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Abstract 

 
Souza, Lucio Rossi de; d’Almeida, José Roberto M. (Advisor); Advincula, 

Rigoberto C. (Co-Advisor). Greener Benzoxazine-Epoxy Coatings: 

Investigating from Synthesis to Application. Rio de Janeiro, 2021. 156p. Tese 

de Doutorado – Departamento de Engenharia Mecânica, Pontifícia Universidade 

Católica do Rio de Janeiro. 

 

 

Corrosion is a natural phenomenon that affects virtually every material, consumes 

billions of dollars annually worldwide and may result in catastrophic events. Coating is 

the most utilized technique to prevent corrosion. In this sense, epoxies are widely 

applied in all sectors of industry. Despite being high performance polymers, epoxies 

present issues, such as the use of toxic crosslinkers and long curing time. Benzoxazines 

are an emerging class of high performance self-curing thermosets. While typical 

monomers are based on mono- and difunctional derivatives, higher functional 

benzoxazines, prepared without using solvents, but purified with nontoxic solvents, are 

more desirable towards a greener synthesis of PBZ for high performance applications. 

Herein, we describe an environment-friendly approach to synthesizing a trifunctional 

benzoxazine from melamine, phenol, and paraformaldehyde. The chemical structure of 

the synthesized benzoxazine was confirmed by spectroscopic analyses, while the 

polymerization was monitored by thermal analysis. The synthesized benzoxazine 

monomer is, then, copolymerized with a commercial difunctional epoxy resin. We 

investigate the synergistic effect on improved thermal properties using differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Results showed 

that a glass transition temperature of up to 268 °C was obtained. A higher thermal 

stability was also achieved with an onset degradation of nearly 400 °C and char yield 

of 22 wt% at 800 °C. Later, the copolymer was combined with silica to produce 

anticorrosion coatings. Results revealed superhydrophobic surfaces with great scratch 

resistance and adhesion to steel substrate. Electrochemical test proved high 

effectiveness of the coatings as anti-corrosion barrier, with increasing performance with 

the incorporation of silica. 

 

Keywords 
Trifunctional Benzoxazine; Epoxy; Anti-Corrosion Coating; Copolymer; Green 

Chemistry 
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Resumo 

 
Souza, Lucio Rossi de; d’Almeida, José Roberto M. (Advisor); Advincula, 

Rigoberto C. (Co-Advisor). Revestimentos mais Verdes de Benzoxazina e 

Epóxi: Investigando da Síntese à Aplicação. Rio de Janeiro, 2021. 156p. Tese 

de Doutorado – Departamento de Engenharia Mecânica, Pontifícia Universidade 

Católica do Rio de Janeiro. 

 

Corrosão é um fenômeno natural que afeta basicamente todo tipo de material, 

consome bilhões de dólares anualmente em todo o mundo e pode ter resultados 

catastróficos. Revestimentos são a técnica de prevenção de corrosão mais utilizada de 

todas. Nesse  sentido, resinas epóxi são amplamente utilizadas em todos os setores da 

indústria. Apesar de serem polímeros de alta performance, resinas epóxi apresentam 

problemas, como a necessidade do uso de endurecedores normalmente tóxicos e longos 

tempos de cura. Benzoxazinas são uma classe emergente de monômeros termofixos de 

alta performance e auto-cura. Enquanto monômeros mono- e bifuncionais são 

tipicamente explorados, benzoxazinas de funcionalidade mais alta e sintetizados em 

procedimento sem solvente e purificados por solventes mais seguros, são um caminho 

mais desejável em direção à síntese de PBZ para aplicações de alta performance. Nesse 

trabalho nós descrevemos uma abordagem sustentável para a síntese de benzoxazina 

trifuncional a partir de melamina, fenol e paraformaldeído. A estrutura química do 

monômero sintetizado foi confirmada por análises espectroscópicas, enquanto o 

processo de polimerização foi monitorado por análise calorimétrica. O monômero de 

benzoxazina foi, então, copolimerizado com uma resina epóxi bifuncional comercial. 

Nós investimgamos o efeito sinergístico no aumento das propriedades térmicas por 

meio de DSC e TGA. Resultados revelaram temperatura de transição vítrea de até 268 

°C. Alta estabilidade térmica também foi obtida, com início de degradação próximo a 

400 °C e rendimento residual de 22 wt% a 800 °C. Posteriormente, o copolímero foi 

combinado com sílica para produzir revestimentos anti-corrosão. Resultados revelaram 

superfícies superhidrofóbicas com ótimas resistência a risco e adesão ao substrato de 

aço. Teste eletroquímico provou alta efetividade dos revestimentos como barreira anti-

corrosão, com performance aumentada pela incorporação de sílica. 

 

Palavras-chave 
Benzoxazina Trifuncional; Epóxi; Revestimento anti-corrosão; Copolímero; 

Química Sustentável  
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RT Room Temperature  

B-E% Percentual of composition B-E in 

the samples 

 

T99 Temperature of 1% weight loss  

T95 Temperature of 5% weight loss  

SEM Scanning Electron Microscope  

CA Contact Angle  

S Saturation Value  
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γ Growth Rate  

x0 Controlling Variable for f=1/2 

saturation 

 

f0 Initial value of contact angle  

GU Gloss Units  
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Work Organization 

Chapter 1: Introduction 

This chapter presents the thesis motivation, objectives and literature review on 1) 

Corrosion; 2) Coatings; 3) Epoxy; 4) Benzoxazines; 5) Conjugated Polymers; 6) Green 

Chemistry; 7) Potentiodynamic Polarization Scan; 8) State of the Art. It presents 

information about corrosion and its consequences, mechanisms of preventing 

corrosion, polymers used as anti-corrosion coating materials, green chemistry towards 

production of such polymers and electrochemical testing of coatings. 

Chapter 2: “A Greener Approach to Trifunctional Benzoxazine and High 

Temperature Polybenzoxazine Materials”. This chapter presents the process of 

synthesis and proposed purification processes of a trifunctional benzoxazine monomer. 

Characterization of chemical structure, purity and thermal properties are discussed. 

Chapter 3: “Highly Thermally Stable Copolymers of Polybenzoxazine and 

Epoxy: The Trifunctionality Advantage”. This chapter shows an investigation about the 

copolymerization between the benzoxazine synthesized in chapter 2 and a commercial 

epoxy resin. The curing process is analyzed via a newly developed identification 

procedure by DSC. Thermal properties of the resulting copolymers are also discussed. 

Chapter 4: “Superhydrophobic Benzoxazine-Epoxy Coatings: Electrochemical 

and Mechanical Performance”. This chapter investigates the influence of different 

ratios of silica on the copolymer produced in chapter 3 regarding thermomechanical 

and anti-corrosion properties of coatings. 

Chapter 5: General Conclusions. This chapter presents a general briefing on the 

issues and results discussed in the thesis. 

Chapter 6: Future Works. This chapter proposes ideas for further development 

of the present work.  
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“O pior naufrágio é não partir”  

- Amyr Klink - 
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1. Introduction 

1.1. Motivation 

From millimetric components in electronic devices, going through food 

containers and to intercontinental pipelines, most metallic parts are susceptible to the 

natural process of degradation known as corrosion[1]. Corrosion of metallic 

components is, therefore, of great concern to every sector of industry, as it can have 

catastrophic and costly effects by potentially causing shutdown of production, ruin of 

structures and environmental disaster. It is estimated that, worldwide, the annual cost 

of corrosion is US$2.5 trillion, and also that it is possible to realize savings of up to 

US$ 875 billion by applying only available corrosion control practices[2]. Several 

approaches are largely used to prevent corrosion, being coating the most widely applied 

technique[1].  

Polymers are versatile materials used in numerous industrial applications, 

including coatings. Polyethylene, polyvinyl chloride, polyurethane, phenolic resins, 

acrylic resins, silicones and epoxies are examples of polymers used for coatings[3]. 

Each polymer can be applied as a single material, copolymerized, blended or layered 

with other polymers in order to meet the specific design requirements. A fundamental 

categorization can be made in terms of thermoplastics and thermosets. The latter being 

generally more thermally and chemically stable. Within this category, epoxies dominate 

an important share of the market due to their chemical resistance and versatility of 

application, in addition to the extensive history of use and reliability. Nevertheless, 

epoxies typically present unwanted characteristics, such as extended curing time, use 

of toxic and corrosive amines as hardener[4] and high water absorptivity[5]. 

Benzoxazines are high performance thermosetting resins which can be thermally 

cured, not requiring hardeners. Some outstanding properties include high resistance to 

water absorption, low surface energy[6], resistance to chemicals and UV, high thermal 

and mechanical properties and near-zero shrinkage upon curing[6,7]. On the other hand, 

benzoxazines may be of much more complex synthesis, higher cost, lower availability 

and far less history of use and research when compared to epoxies. Therefore, the 

combination of the two materials is a promising path towards obtaining remarkable 

physicochemical properties, while maintaining high reliability and low cost[8–10]. 
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To be industrially applicable, some of the most important properties in a coating 

are adhesion, resistance to wear, permeability and thermal stability[11,12]. One 

interesting approach for these properties to be achieved is the production of a composite 

material by the incorporation of particles[13]. Silica is high hardness ceramic material, 

widely used in the industry as filler for composites[14], due to its improved interaction 

with polymeric matrixes, high mechanical properties, high availability and low cost. 

Nowadays, green chemistry becomes increasingly a more important aspect of the 

coating industry as health and safety regulations get progressively stricter[15]. In this 

sense, from synthesis through storage, handling and application, it is vital that 

throughout the lifecycle of a coating, it represents minimal hazard without losing sight 

of performance[16]. 

Therefore, it is presented in this work a thorough investigation on all steps of the 

production and application of anticorrosion coatings. Composition is based on 

benzoxazine, epoxy and silica. From synthesis, purification and design of mixing 

procedure of the monomers, the greenest approach possible was always implemented. 

Highlight aspects of the investigation are time of reaction, reagents ratio for synthesis 

and composition of the coating, regarding ratio of monomers and volume fraction of 

filler. 

 

1.2. Objective 

The objective of this work was to develop a new coating for protection of metallic 

substrates against corrosion, based on a trifunctional benzoxazine and DGEBA epoxy 

copolymer. To achieve this goal three subsidiaries objectives were also envisaged, 

namely: 

i. to synthesize a trifunctional benzoxazine monomer based on melamine, 

phenol and paraformaldehyde, using the greenest possible approach. 

ii. to investigate the process of copolymerization between a trifunctional 

benzoxazine and DGEBA epoxy monomers and understanding the 

synergistic effects on thermal properties of the resulting copolymer. 

iii. to investigate the influence of silica particles content on anticorrosion 

related and mechanical properties. 
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1.3. Literature Review 

Corrosion is a natural chemical phenomenon between a material and its 

environment which damages the material, in most cases metals, degrading its 

properties[1,2]. It is estimated that the cost associated with corrosion globally amounts 

a total of US$ 2.5 trillion annually. Several approaches have been developed to protect 

materials from corrosion[2], such as controlling of the environment by means of 

inhibitors systems[3], cathodic protection by use of a sacrificial anodes[4], making use 

of corrosion resistant materials[2], application of plating or cladding by more noble 

materials[2] and organic coatings, which provide a continuous barrier to the substrate. 

In fact, organic coating systems are considered as one of the most widely used methods 

to protect metals against corrosion[2,5], and several application techniques are widely 

used. High solids[6,7], powder coating[8,9], UV curable[10,11] and water based[7,12] 

are examples of typical techniques applied in the industry[13,14]. Different aspects of 

the coating and its interaction with the substrate are highly influencing on the 

performance of the coating against corrosion. For example crosslinking density, 

hydrophobicity and adhesion are positively influencing to anticorrosion property 

[2,5,15,16]. Testing of coatings for anti-corrosion properties are typically performed by 

an accelerated test, such as salt spray or electrochemical experiment, which can shorten 

greatly the duration of the experiment[17]. Electrochemical tests, such as 

potentiodynamic polarization sweep, are able to provide a quantitative analysis by 

making use of modern instrumentation and measuring with much sensitivity[18]. 

Within the frame of organic coatings, epoxies have found a vast range of application 

due to their great combination of excellent adhesion, toughness, and chemical 

resistance[16,19,20], additionally to the long history of use and research, making it a 

highly cost effective material. Nevertheless, epoxies typically require toxic and 

hazardous chemicals such as amines or anhydrides as hardeners[21,22]. Additionally, 

water uptake may be an issue, especially considering the effect of degradation of the 

adhesion properties, which highly influences anticorrosion properties. In this sense, 

benzoxazines are thermosetting materials which exhibit outstanding performance, such 

as low surface energy [21], low water absorption, resistance to chemicals and UV, high 

thermal and mechanical properties and near-zero shrinkage upon curing [23,24]. 

Additionally, the flexibility of chemical structure design allows for the most diverse 

applications[25]. Nevertheless, polymerization of benzoxazines typically requires high 
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temeratures and the resulting polymer shows low crosslinking density[26–30]. An 

interesting, effective and largely applied solution for tuning properties while 

maintaining cost are the conjugated polymers, such as copolymers and polymer blends 

[31]. Copolymerization between benzoxazine and epoxy could lead to higher crosslink 

network density and, consequently, to improvement in properties[32–34]. The 

mechanism of copolymerization reaction between benzoxazine monomer (BZ) and 

epoxy is not well stablished to the moment, however it is reported to occur via the 

opening of the epoxide ring by the hydroxyl functionalities of the phenolic group 

present in the PBZ[35]. In the world of synthesis, development of new macromolecular 

structures and combination of polymers, one aspect sews all of these together and is 

progressively more approached and studied: Green chemistry. It covers several aspects 

related to the environment and is an area of chemistry and engineering concentrated on 

the design of products and processes that minimize the use and generation of hazardous 

substances[36]. Several works have been done towards this direction, especially 

regarding the use of renewable raw material. However, few work has been produced 

considering all or several aspects of green chemistry. 

 

1.3.1. Corrosion 

Corrosion is a natural chemical phenomenon between a material and its 

environment which damages the material, in most cases metals, degrading its 

properties[1,2]. This phenomenon is usually a heterogeneous redox reaction and occurs 

at the metal-environment interface, typically causing oxidation of the metal and 

reduction of the oxygen present in the environment[15] as represented in Fig. 1.1. 

Deterioration by corrosion is an important concern for mostly all metallic equipment, 

from industrial machinery and civil structures to vehicles and electronics. These 

materials are often exposed to aggressive environments, such as high temperature and 

pressure, chemically reactive substances such as O2, H2S, CO2, water and salts. Similar 

to other natural phenomena such as earthquakes and floods, corrosion can cause 

catastrophic and costly damage to everything from civil engineering structures, 

machines, automobiles and pipelines. Interestingly enough, the U.S. Federal Highway 

Administration (FHWA) released study in 2002 in which it compares the cost of natural 

disasters and that directly associated with corrosion. It was estimated that direct cost 

associated with metallic corrosion in almost every U.S. industry sector sums a total of 
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staggering $276 billion annually. This amount is approximately 3.1% of the nation’s 

Gross Domestic Product (GDP) and more than sixteen times higher than the cost U.S 

had annually with natural disasters in the same period[1]. The National Association for 

Corrosion Engineers (NACE) estimates a global cost of corrosion of US$2.5 trillion, 

and that it is possible to realize savings between 15 and 35% of that total by applying 

only available corrosion control practices[37].  

 

Fig. 1.1. Schematic representation of the oxidation of iron in water and oxygen-containing atmosphere. 

 

Several approaches have been developed to protect materials from corrosion, 

such as: 

 Control of the environment – Since corrosion of a material takes place in the 

interface between that material and the environment, in addition to the fact that 

chemical components of the environment are responsible for the corrosion process, 

it is coherent to control the environment in order to prevent corrosion. In this context 

corrosion inhibitors are widely used in several areas of industry. Two common 

operating mechanisms in inhibitors are i) the formation of a thin protective layer on 

the surface of the material, which prevents access of the corrosive media to the 

material and ii) the removal of corrosive agents from the environment by chemically 

reacting with them. This technique is used in closed systems such as automotive 

engine cooling systems, electronics cooling systems and HVAC systems[3]. 

 Cathodic protection – This is a technique used to prevent the corrosion of a metallic 

part by making it the cathode of an electrochemical cell. A largely employed system 

is the galvanic anode. In this system, a galvanic anode, a piece of sacrificial anode 
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made of a more negative potential material is attached to the metal to be protected 

on the surface where it is exposed to the electrolyte. The difference in electrode 

potential between the anode and the cathode provides the system with sufficient 

current to restore the electrical environment of the targeted metal[4]. 

 Corrosion Resistant Materials - Some metals are intrinsically more resistant to 

corrosion than others. The most resistant to corrosion are those for which corrosion 

is thermodynamically unfavorable. Alloys can be produced with metals less 

susceptible to corrosion, such as zinc, magnesium, chromium and nickel[2]. 

 Plating and Cladding – These are techniques in which a layer of a more noble metal 

or alloy is deposited on the surface of another metal in order to protect it against 

corrosion, for example. This allows for the use of a more cost effective base material 

and still obtain high resistance to corrosion. Materials used for deposition include 

zinc, nickel-chromium superalloys, gold and copper[2]. 

It is possible to observe that each technique has its specific application, where the 

system, cost, materials availability and manufacturing process must be taken in 

consideration. In this sense, organic coatings are protection system against corrosion 

that reveal to be applicable to very large parts, with high productivity, cost effective, 

that can be applied in the field and that can be combined with other techniques. In fact, 

organic coating systems are considered as one of the most widely used methods to 

protect metals against corrosion[5].  

 

1.3.2. Coatings 

Coatings are protective barriers that control corrosion by isolating, to a certain 

degree, the substrate from the corrosive environment. This anti-corrosion technique is 

widely applied in the most diverse fields of industry, including aviation, civil 

construction, industrial equipment, marine transportation and structures. Several 

materials and processes can be used in coating application, meeting the most distinct 

requirements of application[13,14]. 

 High Solids – Acrylics, Alkyds, Epoxy, Polyurethane, Saturated Polyesters. Used 

with reduced amounts of solvent and with the possibility of waterborne. Therefore, 

these coating materials present reduced volatile organic compounds (VOCs) and, 

consequently, controlled pollution and hazard. This technology solution has been 
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applied in several areas of industry, such as the automotive, aerospace, and marine. 

for utilization as primers and topcoats [7]. 

 Powder – Epoxy, Polyester, Polyurethane. Powder coatings can be made of either 

thermoset or thermoplastic. Characteristics such as zero use of solvents and low rate 

of waste make this technique the most economical environmentally friendly coating 

system for metals[8]. 

 UV Cured – acrylates (urethane, polyester, amino, epoxy). Monomers and oligomers 

mixed with photo initiators and additives are cured with UV radiation. This 

technique provides several advantages, such as quick curing, wide range of 

formulations, low energy consumption upon curing and coating of heat sensitive 

substrate[10,11]. 

 Water Based – latex, epoxy. Solution or suspension of monomers and oligomers in 

water based solvent. May use other solvents to improve performance. Have been 

widely applied in the aerospace, automotive and construction industries[7]. 

Effectiveness of barrier characteristic is influenced by intrinsic properties of the 

coating material and adhesion between coating and substrate[15,16]. Intrinsic material 

properties refer, for instance, to crosslink density and hydrophobicity [1,5]. 

Interestingly, the same features that improve barrier property may reduce adhesion of 

the coating to the substrate. Polar functional groups, for example, are positively 

influencers to adhesion and, at the same time, are likely to increase permeability to 

water due to their chemical affinity[20]. It is understood that adhesion plays such an 

important part in corrosion control, that several theories on the mechanism of failure of 

coatings suggest that the loss of adhesion precedes the onset of corrosion. Performance 

of coatings are commonly assessed by exposure of a substrate-coating system to an 

environment capable of simulating an accelerated corrosive condition, such as 

immersion in brine and salt spray. Evaluation of results are typically performed by 

evaluation of the type and extent of corrosion failure[15]. 

Several studies have evaluated the different aspects of adhesion and formulation 

of coatings in terms of their effective protection against corrosion. For example Shi et 

al.[38] produced PPS-PTFE/SiO2 composites for coating. Results showed high wear 

resistance combined with hydrophobicity and good protection against corrosion. 

The influence of SiO2 particles was also analyzed by Conradi et al. [39], who 

observed improvement in mechanical and anti-corrosion properties with the 
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incorporation of silica nanoparticles. The results were attributed to improvement in 

hydrophobicity and to increase in diffusion path length for ions to travel. 

Among the polymeric coatings, those based on epoxy have shown important 

practical results. Guidetti et al. [40] reported the use of PP layered with epoxy for O&G 

pipeline, resulting in high performance characterized by good adhesion, high cathodic 

disbonding protection, chemical resistance and low water absorption. Lazarević et 

al.[41] tested epoxy coatings applied by cathodic electrodeposition aluminum and pre-

treated aluminum. Results revealed that depending on whether substrate was pre-treated 

or not and on the type of treatment, protective property against corrosion varied. Better 

protective performance was attributed to better wetting of the substrate surface by the 

epoxy and to lower porosity. Ramezanzadeh et al.[42] confirmed improvement in 

barrier properties of epoxy coatings with graphene oxide functionalized with primary 

amines when compared to coatings with neat graphene oxide. Result was partly 

attributed to greater hydrophobicity obtained with functionalization. 

Photopolymerizable coating has also been studied. Sangermano et al.[43] 

investigated the influence of silica particles in the photopolymerization of epoxy 

coating and thermomechanical properties. Silica was able to improve degree of 

conversion, Tg and hardness of the coatings. A blend of epoxy and polyaniline was 

studied by Talo et al. [44] as coating material for the protection against corrosion of 

steel substrate. Results revealed a five orders of magnitude decrease in the corrosion 

current when compared to the bare metal. Behzadnasab et al. [45] investigated the 

influence of silane functionalized ZrO2 content on epoxy coating as to anti-corrosion 

performance. Results showed best protections on samples with highest content of 

particles, i.e. 2 and 3 %. 

From the works presented above, it can be inferred that epoxy resins are largely 

utilized as coating material due to its high thermal stability, chemical resistance, great 

adhesion, low shrinkage upon curing, high mechanical properties, and low cost [1,5,6].  

 

1.3.3. Epoxy 

Epoxy resins, since their introduction in 1939, have found important and steadily 

increasing use in the coatings field because of their incomparable combination of 

excellent adhesion, toughness, and chemical resistance[16,19]. Additionally, the long 
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history of use and research make it a highly cost effective material. Epoxies also find 

extensive use in structural and specialty composite applications, in addition to several 

other major areas of engineering, such as adhesive, casting and binders. Examples of 

such applications are [19]: i) epoxy-carbon fiber composites for the aerospace, 

automotive, construction and high performance sports equipment, due to its high 

strength to weight ratio. ii) Two-part high performance adhesives for the aerospace, 

automotive, boats, and other applications where high strength bonds are required. 

Important features of epoxy adhesives include high cohesion and adhesion strengths, 

solidification in high moisture environment and reduced or absence of solvents. iii) 

Two part coatings, highly resistant to environmental degradation applied in metallic 

structure for protection against corrosion and abrasion for application on floor of 

industrial plant and parking lots, industrial machinery, ships, subsea equipment and 

even in the food industry. Epoxies are used in compositions that can vary from a single 

epoxy resin with a hardener to multiple epoxy resins combined with modifiers, fillers, 

reinforcements and hardener package that drive specific reactions through time[46]. In 

fact, the term epoxy resin describes a broad class of thermosetting polymers in which 

the primary cross-linking occurs through the reaction of an epoxide group as 

highlighted in Fig. 1.2. While the presence of this group defines the molecule as an 

epoxy, the basic molecular structure to which the ring is attached can vary widely, from 

oligomers to telechelics, giving rise to various distinct properties. The chemical classes 

most commonly used as hardeners are the amines, amine derivatives and 

anhydrides[47]. The global epoxy resin market was valued at USD 6 billion in 2013, 

and is projected to grow more than USD 3 billion between 2017-2022[48]. Epoxy 

monomers are readily cross-linked with heat-reactive resins or polyfunctional primary 

amines to form highly resistant, thermoset polymers. The polar nature of the epoxy 

macromolecule, due to pendant hydroxyl groups derived from opening of the epoxide 

ring, accounts for its strong adhesion to a wide variety of surfaces. Polarity of epoxy 

monomers accounts for its solubility in oxygenated solvents such as ketones, esters, 

and ether-alcohols and in chlorinated hydrocarbons[16]. Diglycidyl ether of bisphenol-

A (DGEBA), shown in Fig. 1.2a is one of the most common types of epoxy resin used 

in the industry[49], representing approximately 75% worldwide demand[32].  
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Fig. 1.2. a) Diglycidyl Ether of Bisphenol A (DGEBA). b) Epoxy Phenol Novolac Resin. Epoxide 

group highlighted in red. 

Importantly, crosslinking of epoxies can occur through the epoxide or hydroxyl 

groups. It commonly takes place by two types of curing mechanism, i.e., direct reaction 

of resin molecules by a catalytic homopolymerization, or coupling through a reactive 

intermediate. The ability of the epoxy functional group to react by different paths and 

with several reactants gives epoxy resins great versatility. The most widely used curing 

agents are compounds containing active hydrogen such as polyamines, polyacids, 

polymercaptans and polyphenols[32]. 

A vast literature deals with many general aspects of the use of epoxy resins 

[19,50]. More recently, aspects related to the use of nanofillers, in order to increase 

thermal stability, and related to the safe use of certain chemical compounds as 

hardeners, have been researched. For example, Das and Karak[51] produced 

composites of epoxy and nano-clay and observed an improvement of 19 °C in the onset 

of degradation measured by TGA. Bourne et al.[52] reported health problems from 

amine-based hardeners used in epoxy. Both cured and uncured resins showed risks to 

health.  

Several works are dedicated to a similar theme, being that, improvement of 

properties of epoxy.  It is of great interest to produce thermally stable coatings, with 

simple and quick curing procedures which are safe and the least toxic possible. It is 

interesting to observe that Lascano [53] reveals that even though the molecular structure 

of the epoxy may be crafted in order to produce a less toxic polymer, amines are widely 

used as hardeners due to their high reactivity. As such, most of them tend to be corrosive 

and produce toxic fumes. Not only amines, but also other chemical compounds used 

for curing, such as anhydrides and organic-acid hydrazide, are hazardous and toxic 

[21,22]. Additionally, epoxies may require long time of cure and post curing procedures 

at temperatures higher than Tg in order to enable the full performance of the 

a b 
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polymer[54]. Furthermore, epoxy resins tend to allow for permeation of water due to 

the presence of the hydrophilic hydroxyl groups resulting from the opening of the 

epoxide ring upon polymerization. The result from the water uptake is deterioration of 

adhesion and consequent corrosion of the substrates[20]. In this sense, benzoxazines 

are self-curable, consequently eliminating side effects caused by hardeners. At the same 

time, benzoxazines tend to present a quick curing process at high temperatures, thus 

being a great option of chemical compound to be combined to epoxies.  

 

1.3.4. Benzoxazine 

Benzoxazines are molecules characterized by the presence of an aromatic 

benzene ring and an oxazine ring (a heterocyclic six-membered ring with one oxygen 

and one nitrogen atom) where two carbons are shared among the two rings, as 

represented schematically in Fig. 1.3. This class of molecules has been used as reducing 

agent [27], optoelectronic material precursor [28], antimicrobial material [29], 

therapeutic drug agent [30] and monomer. The use of benzoxazines as monomers is 

more recent and of great interest to both, industrial applications and scientific materials 

research [25]. Benzoxazine monomers, when polymerized, produce a high strength yet 

low surface energy polymer, the polybenzoxazine (PBZ). PBZs have shown lower 

surface energy than that of polytetrafluoroethylene (PTFE) [23]. In addition, PBZ 

shows low water absorption, resistance to chemicals and UV, high thermal and 

mechanical properties and near-zero shrinkage upon curing[23,24]. 

 

 
Fig. 1.3. Basic Structure of Benzoxazine Monomer 

Benzoxazine molecules were first synthesized in 1944 by F. W. Holly and A. C. 

Cope  by the condensation of aminobenzyl alcohol with a number of aldehydes and 

ketones followed by refluxing the reactants in benzene solution[55]. Currently, the most 

conventional route employed to prepare benzoxazines is condensation of a phenolic 

derivative, a primary amine and formaldehyde via solution synthesis using organic 

solvents, as represented in Fig. 1.4 [56].  
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Fig. 1.4. Mechanism of synthesis of benzoxazine. Reactions steps in the benzoxazine synthesis. 

(adapted from Zhang et al. [56]). 

Nomenclature in Fig. 1.4 is as follows: 

[A] – Amine 

[F] – Formaldehyde 

[FAD] – Formaldehyde-Amine Derivative 

[MB] – Mannich Base 

[BOZ] – Benzoxazine monomer 

Ishida [24] confirms that multifunctional amines or phenolic derivatives can also 

be used to synthesize multifunctional benzoxazine. In addition, Ishida [57] indicates 

that several types of phenolic derivatives, aldehyde and primary amines may be used 

for the synthesis, specifically, phenol, melamine  and paraformaldehyde are cited as 

possible reagents. Regarding ratio of reagents, Burke et al. [58] showed that reagents 

ratio influences the yield as well as the type of product, where higher yield was obtained 

when the ratio of phenol:amine was 2:1 regarding functional groups. It can be inferred, 

then, that synthesis of benzoxazine doesn’t necessarily need to follow the 

stoichiometric ratio of reagents.  Burke et al. [59] also showed that reaction time 

influences the formation of benzoxazine. When hydroquinone, formaldehyde, and 

benzylamine were reacted for 30 min they obtained six times lower yield when 

compared to a 2h reaction time. Furthermore, Burke et al. [60] obtained a higher yield 

in the formation of benzoxazine molecules at higher reaction temperatures. 

With respect to reaction temperature, it is reported[57] that synthesis of 

benzoxazine can be performed at any temperature from 0 °C to 250 °C given sufficient 
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time. However, it is ideal that the reaction be conducted from 0 °C to 150 °C. Regarding 

pressure, most reactions may be conducted at atmospheric pressure or at a pressure up 

to about 100 psi (6.8 atm), although in some cases, reactions carried under higher 

pressure produce fewer byproducts, and when a polyfunctional benzoxazine is being 

prepared, higher yield is obtained. Time of reaction depends on the reaction conditions 

and on nature of reagents. Reaction times of around 15 to 30 minutes are commonly 

used, although, this time may vary depending on the conditions of reaction [57]. 

One of the most interesting properties of benzoxazines is the flexibility of 

chemical structure design, achieved by selection of different phenolic and amino 

compounds upon synthesis[25]. This molecular variability translates into specific 

physical, mechanical and thermal properties of the resulting polymer. Among the 

several aspects of molecular structure, benzoxazines with different functionalities have 

been reported, as exemplified in Fig. 1.5[23–25,61,62]. However, it is important to 

highlight that even among molecules with the same functionality, the chemical structure 

can assume distinct configurations, each one leading to its own particular set of 

properties[24]. 
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Fig. 1.5. Examples of benzoxazine monomers reported in literature [23–25,61,62] 

Synthesis is typically accompanied by a purification procedure in order to remove 

unreacted reagents and, consequently, obtain high purity monomers. Commonly 

procedures used in research labs include i) rinsing with water and drying with 

anhydrous sodium sulfate, ii) column chromatographic separation, iii) recrystallization, 

iv) liquid-liquid extraction and combinations of any of these techniques [63,64]. From 

a practical standpoint, it is possible to notice that not all techniques are compatible with 

large scale or industrial applications, either due to the low yield rate intrinsically 

associated with the process or to the necessity of specialty equipment. Liquid-liquid 

extraction is one of the most appropriate techniques in such cases, where large batches 

can be treated and simple solvents are required. Nevertheless, it is important to highlight 

that due to the nature of reagents and of the benzoxazine monomers, it is common to 

see the use of very hazardous or toxic organic solvents, such as tetrahydrofuran (THF), 

dimethylformamide (DMF), chloroform and acetone. 

Monofunctional 

Trifunctional 

Bifunctional 
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Liquid-liquid extraction, also known as solvent extraction is a process in which 

two immiscible solvents are used to separate chemical compounds by solubility to those 

solvents. Fig. 1.6 [65] shows a solvent miscibility chart used to select solvents for the 

liquid-liquid extraction. In the particular case of the product of synthesis of 

benzoxazine, firstly the mixture of unreacted reagents and monomers is dissolved in an 

organic solvent (solvent 1) known to be able to dissolve the benzoxazine monomers, 

typically chloroform or toluene [23,66–68]. A second solvent (solvent 2) is added to 

this solution. This second solvent must be immiscible with the first one in addition to 

being capable of dissolving the reagents. Typically, a solution of sodium hydroxide 

(NaOH) and water is used. The purpose of adding NaOH to the water is to increase 

solubility of the reagents in the water, as the NaOH ions attack the reagents and convert 

them to salts. It is through the interfaces of the solvents that the NaOH ions interact 

with the reagents, and it is also through these interfaces that the migration of the 

reagents from solvent 1 to solvent 2 take place[69]. Therefore, it is advantageous to 

maximize the interfacial area. For this reason, the mixture of solvents and products of 

reaction is then vigorously shaken in order to produce an emulsion of the two solvents, 

increasing the surface area of contact between the solvents though the formation of 

droplets. This emulsion is left to decant and the water phase is removed. Usually, this 

procedure is repeated several times and followed by rinsing with pure water to 

neutralize the pH[23,70]. 

 
Fig. 1.6. Miscibility chart for solvents (adapted from Restek.com [65]). 
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Subsequent step of the purification procedure is drying of the resulting product. 

Typically, anhydrous sodium sulfate is added to the solvent-monomers solution to 

remove residual water. Mixture is then filtered, resulting in a “dry” monomer-solvent 

solution. Finally, solvent 1 is evaporated in a rotary evaporator apparatus, for example, 

resulting in the purified monomer. 

Polymerization of benzoxazine monomers into polybenzoxazine is an addition 

process that takes place via ring opening polymerization by thermal 

activation/acceleration of the oxazine groups. It has been confirmed that the six-

membered heterocycle with its irregular structure has stresses that provide the driving 

force for ring-opening polymerization. However, the ring stresses are usually not 

sufficient to promote curing at room temperature, requiring higher temperatures for the 

process to occur in comparison to epoxies, for example[24]. Opening of the ring allows 

for the extremity with the methyl group to react with the neighboring molecule on the 

ortho- or para- positions of the benzene ring[71], as shown in Fig. 1.7. 

 

Fig. 1.7. Polymerization mechanism of generic benzoxazine monomer. 

 

Nevertheless, it is important to mention that the effect of heating is to increase 

reaction rate. Polymerization of benzoxazines is a spontaneous process mainly because, 

after synthesis, the reaction medium frequently contains small amounts of residues even 

after purification, such as phenolic reagents and oligomers, and they act as 

initiators[24]. Typically, polymerization is performed at temperatures around 

160-220°C[72]. Upon polymerization, polybenzoxazine exhibits amorphous structure 

as they are thermosets and, therefore, cross-linked[24]. 

Polybenzoxazines hold very interesting physicochemical and thermomechanical 

properties. Some of these properties have been reported as “unusual” when several 

aspects of the monomer chemical structure or the polymer conformation are taken in 

consideration. These properties are[24]: 

a. Near-zero volume change upon polymerization – Shrinkage upon polymerization 

of most thermosets can be found at around 2-10%. This variation in dimension of 
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the polymeric material on a substrate generates interfacial residual stress, which 

decreases the mechanical interlocking of the polymer over the substrate. As a 

consequence, performance may be deteriorated for applications as coating, 

composites, adhesives and sealants. 

b. Low water absorptivity – Some polybenzoxazines have shown water uptake at 

saturation of merely 1.9%, as opposed to polyesters, phenolic and polyimide, which 

may absorb up to 20% water. The low water absorption is advantageous in 

minimizing the difference between dry Tg and wet Tg. 

c. High glass transition temperature - High glass transition temperatures ranging 

approximately from 160 to 400 °C. Importantly, Tg of polybenzoxazines can be 

higher than temperature of cure due to the abundant amount of active sites available 

and to the benzene rings to which the active sites react, which are also abundant. As 

such, further reactions or structural rearrangement of the polymer are possible, 

increasing Tg beyond the polymerization temperature. 

d. High char yield - Char formation usually increases with increased content of 

benzene groups, as is the case of benzoxazines. Furthermore, according to Walter 

and Lyon’s method[73], polybenzoxazines can be intrinsically good flame-

retardants due to high molar group contribution of hydroxyl groups, tertiary amine, 

and benzene groups. High char yield is important in applications that require 

resistance to fire, as char reduces the diffusion rate of decomposed, flammable gases 

toward the flame front. In addition to thermally isolating the underlying unburned 

material from the flame. For example, Salum et al.[25] produced biobased 

monofunctional benzoxazine. When cured, resulting polybenzoxazine displayed 

high thermal stability, achieving char yield as high as 64%. 

Several of the unique properties of polybenzoxazines can be explained by 

hydrogen bonds forming upon polymerization. Specifically, hydrogen bonds are 

responsible to the hydrophobicity, low dielectric constant, high char yield and high 

modulus. In fact, it has been reported that polybenzoxazines show higher modulus with 

lower crosslinking density when compared to other thermosets due to hydrogen 

bonds[26]. The reason for the higher mechanical properties with lower cross-linking 

density is attributed to the fact that polybenzoxazines generate huge density of 

hydrogen bonding, which may be simultaneously the cause of such low cross-linking 

density and the reason for the cited high properties, as these large amount of hydrogen 

bonds could be sufficient to hinder the chain mobility[26]. 
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The use of fillers is also an alternative approach to improve certain properties of 

polybenzoxazines. Kajornchaiyakul et al. [74], for example, produced highly-filled 

polybenzoxazine-alumina composites. Results revealed improvements in storage 

modulus and Tg with up to 83 wt% alumina content. Pengdam and Rimdusit [75] also 

produced highly-filled polybenzoxazine-graphite composites with load ranging from 

40 to 80 wt%. Results revealed improvement in Tg and storage modulus throughout the 

range of filler content. Caldona et al. [23] synthesized difunctional benzoxazine and 

produced coatings based on the monomer and silica. Resulting material revealed 

Superhydrophobicity and superior anticorrosion performance. Results were attributed 

to an increase in surface roughness caused by a densely packed arrangement of SiO2 

nanoparticles on the surface of the coating. Additionally, the presence of trapped air in 

the protrusions of the surface is responsible for minimizing the direct contact between 

the corrosive environment and the coating. 

 

1.3.5. Conjugated Polymers 

Combination of polymers is a traditional and effective technique to make 

materials viable to demands of industry with respect to properties such as, resistance to 

high temperature, light weight, toughness and cost. Several distinct techniques are 

employed industrially in large scale in order to combine two or more polymeric 

materials [31]: 

 Polymer blends - combination of two or more polymeric materials, where the 

mixing is obtained by the fusing of each polymer component and subsequent 

amalgamation by means of a mechanical system, such as an extruder. Polymer 

blends can be divided into three groups: 

 Immiscible polymer blends: materials used in the blend are not compatible, 

producing clearly distinct phases in the microstructure. The lack of 

compatibility tends to result in a loss of some mechanical properties. Glass 

transition temperature is characterized by multiple regions, where each 

region corresponds to the respective polymeric component. 

 compatible polymer blends: There is sufficiently strong interactions 

between the component polymers, however they are still Immiscible. Such 

characteristic provides more uniform physical macroscopic properties. 
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 miscible polymer blends: Polymer blends composed of highly compatible 

polymers that, when mixed, produce a single-phase structure. In this case, 

great synergistic effect is expected and one single glass transition 

temperature can be observed. 

 Copolymers - combination of two or more polymers in which the polymerization 

occurs with the monomers of all materials involved mixed, generating 

macromolecules composed of all the monomers involved. Therefore, different from 

a polymer blend that is produced by mixing polymerized materials, a copolymer is 

characterized by the polymerization occurring subsequently or during the mixing of 

monomers. Copolymers can be divided into four major categories:  

 Random: macromolecules are composed of different monomers disposed in 

a random sequence. 

 Alternating: macromolecules are composed of the monomers organized in a 

sequentially pattern of a single monomer of each type at a time. 

 Block: blocks of monomers of one type alternate with blocks of monomers 

of the types sequentially arranged. 

 Graft: the backbone of the macromolecule is composed of a single type of 

monomer, while another type of monomer is grafted as smaller 

macromolecules. 

It important to highlight that for the production of polymer blends, polymers must 

be thermoplastics. As such, they are susceptible to melting and consequent mixing. On 

the other hand, copolymers can be produced from both thermoplastic and thermosetting 

monomers. In this regard, it has been reported that it is possible to copolymerize 

benzoxazines with other monomers such as epoxy and urethane[26,33]. 

It has been reported that the cross-linking density of PBZ is rather lower than that 

of other thermosetting polymers, and yet PBZ possesses high Tg and Young’s modulus. 

The reason is attributed to the fact that PBZ generates huge density of hydrogen 

bonding, which may be simultaneously the cause of such low cross-linking density and 

the reason for the cited high properties, as these large amount of hydrogen bonds could 

be sufficient to hinder the chain mobility and induce the rigidity observed in the glassy 

state[26]. Copolymerization between PBZ and DGEBA, the most commonly used 

epoxy resin in the copolymer, could lead to higher crosslink network density and, 

consequently, to improvement in properties[32,33], as indicated by Ishida and 

Allen[34]. 
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The mechanism of copolymerization reaction between benzoxazine monomer 

(BZ) and epoxy is reported in literature to occur via the opening of the epoxide ring by 

the hydroxyl functionalities of the phenolic group present in the PBZ[35]. This concept 

means that the reaction between benzoxazine and epoxy is constituted of two steps as 

represented in Fig. 1.8 [76]. The first step is the homopolymerization reaction among 

the monomers of benzoxazine, the second step is the reaction between the hydroxyl 

group generated upon opening of the oxazine ring in the first step and the epoxide group 

of the epoxy. Relevance of this model of copolymerization is in anticipating that the 

first reaction to occur is always benzoxazine homopolymerization. 

One interesting observation from Fig. 1.8 is that number of hydroxyl groups 

formed during copolymerization of benzoxazine and epoxy is the same as that produced 

from the homopolymerization of either monomers. As a consequence, the resulting 

copolymer should possess a good interaction with the substrate it is applied to[20]. As 

stated previously, adhesion is vital to the performance of a coating. 

Other aspects of the benzoxazine/DGEBA copolymer have also been analyzed. 

For example, Rimdusit et al.[76] confirmed a synergistic behavior on glass transition 

temperature of the benzoxazine/epoxy copolymer at the stoichiometric ratio. However, 

compositions with excess epoxy revealed decrease in Tg. Kumar and Nair [35][32] 

describe that copolymerization of benzoxazine with epoxy reduces char yield compared 

with pure polybenzoxazine. 
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Fig. 1.8. Schematic representation of benzoxazine-epoxy copolymerization reaction [76] 

 

1.3.6. Green Chemistry 

The concept of green chemistry covers several aspects related to the environment, 

such as sustainability, hazards, wastes, toxicity and disposal. Essentially, green 

chemistry is an area of chemistry and engineering concentrated on the design of 

products and processes that minimize the use and generation of hazardous 

substances[36]. When new chemical products or reaction routes are developed, it is 

appropriate that a green approach is implemented with the purpose of leading a more 

sustainable process. Literature[25] indicates, however, that there is a conceptual 

misinterpretation, where the common sense of simply using natural renewable raw 

material is taken as a synonym of carrying out green chemistry. According to Anastas 

and Eghbali[36] the foundation of green chemistry is to improve safety of processes 

and products throughout all stages of chemical life-cycle. The authors propose the 

“twelve principles of green chemistry”, which are guidelines to provide sustainable 

design. Here, all twelve principles are presented. 

1) Prevention of Waste – “It is better to prevent the formation of waste rather than to 

clean it up after the fact”. Reduction of Environmental Impact Factor (E-Factor) is 
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the goal for this principle. E-Factor is calculated as the mass of waste per mass of 

product of a chemical reaction; 

2) Atom Economy – “The concept of synthetic efficiency: Atom Economy (AE) also 

called Atom Efficiency”. It refers to the concept of optimizing the use of raw 

materials so that the final product consumes the maximum amount of the reagents. 

3) Less Hazardous Chemical Synthesis – “synthetic methodologies should be 

designed to use and generate substances that pose little or no toxicity to human 

health and the environment”  

4) Designing Safer Chemicals – “Chemical products should be designed to preserve 

efficacy of the function while reducing toxicity”; 

5) Safer Solvents and Auxiliaries – “The use of auxiliary substances should be made 

unnecessary whenever possible and, when used, innocuous”; 

6) Design for Energy Efficiency – “Energy requirements should be recognized for 

their environmental and economic impacts” – incorporation of renewable energy 

sources is also desirable. 

7) Use of Renewable Feedstock – “A raw material or feedstock should be renewable 

rather than depleting whenever technically and economically practicable”; 

8) Reduce Derivatives – “Unnecessary derivatization […] should be minimized or 

avoided if possible”; 

9) Catalysis – “Catalytic reagents are superior to stoichiometric reagents” – “Catalysis 

can improve the efficiency of a reaction by lowering the energy input required, by 

avoiding the use of stoichiometric amount of reagents, and by greater product 

selectivity”; 

10) Design for Degradation – “Chemical products should be designed so that at the 

end of their function they break down into innocuous degradation products and do 

not persist in the environment”;  

11) Real-Time Analysis for Pollution Prevention – most methodologies require 

pretreatment of samples in order to enable analysis, which generates waste; 

12) Inherently Safer Chemistry for Accident Prevention – “Substances and the form 

of a substance used in a chemical process should be chosen to minimize the 

potential for chemical accidents”. 

 

Therefore, it can be observed that throughout a synthesis development process, 

whenever technically and economically possible, green chemistry must be 
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implemented. Moreover, observing simultaneously principles 3 and 5, it is evident that 

the use of less toxic and less hazardous solvents is a direct approach towards green 

chemistry. Most benzoxazine synthesis pathways employed on literature involve the 

use of some solvent such as dioxane, methanol, hydrochloric acid, toluene, dimethyl 

sulfoxide, tetrahydrofuran or chloroform[23,25,56,77,78]. However, it is known that 

most of these solvents are highly toxic, corrosive, expensive and require special 

handling. Prat et al.[79] discuss safety, health and environmental issues of several 

solvents and rank them into four categories. Table 1.1 is an adaptation from their work. 

This itself may be reason enough to impair industrial application of the process.  In this 

sense, previous attempts have been made to produce benzoxazine monomers in more 

sustainable media. Rattanopas et al. [21] performed synthesis under a mixture of 

ethanol and water as solvent. Purification process employed only covers removal of 

solvents and additive. Characterization was performed only by FTIR. Shi et al. [22] 

performed synthesis under a mixture of methanol and water as solvent and no 

purification process is mentioned. Characterization by 1H-NMR revealed peaks 

assigned to formation of oxazine to be broad, short and too distant from one another, 

diverging from references in the literature [23]. In fact, the synthesis of benzoxazine 

forms two molecules of water for every oxazine produced as explained by Zhang et al. 

[18] (Fig. 1.4, page 34). In addition, the polarity of the solvents influences the yield of 

the reaction. Results in literature show much lower yields for synthesis performed under 

more polar solvents [24], which is the case of ethanol, methanol and water. Therefore, 

reaction in the presence of water tends to be pushed back in the direction of the reagents. 

It can be established, then, that water is not the ideal solvent to be used in the synthesis 

of benzoxazine, despite the fact that water is the most abundant and safe solvent. 
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Table 1.1. Ranking of solvents as Recommended, Problematic, Hazardous and Highly Hazardous, 

regarding safety, health and environment. (adapted from Prat et al.  [79]) 

 

 

One of the most promising approaches to synthesis of benzoxazine regarding 

solvents in green chemistry is the solventless process[36]. Ishida[57] stated that  in 

cases where one or more of the reagents is a liquid, they may simply be mixed and 

heated so they homogenize, either through melting, or by dissolving in one or more of 

the liquid components. To proceed with reaction, the mixture is held at a temperature 

and for enough time to enable the synthesis reaction for the specific benzoxazine 

monomer being synthesized. This process assumes that at least one of the reagents is 

liquid at room temperature. However, it limits the variety of reagents that can be used, 

narrowing, then, the possibilities of molecular structures to be produced as explained 

previously (section 1.3.4, page 33). An interesting alternative is to promote the mixture 

and consequent dissolution of reagents at high enough temperature to allow for at least 
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one of the reagents to melt and, being a liquid, enable the process just described. With 

this approach, the variety of reagents possible to be used is widened. In fact, this 

procedure is described in literature [57]. 

 

1.3.7. Electrochemical Corrosion Test. 

Testing of coatings requires extensive time of exposure to real life environment 

to allow for the differentiation of the corrosion protection of each system. Tests may 

reach the order of years. Accelerated tests such as salt spray may shorten this time to 

the order of thousands of hours. Long times of testing result in a hindered development 

of coatings. Additionally, both cases provide qualitative results that can vary as a 

function of testing site and conditions, testing chamber and individual analysis of the 

results[17]. 

Electrochemical techniques come to fill this necessity by making use of modern 

instrumentation and measure very small electrical currents. These techniques allow for 

measurements which are much more sensitive than most non-electrochemical 

techniques based on weight loss or visual inspection, for example[18]. Electrochemical 

experiments are typically performed by means of an electrochemical cell in a three-

electrode setup as depicted in Fig. 1.9. The working electrode is the sample to be 

studied. The current is measured via the counter electrode. The potential of the working 

electrode is measured by the reference electrode. The chamber is filled with the 

electrolyte of interest to allow for the current to flow. Potentiodynamic polarization 

scan (PPS) is a widely applied electrochemical technique which provides critical 

information of the performance of a coating. Corrosion current density (icorr), corrosion 

potential (Ecorr) and Tafel lines are directly obtained from the experimental curves. This 

data can be used to calculate corrosion rate and polarization resistance[18]. In this 

technique, the potential is scanned at a fixed rate between two set values and the current 

is measured at periodic intervals[18]. 
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Fig. 1.9. Example of electrochemical testing cell 

 

A typical PPS curve is presented in Fig. 1.10. The anodic polarization scan starts 

at point 1 and progresses towards point 2. The most relevant features on the curve 

are[82]: 

A. The open circuit potential (OCP)- At this potential the sum of the anodic and 

cathodic reaction rates on the electrode surface is zero, meaning that the 

measured current will be close to zero. 

B.  The active region - In this region, the main reaction occurring is oxidation of 

the sample. 

C.  The passivation potential – at this point passivation starts to occur. 

D. As the applied potential increases, the current density decreases. 

E. Passive region – low current density. 

F. Breakaway potential – increase in potential results in rapid increases in current 
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G. Increase in current - several reasons are associated with this increase in current, 

such as pitting and transpassive dissolution. 

 

 

Fig. 1.10. Schematic anodic polarization scan (adapted from Enos and Scribner [82]) 

 

The region of interest for obtaining icorr, Ecorr, and Tafel lines is the near-open 

circuit potential. A ±250 mV range of potential around OCP is sufficient to allow the 

observation of a Tafel region[18]. Fig. 1.11 shows a typical PPS plot in the OCP region, 

where it is possible to see the two dashed straight lines (Tafel lines) constructed tangent 

to the cathodic and anodic regions. The extrapolation of the Tafel line of the cathodic 

side to Ecorr provides a measure of icorr, used to calculate corrosion rate. The 

extrapolation of the line of the anodic side may not coincide with the intersection of the 

cathodic line with Ecorr. This is a common phenomenon typically associated with 

roughening of the electrode (sample) surface or the formation of an oxide layer. 

Corrosion rate can be calculated by equation 1[83] 

  

 
𝑪𝑹 =

𝒊𝒄𝒐𝒓𝒓. 𝑲. 𝑬𝑾

𝝆
 

(1) 

 

where, 

CR - Corrosion rate (mm/year) 

icorr - Corrosion current (A) 
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K - Constant that defines the units for the corrosion rate (mm/A.cm.year) 

EW - Equivalent weight - mass of sample that will react with one faraday of charge (g) 

ρ - density (g/cm3) 

 

One interesting observation is that the calculation of corrosion rate is based on 

the current (flow of electrons) and equivalent weight (mass of sample that react with a 

unit of electron charge). Therefore, it must be pointed that this calculation is theoretical 

and is not an absolutely accurate representation of what is expected from a field service, 

but rather, a standardized approximation. In fact, all laboratory experiments are 

simulations of real life and this must be taken in consideration. A great effort has been 

done to correlate the results from different types of corrosion test to performance of 

coatings in real life service [84–86]. Nevertheless, it is important to highlight that 

accelerated tests are highly reliable and serve as a standardized means of comparison 

between samples and provides and approximate estimation for a real life environmental 

degradation. 

 

 

Fig. 1.11. Plot of potentiodynamic polarization scan with Tafel lines (adapted from [82]) 
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Electrochemical experiments are, in fact, being largely used to evaluate the 

performance of the most varied types of coatings. For example, Al-Sabagh et al.[87] 

used PPS to study the electrochemical behavior of epoxy coatings with different 

thicknesses and also with varying concentration of ilmenite particles. Results revealed 

decrease in corrosion current with increasing concentration of particles. Caldona et al. 

[23] investigated the anti-corrosion performance of benzoxazine coatings on steel 

substrate after one day and seven days of immersion in NaCl solution. Results revealed 

improvement in performance with addition of silica particles, characterized by decrease 

in measured corrosion current. Gallegos-Melgar et al. [88] used PPS plots to investigate 

the anti-corrosion performance of an inorganic-organic film coating consisting on 

Al2O3/chitosan-sodium alginate. Qiu et al.[89] analyzed by PPS the influence of self-

doped sulfonated polyaniline nanofibers on the anti-corrosion property of waterborne 

epoxy. Results revealed improvement in performance with incorporation of the fibers 

up to 1 wt%. 

Other materials, such as metal alloys and ceramics, have also been investigated 

to their anticorrosion properties. Qiu et al. [90] investigated the influence of graphene 

oxide as a pore blocking agent for plasma electrolytic oxidation coating on magnesium 

substrates. Results indicate significant improvement in performance with the 

incorporation of the particles. Česánek and Schubert [91] categorize six metallic alloy 

based and cermet based coatings as to their corrosion resistance by PPS analysis. Wang 

and Frankel[92] used PPS to investigate the effect of trivalent chromium passivation 

treatment on aluminum rich coating as a means to prevent self-corrosion. 

 

1.3.8. State of the art 

Great effort has been invested in the direction of producing high performance, 

benzoxazine with a greener approach while maintaining high productivity. However, it 

is clear that not all properties have been fully achieved. Manoj et al., for example, 

synthesized a pyrazolidine-based benzoxazine, less hazardous than the Bisphenol-F 

derivatives, for anticorrosion coating purpose. Thermal stability was improved, 

corrosion rate was reduced and hydrophobicity increased with the latter property being 

assigned to increase in surface roughness. Synthesis was performed under ethanol, 

acetic acid and dioxane reflux. Purification was performed by recrystallization[93]. It 
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is evident that although the final product is indeed a safer material, the production 

process is not fully environmentally sustainable and the purification procedure does not 

achieve a high production rate. Caldona et al. produced high performance anticorrosion, 

anti-ice and superhydrophobic benzoxazine coatings. Monomers were synthesized 

under chloroform reflux and purified by NaOH solution and anhydrous sodium 

sulfate[23]. Zhang et al. produced a high performance biobased trifunctional 

benzoxazine with 64% char yield, Td10 of 403 °C and high fire resistance. Synthesis 

was performed under toluene reflux and product was purified by NaOH solution and 

recrystallization[94]. Salum et al. [25] produced biobased benzoxazine under solution 

in either ethyl acetate or ethanol. Purification was performed by recrystallization under 

ethyl acetate and ethanol. Zhang et al. [80] produced biobased benzoxazine under 

solution in toluene. Purification was performed by recrystallization under ethyl acetate 

and hexane. Resulting polymer presented interesting thermos-mechanical properties. 

However, toluene does not fulfill the requirements for green chemistry[81]. It is clear, 

then, that a comprehensive approach towards green chemistry of benzoxazine synthesis 

is lacking and only very punctual sections of the process have been considered. 

Although improvements in this sense have been achieved, further development is still 

possible and necessary to produce monomers safer to health and environment.  

Furthermore, benzoxazine-epoxy blends have been widely studied with the 

objective of attaining higher thermomechanical properties through crosslinking and 

combination of the two monomers and their respective properties. Vaithilingam et al., 

for instance, produced biobased eugenol benzoxazine, the resulting material was then 

blended with epoxy and varying amounts of amine-functionalized carbon powder to 

produce anticorrosion coatings. Incorporation of epoxy and functionalized carbon 

increased glass transition temperature from 104°C to 203°C, where results were 

associated with higher crosslinking density. Contact angle also increased from 80° to 

106°. Corrosion rate decreased by 100 times. Purification of benzoxazine monomers 

was performed by solvent extraction using chloroform and water-sodium hydroxide 

solution and dried over anhydrous sodium sulphate [95]. Zhou et al. incorporated 

benzoxazine to an epoxy resin to allow for thermal curing of the epoxy, where 

hydrophobicity and anticorrosion properties were improved. Contact angle shifted from 

85° to 100°. Corrosion rate decreased by half. Synthesis of benzoxazine monomers was 

performed under chloroform reflux with no purification process mentioned[96]. Liu et 

al. produced a series of benzoxazine-epoxy thermosets with a bifunctional benzoxazine 
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monomer with high thermal conductivity phase separation caused by curing procedure 

and presence of imidazole. Additionally, Tg and Td10 of up to 216 and 334°C 

respectively were obtained. Synthesis of benzoxazine monomers was performed under 

dioxane reflux in the presence of trimethylamine. Purification by solvent extraction 

made use of dichloromethane and water followed by recrystallization under a mixture 

of ethanol and toluene[97]. 
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2. A Greener Approach to Trifunctional Benzoxazine and High 

Temperature Polybenzoxazine Materials 

(Paper submitted to Reactive and Functional Polymers – Elsevier on Feb 25, 2021) 

 

Abstract 

Polybenzoxazines (PBZ), prepared from thermal ring-opening polymerization of 

benzoxazine monomers, are an important class of high temperature thermosets, which 

display a wide array of interesting and attractive properties. While typical monomers 

are based on mono- and difunctional derivatives, higher functional benzoxazines, 

prepared without using solvents, but purified with nontoxic solvents, are more desirable 

towards a greener synthesis of PBZ for high performance applications. In this work, we 

describe an environment-friendly approach to synthesizing a trifunctional benzoxazine 

from melamine, phenol, and paraformaldehyde via a solventless reaction and purifying 

the resulting monomer with benign and preferred solvents. The chemical structure of 

the synthesized benzoxazine was confirmed by spectroscopic analyses, while the 

polymerization was monitored by thermal analysis. Compared to its typical mono- and 

difunctional alternatives, the resulting trifunctional PBZ exhibited higher thermal 

stability and char yield. Combined with the importance of a trifunctional monomer, 

both the solventless synthesis and eco-friendly purification route will enable an 

environmentally-sound approach towards PBZ and its many useful applications.  

 

Keywords: trifunctional benzoxazine; polybenzoxazine; green chemistry; thermosets; 

polymer synthesis; high temperature 
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2.1. Introduction 

Polybenzoxazines (PBZ) are a relatively new class of phenolic polymeric 

materials derived from thermally-activated ring-opening polymerization of 

heterocyclic benzoxazine monomers without inclusion of any catalysts or initiators 

[1,2]. They have been used as high-performance thermosetting materials for a wide 

range of composite, dielectric, and coating applications [1,3–8] due to their high tensile 

strength, high thermal stability, electrical insulation, resistance to chemicals and UV, 

dimensional stability during curing, and even lower surface energy than 

polytetrafluoroethylene (PTFE) [1,2,9,10], while their monomeric precursor, 

benzoxazines, have been employed as reducing agents [11], optoelectronic material 

precursors [12], antimicrobial materials [13], therapeutic drug agents [14], and 

modifiers for other thermosetting resins [15]. The six-membered heterocyclic oxazine 

is molecularly distorted and possesses ring strain that provides some driving force for 

the ring-opening process. However, this strain is marginal and compared to other 

thermosetting resins [2], higher temperatures are required for benzoxazine 

polymerization to proceed. It is noteworthy that heating simply speeds up the 

polymerization rate as synthesized benzoxazine monomers usually contain low cationic 

phenolic and oligomeric impurities that serve as initiators during the curing process [2]. 

The earliest reports on benzoxazine monomer preparation date back to the 1940s 

by Holly and Cope [16] and 1950s by Burke et al. [17–19], involving the condensation 

reaction between three primary precursors–phenolic derivative, amine, and 

formaldehyde, all of which have become the foundation for the current syntheses of 

cost-effective benzoxazines with varying molecular geometries and network 

architectures. Indeed, molecular design flexibility [2] is one of the most interesting 

features of benzoxazines, which results from the utility of a wide range of different 

phenolic and amine precursors. This structural flexibility affords a tailor-made PBZ 

exhibiting, not only physically and chemically tuned properties, but also 

multifunctionality. Ning and Ishida [20] used bisphenols to synthesize a series of 

benzoxazines, the polymerization of which resulted in crosslinked difunctional PBZs 

with mechanical strength, thermal stability, and molecular weights higher than any 

typical monofunctional alternatives. Thereafter, numerous amines and phenolic 

compounds of varying degrees of functionality have been used to synthesize 

multifunctional benzoxazines (i.e. with  2 oxazine rings) [21–25]. Kolanadiyil et al. 
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[21] used a triphenol to synthesize a trifunctional benzoxazine with lower curing 

temperature and PBZ with higher thermal stability. Zhang et al. [22] synthesized a 

series of trifunctional benzoxazines from resveratrol and different amines resulting in 

PBZs with high thermal stability and flame retardancy. Feng et al. [23] prepared a series 

of tetrafunctional benzoxazines using a tetraphenol fluorene and mixed amines, and the 

resulting PBZs showed higher glass transition temperature and crosslinking density 

compared to their difunctional analogues. Wang et al. [24] also prepared a highly 

thermally stable tetrafunctional PBZ from a fluorene-based, furan-containing 

benzoxazine synthesized using a bisphenol- and diamine-containing precursor. 

Furthermore, Sini et al. [25] synthesized a series of multifunctional benzoxazines and 

found that lower curing temperatures, minimal weight losses during curing, and higher 

PBZ thermal stability can be achieved with increasing number of oxazine rings. 

Development of high performance materials via green approaches has also been 

the subject of many current scientific researches [26–28]. While PBZs have been 

acknowledged as viable alternatives to other popularly-known thermosetting resins, 

achieving high performance alongside Green Chemistry preparation for benzoxazines 

still remains a challenge. Many benzoxazines commonly reported in the literature were 

synthesized and/or purified using solvents [27] classified as toxic and undesirable based 

on the Principles of Green Chemistry. According to Anastas and Warner [29], to the 

extent possible, Green Chemistry should be taken seriously throughout the entire 

process of development and fabrication. It is interesting to note that benzoxazine 

monomers can be readily prepared in solventless systems when at least one of the 

precursors is liquid at room temperature [2,30]. Ishida [30] pointed out that in the event 

where all the three precursors are solid, they may be combined and heated until they 

melt and become liquid, or one of the reactants may be first melted and then combined 

with the other two. While these solventless syntheses eliminate the use of extra or 

undesirable reagents, the purification step should still be performed using less toxic and 

less hazardous solvents. 

Herein, we report the solventless synthesis of a trifunctional benzoxazine from 

melamine, phenol, and paraformaldehyde, and highlight the greener purification 

approach involved. To the best of our knowledge, there are only a few studies 

emphasizing the greener approach towards melamine-based trifunctional benzoxazines. 

Likewise, not much have been reported overall on the greener synthetic and purification 

routes for benzoxazine monomers. In this work, we highlight, not only the 
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trifunctionality advantage of our synthesized PBZ, but also demonstrate that our 

benzoxazine preparation has fulfilled some Principles of Green Chemistry. 

Furthermore, these PBZs are expected to have high temperature stability as a thermoset. 

 

 

2.2. Materials and methods 

2.2.1. Materials 

Phenol (99%), melamine (99%), and paraformaldehyde (purity ≥ 95%) were 

purchased from Merck KGaA, Alfa Aesar, and J. T. Baker, respectively. Chloroform 

(HPLC Grade) and sodium hydroxide (NaOH) pellets were obtained from Fisher 

Scientific. Methyl ethyl ketone (MEK, ACS grade) was purchased from Sigma-Aldrich. 

All chemicals were used as received.  

 

2.2.2. Synthesis of benzoxazine monomer 

The trifunctional benzoxazine (TBZ) monomer was prepared by reacting phenol, 

paraformaldehyde, and melamine using a solventless method. Two distinct molar 

ratios, 3:6:1 (stoichiometric) and 6:6:1, were also used to study the reactant 

consumption and optimization. The reactant mixture from each ratio was magnetically 

stirred at 50-60 °C for 1 h in order to allow for a complete melting and dissolution of 

the solid reagents. Subsequently, the mixture was heated to 95-100 °C at different 

reaction times (i.e. 1, 2, 4.5, 9.5, 19.5, and 44 h) to evaluate the effect on the product 

yield, followed by cooling naturally to room temperature. Steps of reaction time were 

selected in such way to allow for a reasonably power law distribution as the chemical 

reactions rates tend to follow such function with time due to reagent consumption and 

increase in product concentration and viscosity, as is the case, for example, of bulk 

polymerization. The resultant crude TBZ monomer was then purified using two 

different liquid-liquid extraction procedures to investigate, not only the efficiency, but 

also the utility of safer solvents and simple purification steps: dissolution of the 

monomer in (1) procedure #1 - chloroform, washing with 1 N NaOH solution for 

several times, and rinsing with deionized water until neutral; (2) procedure #2 - methyl 

ethyl ketone (MEK) and washing with deionized water for several times. Finally, the 
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samples were dried in a rotatory evaporator to remove the solvents used during the 

purification process. 

 

2.2.3. Characterization 

Fourier transform infrared (ATR-FTIR) spectroscopy was done with a Cary 600 

Series FTIR spectrometer (Agilent Technologies), with each spectrum recorded at an 

average of 128 scans at a nominal spectral resolution of 2 cm−1. Proton nuclear magnetic 

resonance (1H-NMR) spectra were acquired using a Varian Oxford AS600 at a proton 

frequency of 600 MHz. The average number of transients for 1H measurement was 64, 

while a relaxation time of 10 s was used for the integrated intensity determination of 

the spectra. Differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA) were performed using a DSC 2920 differential scanning calorimeter and TGA 

Q500 thermogravimetric analyzer (TA Instruments), respectively, both on a N2 gas 

purge at 50 mL min−1 and ramp rate of 10 °C min−1. 
 

 

 

 

 
 

 

 

2.3. Results and discussion 

2.3.1. Reaction times and ratios 

The reaction involving the synthesis of benzoxazine monomers can be generally 

summarized in three steps (Fig. 2.1) [2]: (1) amine quickly reacts with formaldehyde 

resulting in an amine-formaldehyde intermediate, (2) which reacts with phenol at its 

ortho position forming a Mannich base; (3) oxazine ring is then formed between the 

Mannich base and formaldehyde through a dehydration reaction. 

 

 

Fig. 2.1. Synthesis of the trifunctional benzoxazine (TBZ) from melamine, paraformaldehyde, and 
phenol. 

 

Two different reaction ratios were used in the synthesis of TBZ and compared to 

investigate the extent of reaction between the three precursors (i.e. phenol, 
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paraformaldehyde, and melamine). For the stoichiometric ratio 3:6:1, rapid formation 

of a white, but infusible solid product was observed (Fig. S 1) possibly containing 

unreacted melamine and formaldehyde, which cannot be further dissolved by the given 

amount of phenol. This result suggests that such reaction is unlikely to continue and 

further go to completion. On the other hand, an increased amount of phenol, as in the 

case of the 6:6:1 ratio, resulted in a homogeneous mixing with lower viscosity reaction 

mixture, furthering reaction steps 2 and 3 outlined in Fig. 2.1. The progress of the 

dissolution process is given in Fig. S 2, where the initially solid reactant mixture was 

observed to gradually transform into a white and fairly transparent liquid as the reaction 

was allowed to proceed correspondingly from 0 to 70 min at 50-60 °C. Further, the 

temperature was increased to 95-100 °C and samples were qualitatively examined after 

1, 2, 4.5, 9.5, 19.5 and 44 h of continuous reaction to evaluate the progress. As shown 

in Fig. S 3, the reaction mixture changed from a low-viscosity clear liquid after 1 h to 

a high-viscosity white paste after 9.5 and 19.5 h. On the other hand, hard and brittle 

products are obtained for extended reaction times (e.g. 44 h). This transformation 

indicates that a reaction is indeed occurring and highlights the influence of reaction 

duration on yield. Finally, two procedures for purification, procedure #1 and procedure 

#2, were used to compare the effectiveness of a commonly applied procedure with a 

proposed process, which makes use of greener solvents. 

 

 

2.3.2. 1H-NMR experiments 

Characterization by 1H-NMR was used to differentiate the results of the various 

reaction times and purification procedures, confirm the chemical structure of the 

desired product, and ascertain the presence of impurities or by-products.  To begin with, 

Fig. 2.2 shows the 1H-NMR of TBZ sample reacted for 9.5 h and purified by procedure 

#1. The peak at 5.71 ppm is assigned to O-CH2-N and the shift at 5.00 ppm is assigned 

to Ar-CH2-N, indicating the formation of the oxazine ring [31]. By peak integration, 

the peak at 4.58 was assigned to the bridging methylene groups from oligomerization. 

Overlapping peaks at around 7.0 ppm represented by “c, d, e, f” are assigned to protons 

in the aromatic ring of the benzoxazine group and melamine ring [31]. 
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Fig. 2.2. 1H-NMR of TBZ (purified by procedure #1) obtained after 9.5 h reaction time. 

 

In comparison, Fig. S 4 shows 1H-NMR spectrum of TBZ sample of 9.5 h 

synthesis time purified using procedure #2. The presence of benzoxazine monomers 

was verified by the peaks at 5.68 and 4.98 ppm. Additionally, the peaks at 7.0 ppm 

represent the aromatic rings of the benzoxazine monomer. Similar to procedure #1, 

(Fig. 2.2), it is possible to observe the presence of oligomers, identified by the peak at 

4.71 ppm. Additional peaks can be observed and are associated with residual reagents, 

pre-monomers or monomers that have started the process of polymerization, as 

described in Table S 1. One of the synthesis’ steps is the initial reaction between 

formaldehyde and amine, which creates a sub-product as observed at 3.47 ppm. As 

previously explained, polymerization of benzoxazine occurs by opening of the oxazine 

ring. In this process, a methyl group is formed, giving rise to the 2.99 ppm shift.  

From these data, it can be inferred that procedure #2, was less effective in 

removing impurities from the product than procedure #1. This may be confirmed by the 

low solubility of such chemical products in water as previously cited [32]. Phenol could 

not be identified in the spectrum due to overlap with the aromatic rings present in the 

monomer structure. In addition, solubility of phenol in water is significantly higher than 

that of the other reagents and is affected by the basic media. It is interesting to observe 

that procedure #2 was not capable of eliminating pre-monomers, compared to 

procedure #1.  
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Fig. S 5 shows 1H-NMR spectrum of sample at 44 h synthesis time purified using 

procedure #2. Once again, it is possible to confirm the presence of benzoxazine 

monomers by the peaks at 5.68 and 4.98 ppm. Interestingly, the chemical shift and 

integration are highly similar when compared to all previous results (other 

polymerization times). This indicates consistency on the process of formation of 

oxazine for all reaction times.  

 

2.3.3. FTIR spectroscopy 

Fig. 2.3a shows the FTIR spectra of the (1) benzoxazine monomer product 

obtained after 44 h of reaction time and purified by procedure #1 and starting materials 

(2) phenol, (3) melamine and (4) paraformaldehyde. The spectrum for 

paraformaldehyde shows peaks at 2924 cm-1 and 904 cm-1, which are assigned to the 

CH2 asymmetric stretch and C-O stretch of the aliphatic ether [33], respectively. The 

spectrum for melamine shows peaks at 3467, 3417, 3323, and 3120 cm-1, all of which 

can be assigned to –NH2 [34]. The phenol spectrum shows a characteristic broad peak 

at 3344 cm-1, assigned to OH stretch, and band at 1365 cm-1, assigned to OH in-plane 

bend [35]. It can be observed that none of the peaks from the reactant spectra are present 

in the benzoxazine spectrum. This result suggests that a reaction has occurred after 44 h 

and the purification procedure #1 was effective. In addition, a likely side product of this 

reaction, melamine-formaldehyde resin containing OH and secondary amine groups 

[34], is not observed in the benzoxazine spectrum.  
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Fig. 2.3. FTIR spectra of (a) TBZ (44 h reaction time and purified by procedure #1), phenol, melamine, 
and paraformaldehyde, and (b) TBZ obtained at different reaction times (purified by procedure #1). 

 

Furthermore, the reaction was also monitored as function of time. Fig. 2.3b shows 

the FTIR spectra of the monomer products obtained at different reaction times. All 

spectra were normalized per peak at 1219 cm-1 as a reference of completion of the 

oxazine ring. In all these spectra, the following benzoxazine peaks were found [36]: 

1036 cm-1 (Ar-O-C symmetric stretch), 1000-1300 cm-1 (C-O stretch), 1219 cm-1 (C-

O-C asymmetric stretching), 1383 cm-1(oxazine ring), and 1508 cm-1 (ortho-substituted 

benzene ring). It is interesting to note that the peak at 1508 cm-1 is less intense in the 

spectra taken after 1, 2, and 4.5 h of reaction times. This result indicates that the 

formation of benzoxazine is still occurring at these early reaction times. But by 9.5 h 

and higher they begin to diminish indicating the conversion to polymer – crosslinking 

to form the PBZ thermoset. 
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2.3.4. Reaction yield 

Fig. 2.4a shows the yield versus reaction time plot for the benzoxazine product 

purified by procedure #1 based on gravimetric determination. It can be seen that the 

data points for the yield obtained experimentally fit well to a power law equation (R2 = 

0.92). The experimental data corresponding to Fig. 2.4a are tabulated in Table S 3.  

 

 
Fig. 2.4 Yield vs. reaction time graphs for TBZ purified by (a) procedure #1 and (b) procedure #2. 

 

Clearly, the yield increases as a power law function of time, with high and low 

derivatives at short and longer times, respectively. The determination of optimum 

reaction time is based on the yield rate (i.e. yield/time). Lower reaction time is practical 

for any large scale production as it should indicate lower energy cost according to the 

sixth Principle of Green Chemistry (see section 1.3.6, page 43). Higher yield is directly 

associated with production efficiency, while longer reaction times result in a small yield 

rate increase. Thus, in Table S 3, 4.5 h is considered as the optimum reaction time as 

the corresponding relative yield (yield at a specific temperature divided by maximum 

yield) was nearly 60% and longer reaction times further result in lower yield rates. 

Hence, reaction times longer than 4.5 h can be identified as less efficient as it results in 

small yield improvement. 

Fig. 2.4b shows the yield versus reaction time plot for the benzoxazine product purified by procedure 

#2, which seems to promote higher yield when compared to those for procedure #1.  

Table S 4 reveals yield > 60% for 44 h reaction time. However, this result may be misleading as 1H-

NMR analysis showed considerable amounts of impurities in the product. These impurities (incomplete 

benzoxazine formation and pre-polymerization products) are hard to isolate and separate from the pure 

benzoxazine unlike in procedure #1. Consequently, this yield does not totally refer to the pure 

benzoxazine yield. In addition, 9.5 h is considered as the optimum reaction time as the corresponding 

relative yield was above 60%. Interestingly, both optimum reaction times in Table S 3 and  

Table S 4 had approximately the same relative yield, implying that the reaction 

rate for the benzoxazine synthesis decreases rapidly after around 60% yield has been 
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achieved. Overall, we considered 9.5 h as the optimum reaction time, while procedure 

#1 as the preferred purification process. 

 

2.3.5. DSC study 

The polymerization of TBZ was monitored by DSC and the resulting 

thermogram, shown in Fig. 2.5a, exhibits an exothermic peak with onset and maximum 

power release at 314 and 342 °C, respectively, which is associated with the crosslinking 

or curing process. For the definition of the curing procedure, the onset was designated 

as the temperature for cure with the purpose of promoting polymerization at the lowest 

temperature possible. The curing time is calculated based on the total energy released 

by the system during the whole process and the power released at the onset. The total 

energy is obtained by integrating the area below the curve, which is found to be 750 

mJ, while the power is the difference between the measured power values at the onset 

(0.843 mW) and baseline (0 mW). Upon calculation, the curing time at 314 °C was 

found to be roughly 15 min. 

 

 

Fig. 2.5. DSC thermograms of (a) TBZ from room temperature to 370 °C, where the exothermic peak 
at 342 °C indicates the curing process and (b) cured TBZ from room temperature to 400 °C, where the 

peak at 365 °C is attributed to residual polymerization. 

 

The DSC thermogram in Fig. 2.5b also indicates that the obtained TBZ monomer 

exhibits high purity. According to the literature [2], higher benzoxazine purity requires 

higher curing temperature. This phenomenon is associated with the presence of 

impurities (i.e. phenols and oligomers), which act as catalysts for oxazine ring opening 

[37,38]. Additionally, it is interesting to note that the melting peak is absent in the 

thermogram, which indicates the amorphous structure of the synthesized TBZ 
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monomers. Such phenomenon is possibly caused by the presence of marginal amounts 

of impurity, which hinder the formation of highly organized crystalline structures, as 

confirmed by the 1H-NMR results (Fig. 2.2). Ohashi et al. [38] showed the formation 

of benzoxazine crystals and presence of melting peak for products purified by column 

chromatography. Ishida et al. [2] confirmed that increasing purification effectiveness 

shifts the curing peak to higher temperatures. 

A second DSC run (Fig. 2.5b) was performed from room temperature to 370 °C 

at 10 °C min-1 ramp rate to determine the presence of any possible residual curing event. 

A small onset peak can be observed at 342 °C, while the maximum at 365 °C. Peak 

integration shows a 7.5 mJ of energy released, which represents 1% of the total energy 

released upon complete curing in Fig. 2.5a. This result indicates that the proposed 

curing process is highly effective and that crosslinking is complete. 

 

2.3.6. Thermal stability study 

Fig. 2.6a displays the DSC thermogram of the cured TBZ between room 

temperature and 300°C. A slight depression indicating an endothermic reaction 

centered at 95 °C can be observed. This peak indicates the glass transition temperature 

(Tg) and is a typical signature for thermosets like PBZ as it broadly runs from 70 and 

130 °C.  

 

 

Fig. 2.6. (a) DSC thermogram of poly-TBZ with Tg = 95 °C. (b) TGA curve of poly-TBZ. 

 

The thermal degradation of PBZs, in general, is a multi-step process [39]. Fig. 

2.6b shows the TGA curve for poly-TBZ, which can be divided into a number of 

regions or steps [40,41]. The first major onset temperature at 366 °C is associated with 

amine degradation products resulting from the breakdown of the Mannich bridge and 

some weight loss related to some small and side chains [42]. The second and succeeding 
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higher onset temperatures at 400 and peak at 519 °C are associated with weight losses 

due to the scission of phenolic (free hydroxyl species) and aliphatic C-C bonds. Overall, 

poly-TBZ is more thermally stable compared to its mono- and difunctional analogues 

[20,25,42], owing to its trifunctionality and many hydrogen bonding networks. 

 

2.4. Conclusions 

A TBZ monomer was successfully synthesized from melamine, 

paraformaldehyde, and phenol in a one-pot, solventless process, with the reaction 

performed at various times to maximize the product yield. The resulting monomer 

product was purified using two different purification procedures and results showed 

that impurities were indeed present on both procedures, but much less with 

procedure #1. Procedure #2 showed to be highly promising with interesting results 

upon investigation of yield. The chemical structure of the synthesized TBZ was 

characterized by 1H-NMR, which revealed small amounts of oligomers and impurities, 

and FTIR spectroscopy, which confirmed the presence of signature functional groups 

of the monomer in all reaction times. The DSC and TGA experiments, on the other 

hand, revealed a thermosetting PBZ product with a Tg of 95 °C, high thermal stability 

of up to 366 °C, and a high char yield of 37% at 800 °C. Finally, we were able to 

demonstrate that our TBZ preparation has satisfied a few Principles of Green Chemistry 

by (1) using safer solid starting materials for easy handling, (2) using solventless 

synthetic method, which reduces the use of solvents and thus, minimizes waste, (3) 

using more benign solvents in the purification process, (4) tuning the reactant ratio and 

reaction times to optimize the product yield, and (5) realizing that the monomer product 

itself is intrinsically stable, as it requires high temperatures for polymerization.  
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3. Highly Thermally Stable Copolymers of Polybenzoxazine and 

Epoxy: The Trifunctionality Advantage 

(Paper submitted to Polymer Degradation and Stability – Elsevier on Feb 16, 2021) 

 

 
Abstract 

 
Synergistic composition of copolymer thermosets depends on their miscibility 

and similar reactivity that can lead to higher performance. In this work, we report the 

copolymerization of a triamine-based benzoxazine and a commercial difunctional 

epoxy resin, and investigate their synergistic effect on improved thermal properties 

using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 

Results showed that a glass transition temperature increase of up to 268 C was 

obtained for the copolymer with as low as 25 wt% epoxy. A higher thermal performance 

was also achieved with an onset degradation of nearly 400 C and char yield of 22 wt% 

at 800 C for the copolymer with 52 wt% epoxy. The behavior was compared to 

previously reported benzoxazine/epoxy combinations and was found to be 

advantageous. Overall, the prepared PBZ/epoxy copolymers displayed higher thermal 

stability than their individual components, indicating suitability for a number of 

potential extended uses including utility in higher temperature applications.  

 
3.1. Introduction 

Epoxy resins are a widely known group of prepolymers characterized by an 

aliphatic and/or aromatic backbone containing two or more reactive oxirane rings (or 

epoxides), where primary crosslinking occurs to form thermosets [1,2]. This reaction 

can take place via catalytic homopolymerization or coupling with hardeners (or curing 

agents), both of which lead to oxirane ring opening and subsequent hydroxyl formation 

and chain extension [3,4]. The use of hardeners (e.g. amines, carboxylic acids, 

anhydrides, and phenols) is the most common polymerization technique as it promotes 

epoxy crosslinking into a thermosetting three-dimensional network [3]. The 

functionality (i.e. number of epoxide moieties) of epoxy resins and their reaction 

affinity towards a wide range of chemical reagents offer versatility and tailorable 
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chemical, mechanical, and thermal properties for a wide range of applications [3,5–7]. 

Diglycidyl ether of bisphenol A (DGEBA), a difunctional epoxy representing roughly 

75% of the total epoxy demand worldwide, is the most widely used [3]. 

Benzoxazine monomers, on the other hand, are traditionally prepared from a 

phenolic compound, formaldehyde, and amine by condensation reaction in the presence 

or absence of organic solvents [8,9]. Known for their molecular design flexibility, they 

are characterized by one or more groups of six-membered aromatic ring fused to an 

oxazine ring, which, upon thermal curing, opens to form thermosetting 

polybenzoxazine (PBZ) without needing any initiators or catalysts [8,9]. PBZ is a 

unique class of phenolic materials having an array of interestingly important properties 

such as minimal shrinkage upon curing, low dielectric constant, low water absorption, 

low surface energy, chemical and UV resistance, mechanical strength, thermal stability, 

high char yield, and flame retardancy [8–11]. Although these characteristics make PBZ 

an attractive material for the fabrication of high performance composites and corrosion-

resistant coatings [9,12–17], its higher curing temperature and lower crosslinking 

density [18], compared to other thermosetting polymers, need to be resolved. 

Introduction of functional groups that serve as additional crosslinking sites and/or 

copolymerization with other resins are among the most commonly employed 

approaches to overcome these issues [18–24]. Copolymerization is more practical as it 

permits the preparation of a wide range of polymeric products with the best balance and 

combination of properties that may not be achievable with each component alone. In 

addition, its utility in modifying the properties of polymers has become a viable means 

to meet specific needs and end-use requirements. Copolymerization of benzoxazines 

with epoxy resin monomers has been shown to be effective in improving, not only 

mechanical, but also thermal properties of the resulting copolymers [18,21–24]. Ishida 

and Allen [18] reported that the inclusion of epoxy into the PBZ structure produces 

copolymers with higher glass transition temperature (Tg) and crosslinking density 

compared to the PBZ homopolymer. Several studies on PBZ/epoxy copolymers have, 

thus, been reported [21–24]. Jubsilp et al. [21] studied the curing kinetics of a 

benzoxazine monomer copolymerized with an epoxy novolac resin. Rimdusit et al. [22] 

investigated the thermomechanical properties of a series of difunctional benzoxazine 

resins copolymerized with a diglycidyl-ether-based epoxy. Rao and co-workers [23] 

copolymerized a difunctional benzoxazine with chain-extended epoxies and examined 

the effects of molecular weight on the viscoelastic and thermal properties of the 
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crosslinked copolymers. Xu et al. [24] studied the thermal stability and processability 

of copolymers of cyano-containing difunctional benzoxazine and difunctional epoxy 

and evaluated their potential applications for glass fiber composites.  

In this work, we prepared PBZ/epoxy systems with varying weight ratios by 

copolymerizing a trifunctional benzoxazine (Fig. 1a) with DGEBA-based epoxy resin 

(Fig. 1b), and investigated the improvement in thermal stability caused by increase in 

crosslinking density. To the best of our knowledge, few studies on copolymers of 

trifunctional benzoxazines and epoxy resins have been reported. Since both the curing 

reactions of benzoxazine and epoxy resin monomers are based on ring-opening 

polymerization, it is thought that the phenolic hydroxyl groups resulting from the 

oxazine ring opening (Fig. 1c) can react with the oxirane ring of the epoxy via 

nucleophilic attack, forming an ether linkage (Fig. 1d) and leading to a chain extension 

[18,21–24]. Therefore, these thermosetting PBZ/epoxy copolymers of varying 

compositions not only show hybrid network formations, but they can also be achieved 

without any phase separation issue [25]. It also highlights the potential advantage of a 

trifunctionality vs difunctional benzoxazine groups in a copolymer combination. 

 

 
Fig. 3.1. Chemical structures of the (a) synthesized trifunctional BZ monomer and (b) DGEBA EP 

resin used in this study. Copolymerization reaction showing (c) the homopolymerization toward PBZ, 

followed by (d) the reaction of the EP’s oxirane ring with the hydroxyl of the PBZ. 

 
 

(a)

(b)

(c)

(d)
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3.2. Experimental 

3.2.1. Materials 

Beckopox® EP385w/56WA, a DGEBA-based epoxy (EP) resin, was supplied by 

Allnex Belgium SA. 99.9%-purity grade dimethyl sulfoxide (DMSO) was purchased 

from Sigma-Aldrich, while 200-proof ethanol was obtained from Decon Laboratories, 

Inc. Ethyl acetate (certified ACS grade) and sodium hydroxide (NaOH) pellets 

(certified ACS grade), used to prepare the NaOH solution, were acquired from Fisher 

Scientific. All chemicals were used as received.  

The trifunctional benzoxazine (BZ) monomer was synthesized by Mannich 

reaction between phenol, paraformaldehyde, and melamine in a solventless 

environment and stoichiometric ratio of 6:6:1. The reactant mixture was magnetically 

stirred at 50-60 °C for 1 h and heated to 95-100 °C for 9.5 h, followed by cooling to 

room temperature. The resulting crude BZ monomer was then dissolved in chloroform, 

washed with 1N NaOH solution for several times, and rinsed with deionized water until 

neutral. This preparation method is considered an example of green chemistry, with the 

minimum use of organic solvents and simple purification methods. 

The copolymers were prepared by first dissolving each monomer separately in a 

suitable solvent; BZ monomer in DMSO at a concentration of 1 mg.µL-1 and EP resin 

in a 50:50 mixture of ethyl acetate and ethanol at 0.32 mg.µL-1. The two monomer 

solutions were then combined and mixed to form a single homogeneous solution, which 

was subsequently heated to evaporate the solvents. The BZ to EP weight ratios were 

varied as follows: 5/95, 25/75, 31/69, 48/52, 55/45, 75/25 and 100/0. The synthesized 

BZ monomer displays a 200 g/mol equivalent weight, while the EP resin an average of 

500 g/mol epoxy-equivalent (solids). Calculations based on these parameters gives a 

stoichiometric 29/71 ratio, characterized by much lower amounts of BZ. This 

characteristic may be interesting in the perspective of application, as small quantities 

of BZ can lead to a higher crosslinked copolymer material and possibly improved 

mechanical and thermal properties [26]. In addition, the low-cost, ready availability, 

and popularity of Eps relative to BZ monomers can result in BZ/EP copolymers with 

high benefit-cost ratios. 
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3.2.2. Instrumentation 

Fourier transform infrared (FTIR) spectroscopy was performed using a Cary 600 

Series FTIR spectrometer (Agilent Technologies). Each spectrum was recorded at an 

average of 128 scans with a nominal spectral resolution of 2 cm−1. To investigate the 

thermal stability and degradation of the copolymers, differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) were done with a DSC 2920 differential 

scanning calorimeter and TGA Q500 thermogravimetric analyzer (TA Instruments), 

respectively, both on a N2 gas purge at 50 mL min-1 and ramp rate of 10 °C.min-1. 

Evolved gas analysis (EGA) was conducted on a gas chromatography-mass 

spectrometry (GC-MS) system (Agilent 5973, Quantum Analytics) equipped with a 

multi-shot pyrolyzer (EGA/PY-3030D, Frontier Laboratories) containing a 2.5-m long 

metal column (Ultra alloy DTM, 0.15 and 0.25 mm inner- and outer- diameter, 

respectively). A 100 °C preheated sample cup containing 0.2 mL sample was heated to 

800 °C at 20 °C.min-1 and the evolved gas was directly injected into the column 

maintained at 300 °C, while the interface between the GC-MS and pyrolyzer was kept 

at 200 °C. 

 
3.3. Results and discussion 

3.3.1. Epoxy resin characterization 

EP resin Beckopox® EP385w/56WA was selected for its flexibility, wet film 

adhesion, and good adhesion to metallic substrates. However, the molecular structure 

of the EP has not been identified. The EP structure is important as it helps predict its 

reactivity and properties and determine suitable BZ/EP ratios for copolymerization. 

Therefore, EGA/GC-MS was performed in order to confirm the composition and 

investigate the chemical structure of the EP. The EGA curve of the EP resin is shown 

in Fig. 3.2a, while the results from GC-MS are displayed in Fig. S5.2-S5.4 in the 

Supplementary Information (SI). 

 

DBD
PUC-Rio - Certificação Digital Nº 1613910/CA



83 

 

 

 

 

 
Fig. 3.2. (a) EGA curve as a function of temperature and (b) thermogram of the EP resin used in this 

study. 

 
Three peaks were observed in Fig. 3.2a, each representing a component or 

fragment of the original EP resin. As evidenced by the mass spectra in Fig. S 7, the first 

peak in the EGA curve at 102 °C is assigned to isopropyl alcohol and the corresponding 

abundance reflects its total volume in the product (equivalent to 2.5% according to the 

manufacturer). The second peak, at 335 °C, is attributed to DGEBA according to the 
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mass spectra in Fig. S 8, which confirms the molecular structure of the EP. 

Furthermore, this peak indicates the evaporation of DGEBA monomers rather than 

degradation, as evidenced by the detection of the whole molecule. The third peak, at 

410 °C, is attributed to bisphenol-A, as observed from Fig. S 9. These bisphenol-A 

molecules likely originated from stable radical fragmentation of DGEBA due to 

degradation upon heating during the measurement. Additionally, this fragment can 

come from residues during the synthesis of DGEBA, which can function as plasticizer, 

curing rate controllers, etc., providing specific effects on the thermomechanical 

properties of a cured resin. Again, it is important that EGA and MS techniques were 

used to qualitatively confirm the molecular structure and composition of the 

commercial EP resin used in this study and the presence of isopropyl alcohol, which is 

stated by the manufacturer as one of the solvents used.  

Fig. S 7b shows the TGA and derivative thermogram (DTG) of the uncured EP 

resin. The DTG peaks at 56 °C and 125 °C are assigned to the solvents used in the 

formulation of the commercial EP product (i.e. isopropanol and water, respectively). 

Data obtained experimentally from TGA indicate 59% residual mass after evaporation 

of these solvents. This result is consistent with the manufacturer’s information stating 

a 56% solids content. Interestingly, the peaks for these solvents are slightly shifted from 

their respective boiling points. It is important to highlight two mechanisms that clarify 

such shift. First, the solvents involved are composed of more volatile small molecules 

and what is observed is evaporation, rather than degradation followed by volatilization 

as would be expected for larger molecules such as polymers. On the other hand, a 

competing mechanism that may be present is the reaction of these small molecules to 

other compounds within the sample. It has been reported that water may present two 

distinct peaks of evaporation depending on whether the molecules are free or bound to 

other molecules [27]. As a result, depending on the combination of these mechanisms, 

evaporation peaks may be shifted to a higher or lower temperature. Furthermore, a 

minor peak can be observed at 313 °C, which, according to the EGA result, is associated 

with the volatilization of DGEBA monomers. Combining the TGA and EGA results, it 

is clear that the degradation of EP monomers exhibited onset and peak of degradation 

at 375 °C and 406 °C, respectively. These results are consistent from the literature data 

[28,29] and show the stability of the EP resin to copolymerize BZ at temperatures up 

to 375 °C. 
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3.3.2. DSC and identification of peaks of curing 

Prior to curing, the solvents were removed by drying the samples in an inert 

atmosphere at a heating rate of 1 °C min−1 and holding the temperature at the boiling 

points of each solvent for 1 min. Samples were then cooled at 5 °C min−1, weighed, and 

run in DSC. Several curing peaks were observed for each sample in Fig. 3, which may 

be due to the polymerization or thermosetting processes from three different routes 

[18,21–24]: (1) BZ reacts with itself, generating a PBZ homopolymer; (2) EP reacts 

with itself, generating an EP homopolymer; and (3) BZ reacts with EP, producing a 

BZ/EP copolymer. From here on, these reactions will be referred to as B-B, E-E and B-

E, respectively. It is clear that the relative mass of the monomers consumed in each 

peak cannot be predicted and is not equal to the total mass of the sample. Therefore, the 

DSC curve was also plotted as power vs. time to obtain energy (mJ) via curve 

integration, which allows identification of the peaks. 

 
Fig. 3.3. DSC curves of BZ/EP samples with different weight ratios for copolymerization analysis. 

 
 To distinguish the reaction type, the intrinsic energy for each reaction and the 

mass for each sample were compared to the released energy associated with the peak 

obtained experimentally. Curves were deconvoluted and every resulting peak was 

integrated to obtain the amount of energy released (mJ) in each peak (see Fig. S 11 for 

example). This energy was then compared to two distinct information: (1) energy data 

from the literature for the homopolymerization of EP, that is 90.7 kJ/mol of epoxide 
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[30], equivalent to 181.4 mJ/mg EP in the case of Beckopox® EP 385w/56WA; and (2) 

energy data for the homopolymerization of BZ obtained experimentally from its pure 

sample (i.e. 100/0), where a total energy release of 746 mJ upon BZ polymerization 

was calculated via peak integration. This amount of energy was due to the complete 

polymerization of a 6.24 mg sample, equivalent to 120 mJ/mg. A detailed procedure 

for this process can be found in the SI. 

The peak around 350 °C is due to the latent homopolymerization of EP (E-E), 

which was defined based on two observations: (1) sample 5/95 revealed a broad peak 

near this temperature, corresponding to only this type of reaction due to the marginal 

amount of BZ; and (2) samples with high BZ concentration revealed the absence of 

such peak, in which it is likely that excess BZ completely consumed the EP monomers, 

thus, no residual E-E polymerization observed. It is also interesting to notice the 

presence of melting peaks at ~120°C in all DSC curves, which are assigned to the 

melting of BZ [31], confirming their high purity. It is important to highlight that these 

peaks were not observed previously in chapter 2. Samples from previous chapter were 

polymerized directly after purification. Different from those samples, benzoxazine and 

epoxy were mixed by solvent solution and prior to the curing process, they were dried 

at high temperatures with subsequent slow cooling. It is likely that the drying procedure 

allowed for crystallization of the benzoxazine monomers. The small size of the peaks 

suggests that not all BZ is crystalline in the samples, indicating the possibility of 

crystalline domains within an amorphous matrix. These peak identities are summarized 

in Table 3.1. 

 
Table 3.1. Summary of peak identities analysis from DSC experiments. 

Sample Peak 1 Peak 2 Peak 3 Peak 4 

5/95 E-E B-E B-B E-E 

25/75 E-E B-E B-B E-E 

31/69 B-E E-E B-B E-E 

48/52 B-E B-B E-E - 

55/45 B-B E-E B-E - 

75/25 B-B B-E E-E - 

100/0 B-B - - - 

 
 

Polymerization of sample 5/95 starts with E-E reaction at around 250 °C, 

followed by B-E and B-B at 280 and 330 °C, respectively. This sample shows residual 
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E-E reaction close to 350 °C. Excess EP is likely to favor E-E reaction over other 

possible reactions. Likewise, sample 25/75 begins polymerization with E-E reaction 

near 250 °C, followed by B-E and B-B reactions at around 280 and 315 °C, respectively, 

and further showing residual E-E reaction close to 350 °C. Sample 25/75 also shows 

attenuation of the 3rd peak (B-B) when compared to 5/95. It is likely that the higher 

concentration of BZ increased the probability of greater interaction between these 

monomers, facilitating more B-E reactions. In addition, sample 25/75 exhibits a 

considerable decrease in the energy released from the residual E-E reaction. This result 

indicates less EP left from the previous reactions, given there is more BZ available to 

consume the EP compared to sample 5/95. 

Sample 31/69 starts polymerization with B-E reaction at around 250 °C, followed 

by E-E at 270 °C and B-B reaction at 310°C. This sample presents residual E-E reaction 

close to 360 °C. Clearly, B-E reaction was more favored for this ratio of monomers. 

This phenomenon anticipates greater lessening of the E-E reaction when compared to 

samples 5/95 and 25/75. At this ratio, EP is no longer in excess and is very close to 1:1 

reaction stoichiometry. Therefore, it is consistent that the B-E is dominant and E-E is 

not the most favored reaction. Interestingly, B-B continues to be the last among the 

three possible reactions due to the high temperature of PBZ curing. This sample also 

displayed high reduction in energy released from the residual E-E reaction. Again, 

higher BZ concentration allows for greater EP consumption, resulting in less residue. 

Sample 48/52, on the other hand, begins polymerization with B-E reaction at 

around 240 °C, followed by B-B reaction at around 250 °C and E-E at around 310 °C. 

This sample also shows no residual E-E reaction. B-B reaction was anticipated in 

relation to E-E reaction when compared to samples 5/95, 25/75 and 31/69. This 

observation is consistent as the composition of the sample is shifted towards excess BZ 

and intensely influences the favorability of B-B reaction. Similarly, sample 55/45 starts 

polymerization with B-B reaction at around 240 °C, followed by E-E reaction at around 

250 °C and B-E at around 310 °C. This sample does not present any residual E-E 

reaction, but B-B reaction was more dominant in the polymerization process. Higher 

concentration of BZ increases the likelihood of interaction and, consequently, facilitates 

the reaction. 

Sample 75/25 starts polymerization with B-B reaction at around 240 °C, followed 

by B-E reaction close to 300 °C and completes at 325 °C. This sample does not present 

any residual E-E reaction. B-B reaction is maintained as the dominant reaction, likely 
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due to the very high concentration of BZ monomers. In addition, E-E reaction is the 

least favorable due to the very low EP concentration and its likelihood of encountering 

a BZ molecule. Furthermore, sample 100/0 shows a single peak of cure at around 340 

°C representing the single monomer B-B cure only. Interestingly, the temperature for 

B-B reaction in this sample is higher than that of all the other samples. This 

phenomenon is predicted in the literature [31,32], where the 100/0 is due to the reaction 

between BZ monomers only via ring-opening, forming hydroxyl groups and eventually 

thermosetting PBZ. 

In summary, with excess EP (i.e. 5/95 and 25/75), E-E reaction is shown as most 

favorable, whereas, samples with excess BZ (i.e. 55/45, 75/25 and 100/0) show B-B 

reaction as most favorable. Samples with composition close to stoichiometric (i.e. 31/69 

and 48/52) show favored B-E reactions. The compatibility, good solvent mixing, and 

near quantitative shift of the EP and trifunctional BZ is highlighted. 

 
3.3.3. Characterization of cured samples 

A second cycle of DSC was performed from room temperature to 400 °C in order 

to validate the accomplishment of cure of the samples (Fig. 3.4a). It is observed that 

the temperature range between 200 and 350 °C, where curing peaks were previously 

present, did not show any peaks and a good baseline. The fact that the peaks are 

completely gone in the second cycle indicates a very successful 

polymerization/crosslinking process. This phenomenon was observed for all the 

compositions, again indicating good compatibility and the absence of any unreacted 

residues after the first run when carried to above 400 °C, where complete BZ reactivity 

is expected. 
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Fig. 3.4. (a) DSC curves (second run) of cured BZ/EP samples. (b) FTIR spectra of BZ, EP resin, and 

cured BZ/EP (48/52). 

 
Prior to investigating the properties of the bulk copolymers, a qualitative FTIR 

analysis confirmed that both monomeric species participated in the reaction. Fig. 3.4b 

shows the IR spectra within the wavenumber range of interest for BZ monomer, EP 

monomer and BZ/EP copolymer (sample 48/52). EP consumption can be evidenced by 

the peaks at 914 cm-1 and 864 cm-1, corresponding to epoxide ring vibration modes, 

which disappeared due to ring-opening [18] in the BZ/EP spectrum. In addition, the 

peak at 825 cm-1, assigned to p-disubstituted aromatic ring of DGEBA [33], can be 

observed both in the EP and copolymer spectra. This result suggests that the backbone 

structure of the EP was not altered after polymerization. On the other hand, BZ 

spectrum shows a peak at 752 cm-1, corresponding to o-disubstituted aromatic ring [33], 

which converts into a trisubstituted aromatic ring upon polymerization and, therefore, 

should be expected to become less intense, as evidenced in the BZ/EP spectrum. 

Furthermore, the peak at 810 cm-1 spotted in the BZ/EP spectrum is assigned to the 

trisubstituted aromatic ring [33] of PBZ. Interestingly, it can be seen that the BZ 

spectrum also contains such peak, indicating the presence of oligomers in the BZ 

sample. Overall, these results confirm that epoxies are readily crosslinked with heat 

reactive BZ resins. 

 
3.3.4. Glass transition temperature 

Fig. 3.5a shows the derivative of the second DSC run from room temperature to 

300°C. Samples 5/95 and 100/0 display a clear valley at 94 °C, in which the former is 

dominated by the EP material while the latter is completely composed of BZ. However, 

this valley is broader in sample 100/0 than in sample 5/95, which implies a higher 
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uniformity in molecular structure of the latter sample despite its 5 wt% BZ content. 

Differences in crosslinking density throughout the sample, for instance, may generate 

a wider temperature range in Tg due to differences in mobility for varying 

compositions. In the same material, regions with lower crosslinking density show lower 

Tg [34]. The functionality of the BZ monomers with higher concentration may favor 

intermolecular hydrogen bonds in PBZ as reported in the literature [11]. 

 

 
Fig. 3.5. (a) DSC derivative thermograms (DTG, second run) of cured BZ/EP samples. (b) Amount of 

each polymerized component in cured BZ/EP copolymer samples. 

 
It is clear that increasing BZ concentration shifts Tg to a higher value, as indicated 

by the valleys at progressively higher temperatures in Fig. 3.5a. Samples 25/75, 31/69, 

48/52, and 55/45 display very evident valleys at 132, 165, 199, and 241 °C, 

respectively. A synergistic effect is, thus, obtained from the copolymerization, where 

Tg is higher for samples with compositions closer to the stoichiometric. This result can 

be explained by the combination of high rigidity of the trifunctional BZ, with improved 

crosslink density, thanks to the presence of EP [20]. Additionally, the shapes of the 

94

132

165

199

241

268

94

100 200 300

D
T

G
 (

m
W

/°
C

)

O
ff
s
e
t 
Y

 V
a
lu

e
s

Temperature (°C)

5/95

25/75

31/69

48/52

55/45

75/25

100/0

0%

20%

40%

60%

80%

100%

0 25 50 75 100

R
el

at
iv

e 
A

m
o

u
n
t

Concentration of Benzoxazine (%)

B-B E-E B-E(b) 

(a) 

D
er

iv
at

iv
e 

h
ea

t 
fl

o
w

 (
m

w
.m

g-1
.°

C
-1

) 

DBD
PUC-Rio - Certificação Digital Nº 1613910/CA



91 

 

 

 

valleys for the copolymer samples are similar to that for sample 100/0, which imply 

that these samples possess higher level of hydrogen bonding and a less uniform 

molecular structure compared to a majority EP sample 5/95. In these four compositions, 

the presence of three main polymeric domains (i.e. B-B, E-E, and B-E) favor the higher 

chemical heterogeneity. Furthermore, the possible heterogeneity in crosslink density, 

as previously discussed, can influence the shape of the Tg region. Although sample 

75/25 displays an indistinct Tg valley at 268 °C, the trend in Tg increase is still 

consistent with composition. Additionally, a clear step towards the endothermic 

direction can be observed in the respective DSC curve presented in Fig. S 13 in the SI. 

DSC of cure (Fig. 3.3) was further used for the analysis of relative amounts of 

each polymeric domain (i.e. B-B, E-E and B-E). Energy of cure from the respective 

peaks were considered for the calculation of the percentage amount of each domain. 

The results are plotted in Fig. 3.5b. It is evident that the percentage of B-B reaction 

increases with increasing BZ concentration. Such a trend is anticipated as larger 

amounts of BZ increases the likelihood of B-B reaction to occur. Conversely, E-E 

reaction displayed a decreasing trend with increasing BZ concentration and such result 

is anticipated due to a reduction in the probability of EP molecule interaction. For the 

B-E reaction, percentage increases with increasing BZ concentration until becoming 

plateau at 31-48 wt%. This result indicates that samples 31/69 and 48/52 displayed the 

highest degree of B-E reaction occurrence since their composition was very close to the 

theoretical stoichiometric ratio. The percentage for B-E then drops due to: (1) increased 

likelihood of interaction between each of the same kind of molecules (i.e. B-B and E-

E); (2) intrinsic thermodynamic favorability for each reaction type; and (3) catalyzing 

effect of the same monomers on each another [28,29]. Excess of one of the monomers 

promoted decrease in B-E reaction due to a disequilibrium in the number of functional 

groups and subsequent reduction in hybrid interactions. It is important to note that these 

results can be corroborated by the DSC peaks determined in Section 3.3.2. 

 
3.3.5. Thermal stability study 

Fig. 3.6 shows both TGA and DTG curves for samples 100/0, 48/52 and 5/95, 

while the important extracted thermal parameters are summarized in Table 3.2. Sample 

100/0 shows the highest char yield (37% at 800 °C) and presents two major 

decomposition regions at 384 and 525 °C. The onset degradation at 384 °C is due to the 
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bond scission of C-N, while the degradation at 525 °C is due to the scission of C-C and 

C-H bonds [8]. Sample 5/95, having the lowest char yield (11% at 800 °C), displays a 

sharp, symmetric single peak at 397 °C, which suggests homogeneity of the polymeric 

structure. This observation is in agreement with results described in Section 3.4. 

Meanwhile, sample 48/52 shows a wide, but less symmetric degradation peak centered 

at 434 °C, which indicates structural heterogeneity of the polymeric material (in 

agreement with the results discussed in Section 3.2) due to the ability of the three 

polymeric domains to promote a wider degradation temperature range. A small 

shoulder can also be observed for sample 48/52 near 525 °C, the same temperature as 

the second step of degradation for sample 100/0, showing characteristics of the PBZ 

homopolymer. 

 

 
Fig. 3.6. (a) TGA and the corresponding (b) DTG curves of 5/95, 48/52, and 100/0 samples. 

 
It is very important to note the improvement in thermal stability obtained by 

combining both BZ and EP. Almost every thermal parameter was improved for sample 

48/52, compared to the other two samples. The onset degradation increased by nearly 

20 °C and degradation peak shifted by around 40 °C, while char yield was found to be 

almost an average of the other two compositions. Although the intrinsic characteristics 

of both components are still noticeable, the improvement in degradation temperature 

was indeed achieved by copolymerization. 
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Table 3.2. Data from TGA and DTG thermograms of samples 100/0, 5/95 and 48/52 

  100/0 5/95 48/52 

Onset (°C) 365 368 382 

Peak (°C) 384; 525 397 434 

T99 (°C) 116 247 285 

T95 (°C) 362 339 351 

Char @ 800°C 37% 11% 22% 

Offset (°C) 570 422 473 

 
In general, the use of a trifunctional BZ in a BZ/EP copolymerization is more 

beneficial compared to its typical difunctional substitute. For instance, a copolymer 

prepared from difunctional BZ and DGEBA-based EP (with composition close to 

stoichiometric ratio) reported in the literature [22,23] exhibits an onset degradation of 

~350 °C, Tg near 220 °C, and a curing temperature of ~240 °C. Conversely, our 

copolymers based on trifunctional BZ displayed higher onset degradation and Tg of 

~400 °C and 268 °C, respectively, with comparable char yield at 800 °C and curing 

temperature. This synergistic effect on enhanced thermal properties is all attributed, not 

only to the contribution of the EP, which lowers the overall copolymer curing 

temperature, but also to the trifunctionality of the BZ, leading to a higher crosslinking 

density and higher thermal stability for the resulting copolymers. 

 
3.4. Conclusions 

The advantage of the trifunctional BZ and the EP resin combination was evident 

in the high properties achieved with the copolymer. The two monomers are highly 

compatibilized with the use of a mixed solvent mixing and drying protocol. Changes in 

composition of the BZ and EP revealed a shift in reaction kinetics and thermodynamics 

associated with high miscibility in preparation. The comparison with literature with 

other BZ monomers and EP showed a distinct advantage. Thus, the structure-

composition-property correlation is evident in the near quantitative shift in thermal 

(DSC) and spectroscopic (IR) characterization of properties with composition. Future 

work can make use of this pairing to enable high performance in a number of thermoset 

applications involving high temperature. 
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4. Superhydrophobic Benzoxazine-Epoxy Coatings: Electrochemical 

and Mechanical Performance 

Abstract 

Corrosion is a natural phenomenon that affects virtually every material, consumes 

billions of dollars annually worldwide and may result in catastrophic events. Coating is 

the most utilized technique to prevent corrosion. In this sense, epoxies are widely 

applied in all sectors of industry. Despite being high performance polymers, epoxies 

present issues, such as the use of toxic crosslinkers and long curing time. Benzoxazines 

are an emerging class of high performance self-curing thermosets. In this work coatings 

based on benzoxazine, epoxy and silica were developed as a means to produce a fast 

curing, low toxicity and high performance product with high thermal stability. Results 

revealed superhydrophobic surfaces with great scratch resistance and adhesion to steel 

substrate. Electrochemical test proved high effectiveness of the coatings as anti-

corrosion barrier, with increasing performance with the incorporation of silica. 

 

4.1. INTRODUCTION 

Deterioration by corrosion is an important concern for mostly all metallic 

equipment, from industrial machinery and civil structures to vehicles and electronics. 

These materials are often exposed to aggressive environments, such as high temperature 

and pressure or chemically reactive substances such as O2, H2S, CO2, water and salts[1]. 

Corrosion is a natural occurring degradation phenomenon which affects virtually every 

material, consumes billions of dollars annually worldwide and may result in 

catastrophic events. Metals are a critical class of material, which may undergo corrosion 

through chemical degradation by the environment. The phenomenon is typically a 

heterogeneous redox reaction and occurs at the metal-environment interface, causing 

oxidation of the metal and reduction of the oxygen present in the corrosive media[2]. 

The U.S. Federal Highway Administration (FHWA) revealed that the direct costs 

associated with metallic corrosion in nearly every U.S. industry amount a staggering 

total of $276 billion - approximately 3.1% of the nation’s Gross Domestic Product 

(GDP)[3]. The National Association of Corrosion Engineers (NACE) estimates a global 

cost of corrosion of US$2.5 trillion, and that it is possible to realize savings between 15 
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and 35% of that total by applying only available corrosion control practices[4]. Several 

approaches have been developed to prevent the corrosion phenomenon, such as control 

of the environment, cathodic protection, corrosion resistant materials, plating and 

cladding[1]. Nevertheless, organic coatings are considered as one of the most widely 

used methods to protect metals against corrosion[5]. 

Coatings inhibit corrosion by isolating, to a certain degree, the substrate from the 

corrosive environment. Effectiveness of isolation is influenced by intrinsic properties 

of the coating material, such as crosslink density and hydrophobicity[2,6], and by 

adhesion between coating and substrate[2]. It is understood that adhesion plays such an 

important part in corrosion control, that several theories on the mechanism of failure of 

coating suggest that the loss of adhesion precedes the onset of corrosion. Interestingly, 

the same features that improve barrier property may reduce adhesion of the coating to 

the substrate. Polar functional groups, for example, are positively influencers to 

adhesion and, at the same time, are likely to increase permeability[2]. Performance of 

coatings are commonly assessed by exposure of a substrate/coating system to an 

environment capable of simulate an accelerated corrosive condition, such as brine 

immersion, salt spray and electrochemical experiments. Evaluation of results are 

typically performed by analysis of the type and extent of corrosion failure. 

Industrially, epoxy (EP) resins are largely utilized as coating material due to its 

high thermal stability, chemical resistance, great adhesion, low shrinkage upon curing, 

high mechanical properties, and low cost[2,6,7]. In addition to coatings, epoxies also 

widely applied in several other areas of engineering, such as composites, adhesive, 

casting and binders. They can be used in compositions that can vary from a single epoxy 

resin with a hardener to multiple epoxy resins combined with modifiers, fillers, 

reinforcements and hardeners to tailor specific properties[8]. The main cross-linking 

occurs through the oxirane group as it is a highly reactive chemical structure. While the 

presence of this group defines the molecule as an epoxy, the basic molecular structure 

to which the ring is attached can vary widely, giving rise to various distinct properties. 

The chemical classes most commonly used as hardeners are the amines and 

anhydrides[9]. The polar nature of the epoxy macromolecule, due to pendant hydroxyl 

groups derived from opening of the epoxide ring, accounts for its strong adhesion to a 

wide variety of surfaces. Polarity of epoxy monomers accounts for its solubility in 

oxygenated solvents such as ketones, esters, and ether-alcohols and in chlorinated 

hydrocarbons[7]. 
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Combination of polymers is a traditional and effective technique to make 

materials viable to demands of industry with respect to properties such as, high 

temperature resistance, light weight, toughness and low cost. In this regard, alloys of 

benzoxazines with other polymers such as epoxy and polyurethane have been 

reported[10,11]. Copolymerization between PBZ and diglycidyl ether of bisphenol-a 

(DGEBA), the most commonly used epoxy resin in the copolymer, could lead to higher 

crosslink network density and, consequently, to improvement in properties[11,12]. 

Benzoxazine molecules are characterized by the presence of an aromatic benzene ring 

and an oxazine ring where two carbons are shared among the two rings, as highlighted 

in red in Fig. S 14 (Supplementary Information). As polyfunctional monomers, 

benzoxazines form thermosetting resins when cured, and produce a low surface energy 

polymer, the polybenzoxazine (PBZ). PBZs have shown lower surface energy than that 

of polytetrafluoroethylene (PTFE). In addition, PBZ shows low water absorption, 

resistance to chemicals and UV, high thermal and mechanical properties and near-zero 

shrinkage upon curing[13,14]. One of the most important characteristics of benzoxazine 

is its great molecular design flexibility[11]. For this work, an innovative tri-functional 

benzoxazine was synthesized by reaction between phenol, paraformaldehyde, and 

melamine under solventless condition and purified by means of a simple and efficient 

solvent-solvent extraction procedure. The fundamental structure of the obtained 

monomer is presented in Fig. 1.3. 

A key implication from the copolymerization that can be observed in Fig. 1.8 is 

that number of hydroxyl groups formed during copolymerization of benzoxazine and 

epoxy is the same as that produced from the homopolymerization of either monomers. 

As a consequence, the resulting copolymer should present a good interaction with the 

substrate to which it is applied. As stated previously, adhesion is vital to the 

performance of a coating. 

Herein we report the use of the trifunctional benzoxazine and DGEBA copolymer 

and investigate the effects of incorporation of varying amounts of silica when the 

material is used as coating for protection of metallic substrate against corrosion.  
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4.2. EXPERIMENTAL SECTION 

4.2.1. Materials 

Epoxy resin was supplied by Allnex Belgium SA. Beckopox® EP385w/56WAMP 

is a dispersion, 56% solids in water and isopropanol. Hydrophobic fumed silica 

AEROSIL® R 9200 was supplied by Evonik Corporation. Low-Carbon Steel Sheet (CS) 

(max. 0.10%C) 0.03 inches thick was purchased from McMaster-Carr Supply 

Company. The trifunctional benzoxazine (BZ) monomer was synthesized by Mannich 

reaction between phenol, paraformaldehyde, and melamine in a solventless 

environment and stoichiometric ratio of 6:6:1. The reactant mixture was magnetically 

stirred at 50-60 C for 1 h and heated to 95-100 C for 9.5 h, followed by cooling to 

room temperature. The resulting crude BZ monomer was then dissolved in chloroform, 

washed with 1 N NaOH solution for several times, and rinsed with deionized water 

until neutral. This preparation method is considered an example of green chemistry, 

with the minimum use of organic solvents and simple purification methods. All 

chemicals involved were used as received. 

 

4.2.2. Instrumentation 

Optical microcopy images were obtained by an Olympus BH-2 microscope. 

Coating thickness was measure with a magnetic coating thickness gauge - Tongbao 

CM-8856FN.Static water contact angle was measured by a CAM 200 Optical Contact 

Angle Meter (KSV Instruments Ltd.). Gloss was measured according to ASTM D-523 

by a GM-268 glossmeter. Pencil hardness test was performed according to ASTM 

D3363 with a Bevs 1301/1000 tester – 1000g at the tip and 45° angle between pencil 

and film surface, Mitsubishi pencils. Adhesion test was performed according to ASTM 

D3359 with a BAOSHISHAN QFH-A film adhesion tester. Electrochemical 

measurements for the evaluation of anticorrosion property were performed with 

Autolab PGSTAT 12 Potentiostat (MetroOhm, Inc.). Electrochemical cell with 

platinum as the counter electrode, Ag/Ag+ as the reference electrode and the carbon 

steel substrates as the working electrodes in 1M NaCl ultrapure Milli-Q water solution. 

Potentiodynamic polarization scan (PPS) was performed by scanning from −4 to 0V 
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with respect to the reference electrode. Scanning electron microscopy (SEM) analysis 

was performed with a JEOL JSM-6510LV. 

 

4.2.3. Substrate Preparation 

Two sizes of substrate were prepared to be coated and tested. The AISI 1008 

carbon-steel sheets were cut into 0.5x1.0 inches to be used in electrochemical tests and 

3.0x6.0 inches, to be used for all other tests performed. All substrates were cleaned 

under sonication in acetone for 15 minutes and were kept under vacuum prior to use. 

Samples of bare substrate (no coating applied) were heated to the same temperatures as 

that used for curing the coated samples in order to be used as control group. These 

samples are designated “Bare” in this work. 

 

4.2.4. Compositions of Samples 

Five distinct compositions with varying benzoxazine to epoxy ratio were 

produced to investigate the uniformity of the cured coatings as function of the 

monomers composition. The BZ to EP weight ratios were varied as follows: 100/0, 

75/25, 50/50, 25/75, 0/100. Monomers solutions were prepared by first dissolving each 

monomer separately in a suitable solvent; BZ monomer in DMSO at a concentration of 

1 mg L1 and EP resin in a 50:50 mixture of ethyl acetate and ethanol at 0.32 mg L1. 

The two monomer solutions were then combined and mixed to form a single 

homogeneous solution. Resulting material was a translucent liquid as shown in Fig. S 

16 a.  

Additionally, six other compositions were produced regarding silica content for 

tests of performance of coating. These samples are designated S0, S10, S20, S25, S30 

and S40, corresponding to 0, 10, 20, 25, 30 and 40 wt% silica content respectively. For 

these six compositions, monomers ratio was set to 48% benzoxazine and 52% epoxy. 

Definition of monomers ratio was based on results from Chapter 3 due to its higher 

performance i.e. thermal stability, Tg, content of benzoxazine-epoxy heteropolymer 

and low temperature of cure.  Monomers and silica solutions were prepared as described 

previously. Mixture was agitated in a vortex mixer followed by ultrasonic bath for 10 

min. Resulting material was a very homogeneous and whitish liquid, as shown in Fig. 
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S 16 b. Final products revealed low enough viscosity in order to enable spray coating 

process. 

 

4.2.5. Preparation of coating 

Coatings were prepared by two distinct procedures. Substrates were either spray 

coated in a single layer process by airbrush with 1 ml of the coating solution on each of 

the 0.5x1.0 in sheet and 5 ml of the coating solution on each of the 3.0x6.0 in sheets, or 

coated by pouring the solution directly to the substrate. After spray coating, all samples 

were kept in oven at 65°C for 1h to evaporate the solvents to prevent formation of 

bubbles during curing process and, therefore, produce a high quality, homogeneous 

coating upon curing. Afterwards, samples were heated in air flow oven at a rate of 

10°C/min from RT to 300°C and held at this temperature for 30 minutes to be thermally 

cured. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Wettability of Compositions on Substrate 

A fundamental approach was used to investigate the behavior of distinct 

compositions of the monomers in their use as coating. For that, compositions 100/0, 

75/25, 50/50, 25/75, 0/100 were applied to 3.0x6.0” steel sheets, dried and cured 

accordingly. All samples were very homogeneously sprayed and coating remained 

homogeneous after drying procedure. However, Fig. 4.1 reveals huge differences in 

behavior of the coatings upon curing. Pure benzoxazine (sample 100/0) displayed an 

intense running effect, leaving areas uncoated or with a very thin layer while it 

agglomerated at other regions. Pure epoxy (sample 0/100) shows a very good 

homogeneity with very sparse and small uncoated areas. A very clear trend in the 

behavior of the samples can be observed, being that wetting of the surface increases 

with increasing epoxy content. These results show that not only epoxy may improve 

properties such as crosslink density, but it also promotes stabilization of the coating 

upon curing.  
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Fig. 4.1. Cured coatings with different benzoxazine to epoxy ratio for investigation of wettability 

 

It is important to emphasize that although, in this particular experiment, no 

composition covered completely the surface in a uniform manner, this phenomenon is 

highly influenced by parameters such as material and roughness of substrate and 

thickness of the coating. Therefore, results obtained in this experiment refer solely to 

the behavior on the specific substrate and conditions in case. This behavior may be 

controlled in several ways, which are not object of discussion in this work. As such, 

these compositions are still likely to be effective as coatings in different conditions.  

Ratio 48/52 was defined as the composition used for the production of coatings to be 

further investigated in this work based on the good thermomechanical properties 

discussed in chapter 3. 

 

 The following experiments and results refer to samples S0, S10, S20, S30 and S40 

as part of the investigation of the effects of different loads of silica particles. 

 

4.3.2. Surface Morphology - Optical Microscopy 

Incorporation of silica particles to the copolymer typically alters the morphology 

of the coating surface. An analysis procedure of the focus in optical microscopy images 

was applied in order to assess the implications of the content of particles in the 

morphology of the coatings. Fig. 4.2 shows optical microscopy images of samples S0, 

S20, S25 and S30. Microscope lenses were focused on deepest regions of the surfaces 

(valleys). As roughness increases, peaks become out of the depth of field range and are, 

therefore, out of focus. Higher magnifications possess shallower depth of field. The 

more out of focus the regions are in an image, the higher the distance between valley 

100/0 75/25 50/50 25/75 0/100 
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and peak, indicating a higher roughness. Therefore, it is possible to notice that varying 

concentration of SiO2 changes intensely the surface morphology of the coatings. 

Sample S0 displays a relatively smooth surface, with all area in focus even at 

magnifications of 200X, and only slight undulations can be noticed on the surface. 

Sample S20 reveals higher roughness than that of S0, characterized by very localized 

and small out-of-focus regions (red arrows) observable in 200X magnification. Sample 

S25 shows clear out-of-focus regions at 100X magnifications (red arrows). Sample S30 

displays large areas further from focus, noticeable in 100X magnification and more 

evident at 200X.  
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Fig. 4.2.  Optical Microscopy Images of Surface of samples S0, S20, S25 and S30 at 100x and 200x 

magnification 

 

Additionally, images were deliberately obtained with focus on the deepest regions 

of the surface irregularity (valleys), where thickness of coating is minimal. It is possible 

to observe that coating is continuous, presenting no cracks or lack of coating material. 

This result is important and indicates that silica stabilized the coating during cure 

process, preventing the running phenomenon observed in Fig. 4.1. Continuity on 
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coatings is essential to ensure maximum isolation of substrate from corrosive 

environment media. 

Fig. S 17 shows optical microscopy image of sample S30 at 50X magnification. 

This image allows a better observation of the surface morphology with a larger depth 

of field provided by a lower magnification comparatively to those of Fig. 4.2. It is 

possible to notice a highly rough surface, with very well defined protrusions. Texture 

and translucency of these protrusions suggest high volume fraction of silica, possibly 

higher than the average of the sample. As discussed in supplementary material, 

application process is determining to the surface morphology of the coating. Spray 

coating produced a top layer with high silica concentration in the form of agglomerates. 

Both, the rough surface morphology with very intense variations in height between the 

peaks and valleys at a high spatial frequency, and the high concentration of the 

hydrophobic silica, explain the contact angles observed over 150° discussed further in 

section 4.3.4. 

 

4.3.3. Thickness of coatings 

Thicknesses of compositions S0, S20 and S30 were measured by a magnetic 

digital coating thickness gauge. Eight samples were measured at five locations each for 

every composition. Results are depicted in Fig. 4.3, where dashed line is the trend of 

the overall averages. Firstly, it is clear that there is a slight increase in the thickness 

with the increase in silica content. As could be observed and was discussed previously, 

incorporation of silica generated a more porous and rough coating. This phenomenon 

explains the trend of increase in thickness, as the same volume of product was sprayed 

on all substrates. Roughness on samples containing silica account for the higher volume 

of the coating after cure. Secondly, it can be observed that standard deviation is highest 

in sample S0 and lowest in sample S20. As discussed in sections 4.3.1 and 4.3.2, 

samples with no silica showed defects due to running of the resin, resulting in great 

variation of thickness, hence, the large deviations. Composition S20 revealed a highly 

homogenous and smooth surface, as can be observed in Fig. 4.2. Interestingly, 20 wt% 

silica content was able to stabilize the coating during cure procedure to a point where 

thickness homogeneity is maximum. Sample S30, on the other hand, revealed a slight 

increase in dimensional variance. 
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Fig. 4.3. Thickness measurements and standard deviation bars of each sample by composition 

4.3.4. Contact Angle on Sprayed Samples 

Contact angle (CA) was measured by three droplets on each sample, accounting 

for the angle at both sides of the droplet, totalizing 6 data points for each sample. Fig. 

4.4 shows the average CA and standard deviation for each sample. 

 

 
Fig. 4.4. Contact angle of sprayed coatings as function of silica content 

 

Table 4.1. Summary of CA data 

Sample S0 S10 S20 S25 S30 S40 

CA (deg) 84.1 101.7 99.2 112.9 167.8 167.1 

Std Dev 1.5 1.4 2.4 5.7 3.6 5.2 
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Sample S0 shows a slightly hydrophilic behavior with a contact angle of 84°. This 

result can be explained by the smoothness of the surface, which is observable by the 

shiny aspect of similar samples in section 4.3.1 and in discussion further in section 

4.3.5. Additionally, the presence of hydroxyl groups originated from the ring opening 

polymerization promotes a reduction in solid-liquid free energy[16]. Both these aspects 

promote a reduction in CA. Sample S10 shows change to hydrophobic behavior, 

reaching 102° CA. Sample S20 shows 99° CA. It is a similar result to that of sample 

S10. Evaluation by t-test revealed that data is statistically equivalent. This result 

indicates that the same mechanism is influencing CA on samples S10 and S20. In 

addition, the effect of silica on this particular mechanism has reached a plateau. Sample 

S25 showed slight increase in hydrophobicity. An obvious sudden variation in CA can 

be observed from the hydrophobic sample S25 to the Superhydrophobic sample S30, 

as CA surpassed the 150° angle. This phenomenon can be assigned to a transition thru 

a critical condition of surface morphology. Possibly, the percolation threshold of the 

particles was reached, producing porosity and bringing the surface to a condition that 

allows entrapment of air between the water droplet and the coating surface, 

characterizing the Cassie-Baxter model condition[17]. Sample S40 shows no change in 

CA when compared to sample S30. Similarity in data is confirmed by t-test as shown 

in Fig. 4.4. Interestingly, another plateau was reached within this hydrophobicity 

mechanism. Furthermore, standard deviation of contact angle displays an increase trend 

with increasing content of SiO2. Meaning surface becomes less homogeneous 

throughout the sample with the increase in SiO2 content. 

Relationship between contact angle of all spray coated compositions and 

wettability models, namely Cassie-Baxter’s, Wenzel’s and Young’s was investigated. 

Cassie-Baxter’s equation calculates a higher contact angle than Wenzel’s [17–20]. 

Sample S30 reveals a CA higher than 150°, characterizing superhydrophobic behavior. 

Fig. S 18 shows sample S30 submerged in water. It is possible to observe air bubbles 

on the surface of the coating. This behavior indicates the hydrophobicity and the 

tendency of the surface to trap air pockets within its asperities. This suggests that during 

contact angle measurements, droplets were in the Cassie-Baxter state for sample S30. 

The intense decrease in contact angle observed from S30 to S20, combined with the 

absence of air bubbles observed in Fig. S 18, suggest that during contact angle 

measurements, droplets were in the Wenzel state for sample S20. 
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In order to evaluate whether the CA data follows a natural behavior or if the 

information collected was externally influenced, data points were fitted to a logistic 

curve given by[21–23]: 

 𝑓(𝑥) = 𝑆.
𝑒𝛾𝑘(𝑥−𝑥0)

1 + 𝑒𝛾𝑘(𝑥−𝑥0)
+ 𝑓0 (1) 

Where, 

S - saturation value, 

γ - growth rate 

x0 - value of the controlling variable at which f reaches half of its saturation value 

f0 – initial value of contact angle 

 

Fig. 4.5 shows fitting of the logistic curve to the contact angle experimental data 

points. It is clear that a very good fitting was obtained, as indicated by the coefficient 

of determination. Special attention to point S25 reveals a perfect fit to the model. This 

fitting analysis indicates that the behavior of contact angle as a function of silica 

content, indeed, follows a natural behavior, suggesting that data obtained 

experimentally does represent interfacial phenomena, with no external influences. The 

identified natural sudden change in wettability behavior can be associated with a shift 

from Wenzel’s model to Cassie-Baxter’s. 

 

 

Fig. 4.5. Logistic curve fitting to CA data points 

 

Additionally, in order to assess the influence of the application method of the 

coating to the substrate on the hydrophobicity, some coating samples were also 
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produced by directly pouring the solution on the substrate. If, in one hand, spray coating 

generates high shear strains and turbulence on the fluid, on the other hand, by pouring 

slowly the solution on the substrate surface, it is possible to induce almost no 

disturbance on the fluid. Additionally, spray coating tends to promote huge evaporation 

of the solvents during the travel of the droplets from the spray gun to the surface. In 

pouring procedure, evaporation of solvents is negligible upon application. For these 

reasons, it can be understood that these are very distinct processes and, in the mentioned 

aspects, opposite from each other. Results are discussed in supplementary material. 

 

4.3.5. Gloss 

The gloss of the different samples was measured in terms of gloss units (GU). 

Gloss of a sample is influenced by several factors, including surface texture [24,25] and 

refractive index [26]. Regarding the surface texture, the higher the surface roughness, 

the lower the gloss [25]. In addition, considering that for several materials, the 

refractive index does not vary as much, being close to 1.5, the incorporation of silica 

particles will cause only a minor influence on the gloss value in comparison to the 

unfilled polymer [26]. Therefore, it can be considered that the gloss of the samples 

within this work is strongly dependent and inversely related to their roughness. 

The gloss test was, thus, used to investigate the correlation of the roughness to 

the behavior of water droplets on the surface of the samples, described in terms of 

contact angle. Initially, gloss of samples S0 and S10 was measured with the glossmeter 

under geometry 60° and was classified as semi-gloss as per DIN EN13300:2001. Data 

was converted to geometry 85° per ISO2813:2014 in order to enable comparison with 

the other samples. Results for samples S0 and S10 show that incorporation of 10 wt% 

silica did not alter significantly the surface morphology, as indicated by the small 

reduction of  -12.5% in the gloss value, as shown in Fig. 4.6. Furthermore, results 

from CA and gloss are coherent, as lower gloss indicates higher surface roughness 

which, in its turn, tends to influences wettability of the surface by increasing CA. 

Interestingly, 10 wt% silica was sufficient to transition the coating from hydrophilic to 

hydrophobic, altering CA from 84° to 102°. It is important to highlight that the silica 

used in this work is functionalized to be hydrophobic, therefore, not only it has an effect 

on surface morphology, which affects wettability but, intrinsically, it makes the 

material more hydrophobic due to the chemical groups grafted to the silica particles. 
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Increasing content of silica to 20 wt% decreased dramatically gloss of the coating, 

making it necessary to switch the scale of the glossmeter to geometry 85°. Interestingly, 

this intense decrease in gloss, associated with an increase in surface roughness, did not 

reflect in an equivalent increase in contact angle (Fig. 4.4). In fact, CA is statistically 

the same as that of sample S10, as revealed by t-test shown in Fig. 4.4. This discrepancy 

between the change in CA and the change in gloss indicates once more that surface 

roughness is not the only aspect influencing CA. Sample S25 revealed a pronounced 

decrease in gloss ( -65%) when compared to S20. This result agrees with the observed 

increase in CA (Fig. 4.4). Sample S30 displays barely any gloss and is described as 

dead-matt according to DIN EN13300:2001 standard. The variation in relation to S25 

was very intense ( -87%), and agrees directly with the variation in CA. As described 

by the logistic equation (1), it can be presumed that a threshold was reached, such as 

the maximum volume fraction content of silica or the percolation threshold, at which 

particles reach a long range influence, creating a macro connectivity, as suggested in 

literature [27], and possibly, a cumulative effect of the particles. This long range 

influence may be the origin of the porosity observed by microscopy investigation 

discussed further in section 4.3.9. Sample S40 displays a similar gloss to that of sample 

S30, once again agreeing with the values of contact angle measurement. From this 

result, it can be inferred that roughness reached a maximum. 

Gloss results are coherent with that of contact angle (section 4.3.4) in two aspects: 

they revealed an inverse relationship between gloss and CA, indicating a high influence 

of the surface roughness on the contact angle, and both experiments reveal plateaus 

between samples before sample S10 and after sample S30. 
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Fig. 4.6. Gloss of sprayed coating as function of silica content - Geometry 85°. 

 

4.3.6. Scratch 

Optical microscopy images from scratch tests are depicted in Fig. 4.7. Results 

exhibited were obtained with a 1000g tester and 6H leads, as the most aggressive 

requirement from the tool set. It is possible to observe that none of the samples were 

scratched by the lead. In fact, it is noticeable the large amount of graphite deposited on 

the surface of the coating, meaning that the referred coating materials are harder than 

the leads. One interesting observation is how the volume of graphite on the surface of 

each sample increases with increasing concentration of silica. This outcome indicates 

that the roughness of the surface increases with the increasing concentration of silica, 

which makes the surface more abrasive to the lead, ratifying the results analyzed in 

sections 4.3.4 and 4.3.5. 

The high hardness observed in these samples can be explained due to the fact that 

the polymeric matrix of these coatings is composed of domains of polybenzoxazine, 

epoxy and their copolymer. Polybenzoxazines are known to be hard materials[11,28], 

the copolymer of benzoxazine and epoxy possesses high crosslinking density[12,14], 

furthermore, a high degree of conversion upon curing is observed in chapter 3. 
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Furthermore, the scratch tests were performed at room temperature, that is much 

lower than Tg of the copolymer (chapter 3). This means that coatings were at glassy 

state, with very low mobility of the polymeric molecules. The coatings possess, then, 

intrinsically several features that promote hardness and, therefore, it is evident that the 

resulting materials are hard, as can be observed in Fig. 4.7. 

 

 
Fig. 4.7. Optical Microscopy Images of Coating Surfaces After Scratch Test – S20, S25 and S30 

 

4.3.7. Adhesion 

Adhesion of the coatings to the substrate was assessed by tape test according to 

ASTM D3359-17. Fig. 4.8 displays optical microscopy images with 75X magnification 

of samples S20, S25 and S30 after adhesion test. Sample S20 reveals very fine lines of 

the cross cuts and no material removed from any of the squares or from the 

intersections, placing the sample in the best performing classification (5B) according 

to ASTM D3359-17. Sample S25 shows cracking and consequent detaching of the 

coating in the proximity of the scratch. This result reveals that S25 is hard and brittle. 

As the testing tool scratched throughout thickness of the coating, cracks were formed 

and pieces of coating adjacent to the scratch were removed. Additionally, it is possible 

to observe regions of the coating in the surroundings of the scratch with a lighter color 

(red arrow). This region of the coating is detached from the substrate, further indicating 

that the coating possesses high rigidity, as small deformations caused by the tool in the 

region of the scratch debonded some areas, indicating that the coating material did not 

have enough resilience to absorb such deformation. Adhesion test was performed 

despite the damage caused by scratching and, interestingly, results revealed no further 

removal of coating material. This sample was not matched to a classification according 

to ASTM D3359-17 due to this type of damage not being foreseen by the standard. 

Sample S30 shows similar behavior to that of S25, as material was removed from 

coating during scratching procedure. However, differences can be observed in the 

S20 S25 S30 
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extent of the damage. A narrower region immediately adjacent to the scratch pattern 

was affected. No long range detachments can be observed. This difference can be 

assigned to an increase in brittleness of the material caused by the larger content of 

particles, causing the coating to break locally. This sample was tested to adhesion 

despite previous damage and showed no further removal of coating material. Result 

was not classified according to ASTM D3359-17 due to previous damage. 

 
Fig. 4.8. Optical Microscopy Images of Coating Surfaces After Adhesion Test – S20, S25 and S30 

 

Overall, it can be concluded that the three samples showed excellent adhesion 

performance. Furthermore, taking in consideration scratch tests in section 4.3.6, it can 

be inferred that samples S25 and S30 show high resistance to scratch due to high 

hardness of the material however, the increasing hardness caused it to behave in a brittle 

manner when scratch was effectively achieved. 

 

4.3.8. Electrochemical Corrosion Test 

Fig. 4.9 shows potentiodynamic polarization scan (PPS) curves in the near zero-

current region for investigation of the Tafel-type behavior, comparison of icorr and 

analysis of damage to the surface of samples. The sample without any coating (Bare) 

displays an icorr of 3.0 µA.cm-2, which was measured at the extrapolation of the cathodic 

Tafel line (red), where it crosses the zero-current potential[29]. It is also possible to 

notice that the same procedure, when applied to the anodic Tafel line (green), results in 

a current of 4.0 µA.cm-2, different than that of icorr. This phenomenon is explained in 

literature[29] by changes in the electrode surface, such as roughening, during the test 

run. This result is coherent, as roughening of the surface typically increases corrosion 

rate, which is directly proportional to the measured electrical current, as presented 

further in equation 2. Additionally, roughening of the surface could be observed by 

naked eye and is presented in Fig. 4.10, corroborating the results from electrochemical 

test. Fig. 4.10 shows images of samples before and after electrochemical test for 

S20 S25 S30 
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investigation of surface degradation. It is possible to observe that the sample without 

any coating (Bare) reveals an intense corrosion in a circular shape, relative to the region 

of the samples that was exposed to the electrolyte media during electrochemical test. 

Result was expected for a low carbon steel in contact with NaCl-water solution and 

under voltage during test. Sample S0 shows an icorr of 0.22 µA.cm-2, indicating 

reduction in corrosion rate when compared to sample Bare. Protection efficiency was 

calculated to be 92.7%. This result is coherent as the presence of the coating isolates 

the substrate from the corrosive media. Interestingly, high effectiveness of this coating 

could be observed despite the presence of defects on the coating, as shown Fig. 4.10 

and discussed in section 4.3.1. This sample shows no visible degradation of the coating 

after electrochemical test. However, it is possible to notice that on defective regions, 

color changed from a shiny silver to a matte brown, suggesting corrosion on those spots. 

This sample is further analyzed in Fig. S 20. PPS Analysis of sample S0 reveals a 

difference between the currents of the cathodic and anodic portions of the curve can 

also be noticed. However, differently from sample Bare, current displays a decrease 

from cathodic to anodic (red to green, respectively). This reduction in current is directly 

related to a decrease in corrosion rate and can be assigned to formation of oxide film 

on the substrate[29]. Possibly, the size of defects (~ 500 µm) is small enough to keep 

the oxide film formed during the test attached to the surface working as passivation 

material. Sample S20 shows an icorr of 0.01 µA.cm-2, indicating further improvement in 

protection against corrosion. Protection efficiency was calculated to be 99.7%.  It is 

interesting to observe that both, cathodic and anodic currents, are the same. This result 

indicates that no change in the surface of the substrate occurred, making it clear that 

this coating was effective in protecting the substrate against corrosion. Analysis of 

microscopy images in Fig. 4.10 reveals highly uniform surface and no observable 

degradation is present, indicating a great chemical resistance of the coating material to 

the corrosive condition to which it was expose. Sample S30 shows an icorr of 0.002 

µA.cm-2, revealing huge improvement in protection against corrosion. Protection 

efficiency was calculated as 99.9% with respect to the sample without any coating. 

Sample S30 also reveals no changes in surface roughness of the substrate, which is 

characterized by the same values of cathodic and anodic current. Analysis of 

microscopy images in Fig. 4.10 reveals no degradation from electrochemical test. 
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Fig. 4.9. Potentiodynamic polarization curves in the near zero-current region of sample Bare, S0, S20 

and S30 

 

 

Table 4.2 summarizes results from PPS. Corrosion rate (CR) is calculated 

according to equation 2[33]. Sample Bare, as control group, revealed highest corrosion 

rate, as anticipated. CR is drastically reduced with the application of coating and, 

interestingly, addition of silica to the coating material contributes intensely to reduction 

of corrosion rate. Sample S0 had CR decreased by nearly 14x when compared to sample 

Bare. The coating was highly effective despite the defects generated during cure 

procedure. As discussed in sections 4.3.1 and 4.3.2, silica provided stability to the 

process of cure, resulting in a more continuous coating. As such, sample S20 had its 

CR further decreased by 300x when compared to sample Bare. Additionally, as 

discussed previously, silica influenced greatly the hydrophobicity. Hydrophobic 

coatings repel water and, therefore, hindered absorption of the corrosive media and the 

diffusion of O2 and ions. Consequently, sample S30 revealed the best performance 

against corrosion, with CR 1500x lower than that of sample Bare. Additionally, it has 

been widely investigated that particles may improve anti-corrosion protection due to a 
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lengthening of the path for ions to travel from the corrosive media to the surface of the 

substrate by forcing the ions to deviate from the particles[30–32]. 

 

 Before Test After Test 

Bare 

  

S0 

  

S20 

  

S30 

  
Fig. 4.10. Images of samples Bare, 0%, 20%, 30% before and after electrochemical test for 

investigation of surface degradation 
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Table 4.2. Data from PPS experiment of samples Bare, S0, S20 and S30 

Sample Icorr 

(µA.cm-2) 

Ecorr 

(V) 

CR 

(mm/year) 

RP 

(ohm) 

PE 

(%) 

Bare 3.0 -1.22 3.84 10-2 21 - 

S0 0.22 -1.30 2.82 10-3 372 92.7 

S20 0.01 -1.18 1.28 10-4 6498 99.7 

S30 0.002 -1.24 2.56 10-5 35120 99.9 

 

 
𝑪𝑹 =

𝒊𝒄𝒐𝒓𝒓. 𝑲. 𝑬𝑾

𝝆
 (2) 

Where, 

CR – Corrosion Rate 

icorr – Corrosion Current Density 

K – Constant to adjust units of CR 

EW – Equivalent Weight - mass of species that reacts with one Faraday of charge 

ρ – Density of Substrate 

 

Similarly, polarization resistance (RP) was analyzed and it describes the same 

behavior as that observed by CR for all samples. RP is defined as the resistance of the 

sample to oxidation during the application of an external potential[34]. RP increased 

with the application of coating and improved even further with the increasing silica 

content. 

 

4.3.9. Surface Morphology - SEM 

Scanning Electron Microscopy (SEM) was performed to further investigate the 

surface morphology and analyze the effect of the electrochemical test on the different 

samples. Fig. 4.11 shows SEM images at 500X and 1000X magnification for 

comparison of the surfaces of samples before and after electrochemical test. It is 

possible to observe that the surface of the bare sample is fairly smooth before the 

electrochemical test. It is intensely degraded by the electrolyte media, as can be 

identified by subsequent images, which reveal a huge irregularity on the surface. 

Sample S0 is very smooth prior to electrochemical test. This information is in 
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agreement with results from gloss measurements, optical microscopy images and naked 

eye pictures. After testing, surface of S0 sample shows no signs of degradation, 

revealing a very good resistance to the electrolyte media under testing conditions of 

voltage and current. Sample S20 reveals roughness prior to testing, characterized by the 

circular pores in the range of 1 – 25 µm. After testing, no degradation on the surface 

can be noticed despite the increased roughness, which increases greatly the interface 

area between coating and corrosive media and, consequently, the potential for an 

electrochemical reaction. Sample S30 shows even greater porosity when compared to 

sample S20. Interestingly, size of pores is the same in both samples nevertheless, pores 

revealed to be much deeper in sample S30. Similar to the other coatings, behavior upon 

electrochemical testing revealed no observable degradation due to electrolyte media. 

The level of porosity of all samples and the relationship with contact angle behavior is 

in perfect agreement with literature[17], which states that when the surface is rough but 

not porous, it can be modeled by Wenzel’s equation, and that porosity should change 

the model to Cassie-Baxter’s. 

Overall, it can be observed that increasing amounts of silica produced higher 

porosity on samples. This result is in agreement with gloss test, which revealed that 

samples with higher content of silica displayed higher surface roughness. Additionally, 

it is possible to notice that all coatings were highly resistant to the corrosive media i.e. 

1M brine under testing conditions, indicating great possibility of protection of the 

substrate against salt water. 
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Before Test 

(500x) 

After Test 

(500x) 

Before Test 

(1000x) 

After Test 

(1000x) 

Bare 

  

- 

 

S0 

    

S20 

    

S30 

    
Fig. 4.11. SEM images of samples Bare, 0%, 20%, 30% before and after electrochemical test at 500X 

and 1000X magnification 

 

4.4. CONCLUSIONS 

Trifunctional benzoxazine, epoxy and functionalized fumed silica were 

successfully used to produce coatings and investigate performance of different 

compositions. Compositions varying from 100/0 to 0/100 revealed distinct behavior of 

the coating upon curing. Clear trend shows wettability improvement with increasing 

content of epoxy. Optical microscopy images showed increasing roughness with the 

increase in silica content. Thickness of coating S0 revealed high inhomogeneity due to 

running effect upon curing. Sample S20 showed outstanding homogeneity, both among 

samples and within the samples. S30 showed a good homogeneity. Furthermore, a slight 

increase in thickness could be observed and was attributed to the presence of porosity. 

Contact angle experiment revealed improved hydrophobicity with increasing content 

of silica for sprayed samples. Loading had unquestionable but small effect on CA up to 

25% content. Obvious sudden increase in CA is observed in composition S30 and 

above. Samples produced by pouring revealed increasing contact angle with the 

increase in silica content, however, hydrophobicity performance was not as evident as 
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for sprayed samples. Gloss experiment showed evident decrease in gloss with the 

increase in silica content, indicating roughening. Gloss does not follow the exact trend 

as contact angle, indicating that roughness was not the only mechanism influencing 

contact angle. Results were supported by optical microscopy results. Scratch test 

revealed high resistance of samples S20, S25 and S30. Adhesion tests showed high 

adhesion of sample S20, as 5B classification according to ASTM D3359-17. Samples 

S25 and S30 performed well on adhesion experiment, however, these samples showed 

cracking and detaching upon cutting. PPS electrochemical test revealed increasing 

protection against corrosion with increasing silica content. Sample S30 showed best 

result with corrosion rate 1500x lower than uncoated sample. Additionally, analysis of 

electrochemical plots revealed that samples Bare and S0 suffered degradations of the 

substrate, while S20 and S30 showed no damage on the substrate. Visual inspection of 

samples confirmed degradation of substrate of samples Bare and S0. Additionally, it 

revealed no degradation of any of the coating compositions during electrochemical test. 

SEM analysis revealed huge degradation of substrate surface on sample Bare, 

supporting results from PPS and visual inspection. No coating showed degradation 

upon electrochemical test. Furthermore, roughness and porosity of samples could be 

observed increasing with the increase in silica content, once more supporting results 

from CA and gloss. 
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5. General Conclusions 

This dissertation presented the results on the investigation and development of 

new compositions for an anti-corrosion coating material. The development of such 

compositions relied on (i) the synthesis of a novel benzoxazine structure, (ii) the study 

of its combination with an epoxy resin and (iii) the incorporation of silica particles. 

A trifunctional benzoxazine monomer was designed and successfully synthesized 

from melamine, paraformaldehyde, and phenol in a one-pot, solventless process, with 

the reaction performed at various times to maximize the product yield. The resulting 

monomer product was purified using two different, greener chemistry purification 

procedures and results showed that impurities were indeed present on both procedures, 

but much less with procedure #1. Procedure #2 showed to be highly promising with 

interesting results upon investigation of yield. The chemical structure of the synthesized 

TBZ was characterized by 1H-NMR, which revealed small amounts of oligomers and 

impurities, and FTIR spectroscopy, which confirmed the presence of signature 

functional groups of the monomer in all reaction times. The DSC and TGA experiments 

revealed a thermosetting PBZ product with a Tg of 95 °C, high thermal stability of up 

to 366 °C, and a high char yield of 37% at 800 °C. Finally, we were able to demonstrate 

that our TBZ preparation has satisfied a few Principles of Green Chemistry by (1) using 

safer solid starting materials for easy handling, (2) using solventless synthetic method, 

which reduces the use of solvents and thus, minimizes waste, (3) using more benign 

solvents in the purification process, (4) tuning the reactant ratio and reaction times to 

optimize the product yield, and (5) realizing that the monomer product itself is 

intrinsically stable and nontoxic. 

The synthesized trifunctional BZ was combined with EP resin and the advantage 

of the copolymer was evident in the high properties achieved. The two monomers are 

highly compatibilized by mixing with a combination of solvents and a drying protocol. 

The different BZ/EP compositions revealed shifting in reaction kinetics and 

thermodynamics associated with high miscibility in preparation. The comparison with 

literature with other BZ monomers and EP showed a distinct advantage. A procedure 

was developed to determine the identity of each peak of cure from DSC. Samples with 

excess of epoxy (5/95 and 25/75) showed favored E-E reaction. Samples in the 

proximity of the stoichiometric (31/69 and 48/52) revealed maximum amount of B-E 
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reaction and samples with excess benzoxazine (55/45 and 75/25) showed favored B-B 

reaction. DSC revealed a synergistic effect on Tg where all compositions with 

significant amount of both monomers displayed higher Tg than that of samples 

dominated by one monomer. TGA also revealed a synergistic effect, where most 

parameters of degradation were improved on sample 48/52 when compared to 5/95 and 

100/0, confirming a high thermal stability. Thus, the structure-composition-property 

correlation is evident in the near quantitative shift in thermal (DSC and TGA) and 

spectroscopic (IR) characterization of properties with composition. 

The BZ/EP copolymer was combined with functionalized fumed silica to produce 

anticorrosion coatings and investigate performance of different compositions. Contact 

angle experiment revealed improved hydrophobicity with increasing content of silica 

for sprayed samples. Superhydrophobic effect was observed on samples S30 and S40. 

Variation in gloss indicated change in roughness as one of the multiple phenomena 

influencing CA. Gloss does not follow the exact trend as contact angle, indicating that 

roughness was not the only mechanism influencing contact angle. PPS electrochemical 

test revealed increasing protection against corrosion with increasing silica content. 

Sample S30 showed best result with corrosion rate 1500x lower than uncoated sample. 

Optical microscopy and SEM analysis supported results from gloss and contact angle. 

Increase of surface roughness with increasing silica content could be observed. PPS 

electrochemical test revealed increasing protection against corrosion with increasing 

silica content. Sample S30 showed best result with corrosion rate 1500x lower than 

uncoated sample. All coating compositions resisted degradation upon electrochemical 

test. 
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6. Future Works 

6.1. Investigation of Cure during Drying of Samples 

The drying procedure used to eliminate the solvents of benzoxazine-epoxy 

samples involved elevating the temperature to 190°C. Although 190 °C is lower than 

the onset of cure for all samples, it is possible that the sample is partially polymerized, 

due to the time required for the drying process. Therefore, it is suggested that an 

investigation be conducted in order to identify and quantify if polymerization occurs on 

the cited samples due to the drying procedure. 1H-NMR and FTIR can be performed on 

samples after drying to detect reduction of the characteristic oxazine or epoxide signals 

and the development of oligomer peaks. Other drying methods, such as application of 

high vacuum under lower temperatures, may also be applied for comparison of DSC 

peaks of cure. 

Additionally, analysis of the evolution of the viscoelastic properties by rheometry 

at the given drying temperatures could indicate if gelation is occurring. 

 

6.2. Yield under High Pressure 

Literature [54] mentions higher yield on synthesis of polyfunctional benzoxazine 

monomers when the reaction is performed at higher pressure. In this sense, it is worth 

investigating the influence of pressure on synthesis of the trifunctional benzoxazine 

studied in this work. 

 

6.3. Purification Process #2 

The purification process proposed in this work, named #2, revealed to be highly 

promising. However, further investigation is still required. The aspect that seemed to 

be hindering a better performance of the process is the solubility of the monomers and 

reagents in the specified solvents. Therefore, it is interesting to investigate variations of 

the process at different temperatures, higher number of washing cycles and lastly using 

a different solvent, such as ethyl acetate. 
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6.4. Primer Coat 

Primer coats are largely used as the first coat of paint on the substrate to be painted 

to improve adhesion between the top coat and the substrate, in addition to providing 

corrosion resistance [3]. For this reason, it is interesting to investigate the influence of 

a primer for the coatings developed in this work. Suggestions of materials are pure 

epoxy and pure benzoxazine, for compatibility reasons and other commercially 

available primers, for specific performance reasons. 

 

6.5. Copolymer Composition Investigation 

Composition of the benzoxazine-epoxy copolymers was determined indirectly 

via DSC analysis. It is interesting to further confirm compositions of the samples by 

other experiments, such as GC-MS. 

 

6.6. Further Testing of Coatings 

Several complementary tests can be executed to investigate the performance of 

the coatings produced. Aging by UV, electrochemical impedance spectroscopy (EIS), 

salt spray, pull-off adhesion, microhardness, resistance to other chemical compounds, 

such as acids and any combination of them. 

 

6.7. DRX Investigation of Crystallinity 

Section 3.3.2 suggests crystallinity in the benzoxazine domain after drying 

procedure. It would be interesting to perform XRD analysis to allow for confirmation 

of such crystallinity, in addition to calculation of the percentage crystallinity in each 

sample. 

 

6.8. Kinetics of Cure 

Investigation of kinetics of the polymerization of benzoxazine monomers and 

combination at any rate with epoxy could be performed in order to allow for 
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determination of the best curing procedure regarding time and temperature. 

Additionally, results could be compared with calculation discussed in section 2.3.5. 

 

6.9. Coefficient of Thermal Expansion 

Protection against corrosion is highly affected by adhesion, which in turn is 

influenced by the difference of coefficient of thermal expansion between the coating 

and the substrate. In this sense it would be interesting to measure the coefficient of the 

several compositions of coatings regarding monomers ratio and the silica content. 

 

6.10. Identification of Hydrophobicity Phenomenon 

Sections 4.3.4, 4.3.5 and 4.3.9 indicate that the hydrophobic behavior is 

influenced by both the hydrophobic nature of the silica particles used and the surface 

morphology induced by the particles content. Therefore, it would be relevant to 

understand the influence of each of these parameters. One interesting approach would 

be to use similar fumed silica particles, except for the hydrophobicity. Using 

hydrophilic particles that produce comparable surface roughness and porosity could 

isolate each of the aspects that influence hydrophobicity of the coating. 

 

[54] H. Ishida, PROCESS FOR PREPARATION OF BENZOXAZINE 

COMPOUNDS IN SOLVENTLESS SYSTEMS, 5,543,516, 1996. 

[3] A.G. Roberts, Organic Coatings - Properties, Selection and Use, United States 

Department of Commerce, 1968. 
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Appendix I - Figures in high quality 
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Figure 4.4 
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Figure 4.5 
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Figure 4.6 
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Appendix II - Supplementary Information 

Chapter 2 - A Greener Approach to Trifunctional Benzoxazine and High 

Temperature Polybenzoxazine Materials 

 

 Demonstration of rate of reaction as function of variation of concentration of product 

 

Consider the given chemical equation: 

 
 𝑎. 𝐴 + 𝑏. 𝐵 → 𝑝. 𝑃 (S2) 

 

The rate of reaction (𝜗) is given by: 

 

In our work, Equation (S3) below describes the stoichiometric ratio between all 

reagents and products. 

 1.𝑀 + 3. 𝑃 + 6𝐹 → 1. 𝐵 + 2. 𝐻2𝑂 (S4) 
 

Where, 

M – Melamine; P – Phenol; F – Formaldehyde; B – Benzoxazine 

Therefore, reaction rate is given by: 

 𝜗 =
1

1
∗
𝑑[𝐵]

𝑑𝑡
=
𝑑[𝐵]

𝑑𝑡
 (S5) 

 

It can be seen that the rate of reaction can be calculated directly by variation of 

the concentration of product with time. 

 
 
 

 𝜗 =
1

𝑝
∗
𝑑[𝑃]

𝑑𝑡
 (S3) 
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Fig. S 1. Monomer product using stoichiometric ratio of 3:6:1 (i.e. phenol, paraformaldehyde, and 

melamine, respectively). 

 

 
Fig. S 2. Sequence of melting and dissolution of reagents prior to synthesis at 0, 20, 30, 40 and 70 

minutes at 50-60 °C. 

 

 
Fig. S 3. TBZ sample products obtained after different reaction times. 

 

 

0 min 20 min 30 min 40 min 70 min

 1h  2h  4.5h  9.5h  19.5h  44h 
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Fig. S 4. 1H-NMR of TBZ (purified by Procedure #2) obtained after 9.5 h reaction time. 

 
 

 
Fig. S 5. 1H-NMR of TBZ (purified by Procedure #2) obtained after 44 h reaction time. 
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Table S 1. Assignment of peaks of 1H-NMR of TBZ obtained after 9.5 h reaction time and purified by 
procedure #2 

Shift (ppm) Assignment Shift (ppm) Assignment 

9.31 Formaldehyde 4.98 Oxazine Ring 
7.13 – 7.09 Aromatic Ring 4.71 Oligomer 
6.92 Melamine 3.47 Pre-Monomer 
6.78 – 6.70 Aromatic Ring 2.99 Open Ring Methyl 
5.68 Oxazine Ring 2.48 – 2.47 DMSO 

 
 

Table S 2. Assignment of peaks of 1H-NMR of TBZ obtained after 44 h of reaction time and purified 

by procedure #2 

Shift (ppm) Assignment Shift (ppm) Assignment 

9.30 Formaldehyde 4.71 Oligomer 

7.13 - 7.09 Aromatic Ring 4.41 Pre-Monomer 2 

6.91 Melamine 3.47 Pre-Monomer 1 

6.78 - 6.70 Aromatic Ring 3.02 Open Ring Methyl 

5.68 Oxazine Ring 2.48 - 2.46 DMSO 

4.98 Oxazine Ring   

 

Assignment is presented in Table S 2 and explanations of changes in peaks are as 

follow: 

9.30 ppm (Formaldehyde) – Despite the larger consumption of formaldehyde as 

reaction takes place for longer times, purification seems to be less effective when 

compared to samples reacted for 9.5h. Possibly, formation of oligomers decrease 

solubility of the product and hinders removal of some reagents, in this case, 

formaldehyde. 

7.13 - 7.09 / 6.78 - 6.70 ppm (Phenol) – Integration of peaks reveal an increase 

of more than 5 times the amount of protons relative to aromatic rings. However, as 

calculated previously, it is expected an increase of around 2 times due to the higher 

mass of benzoxazine monomers and oligomers produced in the longer period of time. 

These extra protons are assigned as phenol in the free form. This deduction can also be 

verified by the larger peak at 6.78 ppm shift and the presence of the extra peak at 6.77 

ppm shift, which are both assigned to proton in the ortho position of the phenol 

molecule shown in detail of Fig. S5. One of the two ortho positions of the phenol has 

its proton replaced by a carbon that forms the oxazine. This proton on the ortho position 

signals at around 6.77 ppm. Therefore, it is expected that benzoxazine monomers show 

less peaks in this region and that total integration is inferior than that of phenol. 
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6.91 ppm (Melamine) – Integration reduced in 30% when compared to spectrum 

of 9.5h reaction. This may be explained by the consumption of this reagent during 

synthesis of the monomers. 

4.71 ppm (polymer bridge) – Integration of respective peak shows increase of 

more than 7X. This indicates that longer times of reaction produce larger amounts of 

oligomers. This is expected as polymerization is a spontaneous process in benzoxazine 

and is accelerated by the presence of impurity and temperature. During reaction, 

monomers are in constant interaction with reagents, such as phenol, in addition to the 

high temperature required for synthesis, which act as catalyzers to polymerization. 

3.47 ppm (Pre-Monomer 1) - Integration reduced in 70% when compared to 

spectrum of 9.5h reaction. This indicates that component was consumed more than it 

was produced. First step of reaction to synthesize benzoxazine produces pre-monomer 

1. This is a fast reaction (see supplementary material) and, therefore, occurs primarily 

in the beginning of the process of synthesis. As reaction proceeds, this component is 

consumed in the production of pre-monomer 2. At the same time, it has its rate of 

production gradually decreased due to shortage in reagents. These two factors cause 

concentration of the component to reduce over time, as it is presented in Fig. S4 and 

S5. 

4.41 ppm (Pre-Monomer 2) – Peak is present in 44h reaction spectrum and is 

not present in 9.5h. Second step of reaction to synthesize benzoxazine produces pre-

monomer 2. This is a slow reaction (see Fig. 1.4) and is followed by the third step 

(closure of the oxazine ring), which is a quick reaction. Therefore, pre-monomer 2 tends 

not to accumulate since it is slowly formed and quickly consumed. However, towards 

longer periods of time of synthesis, rate of reaction as a whole decreases and pre-

monomer 1 accumulated. Therefore, rate of production of pre-monomer 2 is sustained 

high, while consumption lowers. Consequently, it is expected that there is an increase 

in the amount of pre-monomer 2. 

3.02 ppm (Open Ring) – As monomers reside longer in the presence of high 

temperature and impurities (reagents), probability of opening of the oxazine ring 

increases. This process is responsible for the polymerization process explained 

previously. However, not all monomers that undergo ring opening reach 

polymerization. It is possible to observe protons of the methyl group generated by the 

opening of the ring. Interestingly, integration of the respective peak is two times larger 
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for 44h reaction samples when compared to 9.5h samples. This result is in agreement 

with the expected increase due to longer exposure to heat and impurities.  

It is important to mention that deviations in integration of 1H-NMR peaks are 

possible due to slight variations in purification process. Therefore, highly precise 

quantitative analysis is compromised and was not object of this work. Consequently, it 

was not performed. Instead, the numbers simply provided a reference for a qualitative 

analysis. 

 
Table S 3. Results and analysis of yield and yield rate with reaction time and using purification 
procedure #1. 

Time 
(h) 

Weight (g) 
Yield 
(%) 

Relative 
Yield 
(%) 

Yield Rate 
(%/h) 

Collected 
Sample 

Purified 
Sample 

1 4.505 0.362 8.0 23 8.0 
2 5.477 0.69 12.6 36 4.6 
4.5 4.89 1.026 21.0 59 3.4 
9.5 5.78 1.426 24.7 70 0.7 
19.5 6.321 2.282 36.1 102 1.1 
44 5.976 2.064 34.5 98 -0.1 

 

Table S 4. Results and analysis of yield and yield rate with times of reaction and purification 
procedure #2. 

Time 
(h) 

Weight (g) 

Yield (%) 
Relative 

Yield 
(%) 

Yield Rate 
(%/h) 

Collected 
Sample 

Purified 
Sample 

1 5.061 0.599 11.8 19 11.8 

2 4.202 0.687 16.3 26 4.5 

4.5 4.482 1.114 24.9 39 3.4 

9.5 6.145 2.523 41.1 64 3.2 

19.5 4.957 2.554 51.5 81 1.0 

44 6.880 4.389 63.8 100 0.5 
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Chapter 3 – (Highly Thermally Stable Copolymers of Polybenzoxazine and 
Epoxy: The Trifunctionality Advantage) 

 
 

 
Fig. S 6. EGA curve of the EP resin in this study as a function of time. 
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Fig. S 7. Mass spectrum of the EP resin at 0.195 min obtained (a) experimentally) and (b) from mass 

spectral library for comparison. 

 

 
Fig. S 8. Mass spectrum of the EP resin at 11.557 min obtained (a) experimentally) and (b) from mass 

spectral library for comparison. 

(a)

(b)

(a)

(b)
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Fig. S 9. Mass spectrum of the EP resin at 15.523 min obtained (a) experimentally) and (b) from mass 

spectral library for comparison. 

 
Preparation of copolymer – definition of solvents 

 
Solvents were defined to afford the best mixing conditions for BZ and the EP 

resins. Initially, the synthesized trifunctional BZ was tested for solubility with several 

solvents. DMSO was the solvent of choice for BZ. The protocol for determining the 

best mixing conditions for the two resins is as follows: Firstly, 100 mg of BZ was placed 

in two separate glass vials as shown in Fig. S 10a. Increasing amounts of DMSO were 

added to both vials until complete dissolution was achieved. 100 µL DMSO showed to 

be effective in dissolving the given amount of BZ as observed in Fig. S 10b with a clear 

solution. Subsequently, 190 mg of the EP resin was added to it, which represented a 

48/52 BZ/EP ratio. As shown in Fig. S 10c, EP had poor solubility in the DMSO 

containing BZ, in which white precipitates formed at the bottom.  

Next, the two vials were treated differently: vial 1 with increasing amounts of 

DMSO in an effort to dissolve the EP; and vial 2 with a mixture of ethanol and ethyl-

acetate in 50:50 ratio. Ethyl acetate, a less toxic and common solvent, is known to 

dissolve EP resins very well. However, since ethyl acetate and DMSO are immiscible 

with each other, ethanol was added as a compatibilizer. Fig. S 10e shows the 

(a)

(b)
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development of solubility with increasing amounts of the respective solvents 

ethanol/ethyl acetate. Fig. S 10f shows the final result from solvents experiment, where 

the optimal dispersion was eventually achieved with 600 µL of the 50:50 solvent 

mixture for vial 2. A very homogeneous and slightly milky product was obtained, 

suggesting a good solubility (Fig. S 10f right). On the other hand, increasing amounts 

of DMSO up to 600 µL had no perceivable effect on the dissolution of EP resin (Fig. S 

10f left). One interesting observation in Fig. S 10f (right) is a transparent obtained from 

the DMSO phase in vial 1, indicating that DMSO acted as a good solvent for this 

particular BZ monomer. Lastly, the final composition of the resins and solvents is 

summarized in Table S1, which includes solvents from the EP product selected for EP 

suspension composed of 56% solids, 41.5% water, and 2.5% isopropanol, all which are 

based on the information from the manufacturer. It is important to highlight the benign 

nature of the solvents used for this preparation. 

 
Table S 5. Composition breakdown for 48/52 BZ/EP sample, including the solvents used and 
proprietary components from the EP resin. 

 Component Quantity 

Monomers 
Benzoxazine 100 mg 

Epoxy (solids) 106 mg 

Solvents 

Water (from epoxy resin) 79 mg 

Isopropanol (from epoxy resin) 5 mg 

DMSO 100 µl 

Ethanol 300 µl 

Ethyl Acetate 300 µl 
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Fig. S 10. Dissolution of BZ monomer and EP resin in suitable solvents. (a) 100 mg BZ monomer. (b) 

Vials in (a) after adding 100 L DMSO. (c) Vials in (b) after adding 190 mg EP resin. (d) Vial 1 in (c) after 
adding more DMSO. (e) Vial 2 in (c) after adding ethyl acetate/ethanol solvent mixture. (f) Final result 
obtained from (d), left and (e), right 

 

 
Fig. S 11. Deconvolution of DSC curve for 25/75 copolymer sample. 
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Fig. S 12. DSC thermogram of all compositions for reference (mW/mg x °C). 

 
Peak identification procedure and example 

 
Table S 6. Identification of peaks of cure – sample 25/75 

  EP BZ 

Input 

Available mass (mg) 5.76 1.92 

Peak # 1 2 3 4 1 2 3 4 

Integral (mJ) 647 854 97 66 647 854 97 66 

Case 1 

Req. mass (mg) 3.57 4.71 0.53 0.36 5.39 7.12 0.81 0.55 

mass cured (mg) 5.07 0.81 

mass remaining (mg) 0.69 1.11 

moles of funct. group 1.38E-06 5.78E-06 

B-E specific energy of 
reaction (kJ/mol) 

470 - 

Case 2 

Req. mass (mg) 3.57 4.71 0.53 0.36 5.39 7.12 0.81 0.55 

mass cured (mg) 3.93 0.81 

mass remaining (mg) 1.83 1.11 

moles of funct. group 3.66E-06 5.78E-06 

B-E specific energy of 
reaction (kJ/mol) 

233 - 

 
The purpose of Table S 6 is to determine the identity of each peak obtained by 

deconvolution of the curing curves from DSC. 

 First set of lines are input from the system: 

 The table presents data for EP (blue) and BZ (yellow) arranged in two columns. 
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 The second row displays the available mass for each component. This value was 

calculated based on the total mass of the sample and the percentage of each 

component in the composition. 

 The third row shows the peaks obtained by deconvolution of DSC curves. 

 The fourth row shows the energy associated with each peak. 

 Two possible scenarios regarding identity of peaks were investigated for each 

sample composition. 

 Case 1: 

 The first row is the required mass to produce the measured energy on each peak. 

This calculation considers that every peak is a homopolymerization of each of the 

two components. For the EP column, calculation was based on data obtained from 

the literature on energy released per mole of epoxide group reacted. For the BZ 

column, calculation was based on the data obtained experimentally from the sample 

100/0. 

 The second row is the sum of all masses associated with the homopolymerization of 

a particular component. 

 The third row is the remaining mass calculated as (available mass) – (mass cured). 

 The fourth row is the number of moles of functional groups available for further 

polymerization based on the remaining mass, molecular mass, and functionality of 

each component. 

 The fifth row is the specific energy associated with the B-E reaction. Calculation is 

given by the energy associated with the B-E reaction divided by the number of moles 

of functional groups available for further polymerization. 

 

 Case 2: 

1. Each peak obtained by deconvolution of curing curves is integrated, providing 

total energy released on a particular peak. 

DBD
PUC-Rio - Certificação Digital Nº 1613910/CA



147 

 

 

 

2. All these peaks are considered possible to be homopolymerization of EP or BZ. 

For each peak and each component, the mass of that component required to 

release that given energy is calculated. 

3. The obtained required mass is compared to the available mass of that 

component. If a larger mass is required, the peak is not considered associated 

to that component. The peaks not considered are in red, for example 5.39 and 

7.12, as these required masses are larger than the available mass of BZ This 

means that there is not enough BZ to produce that particular peak. 

4. B-B reaction cannot be assigned to peak #4 because this peak is already taken 

by E-E reaction. Therefore, B-B can only be assigned to peak #3 (in yellow). 

5. These conditions leave only two options for the E-E reaction, peaks #1 and #2. 

Both these possibilities are evaluated (case 1 vs. case 2). For each of these 

cases, the total mass of each component is computed and the remaining mass 

is calculated based on the initial mass. These remaining masses are then 

converted to the number of functional groups. The smallest number of 

functional groups is taken as the maximum possible number of B-E reactions. 

6. The remaining peak not associated with either B-B or E-E reactions is 

associated with a B-E reaction and its corresponding energy is used to calculate 

the specific energy of the B-E reaction. This specific energy is calculated by the 

energy of the peak divided by the number of available functional groups found 

in step 5. In this particular example, specific energy was found to be either 470 

(case 1) or 233 kJ/mol (case 2). 

7. Considering all the results for the other copolymer samples, supported by the 

data obtained from the literature, it was determined that case 2 is the correct 

method of identifying the peaks. 
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Fig. S 13. DSC thermograms of all 
compositions showing step toward 
endothermic direction, indicating glass 
transition temperature 
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Chapter 4 - (Superhydrophobic Benzoxazine-Epoxy Coatings: 

Electrochemical and Mechanical Performance) 

 

 
Fig. S 14. Fundamental structure of tri-functional benzoxazine (TBZ) monomer used in this work 

 

 
Fig. S 15. Schematic representation of benzoxazine-epoxy copolymerization reaction 
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Fig. S 16. a. Benzoxazine + Epoxy + Solvents; b. Sample S20 after mixing procedure 

 

 
Fig. S 17. Optical Microscopy Image of Sample S30 at 50X Magnification 

 

 

 

 

a. b. 

DBD
PUC-Rio - Certificação Digital Nº 1613910/CA



151 

 

 

 

 
 

 
 

 

Fig. S 18. Samples S0, S20 and S30 submerged in water 

 

S30 

S20 

S0 

DBD
PUC-Rio - Certificação Digital Nº 1613910/CA



152 

 

 

 

Poured Samples Contact Angle Analysis 

 
Fig. S 19. Contact Angle comparison between sprayed and poured coatings 

 

The first analysis that can be made is the similarity of results for the two methods 

on sample S0. Influence of the coating procedure on samples without additive is 

negligible. This is an interesting result, which shows the intrinsic wetting behavior of 

the benzoxazine/epoxy blend. In addition, the fact that two very distinct application 

procedures achieve the same result, implies that it is very likely that any application 

processes can be used and a consistent result will be obtained. Industrially, this result 

is of great importance. Not only the most convenient procedure can be selected for 

production, but also because eventual repairs can be performed without the necessity 

of clinging to the original procedure. 

Another analysis is that all samples prepared by pouring displayed lower contact 

angle than that of sprayed samples. This result means that the procedure for coating has 

an important effect on the wettability of the surface, most likely due to changes in 

surface roughness and to the exposure of the hydrophobic functional groups from the 

silica. It is possible that in the case of poured samples, part of the particles settled to the 

bottom of the coating before and during the drying process, since these solutions 

possessed high concentration of solvents and, therefore, low viscosity. In addition, 

visually, spray coated samples showed a rougher surface, probably triggered by the 

coating process itself. 
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Investigating samples S10 and S20 it can be noticed that the same pattern was 

achieved with both coating application procedures, as the two concentrations produced 

similar contact angle result (i.e. 81° ≈ 83° and 102° ≈ 101°). 

The most evident difference between application processes is found in samples 

S30. An increase of 10° in contact angle was obtained with the increase in silica content 

from 20% to 30% for pouring procedure. However, it is evident that results are nowhere 

near that obtained by spray coating. It demonstrates that, in this particular case, the 

application procedure influenced greatly the wettability results. Where just the simple 

content of silica produced a hydrophobic surface with contact angle of 93°, the same 

material, when sprayed, generated a superhydrophobic coating with CA of 168°. 

Fig. S 17 shows a detail on one of the spots that exhibited lack of thickness of 

sample S0 after electrochemical test. It is possible to notice a complete absence of 

coating in the center region (red arrow) possibly caused by the very low thickness of 

the coating in the area, which resulted in rupture of the coating upon testing. It is 

possible to see the exposed metallic substrate, showing high roughness, different from 

that of the virgin metallic substrate. This result supports the assumption that the dark 

spots were, indeed, corrosion. Furthermore, it indicates that a uniform distribution with 

a minimum thickness of coating is necessary to perform accordingly and protect the 

substrate. The image also shows the layer of residual salt from electrochemical test 

(blue arrow). 
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Fig. S 20. Optical Microscopy Image of Samples 0% after electrochemical test 

 

100 µm 
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Appendix II – Complementary Elucidations 

Section 2.3.4 - Reaction Yield 

Analysis of 1H-NMR (Fig. 2.4 and Fig. 2.5) reveal the presence of impurities in 

the samples purified by procedure #2. Consequently, part of the calculated yield is, in 

fact, not benzoxazine. Nevertheless, it is important to mention that the behavior of yield 

as a function time followed the same trend as that of samples purified by procedure #1. 

It can be concluded that even though impurities were not completely removed by 

procedure #2, this purification process was effective to the point of allowing observing 

the same behavior as that of procedure #1, which produced highly pure benzoxazine 

monomers. As such, the proposed greener procedure #2 revealed to be highly 

promising, possibly requiring fine adjustments in order to allow for a complete removal 

of the impurities. 

 

Section 2.3.5 – DSC Study 

Posterior to curing the BZ sample according to the calculated procedure (15min. 

at 314°C), it is interesting to observe that the 2nd run on DSC (Fig. 2.5b) display an 

onset and maximum of residual peak that coincides with maximum and offset of 

original curing peak respectively (Fig. 2.5a). This implies that only the region of higher 

temperatures was partly not achieved. The cause of this residual curing peak observed 

may, then, be explained by a massive immobility of the polymeric chains in the system, 

generated by the vast polymerization attained. Therefore, this residual polymerization 

would only be possible to achieve at higher temperatures, which would, in its turn, 

enable greater mobility of the polymeric chains and allow for eventual further 

crosslinking. As a result, it can be assumed that the proposed procedure for curing was 

highly effective and that curing was complete. 

 

Section 2.3.6 - Thermal stability study 

Additional analysis of thermal degradation of the polybenzoxazine can also be 

performed as follows. Literature distinguishes polybenzoxazines with and without an 

observable low-temperature slight weight loss phenomenon in the range of 200–300°C, 
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which is associated with the loss of the amine group in the case where this group is 

dangling in the structure. On the other hand, polybenzoxazines that possess the amine 

group incorporated into the cross-linked structure, do not show this early degradation. 

The latter is the case of the polybenzoxazine studied in the present work, and results 

are in agreement with literature. Amine group is part of the crosslinking structure and 

thermogram does not show early degradation peak. Furthermore, it is expected that the 

chemical structures initial degraded are the amines which come from the cleavage of 

the Mannich base, due to the lower energy in the C–N covalent bond (72 kcal/mol) than 

C-C bond (82.6 kcal/mol), the weaker C–N may be easier to break, and the more stable 

C–C bond will break at a higher temperature. Breakage of phenolic bonds tend to occur 

at higher temperatures. In this particular case, first peak at 385 °C is assigned to release 

of groups due to C-N breakage, while peak at 519 °C is assigned to evaporation of 

structures due to C-C bond breakages. In addition, it is reported that overlap of the two 

peaks may occur, and is associated with functionality of the phenolic group. The higher 

the functionality, the broader and more overlapped the peaks are. Indeed, results are 

once again in agreement with literature, because the phenolic group of the 

polybenzoxazine structure presented in this work possesses the lowest functionality 

possible and thermogram reveals two very distinct peaks with no apparent overlap. This 

means that degradation of phenolic links started only after degradation of Mannich base 

finished. These results reveal the excellent thermal stability of the polymerized material 

produced in this work. 
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