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Abstract 
 
The epoxy resin mixture is used for wet filament winding load carrying and electrically 

insulating tubes for high voltage applications. The cured tubes are key parts of the final 

products which are subject to qualification. The safe function of the products generally 

depends on low moisture content. Visual inspection is also an important part of the 

quality inspection which requires some degree of transparency of the cured tubes. To 

prepare for future material modifications ABB wishes to evaluate the curing 

characteristics of some recently developed epoxy/hardener systems. The epoxy resin 

with the formulation E1/H1 is used as reference. Another type of base epoxy resin E2 

and toughened epoxy resin E1 (E1T) are included in the study. Three alternative 

hardeners H2, H3, and H4 were evaluated. 

 

This project is to evaluate different alternative epoxy resin formulations that are 

promising to be used in the ABB products in the future. These alternative epoxy resin 

formulations and the reference epoxy resin with the formation E1/H1 were prepared to 

be compared and evaluated in terms of thermal properties, i.e., glass temperature (Tg), 

the heat of curing and color of cured epoxy resins. The epoxy resins with alternative 

formulations which shown relative high Tg values were selected to carry out other 

analysis, ie., mixing ration optimization, the influence of dissolved water on Tg values, 

degree of curing and water absorption behavior. 
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1. Introduction 

1.1.  ABB Composites 

ABB Composites in Sweden manufactures and develops Power Composites-high 

performance insulating components made of fiber composite materials for power and 

high voltage applications. It is located in Piteå in the northern part of Sweden and 

produced electrical insulating materials since 1918 [1].  

 

ABB composite insulators are made of glass fiber reinforced epoxy resin tubes with 

aluminum end fittings and silicone rubber sheds. Increased safety, light weight, superior 

pollution and insulation performance are some of the reasons for OEMs and utilities 

worldwide to shift to ABB composite insulators. ABB composite insulators are used in 

many areas, such as high voltage circuit breakers, outdoor instrument transformers, 

cable terminations, etc. They offer a unique combination of technical expertise in the 

manufacture of both laminates and components [1, 2]. The epoxy resin mixture is used 

for wet filament winding of load carrying and electrically insulating tubes for high 

voltage applications. The cured tubes are key parts of the final products which are 

subject to qualification. The safe function of the final products generally depends on 

low moisture content. Visual inspection is also an important part of the quality 

inspection which require some degree of transparency of the cured tubes.  

 

1.2. The Scope of the Master’s Thesis 

This thesis work is focused on analyzing the alternative formulations of epoxy resin 

systems that are promising to be used at ABB Composites in the future. The alternative 

epoxy resin systems are mainly characterized by DSC to compare thermal properties 

with the reference epoxy resin system. Some epoxy resin systems will be selected to 

improve Tg and evaluate the influence of dissolved water on Tg, degree of curing and 

ability to resist water.  
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2. Background  

2.1. Epoxy Resins 

Epoxy resins, a type of thermosetting polymers, contain more than one active epoxy 

group usually in the form of terminal glycidyl group. In practice, epoxy resins refer to 

uncross-linked monomers or oligomers containing epoxy groups, and cured epoxy 

systems. There are very little or no epoxy groups in cured epoxy resins and epoxy resins 

that have very high molecular weight [3]. Epoxy resins are converted to thermosetting 

materials during cure. They can be cured by adding curing agents / hardeners that 

usually contain active hydrogens such as amine, amides, hydroxyl and acid anhydride 

groups. Through the ring opening reaction, curing reaction happens mostly in active 

epoxy groups. Epoxy resins can be produced to obtain excellent mechanical properties, 

such as high strength and toughness, outstanding chemical, moisture, and corrosion 

resistance, good thermal, electrical and adhesive properties, easily fabricated by 

processing under various conditions and low shrinkage upon curing [3-5]. These 

superior performance characteristics have made epoxy resins attractive for wide 

applications in different fields such as, for instance, semiconductor encapsulants in 

electronic industry, aerospace composites in aerospace industry, etc. Some remarkable 

use of epoxy resins are adhesives, high-performance coatings, electrical laminates, 

fiber-reinforced materials and composite pipes [3, 6]. 

 

The first commercial epoxy resins were produced in the late 1940s and are now applied 

in various industries. Dow, Huntsman and Resolution and their affiliated joint ventures 

are the major companies that produce epoxy resins in European market. The majority 

of epoxy resins that are widely used in industry are bi- or multifunctional epoxy resins. 

Commercial epoxy resins have aliphatic, cycloaliphatic, or aromatic backbones and can 

be applied as liquids with lower viscosity or as solid. Their molecular weights are in a 

wide range from several hundreds to tens of thousands. Many types of epoxy resins 

have been widely used in recent years, such as phenoxy resins, epoxy phenoxy novolac 

resins (EPN), epoxy cresol novolac resins (ECN), etc. The most widely applied epoxy 

resins are produced from diglycidyl ethers of bisphenol A (DGEBA) owing to their 

relatively low cost and superior performance in many areas [3, 4].                                      
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2.1.1. Bisphenol A Epoxy Resins 

The diglycidyl ether of bisphenol-A (DGEBA) is produced by reacting epichlorohydrin 

(ECH) with diphenylolpropane (DPP), also known as bisphenol-A (BPA). The 

chemical structure of DGEBA is shown in figure 1. The bisphenol A moiety (toughness, 

rigidity, and elevated temperature performance), the ether linkages (chemical 

resistance), the number of repeating units, and the hydroxyl and epoxy groups (adhesive 

properties and formulation latitude) are characterized to determine the performance of 

the resins. Bisphenol A epoxy resins have outstanding properties, such as superior 

electrical properties, high mechanical strength, high heat resistance, high chemical and 

corrosion resistance, excellent adhesion, and durability in harsh environment. 

According to requirements, the bisphenol A derived epoxy resins are usually cured with 

anhydrides, aliphatic amines, phenolics, or polyamides [3, 7]. 

 

 

Figure 1: Chemical structure of DGEBA [3]. 

 

DGEBA with very low degree of polymerization, n (n ≅0.2), is referred as liquid epoxy 

resins in the industry. Cured liquid epoxy resins have good strength and hardness but 

with limited flexibility and toughness. The preparation of liquid epoxy resins is a two-

step reaction, including base-catalyzed coupling of bisphenol A and epichlorohydrin to 

yield a chlorohydrin, and dehydrohalogenating of the chlorohydrin intermediate with a 

stoichiometric amount of base to achieve the glycidyl ether. Some bases that can be 

used to catalyze the reaction include sodium hydroxide, lithium salts and quaternary 

ammonium salts. However, side reactions influence the epoxide content and properties 

of the uncured/cured resins, owing to the formation of low levels of impurities. Liquid 

epoxy resins are applied in coatings, adhesives and composites formulation, owing to 

their low viscosity which facilitate processing. They can also be converted to epoxy 

derivatives such as epoxy vinyl esters, epoxy acrylates, etc [3]. 
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DGEBA epoxy resins with high molecular weight are available commercially in solid 

form or in solution, which are characterized by a repeat unit containing a secondary 

hydroxyl group with degrees of polymerization. Solid epoxy resins based on DGEBA 

can be cross-linked through the terminal epoxy groups or the multiple hydroxyl groups 

along the backbones to create different network structures and performance. Owing to 

the flexibility and toughness, solid epoxy resins that are cross-linked through the 

terminal epoxy groups are widely used in the coatings industry. The preparation 

methods of solid epoxy resins include taffy process and advancement or fusion process. 

The taffy method is often used to prepare lower molecular weight solid resins. Due to 

handling and disposal problems, only some solid epoxy resins are manufactured by the 

taffy process. Compared to taffy method, advancement method is more widely used in 

commercial practice. The purity of starting materials, the type of solvents used, and 

catalysts determine the molecular weight of solid epoxy resins. Some conventional 

catalysts for advancement process include basic inorganic reagents, such as NaOH, 

KOH, Na2CO3, LiOH, amines and quaternary ammonium salts. In the advancement 

process, catalysts can control prominent side reactions inherent in epoxy resin 

preparations, for instance chain branching due to addition of the secondary alcohol 

group generated in the chain-lengthening process to the epoxy group [3, 8].  

 

2.1.2. Epoxy Novolac Resins 

Epoxy novolac resins are multifunctional epoxy resins based on phenolic formaldehyde 

novolac resins and provide higher cross-linking density that improves thermal and 

chemical resistance properties over bisphenol A epoxy resins. Epoxy novolac resins are 

synthesized by reacting epichlorohydrin (ECH) with phenol novolac resins obtained 

from acid-catalyzed condensation of phenol (eg. alkyl phenols, aryl phenols and 

polyhydroxy phenols) and formaldehyde. The high molecular weight of novolac resins 

improve the functionality of epoxy novolac resins. Epoxy novolac resins have a high 

density of multiple epoxy groups that contributes to their high cross-linking densities, 

leading to extreme toughness, high reactivity, solvent-resistance and good performance 

at elevated temperatures. However, their highly cross-linked structures result in some 

brittleness and reduced toughness. The high temperature performance of epoxy novolac 

resins is improved after curing with some anhydrides, aromatic amines, catalytic curing 
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agents and phenolics. When they are cured with polyamide or aliphatic polyamines and 

their adducts, epoxy novolac resins show better improvement than bisphenol A epoxy 

resins. The applications of epoxy novolac resins include aerospace composites, 

filament-wound pipes and storage tanks, liners for pumps and other chemical process 

equipment, and corrosion-resistant coatings [3, 9]. 

 

2.1.3. Bisphenol F Epoxy Resins 

Bisphenol F epoxy resins are synthesized by reacting a mixture of bisphenol F isomers 

(o,o′, o,p′, p,p′ isomers) with epichlorohydrin (ECH). The structure of bisphenol F 

epoxy resins is shown in figure 2. Bisphenol F is the phenol novolac resins with the 

lowest degree of polymerization (n=0), prepared with a large excess of phenol to 

formaldehyde. Compared to bisphenol A epoxy resins, unmodified bisphenol F resins 

have lower viscosity liquid resin and exhibit slightly higher functionality than 

unmodified bisphenol A liquid resins. They can be applied in the liquid state without 

reactive diluent or solvent due to their lower viscosity. The low viscosity of epoxy 

resins based on bisphenol F lead to good processibility, higher filler levels and faster 

bubble release. Owning higher epoxy content and functionality, bisphenol F epoxy 

resins have better chemical resistance than bisphenol A epoxy resins. Their superior 

properties, such as thermal stability, chemical resistance and corrosion resistance, do 

not decrease during manipulation. The major applications of bisphenol F epoxy resins 

are functional diluents, such as solvent-free coatings. In addition, bisphenol F epoxy 

resins are used in high solids, high build systems such as tank and pipe linings, 

industrial floors, road and bridge deck toppings, structural adhesives, grouts, coatings, 

and electrical varnishes [3, 10]. 

 

 

Figure 2: Chemical structure of bisphenol F epoxy resins [3]. 
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2.2. Curing Agents 

To achieve optimum properties of the epoxy resin, it is essential to use the proper curing 

agent. Curing agents are regarded as either coreactive or catalytic and they can also 

control or promote the curing reaction. The most important groups of coreactive curing 

agents are those containing active hydrogens such as primary and secondary amines, 

phenols, thiols, carboxylic acids and their anhydride derivatives. They usually act as 

comonomers and react with epoxy resin by polyaddition to result in an amine, ether, or 

ester. Commercially, coreactive curing agents are the most frequently used and have 

gained wide commercial success. Catalytic curing agents function as anionic or cationic 

initiators to catalyze the homopolymerization of epoxy resins or as an accelerator for 

other curing agents. They provide an anion such as tertiary amine, secondary amines, 

and metal alkoxides, or a cation such as the halides of tin, zinc, iron and the 

fluoroborates of these metal, for epoxy resins. Most anionic and cationic initiators have 

not been applied commercially due to their long curing cycles and other poor properties 

of cured products [3, 11].  

 

2.2.1. Amine Type Curing Agents 

Amine type curing agents are one of the most important classes of curing agents for 

epoxy resins. The common amine type curing agents include aliphatic and aromatic 

amines, polyamides, and their derivatives. The aliphatic amines are very reactive but 

their pot life are too short for some applications. The liquid aliphatic amines have a 

good curing for DGEBA-type resins at room temperature and do not require an intense 

post curing. Their applications are limited because they are hygroscopic, usually 

volatile, toxic or irritating to eyes and skin. Another shortcoming is their high exotherm, 

especially in thick sections or large mass parts, that can result in thermal decomposition. 

Currently, the most of unmodified polyamines are primarily used to produce epoxy 

adducts. This can provide products with better handling properties, lower vapor 

pressure, and less critical mix ratio [3, 12].  

 

Aromatic amines have lower electron density on nitrogen than do the aliphatic amines 

because of conjugation. They are required to be melted and blended with warmed resins 
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to improve solubility because they are usually solid at room temperature. Compared to 

aliphatic amines, aromatic amines are much less reactive, less harmful, and have longer 

working pot lives. They usually require higher curing temperature, longer curing time, 

and generate high exotherm. Two-stage curing is advantageous with a full curing 

achieved with heat. Epoxy resins cured with aromatic amines obtain better chemical 

resistance and higher thermal resistance than epoxy resins cured with aliphatic amines, 

especially stable mechanical properties at long exposures to elevated temperatures (up 

to 150℃). Therefore, they are widely used in demanding structural composite 

applications such as aerospace, military composites, PCB laminates, and electronic 

encapsulation. The commercial aromatic amines include 4,4′-diaminodiphenyl sulfone 

(DDS), MDA or 4,4′-diaminodiphenylmethane (DDM), and MPD [3, 13].  

 

Compared to aliphatic and aromatic amines, polyamides are less toxic to handle and 

inexpensive, and also polyamides can cure epoxy resins under mild conditions. In 

addition, they exhibit readily workable pot lives. Their applications are mainly in 

industrial maintenance and civil engineering areas, and also include coating and 

adhesive formulations. However, epoxy resins cured with polyamides lose structural 

strength rapidly with increasing temperature, which limits their applications above 

65℃. Another disadvantages of polyamides include slower curing speeds and darker 

color than epoxy resins cured with aliphatic amines [3]. 

 

2.2.2. Anhydride Curing Agents 

Anhydride curing agents are another major class of curing agents used in curing epoxy 

resins. They have excellent electrical properties, are less toxic than aromatic amines, 

and hence have wide application in heat-cured structural composites and electrical 

encapsulations [14]. They are available as liquids, low melting point, or eutectic 

anhydrides mixtures. Anhydride curing agents are the prior choice in electrical and 

electronic applications or when chemical safety has to be considered [3]. Curing epoxy 

resins by anhydrides exhibit better properties, such as low viscosity, long pot life, low 

exothermic heats of reaction, and little shrinkage when cured at high temperatures [4, 

15]. However, anhydride curing agents are usually less reactive than amines and require 

a higher temperature to initiate the curing reaction and longer curing time, which results 



 11 

in very expensive processing and handling steps [16, 17]. Curing by anhydrides is often 

catalyzed by Lewis bases or acids, because the curing reaction is slow at temperatures 

below 200℃. The types of anhydrides / resins and also the curing schedules determine 

the catalyst concentration. The catalyst concentration influences high temperature 

performance [3, 18].  

 

Because of their higher thermal stability and transparency, the anhydride cured epoxy 

resins are preferred to be used in electrical and electronic areas. Epoxy resins cured by 

anhydrides also show excellent electrical, thermal and mechanical properties. They 

exhibit improved properties than similar amine-cured epoxy resins, such as aqueous 

acid resistance, less toxicity, higher glass transition temperatures, reduced water 

absorption, lower exothermal heat generated and smaller shrinkage [19, 20]. The 

applications of anhydride-cured epoxy resins include filament-wound epoxy pipe, PCB 

laminates, mineral-filled composites, and electrical casting and encapsulation [3]. 

Epoxy resins can be cured by a variety of structural different anhydride curing agents, 

and the common commercial anhydrides are listed in table 1. 

Methyltetrahydrophathalic anhydride (MTHPA) is the most widely used, mainly 

applied in filament-winding composites. Phthalic anhydride (PA) is the second major 

class of anhydride curing agents. PA is inexpensive, and thus it is mainly used in 

mineral-filled laboratory bench top manufacturing, which demands relatively low 

exothermal heat generation to avoid cracking. M.A. Corcuera et al. cured a type of 

epoxy monomer with hexahydrophthalic anhydride (HHPA) and tetrahydrophthalic 

anhydride (THPA) separately and concluded that THPA was more reactive than HHPA. 

HHPA requires heat above its melting point in the epoxy monomer to obtain a 

homogeneous solution, because it remains in solution at room temperature [21]. 

Tetrachlorophthalic anhydride (TCPA) is used in epoxy powder coatings for small 

electronic components, demanding on flame-retardancy. Benzophenonetetracarboxylic 

dianhydride (BTDA) is a relatively new, multifunctional anhydride for high 

temperature applications, and can be used to replace more toxic aromatic amines. It is 

able to provide cured epoxy resins with a high cross-linking density with a heat 

distortion temperature (HDT) of 280℃ [3]. 
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Name Structure 

Methyltetrahydrophthalic anhydride 

(MTHPA)  
Phthalic anhydride (PA) 

 
Methyl hexahydrophthalic anhydride 

(MHHPA)  
Tetrahydrophthalic anhydride (THPA) 

 
Hexahydrophthalic anhydride (HHPA) 

 
Nadic methyl anhydride or methyl himic 

anhydride (MHA)  
Benzophenonetetracarboxylic 

dianhydride (BTDA)  
Tetrachlorophthalic anhydride (TCPA) 

 

Table 1: Commercially Important Anhydride Curing Agents [3]. 

 

2.3. Curing reaction  

Epoxy resins obtain a higher molecular weight, highly cross-linked structures and 

insoluble three-dimensional thermosetting networks via curing reaction. The curing 

process of epoxy resins is related to the type of resins and curing agents, the curing 

agent concentration, the thermal curing procedure and other factor. Epoxy resins can 

be photo-cured or cured at room temperature, but generally they are cured at elevated 

temperature [3, 22, 23]. The high temperature epoxy-curing process consists of a pre-

curing stage at low temperature and a post-curing stage at elevated temperature, 

selecting aromatic amines, acid anhydrides, etc. as curing agents. In the pre-curing stage, 

small molecules are combined with larger units with a low degree of cross-linking 

(termed a B-stage resin). Followed by the post-curing stage, the clusters are cross-

linked to form a big molecule. Post-curing at high temperatures increases the 
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conversion of epoxy groups and modifies the cross-linking density. Compared to room-

temperature curing, epoxy resins cured at high temperature obtain a higher Tg [24, 25]. 

There are two chemically reactive functional groups in the molecules of epoxy resins, 

ie., epoxy group and hydroxyl. The epoxy group has a high reactivity and is easily 

broken, because it has the polarization of the C-C and C-O bonds and the epoxy ring is 

highly strained. When the molecular weight is low, epoxy resins are mostly cross-linked 

via the epoxy group. However, when the molecular weight increases, the content of 

epoxy group decreases, whereas the content of hydroxyl increases. Epoxy resins can 

cross-link via reactions with both epoxy group and hydroxyl, depending on the choice 

of curing agents and curing conditions. The reaction of epoxy groups is the ring opening 

process to form longer, linear C-O bonds. This feature contributes to the low shrinkage 

and good dimensional stability of cured epoxy resins [3].  

 

The curing mechanism of epoxy-anhydride systems without accelerators involves the 

possibility of several competing reactions. The anhydride ring is opened by an –OH 

group from the epoxy backbone to form a monoester, whose nascent carboxyl group in 

turn reacts with an epoxy group to generate a di-ester and an –OH group. A competing 

reaction is etherification of an epoxy group with an –OH group, either that formed 

during the esterification or on the resin backbone, resulting in a β-hydroxy ether and a 

new –OH group. The increasing concentration of hydroxyl groups can generate an 

autocatalytic effect. [3, 26]. 
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Figure 3: The curing reaction of epoxy/anhydride systems without accelerators [3] 

 

A small amount of accelerators, such as tertiary amines or imidazoles, are used in the 

epoxy/anhydride systems to speed up the curing process. In the initiation step, the basic 

catalyst with the anhydride forms a betain (internal salt). The carboxylate anion reacts 

with the epoxy group, generating an alkoxide, and then the alkoxide further reacts with 

another anhydride, propagating the cycle by generating another carboxylate which 

reacts with another epoxy group. The polyester-type linkages are formed finally [3, 27]. 
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Figure 4: The curing reaction of epoxy/anhydride systems with catalysts [3]. 

 

2.4. Formulation of Epoxy Resins 

Epoxy resins are generally formulated with other components to fulfill specific 

applications. Therefore, an appropriate epoxy resin formulation is significant to 

produce optimal process and performance. Some factors are included in the 

consideration, such as selection the proper combination of epoxy resins and curing 

agents, epoxy/curing agent stoichiometric ratios, formulation modifiers (fillers, diluents, 

toughening agents etc.) [3]. 

 

2.4.1. Selection of Epoxy Resins and Curing Agents 

The proper selection and formulation of components determines the performance 

properties of epoxy resin systems. Epoxy resins are applied separately or in 

combination to take advantage of their desirable characteristics, depending on the 

requirements of applications. Table 2 shows the general attributes of common types of 

epoxy resins. As the molecular weight of difunctional epoxy resins increases, they are 

mainly cured via the secondary hydroxyl groups. Compared with difunctional epoxy 

resins, multifunctional epoxy resins obtain a higher cross-linking density, higher glass 

transition temperature, better thermal and chemical resistances when they are cured to 

the same degree using a given curing agent at stoichiometric ratios [3]. 
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Table 2: Comparison of relative properties of common epoxy resins [3]. 

 

Curing agents have a significant effect on the curing process of epoxy resin, because 

they relate to the curing kinetics, reaction rate, gel time, degree of curing, viscosity, and 

curing cycle. In addition, curing agents influence physical properties of network and 

determine both the types of chemical bonds formed and the functionality of the cross-

linking junctions formed. When selecting curing agents, some factors should be 

considered besides the requirements of the application process techniques, such as 

curing temperature, compatibility of the curing agent with the resin, pot life of the 

curing agent/resin system once mixed, volatility of the curing agent, physical and 

chemical properties of the cured resin, and cost [3, 28, 29]. Epoxy resins cured with 

different commercial curing agents show a variety of performance. Aliphatic amine 

cured epoxy resins have low heat resistance. HHPA cured epoxy resins generate side 

reactions such as chain anhydride formation and the isomerization of the anhydride, 

while curing with PA prevents these reactions. HHPA presents a higher reactivity than 

does PA [3, 30].  

 

2.4.2. Epoxy Resin/Curing Agent Stoichiometric Ratios  

The stoichiometric ratio of epoxy resin/curing agent greatly influences the network 

structure and performance of finial products. The optimal proportions of epoxy resin 

and curing agent contribute to the best combination of mechanical properties of cured 

epoxy resins and they also have the highest softening temperature. In practical 

applications, formulations of epoxy resin systems are optimized for performance rather 
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than to complete stoichiometric curing [3]. In primary and secondary amines cured 

systems, slightly less than the theoretically stoichiometric amount should be used, since 

the tertiary amine formed in the reaction weakly catalysts the reaction of epoxy with 

co-produced secondary alcohols. The use of less than the theoretical amount of amine 

normally requires post-curing to complete curing process. Curing with excess amine 

leads to unreacted amine terminated dangling chain ends and reduces crosslinking, and 

cured epoxy resins are susceptible to moisture and chemicals. In anhydride cured 

systems, less than stoichiometric amount of curing agents generally are applied due to 

the generation of significant epoxy homopolymerization during the curing process, for 

instance, the optimum ratio of HHPA cured system is the range 0.70-0.85. In addition, 

an epoxy excess has a higher reactivity because of the increase in the hydroxyl 

concentration during the curing reaction [21]. P. Guerrero et al. cured a commercial 

epoxy system with THPA and indicated that Tg reached the maximum in the range 0.8-

0.9 of anhydride/epoxy stoichiometric ratios, which was related to the cross-linking 

density of the formed networks, and also to competitive etherification and esterification 

reactions occurring during curing reaction [31]. Around 80-90 wt% of the 

anhydride/epoxy stoichiometric ratio is generally used to obtain optimal properties [3, 

32]. 

 

2.4.3. Additives 

Almost all epoxy resins are modified with a variety of additives to improve the 

processability and remedy shortcomings in the cured state, because of the requirements 

of industrial applications on the reacting and cured epoxy resins. Additives are mainly 

surface-active substances and regarded as inhibitors or accelerators affecting epoxy 

resin systems in terms of the reacting system. The additives are generally added in a 

few weight percent (wt.%), for instance to suppress foaming, to reduce the viscosity 

during casting and to avoid sedimentation of the fillers which may be present in high 

amounts (>50 wt.%) [3, 33].  

 

Diluents are particularly used to low the viscosity in order to improve handling and 

wetting characteristics. They are usually applied in the range of 2-20 wt% based on the 

epoxy resins. Some cured epoxy resins exhibit brittleness, poor flexibility, and low 
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impact strength and fracture resistance. Toughening and flexiblizing are two 

approaches to remedy these drawbacks. They enhance the ability of epoxy resins to 

resist failure under mechanical and thermal stress. Besides using flexible amine curing 

agents, flexibilizing is achieved by incorporating the resin with compatible long chain 

plasticizers, forming long chain segments into the epoxy resin structure to increase the 

distance between cross-linking sites. Compared to flexibilizing, the properties of the 

matrix resins are almost not influenced after toughened. In addition, toughness barely 

leads to any sacrifice of strength, stiffness, hardness, or temperature resistance. 

Elastomers are normal toughening agents used for epoxy resins, which involves the 

dispersion of a small quantity of elastomers as a discrete phase of microscopic particles 

embedded in the continuous resin matrix. The toughened systems exhibit a decrease in 

viscosity with an increase in shear rate, or pseudoplasticity [3]. 

 

2.5. REACH  

REACH is unified regulation (Regulation (EC) No 1907/2006) for chemicals and 

substances that applies to nearly all products on the European market. It is governed by 

the European Chemical Agency, often abbreviated as ECHA. The acronym REACH 

stands for: Registration, Evaluation, Authorization and Restriction of Chemicals. 

REACH establishes requirements in favor of improving standards in the area of 

environmental and health protection. It creates responsibility for manufacturers, 

importers and downstream users on chemical-safety issues in the European Union and 

has taken effect since 2008 [34, 35].  

 

Under REACH, a manufacturer or importer is required to submit a registration dossier 

to the new ECHA in Helsinki for any substance if more than 1 tonne (1000 kg) per year 

(t/yr) of the substance is imported into or manufactured in the EU. Around 30,000 

substances will fall under the registration requirements. The purpose of the registration 

procedure is to prove and ensure that these substances are safe in manufacturing and 

use. Manufacturers and importers must provide systematic information about the 

properties of substances and safety information throughout supply chains. When a 

substance is imported into or manufactured in the EU in quantities more than 10 t/yr, a 

chemical safety report must also be provided. The relevant annual quantities of the 
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substance manufactured or imported determine what kind of information must be 

provided in the supply chain [35, 36]. 

 

Substances of Very High Concern (SVHC) include substances that are carcinogenic, 

mutagenic, toxic to reproduction; PBT (persistent, bioaccumulative and toxic), vPvB 

(very persistent and very bioaccumulative) and endocrine disrupting. Figure 5 shows 

the process of different SVHC lists in terms of obligations. If a substance is classified 

as SVHC, a pertinent safety data sheet must be provided for customers. When the 

concentration of a SVHC is more than 0.1% weight by weight (w/w) of the component, 

there are communication obligations for manufactures and importers. The identification 

of the substance and information on safe use are informed at least. If a SVHC is 

manufactured or imported over 1 t/yr, they are included in the list of notification. Once 

a SVHC is selected in the list of authorization, it is included as the priority substance 

in the list of Annex XIV and required to be granted an authorization permitting specific 

applied-for-uses from European Commission after a sunset date. However, it is 

expensive to submit an authorization request and requires details on which kind of uses 

that the authorization request covers [35, 37, 38].  

 

 

Figure 5: SVHC candidate process [35]. 

 

The purpose of the authorization procedure is to ensure that risks from these priority 

substances can be adequately controlled and that these substances are gradually 
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replaced by less harmful alternative substances or technologies. Figure 6 shows the 

authorization procedure and the steps to evaluate a substance. The authorization of 

SVHC can only be granted when there are no alternative substances or technologies 

exist, and social-economic benefits outweigh the risks of using these substances to 

environment and health. 169 substances have been identified as SVHC at present. All 

currently known SVHC shall be included on the list of authorization by 2020. Therefore, 

suppliers and manufacturers must appropriately combine supply chain information, 

engineering judgment, and analytical tests to effectively balance between compliance 

assurance and costs [35, 39]. 

 

 
Figure 6: Authorization procedures of a substance [36]. 

 

In the science area, REACH will provide an access to key data via the web-based 

database. This database will help generate knowledge of chemical substances and their 

effects and innovations in European research. REACH provides a better regulation in 

European market and improves the standard of work safety, environmental protection, 

and consumer protection. It influences all types of products and especially forces the 
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electronics industry to investigate substances that have not commonly been declared 

down the supply chain [36, 40]. 

 

2.6. Differential Scanning Calorimetry (DSC) 

The Differential scanning calorimetry (DSC) instrument measures heat flow into or 

from a sample as a function of temperature under heating, cooling or isothermal 

conditions. The quantitative heat flow is measured as a direct function of the sample 

temperature or of time. DSC measurements have widely used to analyze and 

characterize the curing kinetics of various thermosetting polymers [41]. The heat flow-

temperature/time data provides extremely valuable information on key physical and 

chemical properties associated with materials, including Tg, onset temperature of 

curing, heat of curing, and degree of curing. These data can then be applied to address 

problems of manufacturing or usage of epoxy resins to control physical properties and 

establish optimal curing conditions [42].  

 

The onset of curing is the temperature where the heat flow deviates from a linear 

response. As curing reaction is completed, the DSC heat flow returns to a quasilinear 

response. Tg represents the temperature range where a polymer transforms from one 

state to another when the temperature changes, either from glass to rubber phase or 

from rubber to glass phase. During the curing process, Tg gradually increases as time 

consuming and the increase levels off after an extended length of time [43]. The value 

of Tg depends on the curing schedule, degree of curing and chemical make-up of the 

particular resin system [44]. Tg, conventionally defined as a single temperature, is 

determined as the midpoint of the temperature range, bounded by the tangents to the 

two flat regions of the heat flow curve. The degree of curing is very useful for quality 

assurance and for the purposes of process optimization. The degree of curing is affected 

by processing conditions [42, 45]. In this study, the area under the exothermic was 

integrated to give the heat of cure. The exothermic peak is determined by drawing a 

straight base line between the onset and the end of the exotherm in such a way that the 

base line is tangent to the curve at those two points [43]. 
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2.7. Water Absorption 

Plastics exposed to water are subject to several different effects, namely dimensional 

changes (e.g. swelling) caused by absorption of water, extraction of water-soluble 

components and some changes in other properties [46]. Epoxy resins are susceptible to 

the water absorption and even can be degraded by water. Absorbed water has 

deleterious effects on the physical properties of epoxy resins, such as a reduction in 

mechanical properties, strength lowered. When epoxy resins are exposed to water, 

relatively short-term exposure results in more or less reversible plasticization; more 

prolonged environmental aging leads to irreversible damage in the form of crack growth 

and loss of material, probably by hydrolyzing linkages. In most applications, epoxy 

resins have the potential of being exposed to moisture conditions or a humid 

environment, and thus their performance is greatly influenced [47-50].  

 

Absorbed water exists as “free water” clustered in microvoids or is bounded to specific 

sites in the matrix. As previous study, bound water disrupts the initial inter-chain Van 

der Waals force and hydrogen bonds among segments of the polymers, causing 

swelling of the polymer and increasing chain segment mobility. Absorption of water 

opens the polymeric network and makes more water absorption centers accessible. This 

type of water/resin interaction acts as a plasticizer and decreases Tg [50-52]. Tg is one 

of the most important parameters for epoxy resins, which establishes the service 

temperature for the usage. The absorption of water results in a reduction in the values 

of Tg, which reflects the degree of plasticization and water/resin interactions occurring 

in epoxy resins [49, 52]. J. Zhou and J.P. Lucas investigated hygrothermal effects of 

three different epoxy systems and concluded that the change of Tg depended on both 

the content of water absorbed and the hygrothermal history of epoxy resins. Epoxy 

resins with higher values of Tg resulted for longer immersion time and higher exposure 

temperature. In addition, they raised another type of water/resin interaction, that is, 

bound water formed a secondary cross-linking network, which conversely contributes 

to an increase in Tg in water absorbed epoxy resins [50, 52]. Y.C. Lin and X. Chen 

revealed that water diffusion in epoxy resin systems depended on the hygrothermal 

conditions, the specimen thickness and hygrothermal history [48]. 
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For determination of water absorption of materials, the international Standard EN ISO 

62: 2008 is applied and describes a procedure for determining the moisture absorption 

properties in the “through-the-thickness” direction of flat or curved-form solid plastics. 

In addition, this International Standard provides procedures for determining the amount 

of water absorbed by plastic specimens of defined dimensions, when immersed in water 

or when subjected to humid air under controlled conditions. Test specimens are 

demanded to immerse in distilled water at 23℃ or in boiling distilled water, or expose 

to 50 % relative humidity at certain temperatures for required periods. The amount of 

water that each test specimen absorbed is determined by measuring its mass changes, 

i.e. the difference between its initial mass and that after exposure to water, the change 

being expressed as a percentage of the initial mass [46].  
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3. Experimental 

3.1. Materials 

Hardener H1, H2, H3, and H4 were applied as curing agents in this study. H1, used as 

the reference, contained MTHPA/THPA/MHHPA anhydride mixture pre-accelerated. 

The content of H3 was MTHPA anhydride pre-accelerated with a combination of two 

proprietary mixtures. H2 contained MTHPA anhydride pre-accelerated. H4 contained 

MTHPA/THPA anhydride pre-accelerated. The new hardeners H2, H3, and H4, do not 

contain any chemicals presently on the REACH SVHC list or in REACH Annex XIV. 

 

The commercial base epoxy resins used in this study were E1 (bisphenol-A 

epichlorohydrin epoxy resin, liquid), E1T (toughened) and E2 (bisphenol-F epoxy resin, 

liquid). 

 

3.2. Sample Preparation 

The comparison of color and thermal properties was carried out among the epoxy resins 

with the formulation E1/H1 (E1:H1=100:90 (pbw)) as reference and alternative new 

formulations. The stoichiometric mixing ratios between the epoxy resins E1, E1T, E2 

and the hardeners H1, H2, H3, H4 are shown in table 3.  

 

The epoxy resin should be preheated to 55±5℃ before mixing. Room tempered 

hardener was added to the preheated epoxy resin and then the epoxy resin mixture was 

thoroughly mixed. The ambient temperature and humidity during mixing should be 

recorded. Samples of 15g resin mixture were poured uniformly on a metal lid and cured 

at 90℃ for 2h then post-cured at 145℃ for 4h. 
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Description Unit E1/H1 E1/H2 E1/H3 E1/H4 E1T/H1 E1T/H2 E1T/H3 E1T/H4 E2/H3 E2/H4 

E1 pbw 100 100 100 100 -- -- -- -- -- -- 

E1T pbw -- -- -- -- 100 100 100 100 -- -- 

E2 pbw -- -- -- -- -- -- -- -- 100 100 

H1 pbw 90 -- -- -- 83 -- -- -- -- -- 

H2 pbw -- 90 -- -- -- 83 -- -- -- -- 

H3 pbw -- -- 90 -- -- -- 83 -- 90 -- 

H4 pbw -- -- -- 90 -- -- -- 83 -- 90 

Table 3: Epoxy resin formulations for color comparison and dynamic scanning DSC 

measurements. 

 

3.3. Dynamic Scanning DSC Measurements 

The dynamic scanning DSC measurements were performed on epoxy resin mixtures 

and cured epoxy resins to carry out the dynamic thermal analysis of epoxy resins with 

variant formulations. The measurements of heat flow of the sample during dynamic 

scanning processes were conducted using METTLER TOLEDO. The preheated epoxy 

resins (55±5℃) and hardeners were mixed at a certain stoichiometric mixing ratio at 

room temperature and thoroughly mixed. Before the measurements, high purity indium 

and zinc standards were used to calibrate the temperature and energy axis of the DSC 

apparatus. Measurements were accomplished with an empty α-Al2O3 cell as the 

reference, and nitrogen was purged at the rate of 80ml/min to minimize oxidation 

during the measurements. To measure the temperature of onset, peak and the heat of 

reaction, samples (around 1mg epoxy resin mixture) were sealed in aluminum pans, 

heating from 30℃ up to 300℃ at the rate of 20℃/min. To investigate Tg and the 

residual enthalpy, samples (around 5mg cured epoxy resin) were sealed in aluminum 

pans, heating from 30℃ up to 300℃ at the rate of 20℃/min. The isothermal curing in 

DSC was performed on epoxy resins and defined the residual heat of reaction. Samples 

(around 1mg epoxy resin mixture) were sealed in aluminum pans and kept for a certain 

period time at 90℃ then cooled down immediately, heating from 30℃ up to 300℃ at 

the rate of 20℃/min.  
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Figure 7: Differential Scanning Calorimetry METTLER TOLEDO 

 

The heat flow was recorded when a sample was scanned at the rate of 20℃/min from 

30℃ to 300℃ during dynamic scanning measurements. The onset of curing reaction 

was the temperature where the heat flow deviated from a linear response. At the end of 

the exothermic curing reaction, the recorder signal leveled off to the baseline. The total 

area under the exothermic curve was integrated to give the heat of curing. The 

exothermic peaks appeared below the baseline in the METTLER TOLEDO. Tg was 

defined as the midpoint of the temperature range, bounded by the tangents to the two 

flat regions of the heat flow curve [43].  

 

3.4. Sample Preparation for Water Absorption Tests  

The analysis of water absorption was implemented according to the Method 1 of 

international standard EN ISO 62:2008. The plates were manufactured and handled in 

a special way so that the risk of contamination is minimized. The epoxy resin 

formulation E1/H3 (E1:H3=100:89 (pbw)), E1/H4 (E1:H4=100:91 (pbw)), and E1/H1 

(E1:H1=100:90 (pbw)) as the reference were prepared for water absorption behavior. 
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The base epoxy resin should be preheated to 55±5℃ before mixing. Room tempered 

hardener was added to the preheated epoxy resin and then the resin mixture was 

thoroughly mixed. The ambient temperature and humidity during mixing should be 

recorded. The epoxy resin mixture was cast into a closed mold and the edges and holes 

of the mold should be covered by a pure Mylar film so that no surface was exposed to 

air during curing. In addition, a silicone release agent was applied to the mold. The 

epoxy resins in the mold were cured at 90℃ for 2h then post-cured at 145℃ for 4h. 

 

   

Figure 8: Mold for casting epoxy resin mixture. 

 

At least three samples with the size of 60×60×1 (or 2) mm of each material were 

prepared then the edges of all samples were deburred in order to make all edges soft. 

All the samples were dried in an oven under a vacuum condition at (50.0±2.0℃) for 

24h then cooled to room temperature in the desiccator then all surfaces of the samples 

were cleaned with acetone or isopropanol before testing. The dried samples were 

weighed with an accuracy of ±0.1mg, and then separately placed in a container. The 

samples were required not to be stacked on top of each other so that water had free 

access to the sample surfaces. They were completely immersed in distilled water 

maintained at 23.0℃±1.0℃ or ±2.0℃	 for different period time, i.e., 1 minute, 24h, 

48h, 96h, 192h and 240h (±1h). The water should be agitated at least once each day. At 

least 8mL of distilled water per square centimeter of the total surface of the test samples 

was required but no less than 300mL per test sample. This avoided excessive 

concentration of any extraction products in the water during the test [46]. The samples 

were removed one by one from water after immersed for different time intervals and 

dried with a clean and dry cloth or with filter paper and then placed on a dry cloth for 

1 minute. The dried samples were weighed with an accuracy of ±0.1mg then re-
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immersed in distilled water. The samples should not absorb or release any water during 

weighing operations [46]. 
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4. Results and Discussion 

4.1. Color Comparison 

Visual inspection is an essential part of the product quality inspections, which is 

required to meet the demand of customers. The color of the products is dependent on 

the different types of epoxy resins and hardeners, therefore, the color comparison 

between the cured epoxy resins with the reference formulation and the alternative new 

formulations is required to be implemented. The same size of plates (diameter: 10cm, 

thickness: 2mm) of cured epoxy resin with different formulations according to table 3 

were prepared to carry out the color comparison. The epoxy resin with the formulation 

E1/H1 (E1:H1=100:90 (pbw)) was prepared as the reference. The hardener was added 

to the preheated epoxy resin (55±5℃) at room temperature then the epoxy resin mixture 

was thoroughly mixed. Samples of 15g epoxy resin mixture were poured uniformly on 

a metal lid and cured at 90℃ for 2h then post-cured at 145℃ for 4h. 

 

The figure 9 displays the color of transparent plates that were prepared from epoxy 

resins with different formulations. For the plates that were produced from different 

hardeners with the same epoxy resin E1, the color of the plates E1/H2, E1/H3, and 

E1/H4 was darker than that of the reference plate E1/H1 and the color of the plate 

E1/H3 was more orange. Therefore, the color of the epoxy resins that were cured with 

alternative new hardeners H2, H3 and H4 became darker. For the plates that were 

prepared from the same hardener with the epoxy resins E1 and E1T respectively, the 

color of plates that were prepared from E1T (toughened E1) was slightly darker than 

that from E1. In other words, toughened epoxy resin E1made the color of plates darker. 

Compared with the color of the reference plate E1/H1, the color of the plate E2/H3 was 

darker than that of the reference plate E1/H1 and the plate E2/H4 had the similar color 

as the reference plate E1/H1. The color comparison between the plates E1/H3 and 

E2/H3 (or between the plates E1/H4 and E2/H4) shows that the color of the plates that 

were prepared from E2 became lighter or more yellow. 
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          E1/H1: yellowish                      E1/H2: dark yellow 

      

          E1/H3: orange                         E1/H4: yellow 

   

          E1T/H1: yellow                  E1T/H2: yellowish orange 
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        E1T/H3: dark orange                    E1T/H4: yellow 

 

           E2/H3: yellow                      E2/H4: yellowish 

Figure 9: Color comparison of cured epoxy resins with different formulations. 

 

4.2. Thermal Properties Comparison 

The analysis of thermal properties of epoxy resin is essential for the further 

manufacturing. Dynamic scanning DSC measurements were done to compare the 

thermal properties between epoxy resins with the reference formulation E1/H1 

(E1:H1=100:90 (pbw)) and alternative new formulations. The epoxy resin mixtures 

between the epoxy resins E1, E1T, E2 and the hardeners H1, H2, H3, H4 were prepared 

according to table 3. The epoxy resin mixture E1/H1 (E1:H1=100:90 (pbw)) was 

prepared as the reference. The hardener was added to the preheated epoxy resin (55±5℃) 
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at room temperature then the epoxy resin mixture was thoroughly mixed. For dynamic 

curing measurements, the epoxy resin mixture (around 1mg) was scanned from 30℃ 

up to 300℃ at the rate of 20℃/min and each type of epoxy resin formulation was 

measured three times. 

 

The onset of curing is the temperature where the heat flow deviates from a linear 

response [42]. The figure 10 shows the values of onset temperatures of curing epoxy 

resins with different formulations. The epoxy resin mixtures that contained hardener 

H3 had a noticeably higher temperature to start curing reaction. For curing epoxy resin 

with hardeners H2 and H4, the relative lower temperature was required to start the 

curing reaction. Compared the onset temperature of curing epoxy resins E1, E1T and 

E2 with the hardener H3 or H4, curing the epoxy resins E1T and E2 was required a 

relatively lower temperature to start curing reaction. 

 

 
Figure 10: Onset temperature (℃) of curing epoxy resins with different formulations. 

 

The exothermic peak temperature reflects the maximum rate of curing of epoxy resins 

[42]. The figure 11 shows the peak temperatures of curing epoxy resins with different 

formulations. Curing epoxy resins with the hardener H3 had a noticeably low peak 

temperature, that is, a low maximum rate of curing reaction. For curing epoxy resins 

with the hardeners H2 and H4, they had a higher maximum rate of curing reaction.  
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Figure 11: Peak temperature (℃) of curing epoxy resins with different formulations. 

 

The figure 12 shows the heat of reaction for curing epoxy resins with different 

formulations. The epoxy resins were cured with the hardeners H3 and H4 had a 

noticeably higher heat of curing reaction. For curing epoxy resins with the hardener H2, 

they had a relatively low heat of curing reaction. For the heat of curing reaction of 

curing epoxy resins E1, E1T and E2, curing the epoxy resin E2 had a relatively high 

heat of curing reaction. 

 

Figure 12: Heat of reaction (J/g) of curing epoxy resins with different formulations. 

 

Samples of 15g epoxy resin mixture were poured uniformly on a metal lid and cured at 

90℃ for 2h then post-cured at 145℃ for 4h. For Tg value measurements, the cured 

epoxy resin (around 5mg) was scanned from 30℃ up to 300℃ at the rate of 20℃/min 
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and each type of epoxy resin formulation was measured three times. Besides the curing 

schedule and the degree of curing, the value of Tg strongly depends on the chemical 

make-up of the particular resin systems [42]. The figure 13 shows the Tg of cured epoxy 

resins with different formulations. Compared to the Tg of the cured epoxy resin with 

the reference formulation E1/H1 (E1:H1=100:90 (pbw)), all the cured epoxy resins 

with alternative new formulations had lower Tg than the reference. The comparison of 

Tg among the epoxy resin E1 cured with different hardeners H2, H3 and H4 

respectively showed that cured epoxy resin with the formulation E1/H2 (E1:H2=100:90 

(pbw)) had the lowest Tg. The alternative new hardeners H2, H3, and H4 made Tg 

lower. For the comparison between the cured epoxy resins E1 and E1T (toughened E1), 

the cured epoxy resin E1 had a higher Tg than that of the cured epoxy resin E1T. The 

epoxy resin E1T made Tg lower. For the comparison between the cured epoxy resins 

E1 and E2, the cured epoxy resin E1 had a higher Tg than that of the cured epoxy resin 

E2. The epoxy resin E2 made Tg lower. For epoxy resin E2, cured with the hardener 

H3 had a better Tg than the epoxy resin cured with the hardener H4. 

 

 

Figure 13: Tg (℃) of cured epoxy resins with different formulations. 

 

4.3. Mixing Ratio Optimization 

In order to optimize Tg of the cured epoxy resins with alternative new formulations, 

different stoichiometric mixing ratios between the epoxy resins E1, E2 and the 

hardeners H2, H3, H4 were prepared (showing in table 4). The hardener was added to 
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the preheated epoxy resin (55±5℃) at room temperature then the epoxy resin mixture 

was thoroughly mixed. The ambient temperature and humidity during mixing should 

be recorded. Samples of 15g epoxy resin mixture were poured uniformly on a metal lid 

and cured at 90℃ for 2h then post-cured at 145℃ for 4h. For Tg measurements, the 

cured epoxy resin (around 5mg) was scanned from 30℃ up to 300℃ at the rate of 

20℃/min and each type of epoxy resin formulation was measured three times. 

 

Description Unit E1/H2 E1/H3 E1/H4 E2/H3 

E1 pbw 100 100 100 -- 

E2 pbw -- -- -- 100 

H2 pbw 83, 85, 87, 89, 90, 

91, 93, 95 

-- -- -- 

H3 pbw -- 87, 89, 90, 91, 93, 95 -- 87, 89, 90, 91, 93, 95, 97 

H4 pbw -- -- 87, 89, 90, 91, 93, 95 -- 

Table 4: Epoxy resin formulations for Tg measurements. 

 

The figure 14 shows the comparison of Tg of the cured epoxy resin with the formulation 

E1/H2 with different mixing ratios. Compared with the Tg of cured epoxy resins with 

different mixing ratios, the optimal Tg of the cured epoxy resin with the formulation 

E1/H2 could be obtained at 136℃ when the stoichiometric mixing ratio was 

E1:H2=100:85 (pbw). 
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Figure 14: Tg values for the cured epoxy resin with the formulation E1/H2 as a function 

of different mixing ratios. 

 

The figure 15 shows the comparison of Tg of the cured epoxy resin with the formulation 

E1/H3 with different mixing ratios. Compared with the Tg of cured epoxy resins with 

different mixing ratios, the optimal Tg of the cured epoxy resin with the formulation 

E1/H3 could be obtained at 137℃ when the stoichiometric mixing ratio was 

E1:H3=100:89 (pbw). 
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Figure 15: Tg for the cured epoxy resin with the formulation E1/H3 as a function of 

different mixing ratios. 

 

The figure 16 shows the comparison of Tg of the cured epoxy resin with the formulation 

E1/H4 with different mixing ratios. Compared with the Tg of the cured epoxy resins 

with different mixing ratios, the optimal Tg of the cured epoxy resin with the 

formulation E1/H4 could be obtained at 138℃ when the stoichiometric mixing ratio 

was E1:H4=100:91 (pbw). 
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Figure 16: Tg for the cured epoxy resin with the formulation E1/H4 as a function of 

different mixing ratios. 

 

The figure 17 shows the comparison of Tg of the cured epoxy resin with the formulation 

E2/H3 with different mixing ratios. Compared with the Tg of cured epoxy resins with 

different mixing ratios, the optimal Tg of the cured epoxy resin with the formulation 

E2/H3 could be obtained at 132℃ when the stoichiometric mixing ratio was 

E2:H3=100:93 (pbw). 
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Figure 17: Tg for the cured epoxy resin with the formulation E2/H3 as a function of 

different mixing ratios. 

 

4.4. Influence of Dissolved Water on Tg 

The optimal Tg of the cured epoxy resins with alternative new formulations were 

obtained and then these epoxy resins with the optimal mixing ratios were selected to 

implement the influence of dissolved water on Tg. The influence of dissolved water on 

Tg was evaluated by adding a certain amount of water to the epoxy resin mixture while 

mixing. Samples of 15g epoxy resin mixture were poured uniformly on a metal lid and 

cured at 90℃ for 2h then post-cured at 145℃ for 4h. The stoichiometric mix ratios 

among the epoxy resins E1, E2, the hardeners H2, H3, H4, and water are showed in 

table 5. For Tg measurements, the cured epoxy resin (around 5mg) was scanned from 

30℃ up to 300℃ at the rate of 20℃/min and each type of epoxy resin formulation was 

measured three times. The figure 18 shows the Tg of the cured epoxy resins with and 

without water while mixing. The Tg of all the cured epoxy resins added water while 

mixing decreased compared with that of the cured epoxy resins without water while 

mixing. The Tg of cured epoxy resin with the formulation E1/H4 had less sensitivity to 
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humidity compared with that of cured epoxy resins with the formulations E1/H2, E1/H4 

and E2/H3.  

 

Description Unit E1/H2 E1/H3 E1/H4 E2/H3 

E1 pbw 100 100 100 -- 

E2 pbw -- -- -- 100 

H2 pbw 85 -- -- -- 

H3 pbw -- 89 -- 93 

H4 pbw -- -- 91 -- 

water pbw 1 1 1 1 

Table 5: Epoxy resin formulations with water for Tg value measurements. 

 

 

Figure 18: Tg of cured epoxy resins with water and without water while mixing. 

 

4.5. Characterization of Degree of Curing 

The changes in Tg and the heat of curing can be used to characterize and quantify the 

degree of cure of the resin systems [42]. Dynamic scanning DSC measurements were 

done to measure the residual heat of curing reaction and Tg of epoxy resins that were 
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cured at 90℃ for 1h, 2h, 3h, 4h, 6h separately in DSC and oven. The epoxy resin 

mixture with formulations E1/H3 (E1:H3=100:89 (pbw)), E1/H4 (E1:H1=100:91 

(pbw)) and E1/H1 (E1:H1=100:90 (pbw)) were prepared respectively. The epoxy resin 

with the formulation E1/H1 (E1:H1=100:90 (pbw)) was prepared as the reference. The 

hardener was added to the preheated epoxy resin (55±5℃) at room temperature then the 

epoxy resin mixture was thoroughly mixed. The epoxy resin mixture (around 1mg) was 

scanned from 30℃ up to 300℃ at the rate of 20℃/min to determine the total heat of 

reaction, and each type of formulation was measured three times. To measure the epoxy 

resin mixtures that were cured in DSC, the epoxy resin mixture (around 1mg) was 

isothermal cured at 90℃ for 1h, 2h, 3h, 4h, 6h separately, cooled down and then 

scanned from 30℃ up to 300℃ at the rate of 20℃/min, and each type of formulation 

was measured once. To measure the epoxy resin mixtures that were cured in the oven, 

the epoxy resin mixture was cured in oven at 90℃	for 2h, 3h, 4h, 6h separately, cooled 

down and then the cured epoxy resin (around 5mg) was scanned from 30℃ up to 300℃ 

at the rate of 20℃/min, and each type of formulation was measured once. The degree 

of curing was calculated according to the formula as follows: 

 

Curing%= (1 − Hresidual

Htotal
 ) x 100% 

 

Hresidual: the heat of residual curing reaction; 

Htotal: the heat of complete curing reaction. 

 

The degree of curing and Tg of the epoxy resin with the formulation E1/H1 was 

compared between curing in DSC and oven for different period time (Figure 19 and 

20). After epoxy resin E1/H1 was cured for 4h, the degree of curing in DSC was slightly 

higher than that in the oven. When epoxy resin E1/H1 was cured for 2h and 3h 

respectively, the degree of curing in the oven was higher than that in DSC. The Tg of 

epoxy resin E1/H1 that was cured in the oven was higher than that in DSC. When epoxy 

resin E1/H1 was cured for 6h, the Tg of epoxy resin E1/H1 cured in the oven was 

similar as that in DSC. 
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Figure 19: Degree of curing of epoxy resin with the formulation E1/H1 (E1:H1=100:90 

(pbw)) that was cured in DSC and oven. 

 

 
Figure 20: Tg of epoxy resin with the formulation E1/H1 (E1:H1=100:90 (pbw)) that 

was cured in DSC and oven. 
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The degree of curing and Tg of the epoxy resin with the formulation E1/H3 was 

compared between curing in DSC and oven for different period time (Figure 21 and 

22). When epoxy resin E1/H3 was cured for 2h, the degree of curing in the oven was 

higher than that in DSC. When epoxy resin E1/H3 was cured for more than 3h, the 

degree of curing in the oven was slightly lower than that in DSC. The Tg of epoxy resin 

E1/H3 that was cured in the oven was higher than that in DSC.  

 

 

Figure 21: Degree of curing of epoxy resin with the formulation E1/H3 (E1:H3=100:89 

(pbw)) that was cured in DSC and oven. 
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Figure 22: Tg of epoxy resin with the formulation E1/H3 (E1:H3=100:89 (pbw)) that 

was cured in DSC and oven. 

 

The degree of curing and Tg of the epoxy resin with the formulation E1/H4 was 

compared between curing in DSC and oven for different period time (Figure 23 and 

24). For curing epoxy resin E1/H4 less than 4h, the degree of curing in the oven was 

higher than that in DSC. The Tg of epoxy resin E1/H4 that was cured in the oven was 

higher than that in DSC. When epoxy resin E1/H4 was cured for 6h, the Tg of the epoxy 

resin cured in the oven was similar as that in DSC. 
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Figure 23: Degree of curing of epoxy resin with the formulation E1/H4 (E1:H4=100:91 

(pbw)) that was cured in DSC and oven. 

 

 
Figure 24: Tg of epoxy resin with the formulation E1/H4 (E1:H4=100:91 (pbw)) that 

was cured in DSC and oven. 
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According to the discussion above, the degree of curing of epoxy resin E1/H1, E1/H3 

and E1/H4 reached and remained at around 90% after curing for 4h both in DSC and 

oven. The degree of curing of epoxy resin E1/H1 and E1/H4 that were cured in the oven 

was higher than or similar as that in DSC when the epoxy resin was cured less than 4h. 

Epoxy resins cured with hardener H3 in oven required less time to reach 80% of the 

degree of curing. This type of hardener may be more reactive. However, the time 

required was similar for epoxy resins cured with hardener H1 and H4.  

 

Tg increased with curing time and the degree of curing. The surface area of the epoxy 

resins cured in the oven was smaller than that in DSC, and thus relatively not easy to 

release heat. The heat that was not released may contribute to further curing reaction. 

Therefore, the Tg of epoxy resin that was cured for the same time intervals in the oven 

was higher than that in DSC. At the gel point, the curing process becomes diffusion-

controlled. Besides the increase of curing time, Tg is enhanced with a decrease in the 

distance between crosslink points, which influences the movement of molecules [10, 

42]. For epoxy resins that were cured at the gel point 90℃ in the oven, they had a higher 

degree of curing and cross-linking density. This inhibited the movement of molecules 

and further reaction. Tg increased slowly after 4h curing as time-consuming. For epoxy 

resins that were cured at the gel point 90℃ in DSC, they had a relatively lower cross-

linking density, which contributed to the movement of molecules and the increase of 

Tg. As the curing time increased, the difference of Tg between epoxy resins that were 

cured in oven and DSC became smaller.  

 

At the gel point, epoxy resin changes from a liquid to a rubber phase. It becomes very 

viscous and difficult to process, and thus it is necessary to determine the time required 

at gel stage [42]. The appropriate curing time of first-stage curing was less than 4h, 

which would both improve the work efficiency and obtain an optimal Tg and proper 

degree of curing. 
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4.6. Water Absorption Evaluation 

The water absorption behavior of cured epoxy resins was analyzed according to the 

international standard SS-EN ISO 62:2008. Epoxy resins with the formulations E1/H3 

(E1:H3=100:89 (pbw)), E1/H4 (E1:H4=100:91 (pbw)) and E1/H1(E1:H1=100:90 

(pbw)) as the reference were selected to carry out the water absorption analysis. The 

properties of cured epoxy resins are related to the types of resins, curing agents and 

curing conditions, and cured epoxy resins are brittle and have poor resistance to the 

crack propagation [41]. When preparing samples for water absorption analysis, the 

plates of cured epoxy resin E1/H3 are more easily broken than that of others while 

cutting. The amount of water that cured epoxy resins absorbed was determined after 

immersion in distilled water for different time intervals, i.e., 1min, 24h, 48h, 96h, 192h, 

240h.  

 

The percentage change in mass c relative to the initial mass was calculated by using the 

appropriate formula as follows: 

 

c = m - mi

mi
 x 100% 

 

mi is the initial mass of the test sample, in milligrams (mg), after initial drying and 

before immersion;  

m is the mass of the test sample, in milligrams (mg), after immersion and drying [46]. 

 

The percentage of water absorbed was compared among cured epoxy resin E1/H1, 

E1/H3, and E1/H4. The figure 25 shows the percentage of absorbed water of three types 

of cured epoxy resins after immersed in distilled water for a different period time. The 

results were expressed as the arithmetic means of the three values obtained at the same 

exposure duration. As the immersion time consuming, the percentage of absorbed water 

gradually increased. Compared with the water absorption behavior of these cured epoxy 

resins, the reference E1/H1 had the lowest water uptake, especially when it was 

immersed in distilled water less than 96h. Cured epoxy resin with the formulations 

E1/H3 and E1/H4 absorbed slightly more water than did the reference E1/H1.  
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Figure 25: The percentage of absorbed water of cured epoxy resins with the 

formulations E1/H1, E1/H3 and E1/H4 vs. immersion time after drying. 

 

5. Conclusions 
The color of cured epoxy resin plates was compared with that of cured reference epoxy 

resin E1/H1 plates, but the color of cured epoxy resins after processing is required to 

be compared to meet the requirements of customers. The plate of cured epoxy resin 

E2/H4 had the similar color as the reference plate E1/H1, but the color of the epoxy 

resins that were cured with other alternative formulations became darker. The dynamic 

scanning measurements of epoxy resins with alternative formulations indicated that 

hardeners H2, H3, and H4 could replace hardener H1 and resin E1T and E2 have 

potential to be used in ABB Composites products in the future. Compared to hardener 

H2 and H4, curing reaction containing hardener H3 had a noticeably higher temperature 

to start curing reaction, but a low maximum rate of reaction. Curing epoxy resins with 

hardener H2 had a relatively lower heat of curing reaction than of hardener H3 and H4. 

For epoxy resin E1T and E2, curing epoxy resin E1T and E2 was required a relatively 

lower temperature to start curing reaction and curing the epoxy resin E2 had a relatively 

high heat of curing reaction. For epoxy resin E2, cured with the hardener H3 had a 
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better Tg than cured with the hardener H4. However, all the cured epoxy resins with 

alternative formulations had lower Tg than the reference. Furthermore, the epoxy resin 

formulations E1/H2, E1/H3, E1/H4, and E2/H3 were selected to improve Tg of cured 

epoxy resins. Tg was improved through optimizing mixing ratios of epoxy resin with 

alternative formulations. The optimal mixing ratios were obtained: E1/H2 with 

E1:H2=100:85 (pbw), E1/H3 with E1:H3=100:89 (pbw), E1/H4 with E1:H4=100:91 

(pbw), and E2/H3 with E2:H3=100:93 (pbw). 

 

Epoxy resin formulations E1/H2, E1/H3, E1/H4 and E2/H3 with optimal mixing ratios 

were selected to evaluate the influence of dissolved water. Compared to other hardeners, 

Tg of epoxy resin that was cured with hardener H4 had less sensitivity for dissolved 

water. Furthermore, epoxy resin formulations E1/H3 and E1/H4 with optimal mixing 

ratios and epoxy resin formulation E1/H1 were selected to evaluate the degree of curing 

and water absorption behavior. The degree of curing of epoxy resin E1/H1, E1/H3 and 

E1/H4 reached and remained at around 90% after curing at 90℃ for 4h both in DSC 

and oven, and dynamic scanning measurements of epoxy resins that were cured in the 

oven were convinced. Hardener H3 may be more reactive and epoxy resins cured with 

hardener H3 in oven required less time to reach 80% of the degree of curing. However, 

the time required was similar for epoxy resins cured with hardener H1 and H4. Tg 

increased as time-consuming. As the curing time increased, the difference of Tg and 

the degree of curing between epoxy resins that were cured in oven and DSC became 

smaller. The appropriate curing time of first-stage curing at 90℃ was less than 4h, 

which would both improve the work efficiency and obtain an optimal Tg and proper 

degree of curing. For evaluation of water absorption behavior, epoxy resin formulations 

E1/H1 and E1/H4 had good moisture resistance. The reference E1/H1 had the best 

water resistance performance, especially when it was immersed in distilled water less 

than 96h. Cured epoxy resin with the formulations E1/H3 and E1/H4 absorbed slightly 

more water than did the reference E1/H1. 
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