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Abstract:

Epoxy resin systems consist of two parts i.e., Part A and Part B. The Part A is the base
epoxy resin and Part B is known as the curing agent which is also called as hardener .The
curing agent, Part B is responsible for reacting with the epoxy groups present in the epoxy resin
i.e., part A. Reaction of curing agents with epoxy resins results in hard, thermoset material
suitable for industrial applications. For epoxy resins there are large number of materials that
can be used as curing agents to cover the entire range of applications from very low to high
curing temperature. The functional groups of curing agents are ranging from amine, mercaptan
and phenol to phosphazene derivatives. The choices of curing agents and catalysts have grown
due to their usage in different field of applications. Selection of the curing agent is mainly based
on the performance requirements of the cured final product. Epoxy curing agents are primarily
used in the construction industry's flooring, adhesives, and protective coatings. Recent
advancements in epoxy curing agents for coatings focuses on improving sustainability,
performance, and application ease. Developments include bio-based curing agents and those
tailored for high-performance applications. The variety and the wide range of curing agents
developed in the recent past for epoxy resins are overwhelming. This review mainly provides a
survey on the recent developments of curing agents and their specific performance
characteristics.
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Introduction

Epoxy resins are one of the most significant classes of synthetic resins find broad range of
industrial applications. Epoxy resin products are characterized by their durability and high
protective properties. They offer solutions to industries such as chemicals, automobiles, marine,
aerospace, construction, energy and electronics. The main sectors of applications of epoxy
resins are shown in the figure 1. This large interest in epoxy resins originate from its excellent
mechanical strength, adhesion to different kinds of surfaces, its resistance to corrosion and
chemicals. Epoxy resins are of three types 1) Cycloaliphatic epoxy resins 2) Glycidated resins
3) Epoxidized oils. Among these epoxy resins, glycidated resin types prepared from bisphenol-
A and epichlorohydrin constitute the most important class of resins. These epoxy resins which
are diglyceryl ether of bisphenol-A (DGEBA) are prepared by condensation of bisphenol-A
with epichlorohydrin in presence of an alkaline catalyst. The excellent performance properties
of epoxy resins are due to the bisphenol-A moiety (toughness, rigidity and low temperature
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performance), the ether linkage (chemical resistance) the hydroxyl group and the three-member
cyclic ether group commonly known as epoxy groups (reactivity and adhesion).
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Figure 1: Global sector wise epoxy resin applications. (reproduced from ref.
[1] with permission from American Chemical Society, Copyright 2014).

The cured epoxy resin itself is generally brittle in nature and to convert the epoxy resins to hard,
fusible thermoset network, it is necessary to use chemical curing agents. The primary reactions
arising from curing are poly addition/co-polymerization reaction with a multi-functional curing
agent or by homopolymerization initiated by a catalytic curing agent.

= | NH,

DGEBA

Figure 2. Structures of typical epoxy, top left, Isophorone diamine (IPDA)
(Amine curing agent), top right and DGEBA, bottom [2].

The curing agents which are widely used are aliphatic and aromatic amines, aromatic amine
adducts, polyamidoamines and acid anhydrides. The reaction of curing agents with epoxy resins
results in formation of oxirane ring unit on the ends of the epoxy resin. The epoxy resins react
with materials having active hydrogen to form an —OH pendant chains and hydroxyl group
contributes to the outstanding adhesion of epoxy resins to different substrates.

There are varieties of curing agents developed in the recent past to modify the epoxy resin to
hard infusible thermoset network. The tremendous development in the different types of curing
agents and the catalysts are due to two reasons. First, there are various types of epoxy resins
developed and which necessitated the development of suitable curing agents for these resins.
This has resulted in development of polyfunctional amines, polybasic carboxylic acids,
mercaptans and some organic chemicals. The second and important reason is the necessity to
modify the existing curing agents to meet the specific application requirements.

VOL 56 : ISSUE 11 - 2025 PAGE NO: 364



JZU NATURAL SCIENCE || ISSN : 1671-6841 https://naturalscience.fyi/

The aim of this review work is to provide comprehensive theoretical information on wide range
of curing agents available for epoxy resins to assist the researchers, innovators and industrial
users to verify the facts and for the extension of knowledge on the developments of these curing
agents. The epoxy hardeners are categorized based on their chemical structure, reactivity,
curing characteristics and distinct properties needs to be tailored to specific end use
applications.

2. Nitrogen-containing curing agents

2.1. Aliphatic amine curing agents

Both primary and secondary amines are used for curing the epoxy resins at room temperature,
the former being more reactive than the latter [3]. Aliphatic amines as curing agent gives fast
curing system with low viscosity, good chemical resistance, excellent solvent resistance and
mechanical strength but imparts less flexibility to the applied system. The unmodified amines
creates certain handling hazards because of their high basicity and comparatively high vapor
pressure [4]. However, it is usually modified to eliminate problems caused by objectionable
volatility of amines.

2.2. Aromatic amine adducts based curing agents

The aromatic curing agents improve the thermal stability, chemical resistance, and mechanical
properties of the cured resin. Aromatic amines are less reactive than aliphatic amines and
usually require high curing temperatures [5]. Because of high cross-link density and aromatic
backbone, most epoxy resins are rigid materials and fail by brittle fracture.

However, the aromatic amines holding an electron donor substituent influences the curing
process of epoxy resin at lower temperature. The chemical structure of the amine, the steric
restrictions towards the epoxy-amine addition reaction, physical interactions among different
functional groups of the constituent components influences the cure kinetics. The effect of the
modifications is to reduce the curing properties of the coating system. This aromatic amine
adducts cures at slightly lower temperatures and will have better color stability. Generally
aromatic amines provide higher heat resistance and chemical resistance to the cured film
compared to aliphatic amine-based curing agents.

2.3. Curing agents based on Polyamides and Polyamidoamines

Amidoamines are basically mono-adducts of polyamine with fatty acids and having higher
molecular weight than polyamine and therefore longer reaction rate. Polyamidoamines are
polymerized unsaturated fatty acids with higher order homologues of the ethylene amine series.
The various range of polyamidoamine are obtained with different fatty acid/amine ratios. The
products formed differs in molecular weight, physical form, amine content and reactivity with
lesser volatility. The ratio of polyamidoamines to be mixed with epoxy resins may be varied to
get required cure properties. The properties obtained can be from tough and hard to flexible and
soft. Hence, they are user friendly and also, they result in good adhesion to a wide variety of
substrates [6]. Specifically, the amidoamines are well-known for their adhesion to concrete and
good performance under humid conditions. Hence, they are widely used in civil engineering
applications such as flooring, concrete bonding and crack injection. They also find use in high
solids coatings, adhesives, electrical encapsulation.
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Polyamide are bi-adducts with bigger molecular weight and thus, reflect higher viscosity with
longer pot life. Generally, polyamides are very familiar for their water and corrosion resistance.
Polyamide cured epoxy resins provides better adhesion and effective barrier protection on
surfaces even if the surface is under prepared. Hence these are generally used to protect mild
steel structures from corrosive environments. Polyamides are widely used in metal coatings
applications particularly as primers, and also find uses in adhesives, putties, sealants, cable
jointing and electrical encapsulation. But the main disadvantage of polyamide cured epoxy
coating is the coating disintegration from UV radiation and also poor resistance to high-humid
conditions.

Therefore, they are further modified to improve the weatherability and UV resistance [7]. In
one of the studies reported epoxy polyamide resin has been modified with different ratio of
Campbhor oil. The physico-chemical and electrochemical properties of this film on steel in 0.5M
NaCl solution have been studied. It was found that when Swt.% of Camphor oil is incorporated
in epoxy polyamide coating, it gives maximum protection for the mild steel surface [8].
Hence, the epoxy resin cured with polyamide or polyamidoamine forms well plasticized
thermosetting polymer with good rigidity from its high hydrocarbon moiety in its molecules.
The coating cured with this resin system also provides superior mechanical properties by
forming a stiff, strong, high tensile strength, compression and bending strength film with
excellent shock resistance to metal surfaces.

2.4. Curing agents based on Modified amines

Through modifications of amine curing agents the targeted properties can be enhanced such as:
Chemical resistance, Blush resistance, Adhesion, improved pot life, rate of curing and reduced
toxicity and irritation to skin [9]. Amine adducts are prepared by reacting excess primary
amines with epoxy resin. The excess amount of polyamine consumes all the available epoxy
groups forming an amine adduct containing active hydrogen of the residual amino groups. The
adduct has a high molecular weight, it is less volatile, releases less amine odour and less toxic.
Also, due to its increased molecular weight, these are less susceptible to blush formation than
their unmodified amine precursors.

A novel butyl-glycidyl ether-modified poly(propyleneimine) dendrimer (PPIs) has been
prepared which was found to be capable of curing bisphenol-A epoxy resin to an acceptable
reaction extent [10]. The non-isothermal reactions, thermal stabilities and mechanical
properties of their cured epoxy resin were investigated. This work offers a unique way of
preparing modified aliphatic-polyamine curing agents, and gives an opportunity to learn about
the amine-adduct curing agents which are commonly used in room-temperature-cure epoxy
coatings and adhesives.

Paul Jones (2020) described the new series of ketamines developed for improvements in the
following properties a) low free amine in supply product b) low free amine following hydration
in application (when hydrolyzed) c¢) Improved compatibility d) Improved surface appearances
e) Maintain pot-life and cure properties [11]. They outperformed their conventional
counterparts in technical performance offering both long pot-life and reduced hazard, making
them as useful curing agents for coating industry. The study on novel aromatic amine functional
curing agents like amine functional aniline formaldehyde condensates (AFAFC) and amine
functional chloroaniline formaldehyde condensates (AFCFC) as a function of concentration
acting as a curing agent for diglycidyl ether of bisphenol A (DGEBA) resin has been reported
[12]. Equimolecular mixture of curing agent and epoxy resin were subjected to curing reaction
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which showed the occurrence of effective curing and revealed that the reactions were first order.
The mechanical studies showed that AFAFC of greater rigidity than AFCFC and this amine
cured epoxy networks exhibited thermal stability up to around 230-240°C.

2.5. Imidazoles as curing agent

Imidazoles are a type of anionic polymerizing curing agent for epoxy resin provides good
adhesion on metals and forms resins with high tensile strength. Imidazoles are characterized by
a comparatively long pot life and the ability to form cured resin at faster rate with a high heat
deformation temperature when it is treated at a moderate temperature (80°C to 120°C) for a
short time. There are also various derivatives made having moderate reactivity to improve
workability. The Imidazole derivatives as latent curing materials for epoxy thermosetting resin
were studied [13]. It was demonstrated that a mixture of imidazoles and latent curing agent
with epoxy resins has long storage stability at room temperature, which was not accomplished
with the imidazoles themselves.

3. Sulphur-containing curing agents
3.1. Polymercaptan curing agent

Polymercaptans are attracting attention as a low-temperature curing agent and used when the
speed of cure is important [14]. It also provides toughness, durability or strong adhesion. The
other advantages of polymercaptan are their lower toxicity compared to other hardeners, light
in color and excellent adhesion to metals, glass, concrete, wood. Polymercaptan is also used to
accelerate other amines and polyamides.

The invention to provide a polymercaptan for the crosslinking of epoxy resins to yield
thermoset polymers having particularly good resistance to the absorption of water and thereby
improving the adhesion bond strength has been reported [15]. The thermoset polymer obtained
has got fast-curing characteristic with commercial feasibility for production. It has also been
found that more SH groups are desirable on the end of the carbon chain in order to result in
good properties of a thermoset polymer. Further, it is also reported that the polymercaptan free
of any other reactive functional groups is desirable for its better performance.

Multifunctional sec-thiols were prepared and used as a hardener with DGEBA and its
performance were studied [16]. The cure kinetics was found to be slower than that of primary
thiol hardener, but it showed increased glass transition temperature without any noticeable
change in thermal stability. The slower curing of sec-thiol provided long-term stability which
results in increased pot life in industrial applications.

3.2. Polysulfide resin

Polysulfides are not used exclusively as a curing agent for epoxy resin due to its slower cure
rate. Polysulfide structures are used to modify epoxy resin to provide excellent flexibility,
impact resistance, chemical resistance and anti-corrosive properties [17]. Since polysulfide is a
highly flexible elastomer, by addition of liquid polysulfide elastomer to epoxy resin gives better
flexibility and provide strength to epoxy matrix. In applications where, maximum flexibility is
required the percentage of polysulfide will be higher than epoxy resin. It is the high
concentration of sulphur linkages that also provides these products with their unique chemical
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properties. The liquid polysulfides are generally added to the liquid epoxy resin component
because of possible compatibility problem. When used in combination with a tertiary amine or
polyamine resin, it works as a room-temperature curing agent. Due to the good low temperature
properties of epoxy-polysulfide adhesives they have found significant use in the building and
construction industry.

3.3. Phenyl bis-thiourea

The curing properties of novel curing agent based on phenyl bis-thiourea for an epoxy resin
system has been studied [18]. Three different phenyl bis-thioureas: 4,4'-(bis-thiourea)
diphenylmethane (DTM), 4,4'-(bis-thiourea) diphenyl ether (DTE), and 4,4'-(bis-thiourea)
diphenyl sulfones (DTS) were synthesized and used as curing agents for the epoxy resin di-
glycidyl ether bisphenol A (DGEBA). For comparison studies, the epoxy system was also cured
using the conventional aromatic amine 4,4’-diaminodiphenyl ether (DDE). From the oxidative
induction temperature measured on DSC indicated that the phenyl bis-thiourea cured epoxy
resins were found to be having better oxidative stability when compared to the conventional
aromatic amine cured epoxy resin system. Hence sulphur-containing curing agents can be used
both as pure curing agents and also as an additive to improve the curing process.

4. Oxygen containing curing agents
4.1 Anhydrides

Anhydrides used as epoxy-resin curing agents have been used widely as curing agents for
electrical insulating materials due to their high electrical and thermal insulating properties.
Anhydrides need severer curing requirements than amine-based curing agents, but they are
suitable for making large moldings due to their long pot life and forming cured resins which
are having relatively well-balanced electrical, mechanical, and chemical properties while
generating a small quantity of heat [19]. Examples of some of the more commonly used acid
anhydrides are phthalic, tri-mellitic, hexa-hydro phthalic and Nadic Methyl Anhydride.

The reaction mechanism of anhydrides with epoxies is complex and there are many competing
reactions [20]. During the curing process an anhydride group first reacts with an aliphatic
hydroxyl to provide an ester group and a free carboxylic acid. The free carboxyl group reacts
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Figure.3. Scheme of reaction steps (a) formation of Ester group and free
carboxylic acid. (b) Formation of Diester group (c¢) Formation of ether linkage
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with an epoxy group to give a Diester. So, every time a carboxylic acid group reacts with an
epoxy group, another aliphatic hydroxyl is created, and is then available to react with another
anhydride group The carboxylic acid reacts with epoxy group forming a diester.

5. Latent curing agents

Latent curing agents are mixtures of curing agents with epoxy resin that can be stored at room
temperature, and rapidly cured by heat, light, pressure and others. C. S. Chen et al. studied the
boron trifluoride monoethyl amine (BFMEA) complex crosslinked epoxy resins [21]. The
BFMEA cured epoxy resins have good strength, heat resistance, and electrical properties.
BFMEA can act as a primary curing agent or a co-curing agent for epoxy resins. It reacts as a
semi latent catalyst and provides long pot life for epoxy resins

Feng Wu et al. developed a novel multifunctional epoxy resin N,N,N',N'-tetraglycidyl-4,4'-
diaminodiphenylmethane (TGDDM) with stoichiometric latent curing agent dicyandiamide
(DICY) [22]. The resulting cured TGDDM/DICY presented excellent mechanical, adhesive
and dielectric properties and lower water absorption.

Adrian M. Tomuta et al. studied the use of dihydrazides as latent curing agents in diglycidyl
ether of bisphenol-A coatings. A series of dihydrazides were prepared and these compounds
were studied as latent curing agents [23]. The formulation was made with the ratio
DGEBA/dihydrazide 2:1 (mol/mol). The thermomechanical characteristics, microhardness and
toughness values obtained in the specimens could be related to the flexibility introduced by the
dihydrazide structure.

The latent curing agents are significantly important to develop one-component epoxy resins
[24]. As these latent curing agents are from unsustainable fossil resources, a new type of latent
curing agent has been developed from bioresources and studied [25]. The bio-based amino acid
containing amide bond was synthesized from 1,5-pentanediamine and maleic anhydride (PDA-
MAH), and used together with a bio-based epoxy monomer from itaconic acid to achieve a
fully bio-based one-component epoxy system. The obtained epoxy network exhibited
significantly enhanced glass transition temperature, tensile strength and young's modulus.

5.1. Light-curing and ultraviolet-curing agents

Light curing of Epoxy Resin by UV-polymerization mechanism is an effective method of
curing because it gives best performance, eco-friendly and good compatibility. Epoxy Resin
and photo initiator or photo curing agents are combined together and then the mixtures are
cured. The curing agents are decomposed by exposure to UV light to cure the resin [26]. These
are considered as latent curing agents. These are attracting attention as a potential ingredient of
non-polluting paints, since these agents are dissolved in liquid resins without using solvent and
it does not pollute the environment. Photo cured Epoxy Resin are reported to be providing
outstanding working performance, enhanced flexibility, excellent adhesion and resistance to
many environmental hazards [27].

6. Phosphorus containing curing agents

Phosphorus containing curing agents have been synthesized through Mannich type reaction.
They contain polyamino groups which improves the cure characteristics at lower temperature.
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These Mannich bases were thermally cured with diglyceryl base epoxy resin and were
compared with the conventional curing agents EDA, TTA. It was observed that the phosphorus
containing epoxy resins (DGEBA/PEDA and DGEBA/PTTA) showed longer gel time and

higher glass transition temperature [28].

Table 1. Gel times of epoxide/curing agents (equivalent ratio of 1:1)

at different temperatures

Gel time (hr)
Temperature (°C) DGEBA/ED DGEBA/PEDA DGEBA/TTA DGEBA/PTTA
A
25 100 i 72 -
50 17 21.5 13
80 4 9 2 6
120 0.3 0.5 0.2 0.5

Xiaojun Gu et al. have synthesized novel curing agent for epoxy resin based on phosphazene
derivatives [29]. The study showed a lower starting curing temperature and a wider range of
curing temperature that can help reduce the internal stress of epoxy materials. Phosphazenes
with alternating nitrogen and phosphorus atoms in the main chains as its backbone had
indicated that the flame-retardant efficiency increased in the curing system of epoxy resin. This
novel curing agent with flame retardancy has broaden the potential application of Epoxy

phosphazenes in many fields.

Lucie Zarybnicka et al. in his report on halogenophosphazene as curing agent for epoxy resin
described the synthesis and characterization of hexachloro-cyclo-triphosphazene derivative and
its subsequent use for curing epoxy resins [30]. The derivative was synthesized from
hexachloro-cyclo-triphosphazene by nucleophilic substitution with isophorone diamine. The
curing capability has been compared with original isophorone diamine. The derivative
hexaisophorone diamino-cyclo-triphosphazene (HICTP) providing improved mechanical
properties and also the flame resistance. The epoxy resin cured with the phosphorus containing
HICTP exhibited lesser heat release, smoke release and amount of oxygen consumed, which

resulted in slower flame spread.

Isocyanate Type Curing Agents

Polyisocyanates are very effective and versatile curing agents. They can react with hydroxyl or
amine functionalities to form polyurethane or polyurea chains. But the disadvantage of using
isocyanates is their sensitivity to moisture and also, they cause health hazards due to the
availability of free isocyanate. Hence, they are used as blocked isocyanate to control the
chemical reactivity. Blocked isocyanate enables 1K polyurethane systems with reduced free
isocyanates and extends storage stability [31]. When unblocked, they react fast and reduces the
pot-life significantly. Polyisocyanate can enhance many parameters such as mechanical
properties and also improves chemical resistance of the system. As the isocyanate reacts
primarily with the hydroxyl group, the higher molecular weight solid resins (in which the
hydroxyl group predominates) are used in isocyanate cured compositions and there is a
simultaneous reaction between epoxy and isocyanate to form heterocyclic oxazolidone rings

[32].
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Figure 4. Scheme of reaction steps. (a) Formation of Ester. (b) Formation
of heterocyclic oxazolidone rings

The polyurethane and epoxy resins are joined both by physical penetration of the chain
(entanglement) and the chemical binding which has a significant influence on the properties of
the product. The ambient cure, two component paint involving the reaction of epoxy resin with
isocyanate system expected to produce high performance coating for a variety of special
application including underground pipelines, structures and equipment in chemical industries.

7. Bio-based epoxy curing agent

Chemicals and materials derived from renewable resources have received considerable
attention in recent years as the petroleum depletion and environmental problem become
increasingly serious. Because of this, various bio-based epoxy curing agents have been
prepared and studied. For instance, a novel vegetable-oil-based polyamine was derived from
grape seed oil combing cysteamine chloride by thiol-ene coupling [33]. The outcome of this
study led to the synthesis of a polyepoxide system in which both resin and hardener are based
on the modified natural oils.

Rosin, a natural product derived from pine trees contains mixture high molecular weight
organic acids and small percentage of other neutral materials. Rosin acids and their derivatives
are important biobased alternatives to petroleum- derived materials. The acids, anhydrides,
amines and amides derived from rosin which could be used as curing agents for epoxy resins.
Maleopimaric acid is an important rosin derivative which can be modified with acids and
amines to form new categories of curing agents. Rosin derived amine curing agent containing
an imide structure displayed similar modulus but higher glass transition temperature than the
commercial aromatic amine curing agent [34, 35].

Xuejuan Yang et al. synthesized bio-based epoxy crosslinking agent which is derived from
myrcene and castor oil and studied the performance of the cured products [36]. Two different
curing agents were synthesized and their cured properties were tested. Myrcene, a monoterpene
is derived from the cracking of B-pinene, which is extracted from turpentine oil. The curing
agent has been synthesized through Diels-Alder reaction of myrcene and maleic anhydride as
an adduct (MMY) to crosslink epoxy resin. The crosslinked epoxy resin has shown better
strength and modulus, but the impact property was poor and shown very low elongation at
break. However, the toughness of epoxy resins could be enhanced by combining a flexible
epoxy resin, curing agent or reactive additive into the network during curing [37].

The second curing agent has been synthesized to improve the flexibility of the cured film using
Castor oil which is widely used in coatings, varnishes, paints and various types of other
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products. Due the long aliphatic chains in the triglyceride section, the products obtained from
castor oil results in excellent flexibility. The myrcene-based adduct is modified by hydrolysis
of castor oil to produce Ricinoleic acid. The modified myrcene-based adduct (CMMY) also
utilized as the crosslinking agent for epoxy resin. Though the cured epoxy resins produced
excellent flexibility, the poor strength limited their applications.

The crosslinked epoxy material expected to have both strength and flexibility when the two
curing agents were mixed at different weight ratios and used to co-cure epoxy resin. When the
weight ratio of CMMY was increased, the tensile strength has decreased but the elongation at
break increased. The mixing of two curing agents was optimized to get the balanced properties
of both strength and flexibility. The significantly improved toughness of the crosslinked epoxy
resins showed that vegetable-oil-based curing agents could be utilized in preparation of flexible
epoxy products.

The study of cationic UV-crosslinking of epoxidized bio-based resins has been found to be
having numerous advantages over conventional thermal curing [38]. In particular, the
photopolymerization has low volatile emissions, fast curing speed, and no shrinkage. Moreover,
since this technique does not require any additional heating, it can be cost-effective. However,
the properties achieved by bio-based UV-cured thermosets can match the requirements needed
in the fields of coatings, films or adhesives only.

7.1. Phenalkamines

Phenalkamines are synthesized form cardanol, a derivative of Cashew nut shell liquid CNSL,
formaldehyde and amines by Mannich reaction [39]. Cashew nut shell liquid (CNSL) is a by-
product from the cashew processing contains cardanol as one of the components. It is
abundantly available at low cost and contains cardanol, 2-methyl cardol and anacardic acid.
Cardanol can be easily modified to make it suitable for coating applications [40].

OH OH

Hy H
@\ HCHO, H,NRNH, H,N-R-C -N~©\ —+ Other Products
CisHatun CisHat.n

Cardanol

Mannich base

Figure 5. Synthesis of Phenalkamine from cardanol.

As it is a phenolic compound with aliphatic long chain at meta position it provides the required
balance of hardness and flexibility required for various polymer and coating applications [41].
Phenalkamines are now emerging as a new class of curing agents for epoxies and have gained
significant attention due to their numerous advantages, including fast and low temperature
curing even in wet and humid conditions and show excellent chemical properties [42-44].
Coating properties majorly depend on amine value, structure of diamines (aliphatic, aromatic
or cycloaliphatic), functionality and molecular weight of resultant Phenalkamine [45].
Literature has suggested that phenalkamines exhibit excellent wear resistance, impact strength
and elongation than that of the polyamine curing agent used for curing epoxies [46].
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The light color cardanol based epoxy curing agent prepared from cardanol butyl ether,
formaldehyde and diethylenetriamine found to be less reactive than normal phenalkamine and
showed much higher impact strength and sheer strength. It could be due to the cavities formed
in the curing process [47].

Kunal Wazarkar et al. have synthesized structurally different phenalkamines based on cardanol
and evaluated their effect on performance properties of the coatings [48]. They have
synthesized various phenalkamines by choosing different polyamines, including
hexamethylene diamine (HMDA), diamino diphenyl methane (DDM) and other amines
containing aliphatic chains. All these phenalkamines were mixed with commercial epoxy resin
to prepare coatings which were then evaluated for mechanical, chemical, thermal, optical and
anticorrosive properties. Commercial phenalkamine was used for comparison purpose. The
presence of aliphatic chains allowed easy permeation of water and oxygen, therefore increasing
the rate of electrochemical reactions at surfaces and showed poor electrochemical properties.
It was observed that anticorrosive properties evaluated using a salt spray test and
electrochemical impedance spectroscopy revealed significant improvement in anticorrosive
performance of coatings cured with synthesized phenalkamines based on Diamino diphenyl
methane (DDM) compared to the coatings based on commercial Phenalkamines. The corrosion
rate of epoxy-phenalkamine systems were analyzed by DC polarization method, it showed that
EP-DDM coatings having lowest corrosion current, which is indicated in Tafel parameters
shown in Table 2. It was inferred that to obtain optimum performance properties of the coatings,
a combination of phenalkamines can be used.

Table 2. Tafel parameters of epoxy-phenalkmines coatings.

Corrosion Corrosion rate
Coatings Potential (mv) Current (A) (mmpy)
EP-D400* 202.17 1.345E-09 3.89E-08
EP-DDM 51.32 0.634E-09 1.05E-09
EP-HMDA -327.61 3.085E-08 5.13E-08
EP-T403* —469.57 0.877E-09 1.45E-09
EP-AG141* —297.45 1.025E-09 1.70E-08

*D400, T403 & Agl41-Commercial Phenalkmines

The protective performance of the coatings was studied by incorporating polyaniline nanowire
into epoxy polyurethane resin combination [49]. It showed excellent protection while evaluated
using electron impedance spectroscopy. The polyaniline addition was carried out in different
weight ratios and the coating containing 2% polyaniline showed the maximum corrosion
resistance.

The Influence of cross-linking agents and curing condition on the performance of epoxy coating
has been studied with five cross-linking agents including phenalkamine have been investigated
by evaluating their physico-mechanical characteristics, thermal properties and anticorrosion
performances [50]. The cross-linking agents used are 1) Modified cycloaliphatic amine 2)
Polyamine adduct 3) Modified aliphatic ketimine 4) Phenalkamine 5) Phenalkamide.
Phenalkamine and Polyamine adduct-based curing agents showed superior drying and
mechanical properties compared to others. The phenalkamine-based coatings showed excellent
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anticorrosive properties at low temperature when evaluated by EIS. Table 3 shows the
comparison of physico-mechanical and anti-corrosion performance properties when cured at
C1 (1:0.6), C2 (1:0.8) and C3 (1:1) concentrations indicated that coating concentration with C2
combination produced optimum properties to provide long-term corrosion protection to the
mild steel substrate at low temperature application. It is evident from this study that the unique
balance of coating performance was obtained by phenalkamine curing agent at the
concentration of 1:0.8.

Table 3. Coating properties at varying concentration of Phenalkamine

Phenalkamine curing agent, Concentration

C1, C2, C3,
Properties (1:0.6) (1:0.8) (1:1)
Physical Properties
Set to touch dry (hours) 3 2.15 2
Mechanical Properties
Adhesion strength (Mpa) 6.6 8.8 9.4
Tensile strength, (Mpa) 54 59 11.1
Elongation at break, (%) 9.1 3.1 1.9
Scratch hardness, (Kg) 35 3.1 4.7
Thermal Properties
Tg, (°C) 30.2 52.8 68.4
Cross-link density,
(103 mole/cc) 38 4.6 6.1
Coating resistance
After 1020 h, Ohm.cm? 1.2x 107 1.4x 108 39x 108

Phenalkamines derived from cashew nut shell liquid, though provide better performance
characteristics to epoxy coatings, it produces dark color coatings which limits its applications
to primers & undercoats and surfaces where color is not critical. The phenalkamines blended
with polyamine salts and phenalkamines comprising at least one aromatic or alicyclic ring in
the diamine side chain have been developed to give coatings with reduced Gardner color index
compared to phenalkamines [51]. Hence, the synthesis of the curing agents for epoxy resins
from bio-based cardanol with its specific performance characteristics has opened up a new
strategy for large-scale preparation of these materials. These natural renewable resources meet
the critical demand for reducing the consumption of petrochemical products yet providing
similar or better performance characteristics required for specific applications.

7.2. Phenalkamide

Phenalkamides are new hybrid molecule and has unique coating properties. This novel class of
epoxy curing agents were developed to fill a gap between polyamide and phenalkamine
chemistries. By chemically combining these two materials and forming the product as
phenalkamides will offer the benefits of both, while mitigating their limitations [53]. Coatings
formulations based on phenalkamides have the desired color stability, overcoatability and
flexibility of polyamides, but with the outstanding corrosion protection and fast low
temperature cure of phenalkamines. Further, the improved color stability and extended
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overcoatability solves the problem of longer intervals between application coats. The combined
properties as reported above makes phenalkamides an efficient curing agent for multi-purpose
epoxy coatings. The phenalkamide curing agent is considered as an advancement of
phanalkamine technology which can provide a broader range of performance properties to
epoxy resins for applications as industrial protective coating.

Conclusions

In order to enhance the specific properties, improve processing and to address limitations of
existing curing agents, new curing agents are developed which can lead to better performance
in various applications. In this study, we have reviewed different types of curing agents for
epoxy resin which includes Aliphatic amine, Aromatic amine, Modified amines, Polyamides,
Imidazole, Polymercaptan, Polysulfide resin, Anhydrides, Latent curing agents and Bio based
curing agents. The specific performances of these curing agents and their suitability to different
surface applications were reviewed. The curing agents imparting better performance properties
for some specific application includes Amine adducts and Modified amines for low temperature
cure and color stability, Anhydrides for electrical insulation, Phosphorus containing curing
agents for fire retardancy, Isocyanate cured epoxy for high chemical resistance, Phenalkamine
& Phenalkamide curing agents for low temperature cure, excellent chemical & mechanical
properties and for its origin from renewable resource etc., The large choice of curing agents
offers numerous possibilities to the selection of the right material. Hence, the most suitable
curing agent can be selected considering the nature of surface, application conditions,
workability and other specific factors. In this review, only the developments of different types
of curing agents for epoxy resins and their corresponding specific performances were discussed.
In practical use, they are mixed with diluents, coupling agents, fillers and other additives to
improve the curing properties, workability, stability etc., and these materials will also have
considerable additional impact on their performance.
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