5 g) to make PVA 2%/GA 3% solution. The oil phase
(5 g) was then added to 150 g of aqueous emulsifier solu-
tion (Tables 1 and 2) and stirred at a given speed by Ultra
Turrax homogenizer for 10 min. The resulting emulsion
was subjected to photo-irradiation with 48 W UV light
for 3min at a distance of 10 cm. The microcapsules
obtained were washed with deionized water and sepa-
rated by freeze-drying.

2.3 | Characterization of microcapsules
FT-IR spectra of the microcapsules were recorded using a
Jasco FT-IR 4600 spectrometer in the range 550-
4000 cm™'. The amount of PAAE plus solvent as a core
of microcapsules was determined by thermogravimetric
analysis (TGA) using Hitachi STA200 instrument, with a
heating rate of 40°C/min until 150°C, and then 10°C/min
until 550°C under a nitrogen gas flow. The average
microcapsule size was determined by optical microscope
Nikon Eclipse LV100ND. Size, form, and rupture of the
microcapsules were further characterized by scanning
electron microscope (SEM) Hitachi TM3000.

2.4 | Design of experiment by Taguchi
method

It was determined in preliminary studies that there are
four key parameters that have the potential impact to the
core content and size of microcapsules. These parameters
are the core-to-shell ratio, agitation speed, type and
amount of emulsifier, and type and amount of solvent for
the oil phase. The selected parameters and their levels
are presented in Tables 1 and 2. The range of levels was
chosen during preliminary experiments.

The Taguchi design methodology was utilized in this
study to determine the optimal process parameters
through the use of SNR analysis.** The larger-the-better
criterion (Equation 1) was used to identify the optimal
conditions to achieve the maximum core content of the
microcapsules, while the nominal-the-best criterion
(Equation 2) was used to find conditions favorable for
producing microcapsules with the size of 50 pm.

%:710-log<%z}%>, (1)

Larger-the-better.
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TABLE 1 Taguchi design parameters and their selected levels for the experiment using ethyl lactate as a solvent.
Levels
Parameter, units 1 2 3 4
Core-to-shell ratio 2:1 31 4:1 511
Agitation speed, rpm 500 750 1000 3000
Emulsifier and its concentration, % PVA 2/GA 3 PVA1/GA 1.5 SDBS 1 PVA 2/SDBS 1
Ethyl lactate, % of the core content 50 25 10 -
Abbreviations: GA, Gum Arabic; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.
TABLE 2 T: hi i
Levels aguF i design
parameters and their selected levels for
Parameter, units 1 2 3 4 the experiment using xylene as a
Core-to-shell ratio 2:1 311 41 511 solvent.
Agitation speed, rpm 500 750 1000 3000
Emulsifier and its concentration, % PVA 2/GA 3 PVA1/GA 1.5 SDBS 1 SMA 1
Xylene, % of the core content - 25 50

Abbreviations: GA, Gum Arabic; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.

S &

——-10-log%, 2

N s 52 @
Nominal-the-best.

3 | RESULTS AND DISCUSSION

3.1 | Encapsulation of PAAE into UV
curable resin

Dual-component microcapsules are commonly employed
to attain favorable self-healing characteristics. Polyaspar-
tic acid ester (PAAE) was chosen as a healing agent based
on its high reactivity with isocyanates and good compati-
bility with matrix. The resulting product polyurea offers
numerous advantages, such as good leveling perfor-
mance, alkali and acid resistance, water and wear
resistance.

Schematic representation of encapsulation process is pre-
sented in Scheme 1. The oil phase, containing UV curable
resin, PAAE and a solvent, was dispersed in an aqueous
phase, containing an emulsifier. After full homogenization
and UV curing, crosslinking through the units of (1-methyl-
1,2-ethanediyl)bis[oxy(methyl-2,1-ethanediyl)]diacrylate
along the inner side of the oil droplets occurred, resulting in
formation of microcapsule shells. Encapsulation of PAAE
into UV cured shell enabled to prepare mechanically stable
microcapsules within extremely short time (3 min).

Successful encapsulation depends on many factors,
with emulsification being the primary and most influen-
tial factor. The emulsification depends on the selected

emulsifier, agitation speed, temperature, and duration of
the process. The emulsifier ensures generation of new oil
droplets in the dispersed phase and subsequent stabiliza-
tion of these droplets. Polymeric and charge-containing
emulsifiers (stabilizers) were used for stabilization of the
emulsions. Mixture of poly(vinyl alcohol) and Gum Ara-
bic (PVA-GA), a copolymer of styrene and maleic anhy-
dride (SMA) or sodium dodecyl benzyl sulphonate
(SDBS) were used as stabilizers. Gum Arabic demon-
strated good stabilization ability in many studies on
microencapsulation.**> Combining two polymeric stabi-
lizers, PVA and GA, gave even better results, increasing
efficiency of microencapsulation. SMA was also often
used for stabilization of emulsions containing encapsulat-
ing materials.*"*> Hydrolyzed SMA possesses hydrophilic
carboxyl groups alongside hydrophobic aryl groups,
enabling it to self-assemble into a dual-layered structure.
This emulsifier combines both polymeric and ionic stabi-
lization. Low molecular weight charge-containing emul-
sifier SDBS exhibits good stabilization by the formation
of micellar layer on hydrophobic droplets.

It is known,* that increasing size of microcapsules
usually worsens their mechanical properties but improves
healing efficiency. Obviously, there is an optimal micro-
capsule size that can effectively balance both properties.
When the size of microcapsules approaches the thickness
of a coating, it leads to compromised mechanical and
visual characteristics of the coating. In the present study,
obtaining of microcapsules with the size of 50 pm was pro-
jected, since microcapsules of such dimensions are appro-
priate for the coatings with the thickness of 150-200 pm.

Two series of experiments were carried out to synthe-
size microcapsules differing in size and core content.
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Mixture of UV
curable resin and
PAE in emulsifier

solution

Hidrophobic solvent

Polyaspartic acid ester

Fotoinitiator

SCHEME 1
viewed at wileyonlinelibrary.com]

Four key parameters such as core-to-shell ratio, agitation
speed, emulsifier type and concentration, and amount of
solvents ethyl lactate or xylene were chosen to govern
core content and size of microcapsules. In the first series
(Table 1), solvent for the oil phase ethyl lactate was used
to enhance layer separation during emulsification. Ethyl
lactate is a biodegradable solvent with high solvency
power, low vapor pressure, low surface tension, and high
boiling point. The substitution of solvents like toluene or
acetone with ethyl lactate has led to a notably safer work-
ing environment.** In the second series (Table 2), the sol-
vent for the oil phase ethyl lactate was replaced by
xylene, and the emulsifier mixture PVA/SDBS by an
emulsifier SMA. This was done trying to evaluate
whether xylene contributes to improving layer distribu-
tion between UV curable resin and PAAE within the core
before shell formation. Data of microencapsulation of
PAAE in UV curing epoxy-acrylate resin are presented in
Tables 3 and 4.

3.2 | Characterization of the prepared
microcapsules

Size of microcapsules was evaluated using optical micros-
copy (OM) and SEM (Figures 1-4). The microcapsules
are round and of perfectly spherical structure, which size

CIENCE

UV light

Mi le formati ,C?/ ‘f?
icrocapsule formation
under UV light l'\'!l K
—_— o
r

Schematic representation of polyaspartic acid esters encapsulation into UV cured epoxy-acrylate shell. [Color figure can be

distribution depends on experimental conditions. After
drying, most of the microcapsules were in powder form.
Average size of microcapsules significantly depends on
conditions of preparation and varies from 10 to 230 pm
(Tables 4 and 5, Figures 1-4). Core-to-shell ratio has low
impact on the microcapsule size, and this is in accord
with previous observations.® Microcapsule size highly
depends on agitation speed being large at low agitation
and much smaller at high agitation. The smallest micro-
capsules with the average diameter 10-30 pm were
obtained at agitation speed 3000 rpm while the largest
with the diameter 100-130 pm at agitation speed 500-
750 rpm. Emulsifiers prevent agglomeration of microcap-
sules, thus high concentration of emulsifiers is preferen-
tial for the formation of the microcapsules with smaller
diameter. Solvents dilute viscous oil phase, which facili-
tates formation of smaller microcapsules. Viscosity of
xylene is more than three times lower compared to that
of ethyl lactate, which is why dilution of the oil phase
with xylene gives the smallest microcapsules and with
narrower size distribution.

Upon pressing microcapsules between two glass
panels, the healing agent PAAE is released and is seen as
oil spatters on the glass. It was noticed that the microcap-
sules obtained using a mixture of emulsifiers PVA 2%/
SDBS 1% were mostly tended to agglomeration, were
unstable during drying process and releasing lower
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TABLE 3
Core:
No Shell
EA1 2:1
EA2 3:1
EA3 4:1
EA4 5:1
EAS5 2:1
EA6 3:1
EA7 4:1
EAS8 5:1
EA9 2:1
EA10 31
EA11l 41
EA12 51
EA13 21
EA14 31
EA15 41
EAl16  5:1

Abbreviations: GA, Gum Arabic; PAAE, polyaspartic acid esters; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.

TABLE 4
Core:
No Shell
XAl 2:1
XA2 31
XA3 4:1
XA4 5:1
XAS5 2:1
XA6 3:1
XA7 4:1
XA8 5:1
XA9 2:1
XA10 3:1
XAll 41
XAl12 51
XA13 21
XAl4 31
XA15 41
XAl6 51

Abbreviations: GA, Gum Arabic; PAAE, polyaspartic acid esters; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.

Agitation
speed, rpm
500
750
1000
3000
750
1000
3000
500
1000
3000
500
750
3000
500
750
1000

Agitation
speed, rpm
500
750
1000
3000
750
1000
3000
500
1000
3000
500
750
3000
500
750
1000

lied Poly:

Emulsifier and its
concentration, %

PVA 2/GA3
PVA1/GA 1.5

SDBS 1

PVA 2/SDBS 1

SDBS 1

PVA 2/SDBS 1

PVA 2/GA3
PVA1/GA 1.5

PVA 2/GA3
PVA1/GA 1.5

SDBS 1

PVA 2/SDBS 1

SDBS 1

PVA 2/SDBS 1

PVA 2/GA 3
PVA1/GA 1.5

Emulsifier and its
concentration, %

PVA 2/GA3
PVA1/GA 1.5
SDBS 1
SMA 1
SDBS 1
SMA 1
PVA2/GA 3
PVA1/GA 1.5
PVA 2/GA 3
PVA1/GA 1.5
SDBS 1
SMA 1
SDBS 1
SMA 1
PVA 2/GA 3
PVA1/GA 1.5

mer

CIENCE
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Ethyl lactate
in core, %

50
25
10

50
25
10
10
50
25
25
10

50

Xylene in
core, %

10
25
50
50
10
25
25
50
10
10
25
50

amount of encapsulated PAAE after mechanical crush.
Release of the core material PAAE after mechanical dam-
age of the microcapsules was observed by SEM

Data of microencapsulation of PAAE in UV-curing resin: first series—ethyl lactate as a solvent.

Core
t, Microcap

% size range, pm
40.3 30-270
51.2 20-260
21 5-160
19 5-100
47.6 10-1110
10.3 5-110
41.7 15-100
71.1 70-400
37.5 10-140
51.6 10-120
43.7 30-280
14.2 5-150
13.2 5-110
58.1 20-330
63.7 40-180
46.4 10-150

Core
content,
%

54.3
53.1
48.5
6
285
57.4
17.3
68.7
15.6
40.8
63.1
56.8
29.8
54.8
23.5
62.7

Data of microencapsulation of PAAE in UV-curing resin: second series — xylene as a solvent.

Microcapsule
size range, pm

18-500
11-620
21-53
9-28
38-70
18-280
5-50
20-150
8-25
15-60
30-390
16-240
9-130
23-210
5-35
10-140

Average micro-
capsule size, pm

70
130
50
30
100
40
50
130
70
70
70
60
10
100
80
70

Average

microcapsule
size, pm

60
60
50
15
20
70
30
50
20
25
230
50
22
60
15
40

(Figures 2b and 4b). Under mechanical pressure, the

microcapsules containing ethyl lactate as a solvent tend
to shrink instead of breaking, which means that
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(c)

OM micrographs of the microcapsules EA15 (upper line) and EA16 (bottom line), obtained in the presence of ethyl lactate

as a solvent, in solution (a), dried (b), and ruptured (c). OM, optical microscopy. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2
microscope micrographs of dried (a) and
ruptured (b) microcapsules EA16. [Color
figure can be viewed at
wileyonlinelibrary.com]

Scanning electron

microcapsule shell is too elastic. In contrast, the microcap-
sules containing xylene as a solvent tend to break. We sup-
pose, this phenomenon is related to volatility of the solvents:
methyl lactate remains mainly in the shell while xylene
mainly evaporates making shell structure more fragile.

FTIR spectra of the cured epoxy-acrylate resin (micro-
capsule shell), PAAE Desmophen NH 1220 (microcapsule
core) and microcapsules containing encapsulated PAAE
were recorded (Figure 5). At several frequencies, the
absorption bands of the core and shell materials over-
lapped due to the similarity of their functional groups.
The absorption bands at approximately 2982 and
2870 cm™ ! belong to asymmetric and symmetric vibra-
tions of C—H bonds of CH; or CH, groups, respectively.
Characteristic absorption band of C=O stretching vibra-
tions at 1730 cm ™! is associated with both epoxy-acrylate
resin and PAAE.* Fortunately, PAAE C=O absorption

() (b)

band is stronger than that of the shell material, which
enables to confirm encapsulation by increasing intensity
of that band. A broad absorption band associated with
hydroxyl groups of epoxy-acrylate is observed at 3580-
3200 cm™'. The absorption band at 1520 cm™' corre-
sponds to C=C stretching vibration in aromatic epoxy
resin. The absorption band at 1247 cm ' is characteristic
for the O=C—O—C ester bond in the polymeric acry-
late.*® The absorption peak at 1060 cm ' demonstrates
the presence of an aromatic ether group.*’ Characteristic
absorption bands of PAAE secondary amine are at
3340 cm™! (—NH stretching vibrations), 860 cm™' (—NH
rocking vibrations), and 1030 cm™' (—C—N stretching
vibrations). In the spectra of microcapsules, in addition
to the distinctive absorption bands attributed to the shell
material, the absorption bands attributed to the core
material were also present.
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(a)

FIGURE 3

()

OM micrographs of the microcapsules XA12 (upper line) and XA15 (bottom line), obtained in the presence of xylene as a

solvent, in solution (a), dried (b), and ruptured (c). OM, optical microscopy. [Color figure can be viewed at wileyonlinelibrary.com]

(a)

TABLE 5
Core: Shell Agitation speed, rpm
First series EA1-EA16 4:1 500
Second series XA1-XA16 31 500

(b) FIGURE 4

Scanning electron
microscope micrographs of dried (a) and
ruptured (b) microcapsules XA15. [Color
figure can be viewed at
wileyonlinelibrary.com]

Optimal conditions for microencapsulation of PAAE in UV curing resin in respect to the highest amount of the core content.

Emulsifier and its ration, %
PVA 2/GA 3 -

PVA 1/GA 1.5 =

Abbreviations: GA, Gum Arabic; PAAE, polyaspartic acid esters; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.

For determination of the core content in microcap-
sules, TGA of the core material, shell material, and
microcapsules was done (Figure 6). Destruction and
evaporation of the core material PAAE starts at approxi-
mately 200°C and continues until approximately 300°C.
Degradation of the shell material proceeds at much
higher temperatures, between 330°C and 480°C. As deg-
radation of both materials occurs at distinct tempera-
tures, determination of the core content in microcapsules

is based on relative weight loss at temperatures until
320°C. Unfortunately, there is no possibility to discern
between PAAE and solvent present in the core of micro-
capsules by TGA since these materials lose weight in the
same temperature interval. Core content of the microcap-
sules was affected by many factors and was in the range
from 6% to 72% (Tables 3 and 4). Very importantly, com-
bining several parameters affecting microencapsulation
process enabled to achieve high core content with the
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FIGURE 5 FTIR spectra of PAAE 4000 3500 3000 2500 2000 1500 1000
Desmophen NH 1220, UV cured resin 125 [ PAE Desmophen NH 1220 ‘ T T i i T —
and EA8 microcapsules. r ] e
100 R T
75
50 -
~ 1 I: 1 1 L
5125 —— UV cured resin]
8100 | I ﬂjﬂmﬁ’ﬁvﬁ‘
g 3
E st v
g 1
= 50 ; i
s i i
[ " 1 n {1f " 1 L 1 L :I " 1 "
125 [ EAS microcapsules‘ : : 7
[T A — 7\,/’ . ot L
‘ T b
75 2982 cm” H L\ /ﬁv A
1 1520icm \i : e
s0 |- 1730 o |{ . /,\j ‘-\\ﬁ 860 unl_
: | 1247 cm’! 1060 cm’!
1 L 1 1 1 1 H
4000 3500 3000 2500 2000 . 1500 1000
Wavenumber (cm™)
FIGURE 6 TGA and DTG curves of
the core material PAAE (black), shell
material cured epoxy-acrylate resin (red)
and microcapsules XA8 (blue). [Color
figure can be viewed at 3
wileyonlinelibrary.com] i
=
a

100,0

amount of encapsulated PAAE in microcapsules up to
60-70%.

33 |
process

Optimization of the encapsulationn

The SNR calculated using the Taguchi criterion
larger-the-better as used for identification of the optimal
conditions to achieve the maximum core content of the
microcapsules, and the Taguchi criterion nominal-
the-best to find conditions favorable for producing micro-
capsules with the average size of 50 pm. The impact of
each parameter is presented in Figure 7.

The highest SNR value (and the same, the highest

core content) was at the core-to-shell ratio 4:1 when

300,0
Temp Cel

500,0

using ethyl lactate as the solvent, and at the core-to-shell
ratio 3:1 when using xylene (Figure 7a,b). Microcapsule
size was closest to the target value of 50 pm at core-
to-shell ratio 4:1 in the presence of ethyl lactate as the
solvent, but this ratio was shifted to 5:1 in the presence of
xylene (Figure 7c,d).

The core content of microcapsules is the highest at low
agitation speed (Figure 7a,b). This phenomenon could be
attributed to the formation of larger microcapsules, since
faster agitation usually leads to smaller microcapsules.®
Furthermore, increasing the agitation speed may raise the
likelihood of destruction of microcapsules with thinner
shells and, the same, higher core content. The microcap-
sules with an average size of 50 pm (Figure 7c,d) were pro-
duced at agitation speed of 1000 rpm, which was found to
be optimal for both series.
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FIGURE 7 SNR plots according to Taguchi method; the dependence of the microcapsule core content (a,b) and microcapsule size (c,d)
on microencapsulation parameters core to shell ratio, agitation speed, type and concentration of emulsifier, and ethyl lactate (a,c) or xylene
(b,d) content.
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TABLE 6 Optimal conditions for microencapsulation of PAAE in UV curing resin in respect to the nominal microcapsule size of 50 pm.

Core: Shell Agitation speed, rpm
First series EA1-EA16 4:1 1000
Second series XA1-XA16 5:1 1000

Emulsifier and its concentration, % Solvent content, %
PVA 2/GA 3

PVA 1/GA 1.5

Ethyl lactate, 25
Xylene, 25

Abbreviations: GA, Gum Arabic; PAAE, polyaspartic acid esters; PVA, polyvinyl alcohol; SDBS, sodium dodecylbenzenesulfonate.

In the presence of ethyl lactate as the solvent, the
highest core content of the microcapsules was achieved
using a mixture of the emulsifiers PVA 2% and GA 3%
(Figure 7a). Meanwhile, when ethyl lactate was replaced
by xylene, the optimal emulsifier concentration was
lower—PVA 1% and GA 1.5%. Lower concentration of
the emulsifiers PVA and GA also fits well for the compo-
sitions containing ethyl lactate (Figure 7a). Optimal
emulsifier for the microcapsules with the size of 50 pm in
the presence of ethyl lactate is a mixture of PVA 2% and
GA 3% (Figure 7c); reasonably good results were obtained
also using SDBS 1% as an emulsifier. When xylene was
used as the solvent, the optimal concentration of the
emulsifiers was lower PVA 1% and GA 1.5% (Figure 7d).

Addition of the solvents either ethyl lactate or xylene
to the oil phase before encapsulation decreases core con-
tent of the microcapsules. Thus, the optimal conditions
for the microencapsulation of PAAE in respect to core
content exclude both solvents. Dilution of PAAE by a cer-
tain amount of ethyl lactate or xylene (25%) was favor-
able in preparing microcapsules with an average size of
50 pm (Figure 7c,d). Optimal conditions for microencap-
sulation of PAAE in UV curing resin are presented in
Tables 5 and 6.

4 | CONCLUSIONS

Microencapsulation of polyaspartic acid ester (PAAE)
into UV cured epoxy-acrylate shell was done through oil-
in-water emulsion polymerization triggered by UV light.
Microencapsulation of PAAE into UV curable epoxy-
acrylate resin was optimized using Taguchi L16 parame-
ter design approach trying to find conditions favorable to
prepare microcapsules with the highest core content and
the microcapsule size of 50 pm. The highest amount of
encapsulated PAAE as a core of the microcapsules (up to
70%) is obtained at core-to-shell ratio 4:1 to 3:1, low agita-
tion speed of 500 rpm, using a mixture of the emulsifiers
poly(vinyl alcohol) (PVA) 1-2% and Gum Arabic
(GA) 1.5-3%, and in the absence of solvents for the oil
phase. The optimal microcapsule size of 50 pm is formed
at core-to-shell ratio 4:1 to 5:1, agitation speed of
1000 rpm, using a mixture of the emulsifiers PVA 1-2%
and GA 1.5-3%, and the solvents for the oil phase ethyl

lactate or xylene at concentration 25%. Thus, conditions
to prepare microcapsules with the highest core content
and the microcapsule size close to 50 pm are rather simi-
lar requiring core-to-shell ratio at about 4:1, low agitation
speed of 500-1000 rpm, the use of two polymeric emulsi-
fiers PVA and GA at concentration of about 2%. Primary
benefits of UV-induced shell formation during microen-
capsulation of active compounds are remarkably shorter
time of the process and possibilities to reach high core
content and prepare microcapsules of desirable size.
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In this work, microcapsules containing isophorone diisocyanate (IPDI) en-
capsulated within a polyurea (PU) shell were synthesised via an oil-in-water
emulsion interfacial polymerisation reaction involving tris(4-isocyanato phe-
nyl)thiophosphate (TIPTP) and triethylenetetramine (TETA). Characterisa-
tion of the resulting microcapsules was conducted using Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), optical
microscopy and scanning electron microscopy (SEM). Various encapsulation
parameters such as core-to-shell ratio, agitation speed, emulsifier type and
concentration, and reaction time were systematically varied at four different
levels. Optimisation of microencapsulation was performed using a Taguchi
L16 parameter design approach, aiming to maximise desired outcomes (i.e.
maximal core content and yield) while keeping the targeted microcapsule
diameter of 50 um. Under optimal conditions, the IPDI core content within
microcapsules was up to 75% and the microcapsule yield was up to 49%.

Keywords: microencapsulation, isophorone diisocyanate, polyurea, interfa-

cial polymerisation, Taguchi method

INTRODUCTION

Coatings are engineered with the primary objec-
tive of safeguarding the coated region against en-
vironmental and mechanical impairments, corro-
sion, and consequently extending the lifespan of
the coated object significantly. Within the category
of coatings, self-healing coatings exhibit a unique
capability to autonomously repair mechanical dam-
age or microcracks that may occur during their op-
erational service. Numerous healing systems have
undergone extensive testing over the years, with
one such system involving the incorporation of
microcapsules into the coating formulation [1-5].
These microcapsules contain healing agents such as
epoxy resins [6-8], amines [9, 10], isocyanates [11-

* Corresponding author. Email: liepa.pastarnokiene@chgf.stud.vu.lt

15] and various kinds of oils [16-18]. If the coating
is damaged, either through mechanical force or its
inclination to shrink and crack, the microcapsules
release healing agents into the affected area. This
action forms a new barrier against the environment
and seals the damaged area.

IPDI is a cycloaliphatic diisocyanate known
for its two reactive isocyanate groups, which
display distinct reactivity between primary and
secondary NCO groups. This distinctive prop-
erty imparts a high selectivity in reacting with
hydroxyl-bearing compounds. It is commonly
used in polyurethane foam formation [19-22] and
polyurethane coatings [23-25]. IPDI is a great
candidate for self-healing systems because of its
low curing speed, low viscosity and good reactiv-
ity when mixed with alcohols, polyols, amines or
water if catalysed [26-28].
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The selection of shell materials holds signifi-
cant importance as it can exert influence on both
the core composition of the microcapsule and its
integration into the coating system. Isocyanates
can be encapsulated into several different shells
like PU [29], polyurethane (PUR) [30], dou-
ble walled - polyurea/melamine-formaldehyde
(PU/MF) [31], polyurethane/urea-formaldehyde
(PUR/UF) [32], or even biodegradable shell from
polycaprolactone (PCL) [33]. In the referenced
studies, microcapsules demonstrated variations
in mechanical properties alongside differences
in size, shell thickness, porosity and structure.
Attaei et al. [29] described a synthesis technique
for producing PU microcapsules using Desmo-
dur RFE containing tris(p-isocyanatophenyl)
thiophosphante (TIPTP) at 27 wt.% in ethyl ac-
etate, IPDI and diethylenetriamine (DETA). PU
microcapsules typically exhibited an average dia-
meter of 10 pm with a shell thickness of 1.5 pm,
presenting a smooth, nearly spherical morphol-
ogy. Kardar et al. [30] investigated microcapsules
with PUR shell material derived from various
polyols. Morphological analysis revealed that
the capsules synthesised using glycerol exhibited
a wrinkled outer surface compared to those syn-
thesised using 1,4-butanediol and 1,6-hexanedi-
ol. To enhance the mechanical properties of mi-
crocapsules, Du et al. [31] and Cruso et al. [32]
developed microcapsules with a double shell.
Double shell PU/MF microcapsules displayed
elastomeric characteristics under small deforma-
tions (5.06%) and could recover after the applied
force. However, under conditions of larger defor-
mation (>14.53%), the microcapsules exhibited
a viscoelastic behaviour and could not recover.
In the case of PUR microcapsules coated with
a second layer of UF, TGA indicated improved
thermal stability compared to single-wall micro-
capsules.

\NH
H_.N/\/ \/\N NG| N~

Several methods can be employed to create
microcapsules for self-healing coatings includ-
ing in situ polymerisation [34, 35], interfacial
polymerisation [36-38], the solvent evaporation
method [33, 39] and spray drying [40, 41]. In situ
polymerisation and interfacial polymerisation
are methods most commonly used in production
of self-healing coating microcapsules from UF,
MF, PU, PUR and others mainly due to the high
active ingredient loading, moderately fast reac-
tion, high yield and controllable synthesis pro-
cess [42]. In comparison, the solvent evapora-
tion technique usually tends to have lower active
ingredient loading, lower yield, and thicker mi-
crocapsule shell formation [39, 42], although it
can form more durable and more chemically re-
sistant shells made from PCL [33] or with better
interfacial interaction made from poly(methyl
methacrylate) (PMMA) [18].

The purpose of the present study was to im-
prove the process of microencapsulation of
IPDI by interfacial polymerisation into a PU
shell reaching a very high IPDI core content
(Scheme 1). Another objective was optimisation
of the microencapsulation process using the Ta-
guchi’s L16 parameter design approach enabling
to find optimal parameters ensuring the maxi-
mal core content and, at the same, the formation
of microcapsules with a size of 50 pm.

EXPERIMENTAL

MATERIAL AND METHODS

Isophorone diisocyanate (IPDI, NCO content
37.5%) and polyisocyanate under commercial
name Desmodur RFE (27% solution of tris(4-iso-
cyanato phenyl)thiophosphate (TIPTP) in ethyl
acetate, NCO content of 7.2%) were supplied
by Covestro AG. Triethylenetetramine (TETA)

D

\ | i N / /§"
. HN
" iy
o A N \T-NH ’
~7 /

Scheme 1. Chemical reaction between TIPTP and TETA that leads to formation of PU microcapsule shells
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Scheme 2. Schematic representation of IPDI encapsulation into PU shell

was supplied by Huntsman. Sodium dodecyl-
benzenesulfonate (SDBS) was acquired from Eu-
rochemicals. Gum Arabic (GA) was purchased
from Thermo Fisher Scientific, while polyvinyl
alcohol (PVA, deacetylation degree 85%) was ob-
tained from Sigma-Aldrich.

Encapsulation of IPDI into PU shell

An example of the encapsulation of IPDI into

a PU shell (experiment No. IE1)

The solution of the emulsifiers PVA 2%/GA 3%
was prepared by dissolving PVA (3 g) and GA
(4.5 g) in deionized water (142.5 g) and stirring
overnight. The oil phase was prepared by mixing
IPDI (13.3 g) with the solution of Desmodur RFE
(15.6 g). The oil phase (28.9 g) was then added
to the emulsifier solution (150 g) and stirred
at 3000 rpm for 5 min. The resulting emulsion
was set to stir at the constant speed of 1000 rpm
while the temperature was increased up to 60°C.
When the temperature reached the intended
value, TETA was slowly added to the emulsion,
and the emulsion was stirred at 1000 rpm for
30 min. To remove unreacted materials, the ob-
tained microcapsules were washed with deion-
ized water 4-5 times. Finally, the microcapsules
were separated by freeze-drying at -55°C and
0.2 mbar.

Addition of TETA

Polyaddition
T=600°C ‘ ’
Tl LY
Triethylenetetramine
(TETA)

Characterisation of microcapsules

The assessment of average microcapsule size, size
distribution, and stability was conducted using
an optical microscope Nikon Eclipse LVIOOND.
Further characterisation of microcapsule size,
morphology and rupture was performed utilising
a scanning electron microscope (SEM) Hitachi
TM3000. The analysis of the microcapsules using
FT-IR spectra within a range of 550-4000 cm™!
was carried out by a Jasco FT-IR 4600 spectrom-
eter. The determination of the isophorone diiso-
cyanate (IPDI) content within the microcapsules
was executed through thermogravimetric analy-
sis (TGA) using a Hitachi STA200 instrument.
The TGA involved a heating rate of 40°C/min
until reaching 150°C, followed by 10°C/min until
550°C, all under a nitrogen gas flow.

Design of experiment by Taguchi method

In the preliminary investigation it was identified
that four pivotal parameters have the biggest po-
tential to influence the core content, size of mi-
crocapsules and microcapsule yield. These para-
meters are the core-to-shell ratio, agitation speed,
type and quantity of emulsifier, and reaction time.
The chosen parameters and their respective lev-
els are given in Table 1, with the range of levels
determined through preliminary experimental
assessments.
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Table 1. Taguchi design parameters and their selected levels

) Levels
Parameter, units
1 2 3 4
Core-to-shell ratio 2:1 31 4:1 5:1
Agitation speed, rpm 3000 4000 5000 6000
Emulsifier and its concentration, % PVA 2/GA 3 PVA 1/GA 1.5 SDBS 1 GA7
Reaction time, min 30 45 60 90

In this study, the Taguchi design methodology
was employed to find the optimal process para-
meters using signal-to-noise ratio (SNR) analy-
sis [43, 44]. The larger-the-better criterion (Eq. 1)
was applied to discern the optimal conditions for
attaining the maximum core content of the mi-
crocapsules and the highest reaction yield. Simul-
taneously, the nominal-the-best criterion (Eq. 2)
was utilised to identify conditions conducive to
the production of microcapsules with a size of
50 pm:

3.
N

S I 1 S 3’
—=-10-log| =) —| —=-10-log=-
N g[n Z y? J N &
Larger-the-better Nominal-the-best

In the equations, y represents the measured
value of the core content (%) or the microcapsule

Table 2. Data of microencapsulation of IPDI into PU shell

average size (um), n is the number of measure-
ments in a trial, and s is the nominal value.

RESULTS AND DISCUSSION

Encapsulation of IPDI into PU shell

The encapsulation process was studied using
the L16 Taguchi method matrix, where 4 chosen
parameters were changed throughout the syn-
thesis. Three different signals were received and
measured — the content of the healing agent IPDI
inside microcapsules (core content), the micro-
capsule size and the microcapsule yield. Synthesis
parameters and the signals are given in Table 2.

It was determined that some microcapsules
tend to agglomerate more than others. During
freeze-drying, which proceeds under deep vacu-
um, some microcapsules with thin or defectively
formed shells were deformed and even ruptured.

No. Core: | Agitation | Emulsifier end its I?ea(tiop Core content, Mi(rocapsule Average. microcapsule Micl.'ocapsule
shell | speed,rpm | concentration, % | time, min % size range, pm size, pm yield, %

IE1 2:1 3000 PVA 2/GA 3 30 58.9 20-90 35 36.7
IE2 31 4000 PVA1/GA 1.5 45 64.1 20-90 45 58.9
IE3 4:1 5000 SDBS 1 60 723 10-40 20 74.3
IE4 51 6000 GA7 920 78.6 20-90 60 26.9
IE5 2:1 4000 SDBS 1 90 52.2 10-20 10 84.3
IE6 31 5000 GA7 30 61.7 15-110 60 56.0
IE7 4:1 6000 PVA 2/GA 3 45 74.6 8-20 15 25.2
IE8 5:1 3000 PVA1/GA 1.5 60 76.1 30-120 80 326
IE9 2:1 5000 PVA 2/GA 3 60 58.3 10-40 35 6.5
IE10 31 6000 PVA1/GA 1.5 90 65.8 20-60 40 12.6
IET1 4:1 3000 SDBS 1 30 66.4 10-60 25 6.0
IE12 51 4000 GA7 45 69.7 30-60 50 294
IE13 21 6000 SDBS 1 45 49.9 10.0-20 10 71.5
IE14 31 3000 GA7 60 74.6 20-70 50 48.9
IE15 41 4000 PVA 2/GA 3 920 71.8 20-70 40 16.8
IE16  5:1 5000 PVA1/GA 1.5 30 73.1 20-80 40 19.3
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After the rupture, the core content of the micro-
capsules was released and spread among other
microcapsules which invoked sticking them to-
gether and agglomerating. Agglomeration can
also be caused by an unsuitable emulsifier chosen
for the system. It was determined that the micro-
capsules obtained in the presence of SDBS as an
emulsifier had higher tendency to agglomerate
than those obtained using GA or PVA/GA solu-
tions (Table 3). Moreover, using 1% SDBS as an
emulsifier led to the smallest microcapsule size. It
is known that small particles have a higher ten-
dency to agglomeration which leads to formation
of much larger aggregates [45].

Characterisation of the prepared microcapsules
The prepared microcapsules were analysed using
optical microscopy and scanning electron mi-
croscopy to evaluate the microcapsule size, size
distribution, stability in an aqueous solution and
in a dry state, and resistance to rupture under ap-
plied force (Figs 1, 2).

It was determined by optical microscopy that
the microcapsules synthesised in the presence of
1% SDBS as emulsifier were agglomerated both
in water and when dried. The agglomerates meas-
ured 300-1000 um in size were made up from 10-
60 um microcapsules stuck together and remained

Table 3. Stability of the synthesised microcapsules

agglomerated even after washing and freeze-dry-
ing. In contrast, the microcapsules synthesised
using GA and GA/PVA as emulsifiers were sta-
ble, round and dispersed evenly. When pressed
between two glass panels, the microcapsules un-
derwent collapse, and the subsequently released
healing agent was observed between the glass
panels. This observation signifies a high efficiency
in the encapsulation of the healing agent and sug-
gests the presence of thin microcapsule walls that
can be easily damaged.

Scanning electron microscopy (SEM) was used
to measure the microcapsule size as well as visual-
ise their surface and form, and determine the ap-
proximate thickness of microcapsule shell (Fig. 2).
Before the experiment, some microcapsules were
crushed using a metal spatula to examine the rup-
ture picture and microcapsule shell thickness. As
it is seen from the SEM images, the microcapsule
surface is smooth with slight indentations which
could be caused by freeze-drying process. It was
determined that the microcapsule shell was very
thin, with the thickness of about 1-3 pm, that is
why it can be easily crushed.

Microcapsules IE8 were added to polyaspar-
tic acid ester/isocyanate through the coating
which was cured. The clear coating was examined
with an optical microscope trying to determine

No. | Emulsifier/concentration, % | Stability in solution

Stability after drying

Microcapsule size Average microcapsule

range, pm size, pm
IE1 PVA 2/GA 3 Stable Stable 20-90 35
IE2 PVA1/GA 1.5 Stable Stable 20-90 45
IE3 SDBS 1 Agglomerated Agglomerated 10-40 20
IE4 GA7 Stable Stable 20-90 60
IE5 SDBS 1 Agglomerated Agglomerated 10-20 10
IE6 GA7 Stable Stable 15-110 60
IE7 PVA 2/GA 3 Stable Stable 8-20 15
IE8 PVA1/GA 1.5 Stable Stable 30-120 80
IE9 PVA 2/GA 3 Stable Stable 10-40 35
IE10 PVA1/GA 1.5 Stable Stable 20-60 40
IE11 SDBS 1 Agglomerated Agglomerated 10-60 25
IE12 GA7 Stable Stable 30-60 50
IE13 SDBS 1 Agglomerated Agglomerated 10-20 10
IE14 GA7 Stable Stable 20-70 50
IE15 PVA 2/GA 3 Stable Stable 20-70 40
IE16 PVA1/GA 1.5 Stable Agglomerated 20-80 40
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In aqueous solution Dried

Crushed

AL D51 x500 _200um

AL D052 x20k _ 30um

AL D52 x1.0k_100um

Fig. 2. SEM images of the crushed microcapsules IE4

microcapsule dispersibility inside the coating
as well as microcapsule ability to rupture when
a crack appears (Fig. 3).

The microcapsules inside the cured coating
were dispersed evenly and did not agglomerate or
rupture. The crosscut of coating showed that mi-
crocapsules were conjugated with the coating and
split in two parts when the coating was broken.

A part of the healing agent is seen near the rup-
ture place as oil splatter (Fig. 3).

FTIR spectra of IPDI (core material),
RFE+TETA (cured shell material) and microcap-
sules IE14 were recorded and presented in Fig. 4.
The absorption band of the stretching vibrations
of N-H at about 3350 cm™ and the absorption
bands of C=0 and N-H in the carbamide group
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Fig. 3. Optical microscope images of microcapsules IE8 inside a clear coating and a coating crosscut

at about 1510 and 1650 cm™!, respectively, are
characteristic of PU shell material and are seen in
the spectra of the shell material and microcapsule.
An intensive absorption band of the stretching vi-
brations of N=C=0 in isocyanate groups appears
at about 2250 cm™ in both spectra of IPDI and

microcapsules IE14; this proves that the encapsu-
lation of IPDI as core material was successful.

For the determination of core content in mi-
crocapsules, the thermogravimetric analysis
(TGA) of the core material and microcapsules was
done (Fig. 5). IPDI evaporation and destruction

NH \ | f
; CH \ i | A
: i i \ WA
l 15‘ ‘M ‘
: / i i
: N=C=0 I ;
3 : NH
‘u‘r\“‘ I
i : \
\ |
— IE14 microcapsules ‘
RFE+TETA shell fl
IPDI : i id
1 ' 1 ¥ 1 1 i I " 1 ¥
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™!

Fig. 4. FTIR spectra of IPDI as core material, RFE-+TETA as microcapsule shell, and microcapsules IE14
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Fig. 5. TGA curves of the core material IPDI, shell material PU and microcapsules [E4

start at about 130°C and continues until approx.
240°C. The first stage of degradation of the shell
material PU starts at about 150°C and lasts until
200°C; this part of degradation could be attrib-
uted to the destruction of unreacted shell mate-
rial TETA, TIPTP and the evaporation of ethyl
acetate. The actual destruction of PU starts at
about 250°C and lasts until 550°C and even fur-
ther. The microcapsule IE 4 analysis demonstrates
that 79% of the microcapsule materials are de-
stroyed at temperatures below 300°C. This part
of the weight loss could be contributed to IPDI.
Slightly higher destruction temperature of IPDI in
microcapsules is expected since IPDI is entrapped
inside a PU shell, and destruction can only begin
when the shell is damaged by rising pressure inside
the microcapsule or under degradation. The core
content of the microcapsules was in a range of 50
to 79%.

Optimisation of the encapsulation process

The Taguchi method was employed in this study
to identify the optimal parameters to achieve
the highest core content, a microcapsule size clos-
est to 50 um, and the maximum microcapsule
yield. Four distinct synthesis parameters, namely
the core-to-shell ratio, agitation speed, emulsifier
type and concentration, and reaction time, were
systematically varied throughout the experimen-
tal process. The signal-to-noise ratio (SNR) was
calculated using the larger-the-better criterion to
discern optimal conditions for the core content
and yield, while the nominal-the-best criterion
was applied for the optimisation of microcapsule
size. The results are summarised in Fig. 6.

The highest SNR value and significantly higher
core content (Fig. 6a) were achieved using the core-
to-shell ratio 5:1. The agitation speed had a small
impact to the core content, but the best results
were at the agitation speed 3000 rpm. Three emul-
sifiers - PVA 1%/GA 1.5%, PVA 2%/GA 3% and
GA 7% - had a similar impact on the core content
with a small superiority of GA 7%; anionic emulsi-
fier SDBS was not suitable in achieving a high core
content. The reaction time also had a rather small
impact to the core content, although the high-
est core content was at the reaction time 60 min.
Considering four key parameters, the core-to-shell
ratio and the choice of emulsifiers had the highest
impact on the microcapsule core content (Fig. 7).

The optimal microcapsule size closest to 50 pm
(Fig. 6b) was achieved at various combinations of
the reaction parameters. Considering the core-
to-shell ratio, the optimal microcapsule size was
at the ratio 3:1 and 5:1; at the ratio 2:1 and 4:1,
the microcapsules tended to be either too large or
too small. The agitation speed had lower impact
on the microcapsule size while the optimal micro-
capsule size was at the agitation speed 4000 rpm.
The emulsifier had a strong impact on the micro-
capsule size. Microcapsules of the optimal size
were preferentially formed in the presence of GA
7% as an emulsifier. SDBS was not suitable as an
emulsifier since it promoted agglomeration of
the microcapsules. The reaction time had a mini-
mal impact on the microcapsule size, but the op-
timal time was 45 min. Considering the four re-
action parameters, the choice of emulsifiers and
the core-to-shell ratio had the highest impact on
the microcapsule size (Fig. 6).
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Fig. 6. SNR plots according to the Taguchi method; the dependence of the microcapsule core content (a), microcapsule size (b) and microcapsule
yield (c) on the microencapsulation parameters: core-to-shell ratio, agitation speed, type and concentration of emulsifier, and reaction time
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Fig. 7. Impact of the reaction parameters on the microcapsule core content, size and yield

The highest yield of microcapsules (Fig. 6¢c) was  tion speed regarding yield was 4000 rpm. The op-
obtained at the core-to-shell ratio 3:1; the ratio 4:1  timal emulsifier promoting the highest yield of
was the most unfavourable. The optimal agita- microcapsules was SDBS 1%. Possibly, this could
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be explained by agglomeration of microcapsules
in the presence of SDBS, since losses of large ag-
glomerates during washing and drying processes
are minimal. The highest yield was achieved at
the reaction time 45 min. The impact of the four
parameters on the yield of microcapsules was sim-
ilar (Fig. 7), moreover, the yield is very much de-
pendent on the time given for the microcapsules
to settle before they are separated from liquid
after washing. Optimal conditions for the micro-
encapsulation of IPDI in the PU shell regard-
ing the highest core content, optimal microcap-
sule size of 50 um and the highest yield include
the core-to-shell ratio 3:1, the agitation speed
3000 rpm, Gum Arabic (7%) as an emulsifier and
the reaction time 60 min.

CONCLUSIONS

Microencapsulation of IPDI into a PU shell was
done by oil-in-water emulsion interfacial poly-
merisation. The microencapsulation process was
optimised using the Taguchi L16 parameter design
with four chosen parameters - core-to-shell ratio,
agitation speed, emulsifier/concentration and re-
action time - and three signals - core content, mi-
crocapsule size and reaction yield. Optimal con-
ditions for the microencapsulation of IPDI into
the PU shell regarding the highest core content,
optimal microcapsule size of 50 pm and the high-
est yield include the core-to-shell ratio 3:1, the ag-
itation speed 3000 rpm, Gum Arabic (7%) as an
emulsifier and the reaction time 60 min. Under
optimal conditions, the IPDI core content within
the microcapsules was up to 75% and the micro-
capsule yield was up to 49%. The Taguchi’s experi-
mental design enabled the efficient optimisation
of the IPDI microencapsulation process with a re-
duced number of experiments. The synthesised
IPDI microcapsules could potentially be used in
self-healing coatings, whether in single or double
capsule systems.
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Liepa Pastarnokiené, Ernest Potapov, Ri¢ardas Makuska,
Tatjana Kochané

IZOFORONO DIIZOCIANATO IKAPSULIAVIMO
I POLIKARBAMIDO APVALKALA,
NAUDOJANT TARPFAZINE POLIMERIZACIJA,
OPTIMIZAVIMAS

Santrauka

Mikrokapsulés, sudarytos i§ jkapsuliuoto izoforono
diizocianato (IPDI) ir polikarbamido (PU) apvalkalo,
buvo gautos tarpfazinés polimerizacijos metodu kaip
reagentus naudojant tris(4-izocianatofenil)tiofosfata
(TIPTP) ir trietilentetraming (TETA). Mikrokapsu-
lés buvo apibtdintos naudojant FTIR spektroskopija,
termogravimetrine analize (TGA), opting mikrosko-
pija ir skenuojancia elektroning mikroskopija (SEM).
Vykdant mikrokapsuliavimg buvo sistemingai ketu-
riais lygiais kei¢iami didZiausig jtaka procesui turintys
parametrai, tokie kaip jkapsuliuojamos medziagos ir
apvalkalo santykis, mai§ymo greitis, emulsiklio tipas
ir koncentracija bei reakcijos trukmé. Siekiant gauti
maksimaly rezultaty - didziausig santykine jkapsu-
liuotos medziagos dalj mikrokapsulése ir didziausig
mikrokapsuliy iSeiga, i$laikant tikslinj 50 pm mikro-
kapsuliy skersmenj, - mikrokapsuliavimo procesas
buvo optimizuotas naudojant Taguchi metodg L16
parametry. Mikrokapsuliavimg vykdant optimaliomis
salygomis, IPDI kiekis mikrokapsulése sieké 75 %, o
mikrokapsuliy i$eiga - 49 %.
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