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Preface

Pigmented liquids, liquefiables, or mastic compositions that after application to a sub‐
strate in a thin layer converts to a solid film are called paints or coatings. They are used to
protect, color, or provide texture to objects. They can be made or purchased in many colors
—and in many different types, such as watercolor, synthetic, etc. They are also stored, sold,
and applied as a liquid, but most types dry to a solid.

In 1718, Marshall Smith invented a "machine or engine for the grinding of colours" in England.
It is not known precisely how it operated, but it was a device that increased the efficiency of
pigment grinding dramatically. Soon, a company called Emerton and Manby was advertising
exceptionally low-priced paints that had been ground with labor-saving technology.

By the proper onset of the industrial revolution, paint was being ground in steam-powered
mills and an alternative to lead-based pigments was found in a white derivative of zinc ox‐
ide. Interior house painting increasingly became the norm as the 19th century progressed,
both for decorative reasons and because the paint was effective in preventing the walls from
rotting from damp. Linseed oil was also increasingly used as an inexpensive binder.

The maximal changes that have taken place in the coatings industry during the last 50 years
were the espousal of new coating technologies, including waterborne (thermosetting emul‐
sion, colloidal dispersion, water-soluble) coatings, high-solids coatings, two-component sys‐
tems, powder coatings, and radiation-curable coatings.

There are two primary functions provided by coatings—decoration and protection—that are
of substantial economic importance. Forty-five percent of the coatings produced worldwide
are used to decorate and protect new constructions as well as to maintain existing struc‐
tures, including residential homes and apartments, public buildings, and plants and facto‐
ries. Another 40% of the coatings are used to decorate and/or protect industrial products.
Without coatings, product life can be significantly shortened and many products would not
even be marketable. Most of the remaining coatings, called “special purpose,” are used for
various applications such as traffic paints, vehicle refinishing, high-performance coatings for
industrial plants and equipment, and protection of marine structures and vessels. These are
usually applied in outdoor conditions.

Through the coming years, air pollution regulations will continue to be a driving force be‐
hind the adoption of new coating technologies. Despite the overall relatively slow growth in
demand anticipated for coatings, waterborne and high-solids coatings, powders, UV cura‐
bles, and two-component systems seem to have good growth potential.

Nanotechnology is one new area of interest with tens of thousands of patents currently only
available for the paint industry. Very small ceramic or metallic particles can be added to paint
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formulations to modify specific properties in highly specialized applications. The average size
of nanoparticles is 10–70 nm, consisting of less than 6.5 million atoms. At these sizes, the ratio
of surface area to mass becomes significant, giving the particles unique properties.

In this book an effort has been made to achieve justice for various topics and research relat‐
ed to the paint and coatings industries. In the first chapter, the discussion centers on the
metrology of organic solvents in the shoe industry to Sfax city (Tunisia). Thermal volumetric
analysis—a new test method of the kinetics of gas emissions from molding sands and pro‐
tective coatings heated by liquid alloy—is illustrated in the second chapter. The third chaper
discusses Diels–Alder chemistry to develop self-healing epoxy resins and their composites.
Furthermore, design and synthesis of biobased benzoxazines is discussed in the fourth chap‐
ter. UV and thermal cure epoxy adhesives, transport of electrolyte in organic coatings on
metal, and boron carbide coating behavior  under high plasma heat are debated in the fifth,
sixth, and seventh chapters, respectively.

Finally, I would like to take this opportunity to express my deepest thanks to my sweetheart
wife Adv. Saada Idris Yilmaz for the infinite support and encouragement she has given me,
which helped me complete this work.

Dr. Faris Yilmaz
Nurol Makina A.Ş.

Ankara, Turkey
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Abstract

In spite of the importance to the use of organic solvents in the shoes industry, exposure 
data of the employees at these solvents in this sector are absent in Tunisia. The objective of 
this study is to establish a biotoxicological supervision of exposure in shoes manufactur-
ing companies. After the inventory of the most dominant solvents (acetone, cyclohexane, 
hexane and methylethylketone, toluene) in the preparations used in shoes manufactur-
ing, 18 voluntary companies benefited from 55 dynamic atmospheric samplings realized 
on a duration of 4 hours. The exposure index some mixture ranged between 0.1 and 8.8 
and presented an average value superior to 1, mainly in the partly industrialized process. 
These values reached, respectively, 1.7, 2.5 and 4.5 for the posts of finishing, shoes col-
lector and glues dispatcher. The atmospheric average concentrations of certain solvents 
exceeded the limit value of professional exposure mainly for the hexane with a value of 
214 mg/m3 in certain posts. The chronic exposure to organic solvents in a shoes industry 
and to establish a first report on the profiles of exposure to these solvents in this sector. 
Hence, an approach of evaluation of the professional risk by the biotoxicological supervi-
sion of exposure is established in Sfax city.

Keywords: solvents, shoes, evaluation of the risk, metrology of atmosphere

1. Introduction

Organic solvents constitute a set of varied chemicals whose essential chemical properties are a
solubilizing power associated with a generally high-volatility [1]. These properties make them
products of use that are difficult to circumvent in various industrial sectors such as footwear
manufacturing [2–4]. Among the chemical agents identified in this sector in Tunisia, organic
solvents play a major role in the quantities used and the number of employees exposed.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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However, employee exposure data for organic solvents in this sector are almost absent. The 
prevention of occupational risks (POR) and more particularly the chemical risk is based on the 
risk assessment (RA) according to procedures established by regulatory texts [4–6]. However, 
the Tunisian occupational health regulations [7, 8], did not provide any obligation for compa-
nies to perform RA requiring metrology of work environments, and biotoxicological dosages. 
The study objective is to establish a biotoxicological exposure metrology for solvent mixtures, 
composed mainly of acetone, cyclohexane, n-hexane, methyl ethyl ketone (MEK), and toluene 
used in the shoes industry of a pilot study to generalize it in all industrial sectors of Sfax city.

2. Methods

2.1. Manufacturing processes for shoes and workstations exposed to solvents

The shoe industry, despite the mechanization, remains a labor industry with 150 operations 
needed to make a pair of shoes. Three types of manufacturing techniques exist: welded, 
Goodyear sewn, and direct injected [9].

We limited ourselves in our study: (i) to the “welded” manufacturing process. It is the most 
widespread technique in Sfax city, and the most exposed to glue and solvent preparations 
(after creation, modeling, patronage, cutting and stitching, welded is the phase during, which 
the sole is fixed by gluing to a rod mounted on the base) and (ii) the three main positions 
exposing the solvents, which are the tiller station (mounting and gluing), the foundry station 
(display and welding), and the finishing station (cleaning, potting and packing) [10].

2.2. Sampling of shoe companies

Shoe manufacturing companies in the Sfax region have been classified and classified in three 
groups according to their manufacturing processes: industrial (26 companies and 751 employ-
ees), semi-industrial (6 companies and 46 employees) and handicraft (60 companies and 350 
employees). The artisanal process has been divided into two categories: type 1 (foundry post 
and separate tiller station) and type 2 (the two spots are made by the same person in two 
steps).

Twenty-two companies using the “welded” process: 6 industrial, 6 semi-industrial and 10 
artisanal with a workforce of 122, 48 and 60 employees (230 employees in total) were selected 
for this biometric study.

2.3. Selection of solvents to measure

Following a tracking of the solvents present in the composition of the products handled 
(glues, thinners and paint removers) in the shoe manufacturing companies during the first 
half of 2008, according to the simplified method of the National Institute for Research and 
Security (INRS) chemical RA, which mainly includes three phases: (i) inventory of products 
and materials used in the facility, in a workshop or workstation, (ii) prioritization of potential 

Paint and Coatings Industry2

risks and (iii) RA [4]; we have identified five predominant solvents: acetone, cyclohexane, 
hexane, methyl ethyl ketone and toluene [4, 11–14].

2.4. Methods

The exposure evaluation to these 5 solvents was carried out over 15 weeks from May 20 to 
September 15, 2010, divided into two periods, each comprising two components [4, 5, 15, 16]: 
(i) an observation of the different workstations with the help of the head of the company and 
the oldest employees and (ii) ambient metrology of solvents and glues.

2.4.1. Biometric measurements

In order to measure the concentration of solvents in the atmosphere, individual and/or stationary 
samples were taken (Figure 1): the sensors were placed close to the airways (personal sampling 
system) or installed at medium height of the tracks. Above ground level (stationary system), 
and consisted of a sampling pump (Poket Pump: Pump SKC® 210–1002 TX) with a regular flow 
rate of 100 (± 5%) cm3/min and an activated carbon trapping tube (SKC® Tube 226-16: 800 and 
200 mg). The sampling was set up for a half-workstation or duration of 4 hours. The samples 
were taken in the middle of the week: Wednesday or Thursday depending on the type of manu-
facturing process of the companies and their places of installation. Solvent concentrations were 
determined by gas chromatography after desorption of sampled sample tubes [17–21].

Figure 1. Atmospheric metrology in a semi-industrial shoe manufacturing company. (a) Individual sampling at the 
“uppers preparation workstation and (b) ambient sampling at the “finishing workstation.

Metrology Organic Solvents in the Shoes Industry in Sfax City (Tunisia)
http://dx.doi.org/10.5772/intechopen.78316

3



However, employee exposure data for organic solvents in this sector are almost absent. The 
prevention of occupational risks (POR) and more particularly the chemical risk is based on the 
risk assessment (RA) according to procedures established by regulatory texts [4–6]. However, 
the Tunisian occupational health regulations [7, 8], did not provide any obligation for compa-
nies to perform RA requiring metrology of work environments, and biotoxicological dosages. 
The study objective is to establish a biotoxicological exposure metrology for solvent mixtures, 
composed mainly of acetone, cyclohexane, n-hexane, methyl ethyl ketone (MEK), and toluene 
used in the shoes industry of a pilot study to generalize it in all industrial sectors of Sfax city.

2. Methods

2.1. Manufacturing processes for shoes and workstations exposed to solvents

The shoe industry, despite the mechanization, remains a labor industry with 150 operations 
needed to make a pair of shoes. Three types of manufacturing techniques exist: welded, 
Goodyear sewn, and direct injected [9].

We limited ourselves in our study: (i) to the “welded” manufacturing process. It is the most 
widespread technique in Sfax city, and the most exposed to glue and solvent preparations 
(after creation, modeling, patronage, cutting and stitching, welded is the phase during, which 
the sole is fixed by gluing to a rod mounted on the base) and (ii) the three main positions 
exposing the solvents, which are the tiller station (mounting and gluing), the foundry station 
(display and welding), and the finishing station (cleaning, potting and packing) [10].

2.2. Sampling of shoe companies

Shoe manufacturing companies in the Sfax region have been classified and classified in three 
groups according to their manufacturing processes: industrial (26 companies and 751 employ-
ees), semi-industrial (6 companies and 46 employees) and handicraft (60 companies and 350 
employees). The artisanal process has been divided into two categories: type 1 (foundry post 
and separate tiller station) and type 2 (the two spots are made by the same person in two 
steps).

Twenty-two companies using the “welded” process: 6 industrial, 6 semi-industrial and 10 
artisanal with a workforce of 122, 48 and 60 employees (230 employees in total) were selected 
for this biometric study.

2.3. Selection of solvents to measure

Following a tracking of the solvents present in the composition of the products handled 
(glues, thinners and paint removers) in the shoe manufacturing companies during the first 
half of 2008, according to the simplified method of the National Institute for Research and 
Security (INRS) chemical RA, which mainly includes three phases: (i) inventory of products 
and materials used in the facility, in a workshop or workstation, (ii) prioritization of potential 

Paint and Coatings Industry2

risks and (iii) RA [4]; we have identified five predominant solvents: acetone, cyclohexane, 
hexane, methyl ethyl ketone and toluene [4, 11–14].

2.4. Methods

The exposure evaluation to these 5 solvents was carried out over 15 weeks from May 20 to 
September 15, 2010, divided into two periods, each comprising two components [4, 5, 15, 16]: 
(i) an observation of the different workstations with the help of the head of the company and 
the oldest employees and (ii) ambient metrology of solvents and glues.

2.4.1. Biometric measurements

In order to measure the concentration of solvents in the atmosphere, individual and/or stationary 
samples were taken (Figure 1): the sensors were placed close to the airways (personal sampling 
system) or installed at medium height of the tracks. Above ground level (stationary system), 
and consisted of a sampling pump (Poket Pump: Pump SKC® 210–1002 TX) with a regular flow 
rate of 100 (± 5%) cm3/min and an activated carbon trapping tube (SKC® Tube 226-16: 800 and 
200 mg). The sampling was set up for a half-workstation or duration of 4 hours. The samples 
were taken in the middle of the week: Wednesday or Thursday depending on the type of manu-
facturing process of the companies and their places of installation. Solvent concentrations were 
determined by gas chromatography after desorption of sampled sample tubes [17–21].

Figure 1. Atmospheric metrology in a semi-industrial shoe manufacturing company. (a) Individual sampling at the 
“uppers preparation workstation and (b) ambient sampling at the “finishing workstation.

Metrology Organic Solvents in the Shoes Industry in Sfax City (Tunisia)
http://dx.doi.org/10.5772/intechopen.78316

3



2.4.2. Biometric exposure limit values

The measurements results were compared with the ’s (AEV) of solvents calculated for a refer-
ence period of 8 working hours/day and 39 hours/week (Table 1) [7, 9, 11, 22, 23]. In the absence 
of Tunisian exposure limit values (ELV) [9, 10], we have referred to international values (French, 
American and German), adopting the most restrictive values (Table 1) [11, 22, 24–26, 27].

Since glues are a mixture of solvents, we have conventionally used an exposure index (I.exp) 
for individual samples that are used as a comparison with limit values [11, 28]. This I.exp. is 
equal to C1/AEV1 + C2/AEV2 + .............. + Cn/AEVn (Cn and AEVn being, respectively, the concen-
tration and the limit value of the pollutant n). If I.exp. is greater than 1, the limit value is con-
sidered exceeded. Calculated from a fixed-rate levy, this index is called pollution index (I.pol).

3. Results

3.1. Participating shoe companies

Eighteen companies out of the 22 companies contacted agreed to participate (participation 
rate of 81.8%), including four manufacturing shoes using an industrial process, five using 
a semi-industrial process, and nine using an artisanal process. They were divided into two 

Solvent N° 
CAS1

France

UE2

USA
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88-3
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groups according to the level of activity and the planning of the realization of the interven-
tions: the first period, from May 28 to July 21, 2010, was a period of average activity (end 
of the preparations of the collection of summer); and the second period, from August 27 to 
September 12, 2010, a period of significant activity (preparations for the winter collection, the 
return to school, and the holiday season after Ramadan). A total of 55 atmospheric samplings 
of which 33 individual and 22 fixed samplings: 17 industrial enterprises, 23 semi-industrial 
enterprises, and 15 artisanal enterprises.

3.2. Atmospheric dosages of solvents

Employee exposures according to the industrial process show high levels of I.exp., especially 
in semi-industrial and artisanal type 1 enterprises during the two periods of activity, particu-
larly during the period of high-activity (Table 2).

The atmospheric concentrations according to the workstation shows I.exp. and/or I.pol 
exceedances for the exhibitor stations (tigers, foundries, and finishes) in the processes: indus-
trial, semi-industrial and artisanal type 1 (Table 3). At the silkscreen station in the industrial 
process, occupied by a young woman of childbearing age, the I.exp. is equal to 9.4.

The set of atmospheric measurements carried out in the different companies shows that the 
solvent exposure varies from one process to another and from one station to another (Table 4). 
The average atmospheric concentrations of hexane were particularly high with exceedances of 
the AEV including the position of the tiller, the melter, and the finish in all processes with the 
exception of the artisanal process type 2. With the exception of MEK at the uppers preparation 

Process Company Samples

Number Individual Ambience

Exposure index (I.exp) Pollution index (I.pol)

n min-
max

average n min-
max

average

Industrial 1 5 3 0.3–1.1 0.7 2 0.5–
0.8

0.6

2 2 1 — 1.8 1 — 0.3
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6.8 1 — 0.0
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3 4 2 0.2–2.5 1.3 2 0.2–
0.4

0.3
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5 4 1 — 5.6 3 4.3–
8.8

6.8
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The atmospheric concentrations according to the workstation shows I.exp. and/or I.pol 
exceedances for the exhibitor stations (tigers, foundries, and finishes) in the processes: indus-
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process, occupied by a young woman of childbearing age, the I.exp. is equal to 9.4.
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Process Workplace Samples

Number Individual Ambience

Exposure index (I.exp) Pollution index (I.pol)

n* Min–
Max

Average n Min-
Max

Average

Industrial Cutting 1 / 1 — 0.0

Stitching 1 / 1 — 0.8

Uppers preparation 4 3 0.9–19.8 8.4 1 — 0.5

Founder 7 5 0.3–3.5 1.5 2 0.3–0.8 0.5

Finishing 3 3 0.9–1.8 1.2 /

Serigraphy 1 1 — 9.4 /

Semi-industrial Uppers preparation 8 4 0.5–2.5 1.6 4 0.1–7.2 2.5

Founder 12 10 0.2–5.6 1.8 2 0.2–8.8 4.5

Finishing 3 / 3 0.3–4.3 1.7

Artisanal Uppers preparation 5 2 0.1–1.6 0.9 3 0.9–5.1 2.5

Founder 8 5 0.4–6.4 2.7 3 0.4–0.7 0.6

Uppers preparation/
founder

2 / 2 0.5–0.6 0.6

Total = 33 Total = 22
*Number of samples.

Table 3. Employee exposure index by workstation.

Process Company Samples

Number Individual Ambience

Exposure index (I.exp) Pollution index (I.pol)

n min-
max

average n min-
max

average

Artisanal Type 1 1 2 1 — 0.1 1 — 0.4

2 1 / 1 — 0.7

3 1 / 1 — 0.8

4 3 2 0.4–1.7 1.1 1 — 1.6

5 2 1 — 1.5 1 — 0.9

6 2 2 1.6–3.4 2.5 /

7 2 1 — 6.4 1 — 5.1

Type 2 8 1 / 1 — 0.5

9 1 / 1 — 0.6

Total = 33 Total = 22

 First Period: May 28 to July 21, 2008.
 Second Period: from August 27 to September 12, 2008.

n: number of measurements taken.

Table 2. Atmospheric exposure of employees according to the manufacturing process in the 18 companies.
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Process Workplace Samples

Number Individual Ambience

Exposure index (I.exp) Pollution index (I.pol)

n* Min–
Max

Average n Min-
Max

Average

Industrial Cutting 1 / 1 — 0.0

Stitching 1 / 1 — 0.8

Uppers preparation 4 3 0.9–19.8 8.4 1 — 0.5

Founder 7 5 0.3–3.5 1.5 2 0.3–0.8 0.5

Finishing 3 3 0.9–1.8 1.2 /

Serigraphy 1 1 — 9.4 /

Semi-industrial Uppers preparation 8 4 0.5–2.5 1.6 4 0.1–7.2 2.5

Founder 12 10 0.2–5.6 1.8 2 0.2–8.8 4.5

Finishing 3 / 3 0.3–4.3 1.7

Artisanal Uppers preparation 5 2 0.1–1.6 0.9 3 0.9–5.1 2.5

Founder 8 5 0.4–6.4 2.7 3 0.4–0.7 0.6

Uppers preparation/
founder

2 / 2 0.5–0.6 0.6

Total = 33 Total = 22
*Number of samples.

Table 3. Employee exposure index by workstation.

Process Company Samples

Number Individual Ambience

Exposure index (I.exp) Pollution index (I.pol)

n min-
max

average n min-
max

average

Artisanal Type 1 1 2 1 — 0.1 1 — 0.4

2 1 / 1 — 0.7

3 1 / 1 — 0.8

4 3 2 0.4–1.7 1.1 1 — 1.6

5 2 1 — 1.5 1 — 0.9

6 2 2 1.6–3.4 2.5 /

7 2 1 — 6.4 1 — 5.1

Type 2 8 1 / 1 — 0.5

9 1 / 1 — 0.6

Total = 33 Total = 22

 First Period: May 28 to July 21, 2008.
 Second Period: from August 27 to September 12, 2008.

n: number of measurements taken.

Table 2. Atmospheric exposure of employees according to the manufacturing process in the 18 companies.
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and screen printing stations in the industrial process, the concentrations of the other solvents 
measured (acetone, cyclohexane, and toluene) were relatively high without exceeding the AEVs.

4. Discussion

This study is the first active sampling approach in the field of occupational health in Tunisia. 
It initiates the implementation of a structured approach in occupational toxicology and the 
environment by our laboratory in the theme of the impact of hazardous substances on the 
environment and human health. It required the acquisition of sampling equipment, which is 
of great interest to develop this type of toxicological measures and to carry out new measure-
ment campaigns in Sfax city.

We had to experience a delay in carrying out our atmospheric sampling due to the various dif-
ficulties related to the development of the solvent analysis protocols. Indeed, we have carried 
out bibliographic research and repeated laboratory tests in the absence of technology transfer 
(North–South) methods of analysis [16, 29, 30].

For about 10 years the use of solvents is in full revolution, because of the constraints of PRP, 
but mainly because of regulatory requirements of the protection of the environment. These 
regulatory changes lead to changes in the nature of the solvents applied and in the way, they 
are used [11, 23, 31]. In addition, the number of employees exposed continues to increase in 
Tunisia. In France, the summer 2003 survey showed that the number of employees exposed 
to solvents has increased since 1994, from 12.2 to 14.7%, mainly in the chemical industry [2].

If these atmospheric metrology and toxicological analyzes were made for the first time in the 
footwear manufacturing sector in Sfax, they interested a sample of companies from the three 
footwear manufacturing processes (industrial, semi-industrial and artisanal) and were pre-
ceded by a preliminary RA with a post-study and an inventory of the products handled [5, 6].  
This RE could be improved by the experience we have gained and with the best knowledge 
of this sector and its risks.

All samples taken from companies indicate that employee exposure to organic solvents varies 
widely depending on the task performed. Exposure indices were greater than 1 with VME over-
runs, particularly at the most exhibiting positions: the tiller, the smelter, and the finish. In our 
study, hexane levels were particularly high with averages ranging from 24.4 to 300.1 mg/m3; 
while toluene levels were relatively high in some measurements but averages were below the 
VME range of 21.3–138.5 mg/m3. In Spain and according to Cardona [32, 33], in his studies on 
the manufacture of footwear in the process the welded, by means of passive sampling (by badge) 
the average atmospheric concentration of hexane and toluene at the positions of founders, and the 
finish was, respectively, 47 and 86 mg/m3 with a range of 4–652 and 2–1143 mg/m3, respectively.

5. Conclusion

This study allowed us to know the chronic exposure to solvents in Tunisian shoes industry 
and to establish the first report on solvent exposure profiles in this sector. This exposure is not 

Paint and Coatings Industry8

constant over time and varies according to the task performed and the manufacturing process. 
Therefore, the study of exposure to the workplace requires not only the average exposure to the 
AEV but also to identify the polluting phases to determine the short-term exposure to the AEV.

Following the phase of identification of solvents and the demonstration of exceedances of the 
limit values of certain solvents, the presence of women has increased in the shoe manufactur-
ing companies, which encourages us to explore the reprotoxic nature of certain preparations. 
An approach to assess occupational risk through exposure bio-toxicological monitoring has 
thus been implemented in Sfax city in various sectors exposing solvents for a better POR.
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and screen printing stations in the industrial process, the concentrations of the other solvents 
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but mainly because of regulatory requirements of the protection of the environment. These 
regulatory changes lead to changes in the nature of the solvents applied and in the way, they 
are used [11, 23, 31]. In addition, the number of employees exposed continues to increase in 
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constant over time and varies according to the task performed and the manufacturing process. 
Therefore, the study of exposure to the workplace requires not only the average exposure to the 
AEV but also to identify the polluting phases to determine the short-term exposure to the AEV.

Following the phase of identification of solvents and the demonstration of exceedances of the 
limit values of certain solvents, the presence of women has increased in the shoe manufactur-
ing companies, which encourages us to explore the reprotoxic nature of certain preparations. 
An approach to assess occupational risk through exposure bio-toxicological monitoring has 
thus been implemented in Sfax city in various sectors exposing solvents for a better POR.
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Abstract

Production of medium-sized and large castings is carried out in the sand moulds. The 
sand moulds, which components are made of moulding sand, the binder are different 
kinds of materials, the most common: moulding resins (furan, alkyd, phenolic, etc.). 
Internal surfaces of moulds, for increased thermal resistance, are usually covered by 
protective coatings. Liquid foundry alloys filling sand moulds produce intense heat, 
especially in layers adjacent to the cast. Under such conditions, the organic binders are 
burned or gasified. The resulting gases can penetrate the liquid causing the formation 
of defects such as blow-holes, pinholes, pitted skin, etc. The greater the intensity of the 
secretion of gases and the greater their volume (number), the more likely defects are cre-
ated in castings. An important quality criterion of foundry resins is their tendency to emit 
gas. The authors developed the new test method, which allows to monitor the kinetics 
of gas emissions from the moulding sand and foundry coatings as a function of time and 
temperature (thermal volumetric analysis (TVA)). A number of studies were made for 
moulding sand with organic binders. Description of the research methodology and the 
presentation of results are the subject of the article.
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1. Introduction

Heating of foundry moulds by liquid metal filling the inlet system and mould cavity causes 
often heating of the successive - deeper and deeper situated - layers of the mould, to a very 
high temperature. In case of cast steel, a temperature of layers adjacent to the casting surface 
often exceeds 1000°C. In case of other alloys, heating is also very intensive; however, such 
a high temperature is not reached. A part of components of moulding and core sands and 
protective coatings, applied in the casting technology, undergoes gasification (burning or dis-
tillation). Gaseous products heated to high temperatures constitute an additional volume of 
gases, apart from the heated air. These gases should be removed from the mould cavity before 
it will be filled with metal. When they are not completely removed the gas pressure increase 
is observed in the mould cavity and in moulding (core) sand layers adjacent to the mould cav-
ity. This often causes the penetration of gases into liquid and solidifying metal, which leads 
to casting surface defects classified as originated from gases. They are in a form of pinholes, 
blow-holes (internal or external), or shrinkage gaseous porosity. Examples of castings with 
surface defects are shown in Figures 1–5.

A trend of formation of this group of defects depends on several factors, but nearly always 
grows with an increasing gasification of moulding sands and protective coatings. The gasifi-
cation is understood as a tendency of the material to form gases when it is heated. Therefore, 
investigations of the moulding sands gasification, understood as the amount of gases emitted 
by the mass unit of the material heated to app. 1000°C are often performed. The total amount 
of gases emitted from the moulding sand is important and has an essential influence on form-
ing the described defects. However, the instantaneous values of gas pressures-at the metal 
and mould boundary-decide whether gaseous defects (shown in Figures 1–5) will appear. 
The higher is the gas pressure in the mould, during the initial phase of alloy solidification, 

Figure 1. Iron casting with visible blow-holes on the surface, produced in the mould of wet bentonite moulding sand 
high-pressure technology.

Paint and Coatings Industry14

Figure 2. Pump body casting of Al-Si alloy with visible blow-holes on the surface, produced in the sand mould - hand 
moulding technology.

Figure 4. High-dimensional iron casting with visible gaseous defects on the surface, produced in the sand mould-hand 
moulding technology with the application of moulding sand with furan resin.

Figure 3. Casting of spheroidal cast iron with the visible defect of the gaseous origin, called pitted skin, produced in the 
wet bentonite mould - machine moulding technology [1].
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Figure 2. Pump body casting of Al-Si alloy with visible blow-holes on the surface, produced in the sand mould - hand 
moulding technology.
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Figure 3. Casting of spheroidal cast iron with the visible defect of the gaseous origin, called pitted skin, produced in the 
wet bentonite mould - machine moulding technology [1].

Thermal Volumetric Analysis (TVA): A New Test Method of the Kinetics of Gas Emissions…
http://dx.doi.org/10.5772/intechopen.78369

15



the more probable is the defect formation. Thus, in assessing the gasification of materials 
applied in the moulding sand technology, there is a necessity of determining the gas emission 
kinetics in relation to the heating time and-even better-as the function of the instantaneous 
temperature at which they evolve.

The results of the gas emission investigations realised according to the new concept and with 
the application of the new measuring method, which allows for the parallel measuring of gas 
volumes in the time unit in relation to the instantaneous temperature at which the process is 
performed, are presented in this chapter.

1.1. Analysis of the problem and the research stand construction

Evolutions of gases from heated materials are physical processes related to the decomposition of 
components, their distillation or burning. These processes are accompanied by the sample mass 
loss and thermal effect (emission or absorption of thermal energy), leading to the instantaneous 
temperature increase or decrease. For investigating the described processes the thermogravimetry 
(TG) is applied, while when the mass change rates of heated samples are tested the derivative 
thermogravimetry (DTG) is used. The TG curve constitutes the function expressing changes of the 
sample mass (Δm) in dependence of time (t) or temperature (T) [2]:

  ∆m = f (t)  → f (T)  → TG  (1)

The first derivative of this function versus time, expresses the mass change rate:

    d (m)  ____ d (t)    =  f    ′  (t)  →  f    ′  (T)  → DTG  (2)

The DTG curve is characterised by the maximum and minimum peaks, occurring at the deter-
mined temperature values. In these points, the process rates are the highest. Devices called 
derivatographs are simultaneously used for recording the TG curves and thermal analysis 
(DTA) of the tested material. The schematic presentation of such device is shown in Figure 6.

The analysis of the mass changes kinetics of heated materials, applied in the mould casting 
technology, is not sufficient for assessing their technological suitability. The analysis of the 
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casting technology.
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amount and kinetics of evolved gases, related to the sample mass change, is also necessary. 
No simple quantitative relationship exists between the kinetics of the evolution of gases and 
the kinetics of mass changes of heated materials undergoing a decomposition (burning). It is 
not possible to calculate the volume of gases evolved during heating, from the mass changes 
of the material, which was thermally decomposed.

The authors of the hereby paper developed the investigation method of the thermal decom-
position of materials in which measurements of instantaneous amounts of gases evolved from 
the sample in the heating process, instead of the instantaneous sample mass changes, are per-
formed. The temperature of the tested material sample is measured simultaneously. In analogy 
to the TG this new investigation method was named thermal volumetric analysis (TVA) – inves-
tigations of the kinetics of the evolution of gases from materials subjected to the thermal decom-
position. In analogy to Eqs. (1) and (2), descriptions of the volume changes of gases generated 
in the thermal decomposition process of materials are of the general form of Eqs. (3) and (4).

  ∆ V = f (t)  → f (T)  → TV  (3)

    d (V)  ____ d (t)    =  f   
 ′  (t)  →  f    ′  (T)  → DTV  (4)

Figure 6. Schematic presentation of the derivatograph: 1 - furnace, 2 - crucible with the standard material, 3 - crucible 
with the tested material, 4 – Thermocouples, 5 – Scale, 6 – Induction coil, 7 – Magnet, 8 – Lamp, 9 – Galvanometer, 
10 – Thermobalance [2].
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amount and kinetics of evolved gases, related to the sample mass change, is also necessary. 
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not possible to calculate the volume of gases evolved during heating, from the mass changes 
of the material, which was thermally decomposed.

The authors of the hereby paper developed the investigation method of the thermal decom-
position of materials in which measurements of instantaneous amounts of gases evolved from 
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formed. The temperature of the tested material sample is measured simultaneously. In analogy 
to the TG this new investigation method was named thermal volumetric analysis (TVA) – inves-
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where ΔV – volume of gases, formed as a result of the thermal decomposition (burning) of 
the material.

Materials for casting moulds and cores are assessed in respect of their gas forming ability. 
The most often, in up to now investigations, the measurements of the total volume of gases 
evolved from the unit mass sample [2–7] were performed, while a part of them was per-
formed with the determination of the evolution rates in the successive time heating intervals 
[2, 8–11]. Thus, only dependencies that constitute the first members of Eqs. 3 and 4 were deter-
mined. It was only when the investigations described in the chapter of authors [12–16] were 
published that it was possible to assess the amount and rate of gases evolution in relation to a 
temperature. These measurements can be considered as the beginning of the derivative TVA 
- investigations of the kinetics of the evolution of gases from casting materials as the heating 
temperature function (TV). In a similar fashion as in the TG, where the most important struc-
ture element is the moulding sand probe (crucible) equipped with thermocouple (item 3 in 
Figure 6), in the thermal volumetric method the most important element of the research stand 
is the test probe equipped with the temperature sensor (B2) shown in Figure 7.

The test probe (B) in which the sample of the tested moulding sand is placed, was designed 
and built as unilaterally closed measuring flask of a pipe shape. To increase its resistance to 
thermal shocks the test probe was made of heat-resistant steel. On the other side, the test probe 
was equipped with a sealed valve (Figure 7B4). This closing valve allows for directing the gas, 
evolving from the sample to the measuring system. The same valve, after being disconnected 
from the probe (pipe), allows for the analysed moulding sand replacement (P). After perform-
ing the measurement the test probe is emptied of the tested (heated) moulding sand and puri-
fied from its remains. To reduce the test probe inner space filled with air, an insert is placed 
inside it (Figure 7B3). On the outer surface of the test probe, the pipe (B2) - guide bar - with 
ceramic insulators inside was placed. In these insulators, the thermocouple conduits of the ‘S’ 
type (Pt–PtRh10) (B1) were interlaced. A measuring junction of the thermocouple is placed 
in the zone where is the tested moulding sand sample (P). Such solution ensures an accurate 
and continuous temperature control of this moulding sand (P). The thermocouple conduits 
being at the end of the test probe were connected to the compensation conduit (B6) and to the 
temperature recorder.

The schematic presentation of the new stand for testing the gas evolution kinetics and for 
assessing gas generations of moulding sands-within TVA is provided in Figure 8. The test 
probe with the tested moulding sand (B) is introduced into the tubular style furnace PSR-1 
(Figure 8A2) with a temperature controlled by means of a thermocouple (A3) as well as the 

Figure 7. Structure of the measuring sensor (B) for the thermal volumetric investigations [12].
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power supply and digital regulator (A4) systems. The back side of the furnace operating pipe 
is closed by thermo-insulating wool (A1) to limit temperature drops caused by the air flow. 
The air filling the cold test probe (increasing its volume as a result of heating), as well as the 
gas, originated from the decomposition of the tested moulding sand binder are directed-via 
a complex of conductors (B5)-to the system measuring their volume. The system comprises 
a three-way pipe distributing gas to the low-pressure meter (Figure 9C) and to the glass con-
tainer with water (D1).

In the bottom part of the vessel with water, there is a drain, closed with a plug with a drain 
pipe. Gas originated from the thermal decomposition of the tested material (from the test 
probe Figure 7) is introduced via the top valve. This gas flowing into vessel D1 pushes out 
water from it in such volume as the gas itself occupies in the vessel. Water flowing out via the 
bottom valve of the vessel is first directed, by a rubber hose, to the pressure ‘controller’ (hydro-
static pressure) of the stand (D2) and then to the outlet zone of the pipe. It flows out from the 
pipe in a form of individual drops with the intensity corresponding to the gas evolution rate. 

Figure 9. Schematic presentation of the measuring section of the gas evolving from the heated sample of the tested 
material [12].

Figure 8. Schematic presentation of the laboratory stand for testing the gases evolutions kinetics and for assessing gas 
generations of moulding and core sands [12].
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Under the outlet zone of the pipe, the vessel (D4) was placed on the tensometric laboratory 
scale, equipped with the electronic system for the data collection and transmission to the com-
puter. The thermocouple placed in the test probe (Figure 7B) is connected to the computer via 
the recorder Agilent 34970A (Figure 8E). During the measurements, the data concerning the 
temperature and volume of gases evolving at a particular time are gathered. Due to the fact 
that the water specific density equals 1 g/cm3, the number of grams of water pushed out by 
the gas flowing into the vessel corresponds to its volume, which facilitates the measurement-
calculation procedure.

Measurement method: The test probe filled with the tested material sample (e.g., moulding sand) 
is introduced into the furnace heated to a predefined temperature. The sample is weighed by 
means of the laboratory scale, with an accuracy of up to 0.01 g. The sample quantity is selected 
in a way assuring uniform heating in the whole volume, namely, it cannot be too large. On the 
other side, it should not be too small because small amounts of evolved gases make difficult 
their accurate measurements. At the determined measuring accuracy of devices (tensammet-
ric scale), measuring of small values (water pushed out from the vessel) are burdened with a 
higher relative error.

A thin layer of the moulding sand sample assures fast heating of its total volume and simulta-
neous gasification (burning) in the entire volume of the tested material. The weighted portion 
of the moulding sand is put into a clean test probe, and then a roller (B3) is inserted to reduce 
a ‘dead volume’ of the measuring system (test probe). After connecting the pipes, the water 
level in the vessel and outflow are equalised-the location of a drain pipe outlet. After water 
levelling the manometer – shows 0 mm of the water column. When the pressures are equal-
ised the software recording the volume of water pushed out from the vessel and recording the 
temperature of the heated moulding sand sample is activated. The gas source constitutes the 
tested sample undergoing a partial gasification. When the test probe is heated the gas volume 
in it increases, which while flowing out to the vessel with water induces the commencement 
of water flowing out. At the same time in the ‘on-line’ mode, the quantity of outflowing water 
as well as the temperature of the heated moulding sand is recorded.

The gathered data are then subjected to treatment and the results are the most often presented 
in forms of diagrams.

Test probe calibration: the test probe volume in the described version equals app. 40 cm3. When 
the test probe with the tested moulding sand is heated two processes simultaneously occur: 
increasing - due to heating - of the air volume filling the probe and the gas evolution from 
the tested material (e.g., moulding sand), which is subjected to distillation, burning, etc. The 
measurement of the total gas volume pushed out from the container provides the erroneous 
gasification value of the tested material. It could be called either the total gasification or apparent 
gasification. The total volume of gases flowing out from the container depends on the propor-
tion between the working volume of the test probe and the moulding sand sample volume 
(weight). The higher working volume of the test probe the more ‘erroneous’ is the picture of 
the real gasification of the moulding sand.

In order to make possible the determination of the real amount of gases formed due to the 
moulding sand decomposition, it is necessary to determine the volume increase of the air 
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heated to the selected temperature in the test probe. This measurement can be called the test 
probe ‘calibration’ since it is based on recording the increasing gas (air) volume during heat-
ing the test probe to the selected temperature. To perform the measurement of the real gas 
evolution from the tested moulding sand sample the calibration results should be subtracted 
from the recorded amounts of gases evolving from the sample.

The obtained results should be divided by the amount of the tested moulding sand. 
Then the achieved result will be the quantity of gases emitted by 1 g of the moulding 
sand at the given temperature. In case of materials consisted of the matrix (which is not 
decomposed) and the binder, it is possible to recalculate the results into the weight frac-
tion of the binder itself. For this purpose, the moulding sand composition and the binder 
percentage fraction should be known. In such case it is possible to refer to the specific 
gas evolution, it means to 1 g of the binder contained in the moulding sand (not to 1 g of 
the moulding sand).

2. Thermal volumetric analysis applied for testing the materials used 
in the casting moulds technology

2.1. Kinetics of gases evolutions from core sands

A lot of castings produced in sand or metal moulds require applications of cores for the repro-
duction of internal shapes of castings. Due to the fact that casting cores are poured with metal 
nearly from all sides, their tendency for the evolution of gases is very important since very 
often these gases are retained in casting walls, forming defects. Especially in such cases, a low 
gas generation tendency of core sands is very important. The example of such casting can be 
the element of a bathroom battery. The half of the metal mould with the inserted sand core 
is shown in Figure 10. In this mould-after joining its two halves-the casting of the element 
of the domestic plumbing fittings, the so-called spout, will be made of brass. The sand core 
is produced in the hot box technology in which the core sand binders are thermohardened 
resins, the most often phenol or phenol-urea resins.

Investigations applying the new method thermal volumetry analysis were performed to 
assess the quality of moulding sands used for cores, from the point of view of their tendency 
for the evolution of gases during heating by liquid metal. The results of these tests are pre-
sented in Figures 11–14. Cores were produced of sands in which thermohardened resin, 
classified to the phenol group, was used. The core sand contained approximately 2.0% of 
phenol-urea resin, Resistal HB AT 12. Tests of gas evolution rates were carried out on the 
research stand, which scheme is shown in Figures 8 and 9. As it was already indicated, dur-
ing investigations of the moulding sand thermal decomposition and the evolution of gases 
accompanying this process-performed by the new method-the continuous measurements of 
the sample temperature and the volume of gases generated by the heated moulding sand 
were carried out. In addition, the test probe calibration described above was performed. The 
obtained results are presented in Figure 11. On their bases, according to general Eq. 4, the 
gases evolution rates as the heating time function (Figure 12) and as the material (in this case 
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heated to the selected temperature in the test probe. This measurement can be called the test 
probe ‘calibration’ since it is based on recording the increasing gas (air) volume during heat-
ing the test probe to the selected temperature. To perform the measurement of the real gas 
evolution from the tested moulding sand sample the calibration results should be subtracted 
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The obtained results should be divided by the amount of the tested moulding sand. 
Then the achieved result will be the quantity of gases emitted by 1 g of the moulding 
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decomposed) and the binder, it is possible to recalculate the results into the weight frac-
tion of the binder itself. For this purpose, the moulding sand composition and the binder 
percentage fraction should be known. In such case it is possible to refer to the specific 
gas evolution, it means to 1 g of the binder contained in the moulding sand (not to 1 g of 
the moulding sand).

2. Thermal volumetric analysis applied for testing the materials used 
in the casting moulds technology

2.1. Kinetics of gases evolutions from core sands

A lot of castings produced in sand or metal moulds require applications of cores for the repro-
duction of internal shapes of castings. Due to the fact that casting cores are poured with metal 
nearly from all sides, their tendency for the evolution of gases is very important since very 
often these gases are retained in casting walls, forming defects. Especially in such cases, a low 
gas generation tendency of core sands is very important. The example of such casting can be 
the element of a bathroom battery. The half of the metal mould with the inserted sand core 
is shown in Figure 10. In this mould-after joining its two halves-the casting of the element 
of the domestic plumbing fittings, the so-called spout, will be made of brass. The sand core 
is produced in the hot box technology in which the core sand binders are thermohardened 
resins, the most often phenol or phenol-urea resins.

Investigations applying the new method thermal volumetry analysis were performed to 
assess the quality of moulding sands used for cores, from the point of view of their tendency 
for the evolution of gases during heating by liquid metal. The results of these tests are pre-
sented in Figures 11–14. Cores were produced of sands in which thermohardened resin, 
classified to the phenol group, was used. The core sand contained approximately 2.0% of 
phenol-urea resin, Resistal HB AT 12. Tests of gas evolution rates were carried out on the 
research stand, which scheme is shown in Figures 8 and 9. As it was already indicated, dur-
ing investigations of the moulding sand thermal decomposition and the evolution of gases 
accompanying this process-performed by the new method-the continuous measurements of 
the sample temperature and the volume of gases generated by the heated moulding sand 
were carried out. In addition, the test probe calibration described above was performed. The 
obtained results are presented in Figure 11. On their bases, according to general Eq. 4, the 
gases evolution rates as the heating time function (Figure 12) and as the material (in this case 
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the core sand) sample TV (Figure 13) are determined. Kinetics of the gases evolution shown 
in Figure 12 indicates that this process is intensive already in the first minute of heating. The 
sand without additional drying emits much more gases and much earlier, which favours the 
gaseous defects formation.

Figure 10. Metal mould (half of the mould) with the sand core.

Figure 11. Changes of the sample temperature and of the volume of gases, recorded during the test probe calibration and 
core sand measurements (without drying) for the hot box technology.

Paint and Coatings Industry22

Courses of the evolution of gases from cores without the previous drying and after addi-
tional drying are compared in Figure 13. The core was dried for 1 h at a temperature of 
100°C. Three maxima can be separated in the courses of the evolution rates ((dV/dt) = f (T)): 
the first one, when a temperature is near 100°C; the second, when the sample temperature 
is within 250–300°C range and the third, when the temperature is nearing approximately 
800°C. Gases from the core can penetrate the casting only during the period when metal is 

Figure 12. Kinetics of the evolution of gases from the core sand heated to app. 950°C.

Figure 13. Intensity of the evolutions of gases from the heated core sand, applied in the hot box technology, as the 
heating TV.
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the core sand) sample TV (Figure 13) are determined. Kinetics of the gases evolution shown 
in Figure 12 indicates that this process is intensive already in the first minute of heating. The 
sand without additional drying emits much more gases and much earlier, which favours the 
gaseous defects formation.

Figure 10. Metal mould (half of the mould) with the sand core.

Figure 11. Changes of the sample temperature and of the volume of gases, recorded during the test probe calibration and 
core sand measurements (without drying) for the hot box technology.
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in the liquid state. In case of the casting shown in Figure 10, this period is no longer than 
app. 10 s. Therefore, for the production technology of these castings, two first peaks-seen in 
Figure 13-are important. Especially dangerous is the occurrence of the first maximum since 
in this period metal poured into the mould is still in the liquid state. The practical conclusion 
from the described example of the TVA is such: the cores produced in the hot box technology 
with using phenol-urea resin as a binder should be dried, to get rid of the first peak of the 
volume of gases seen in Figures 12 and 13.

The developed investigation method allows to analyse the process of evolution of gases from 
the selected material either as the heating time function (Figure 12) or as the TV (Figure 13). 
These two parameters: temperature and time cannot be physically separated since the tem-
perature changes occur in parallel with the heating time changes. However, on the bases of 
the same data, the spatial picture of the gases evolution intensity from the heated material 
can be built in the real-time function and the real TV. The example of such approach to the 
description of the gases evolution from the tested core sand, for which partial dependen-
cies are shown in Figures 12 and 13, is presented in Figure 14. It can be noticed, that the 
intensive evolution occurs at the very beginning of the heating process and at a relatively 
low-temperature. At further heating, regardless of the higher temperature, the intensity of the 
gases evolution decreases. When the tested material was approaching this higher temperature 
a large amount of the binder (resin) was already gasified. This particular conclusion concerns 
only the tested core sand with the phenol-urea resin. Other materials will be forming a differ-
ent picture of the gas evolution courses.

Figure 14. Intensity of gases evolutions from the core sand as the TV and the heating time function.

Paint and Coatings Industry24

2.2. Kinetics of the gases emission from protective coatings

Inner surfaces of sand moulds and cores, in order to increase their thermal resistance, are often 
covered by various protective coatings. A potential source of gases in protective coatings is 
diluents (alcohols, water), which, regardless of drying of coatings deposited on moulds, are 
not always completely removed. Water in coatings can occur as a diluent (free water) or as 
a component of material used for making the coating (e.g., bentonite) and in such case, it is 
the so-called bound water. To improve rheological properties of coatings various additions 
are often introduced (e.g., polymers), which can also be the source of gases originated dur-
ing the mould heating after covering it with liquid metal. Also, metal moulds are covered 
by protective coatings to decrease the casting cooling rates, for the easier separation of cast-
ings from moulds and to protect the mould surface against thermal shocks. However, at the 
increased inclination of coatings for the gases evolution, casting surface defects can be formed 
(Figure 5).

In the previous solution, the assessment of the coatings inclination to evolve gases during 
heating was performed on the bases of DTG investigations. Information concerning the tem-
perature at which the heated material sample decreases its mass, due to the gasification of 
some of its components, was obtained from these tests. The scale of the sample mass changes 
could be utilised for predicting amounts of gases, by means of proportion: larger changes of 
the sample mass-larger volumes of gases. During the DTG tests, the heating process of the 
sample is performed with a constant and usually small rate. Heating of the casting moulds 
elements is abrupt. The research stand for the thermal volumetric tests described in the 
hereby paper is prepared for very fast heating of the material sample, which corresponds 
to the conditions occurring in casting moulds after being poured with liquid metal. To com-
pare both methods assessing the thermal decomposition of materials, one protective coating 
was tested by means of the TG, DTG and TV, DTV methods. Schematic presentations of the 
research stands for both methods are shown in Figure 15, indicating that the main difference 
constitutes the construction of test probes: one is used for testing changes of the sample mass 

Figure 15. Schematic presentation of the research stands for the DTG and thermal volumetric analysis (DTV).
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DTG, while the other one – for testing the volume of gases evolving from the heated material 
(DTV). If the heating rates were the same on both stands the diagrams of mass changes and of 
volume changes of gases, presented as the TV, would be very similar.

Since the situation is not like that, in order to find differences the comparable investiga-
tions of one protective coating were performed by both methods. Investigations concern the 
alcoholic coating, called Velvacoat GH70, applied for sand moulds and cores. The results 
of thermogravimetric tests (DTG) are seen in Figure 16, while the results of investigations 
of evolutions of gases and their rates (DTV) in Figure 17. In the qualitative approach, a 

Figure 17. Investigation results (thermal volumetric analysis DTV) of the alcoholic coating (Velvacoat GH70).

Figure 16. Investigation results (thermogravimetry DTG) of the alcoholic coating (Velvacoat GH70).
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significant similarity of the DTG and DTY curves can be noticed since in both cases peaks 
of changes of derivative values occur at similar temperature values. The first peaks occur at 
a temperature app. 100°C, the second at 250–300°C and the third, the highest, at tempera-
tures 450–500°C. The fourth peak occurring in the TDG curve at temperatures 700–800°C 
is not clearly recorded in the TDV line. The results obtained from comparing these two 
methods indicate that the assessments of the thermal decomposition coincide with each 
other. However, the new investigation method, thermal volumetric analysis, provides 
additional important information on materials, essential for several technological produc-
tion processes. The intensive evolution of gases from heated materials renders difficult the 
technologies of casting production regardless of being realised in sand, ceramic or metal 
moulds.

The thermal volumetric method was also applied in investigations of other protective coat-
ings used for covering sand cores. During the preparation of coatings, they are usually 
diluted with alcohol, which vapourises after coatings are deposited on the core surface. 
To get rid of the diluent, before the gas evolution measurements, coatings were dried for 
2 h at a temperature of 130°C. After drying the coating was crushed to powder. Four coat-
ings of symbolic designations were tested. These coatings - after drying - are presented in 
Figure 18.

The gases evolution courses, during heating, are presented in Figures 19 and 20. The gas 
evolution courses as the TV are shown in Figure 19. It can be noticed, that peaks occur in two 
temperature ranges: 250–350°C and 550–600°C. Up to the present convictions, that only not 
properly dried coatings can be the source of gases in casting moulds after they were poured 
with liquid metal, are not confirmed. All tested coatings, regardless of being dried, emit sig-
nificant amounts of gases (Figure 19).

From the point of view of the technological suitability and maintaining a low risk of casting 
defects forming, the coatings characterised by the lowest gas emission should be selected. The 
second recommended feature is shifting of peaks of the most intensive emissions to higher 
temperature values. In such case, it is more probable that metal will solidify earlier than large 
amounts of gases from the coating will appear in the mould. Out of the compared coatings 
the lowest inclination for evolving of gases has the coating marked with BC3 symbol. The 
result of these investigations was positively verified in one of the Polish foundry plants. The 
developed new method of investigating the materials inclination for emissions of gases when 
they are heated (thermal volumetric analysis DTV), becomes the good tool for assessing the 
technological suitability of several materials, including protective coatings.

Figure 18. Alcoholic coatings, after 2 h of drying at 130°C.
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2.3. Kinetics of gases evolutions from expanded polystyrene

Currently the full mould technology in several versions is more often applied in the foundry 
practice. This technology essence comes down to using casting patterns made of expanded 
polystyrene. The pattern is expendable and after making the mould remains in it. The poured 
metal causes its gasification and by taking its place obtains the shape of the casting. The most 
important in this technology is the amount of gases originated from the casting pattern gas-
ification since it decides on the possibility of producing castings without defects. Equally 
important parameter, possibly even the most important one, is the intensity of the evolution 
of gases during pouring. In one technology the polystyrene pattern is covered by the coat-
ing layer, and after drying the whole is placed in the box with the dry sand. Gases from the 
polystyrene gasification process have to permeate at first through the protective coating and 
then through the sand, to be finely outside the mould. Too slow flowing out of gases from the 
inside of the mould can be the reason of the liquid metal gasification, changes of its chemi-
cal composition and the porosity formation [7]. Within the project of assessing materials for 
patterns for the full mould technology the kinetics of gases evolutions from three kinds of 
gasified materials was investigated. Investigations comprised: polystyrene of a white colour 
(ρo = 23.2 kg/m3), blue (ρo = 39.4 kg/m3) and extruded polystyrene Austrotherm XPS TOP 50 SF 
(ρo = 47.8 kg/m3) of a pink colour.

The results of gas evolutions of the tested polystyrenes are presented in Figures 21–24. The 
source material of the performed measurements is the record of temperature changes of the 
heated polystyrene sample and the record of the amount of gases emitted by the sample in 
successive seconds of its heating. Such record is presented in Figure 21. The amount of the 
evolved gas can be referred either to the sample mass (1 g) or to its volume (1 cm3). Referring 
to the material volume is more justified in the foundry practice. In such approach, in relation 
to the volume unit, the smallest amounts of gases emits white polystyrene, slightly more blue 

Figure 19. Gases evolution courses from alcoholic protective coatings applied for sand moulds and cores.
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polystyrene, while the highest amounts the ‘pink’ one. Differences reach more than 20% of 
the volume. Each of these polystyrenes has a different density, which is related to the amount 
of emitted gases. Apart from the amount the important factor is the rate of the gasification 
process of polystyrene. For ‘white polystyrene’ amounts of gases emitted in successive sec-
onds of heating are shown in Figure 22. The remaining materials have similar courses of the 
emission of gases. Three, different sizes, peaks of the gas evolution intensity can be singled 
out in the gasification process. Two first peaks are larger and occur one after another in a 
short time (after 30 and 60s), and the third one, significantly smaller, occurs much later, after 
approximately 160 s.

Figure 21. The course of heating of the expanded polystyrene samples and of the emission of gases.

Figure 20. Intensity of gases evolution (DTV) from protective coatings applied for sand moulds and cores.
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Assignments of temperatures, at which successive changes of the gases evolutions rates 
occur, are visible in Figures 23 and 24. Three temperature values, at which the acceleration of 
the gas emission process is quite visible, are seen in Figure 23. It can be seen more accurately 
in Figure 24. Applying the developed thermal volumetric method, derivatives dV/dt were 
determined and the temperature values were assigned to them (DTV). The first maximum 
of the gases emission rate occurs at a temperature of app. 130–140°C, the second - at a tem-
perature of app. 300°C, while the third, significantly smaller, at a temperature from the range: 
700–750°C.

Figure 22. Kinetics of the emission of gases from expanded polystyrene (white) during its gasification (heating of 1 cm3 
of polystyrene).

Figure 23. Gases evolutions during heating the polystyrene samples, the influence of a temperature on the amount of 
gases emitted from 1 cm3 of polystyrene.
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These are the temperature ranges and values at which the gas pressure in the mould rap-
idly increases and the mould (especially its coating) must be able to carry away these fast 
increasing amounts of gases. The gasification process of polystyrene is the most intensive at 
a temperature of app. 300°C. When comparing kinetics of gas evolutions from the expanded 
polystyrene (Figure 24) and from resin (Figure 13) their similarity can be noticed. This simi-
larity is due to the fact that these both materials are organic compounds.

3. Conclusions

The presented new method of investigating the kinetics of gases evolutions from materials 
subjected to heating, called the thermal volumetric analysis (DTV), constitutes the supple-
ment of the up to now applied thermo-gravimetric (DTG) method of testing the kinetics of 
the sample mass changes of the heated materials. As it was revealed in investigations both 
methods are compatible with each other, the thermo-gravimetry allows to determine tem-
perature values at which the thermal decomposition and gasification of the material compo-
nents occur, while the thermal volumetric analysis allows to determine the intensity of the 
emission of gases at the same temperature values. Tests carried out for several materials and 
plastics applied in casting technologies confirmed the high suitability of this method, and the 
obtained results can constitute the base for assessing the suitability of the given material for 
the casting process.

This new investigation method is currently at the stage of testing prototype solutions in con-
struction of the research stand and is, within this zone, improved. The range of the future 
applications of the thermal volumetric analysis should not be narrowed to materials used in 
foundry practice only. The problem of the intensive emission of gases from heated materials 
occurs in several processes and often complicates various technologies.

Figure 24. Influence of the temperature of polystyrene heating on the gases emission kinetics.
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Abstract

Self-healing polymers are a class of smart materials able to recover after sustaining dam-
age. A family of thermosetting epoxy resins, containing Diels-Alder (DA) adducts in the 
epoxy precursor backbone, has been prepared and characterized. The DA adducts can 
be reversibly cleaved and reformed under the appropriate thermal conditions, and this 
feature has been exploited to produce intrinsically self-repairing materials. This chapter 
focuses on the effects of different structural features, such as average number of cross-
linking functionality and molecular mobility of epoxy precursors, on the efficiency of 
healing process. High cross-linking density and molecular stiffness improve mechani-
cal performances, such as elastic modulus and glass transition temperature, and allow 
fabrication of self-healing fiber-reinforced composites by conventional manufacturing 
technologies. Within this chapter, the molecular design, the preparation, and the evalua-
tion of properties of self-healing epoxy and its composites have been discussed.

Keywords: thermo-reversible network, fracture toughness, self-healing,  
intrinsic healing, sustainable materials

1. Introduction

High-performance polymeric materials used in the automotive, aerospace, and space indus-
tries are progressively replacing metals as structural materials. However, their performances, 
such as mechanical properties, fatigue life, and esthetic features are usually deteriorated by 
severe in-service loads and/or environmental conditions. Therefore, the integration of recovery 
damage capability represents a major challenge for the next generation of technopolymers. [1]
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Soon after the landmark work by White and Sottos [2] demonstrating the concept of self-
healing features in a man-made material, the academic and industrial scientists recognized 
the ability of this new class of polymers to mitigate the effects of local damages in order to 
restore mechanical or functional properties and to postpone catastrophic failure of the whole 
structure. Two primary healing methodologies in polymers focus either on the incorporation 
of encapsulated healing agents in the polymer bulk or on the introduction of dynamic bonds 
in the macromolecular backbone. The former mechanism is referred to as extrinsic healing 
[2–4]: it is autonomic and is limited to a single, or to very few, healing events occurring in the 
same site. While the latter is referred to as intrinsic healing [5, 6]: it requires an external stimu-
lus for its activation and can be applied multiple times on the same damaged spot. A thermal 
process is convenient and effective for treatment of polymers with a wide range of sample 
sizes and treatment durations. As a result, temperature-dependent reversible covalent cross-
linking of polymers or block copolymers, such as DA-based materials, represents an effective 
method for the implementation of intrinsic self-healing into functional materials [5–8].

Self-healing thermosets potentially offer increased safety and durability of artifacts produced 
thereof, and remendable materials are particularly desirable for severe load-bearing applica-
tions in which repair and maintenance are costly and safety is concerned.

In addition, costs for material development and production would greatly benefit from 
the possibility to combine new self-healing materials with conventional resin and from the 
compatibility with current processing techniques. Nevertheless, the heterogeneity of people 
involved led to many strategies for improving the durability of existing materials or the syn-
thesis of brand-new polymeric systems. [1] The layout of an efficient strategy to achieve heal-
ing efficiency and balance it with mechanical performances exhibited by this new class of 
materials is a complex task.

This chapter will describe the results we achieved in developing a self-healing epoxy system 
based on DA reaction. At first, design parameters of an epoxy adduct able to induce mend-
ability will be discussed. Following, techniques to assess the healing capability of a polymeric 
material are described. Finally, the effort to fabricate composite structural material made by 
Diels-Alder (DA) thermoset will be discussed [8–10].

2. Molecular design for self-healing

Intrinsic healing mechanism relies on complex chemistry, and its development affords several 
combined advantages. Therefore, following recent interest of scientific community on this 
topic, development of chemical pathways leading to self-healing strategy will be discussed.

Several reversible bonds have been used to achieve self-mending functionality. Hydrogen 
bonds, Van der Waals forces, and electrostatic interactions in polymeric ionomers [11] are 
claimed to explain self-repair features in supramolecular structures, while covalent disulfide 
bridges [12], ester linkages [13], alkoxyamine moieties [14], and Diels-Alder bonds [15, 16] 
account for damage recovery in cross-linked structures. Among them, Diels-Alder chemistry 
has been widely adopted because of its simplicity, high efficiency, and repeatability through 
only the application of heat.

Paint and Coatings Industry36

Diels-Alder chemistry was first described by Otto Diels and Kurt Alder in 1928 [17] and is 
particularly useful in synthetic organic chemistry as a reliable and clean method for introduc-
ing a six-membered DA adducts on a wide range of organic substrates which can be end-
capped by reactive functional groups, such as epoxies, acrylates, amines, isocyanates, and 
hydroxyls. The DA reaction is a thermally reversible cycloaddition between a conjugated 
diene and a dienophile resulting in a cyclohexene derivative. The cross-linked DA adducts 
can undergo a cleavage reverse reaction at higher temperatures (rDA) [18, 19]. While several 
diene-dienophile couples are available for DA reaction, to date, the most investigated pre-
cursors are furan/maleimide derivatives. The bond energy of the new C-C σ bonds in DA 
adducts was evaluated to account to 96.2 kJ/mol [20], while other covalent bond energies are 
348 kJ/mol for C-C bonding and 293 kJ/mol for C-N [21]. Since covalent bonds are three to 
four times stronger than C-C σ bonds formed in DA adducts, cracks are more likely to form 
and propagate between the new formed bonds in DA adducts. Consequently, available diene 
and dienophile on the freshly generated surface increase the efficiency of the self-healing 
method, through the DA recombination. Another notable implication, resulting for the diene-
dienophile choice, is the temperature where the self-recovery can be achieved. The range for 
the rDA reaction of furan/maleimide derivatives is approximately at temperatures higher 
than 115–120°C, while at lower temperatures the DA recombination is favored.

When considering self-healing thermosets with the DA reaction, the local molecular mobility, 
displayed during mending cycles, is a key parameter affecting the healing efficiency. Fast 
and efficient damage recovery and DA bond recombination are achieved via a local and tem-
porary increase of mobility occurring at temperatures higher than polymer glass transition 
temperature but lower than rDA cleavage temperature. In the case of DA adducts based on 
the furan/maleimide couple, the processing window can be identified between the polymer’s 
Tg and rDA temperature.

Epoxy resins have been widely used due to their excellent heat resistance, outstanding cor-
rosion protection, high electrical resistivity, and superior mechanical properties. However, 
cracks might occur as a result of thermal stress and mechanical fatigues during processing 
and service conditions. Many papers already described epoxy resins containing DA adducts 
in their backbone [22, 23].

Following a related concept, bifunctional epoxy precursors cross-linked with amines [24] will 
be described in the present work. The choice to locate the reversible DA bond on the epoxy 
or on the amine moieties results in structurally equivalent networks, as far as the self-healing 
phenomena are concerned. Nevertheless, the synthetic path to produce epoxy DA adducts is 
easier with respect to the preparation of DA amines, due to the added complexity of amine 
protection/deprotection. For the sake of simplicity, tetrafunctional amines were used as cross-
linkers in the following, while the epoxy functionality was varied between two and four, to 
investigate about the effect of different cross-linking density.

Cross-linking density and conformational stiffness of molecular fragments between adjacent 
cross-links are the main parameters, which affect properties, such as Tg, mechanical stiffness, 
and overall molecular mobility. However, accurate experimental evaluation of cross-linking 
density is often difficult, especially for glassy and rigid polymers. Therefore, the use of an eas-
ily defined marker as a measure of cross-linking density is strongly envisaged. In this respect, 
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the average functionality of a mixture of monomers can be defined as the average number of 
functional groups per monomer molecule for all types of monomer molecules. It is defined by

   f  avg   =   
∑  N  i    f  i   __________ ∑  N  i  

    (1)

where Ni is the number of molecules of monomer i with functionality fi and the summations 
are over all the monomers present in the system. As a rule of thumb, reactive mixture with 
favg strictly equal to 2 can lead to high molecular weight linear polymer and favg smaller than 2 
results in low molar mass oligomers, while favg greater than 2 produces branched and cross-
linked networks. In our specific case, for a system consisting of 2 mol of di-epoxy and 1 mol of 
tetrafunctional amine, favg is 2.67; for a system consisting of 1 mol of tetrafunctional epoxy and 
1 mol of tetrafunctional amine, favg is 4.00. All the intermediate values are achievable by proper 
adjustment of the ratio between bifunctional versus tetrafunctional epoxy, stoichiometrically 
balanced by the amine.

In the case of conventional cross-linked networks, favg is invariant with respect to tempera-
ture, and the network cannot flow upon heating. If the network precursors include revers-
ible bonds, such as DA, favg decreases at high temperatures, after triggering the rDA cleavage 
reaction. Referring to the bi- and tetrafunctional DA epoxy cross-linked with conventional 
tetrafunctional amine, the favg drops to 1.60 in the former case, while the value is 2.67 for the 
latter one. Obviously, a high cross-linking density hinders molecular mobility: a value of favg 
higher than 2 prevents the healing phenomenon, if the condition holds true also in the cleav-
age state at high temperature.

The ability to adjust the molecular mobility during the healing cycle at a desired preset value 
is an important molecular design tool, which is helpful in addressing specific application 
requirements. For example, if the thermosetting DA resin is intended for restoration of small 
impact damages or micro-delaminations, which are often encountered in the case of barely 
visible impact damages (BVID) of composite materials, a moderate molecular mobility is 
required. The sample has to retain its geometry and fiber placement, and long-range viscous 
flows are detrimental. This target can be achieved tailoring the cleaved state favg so as its value 
is close to 2. On the contrary, if thermal recycling of thermoset is sought after, a high extent 
of molecular mobility is required in the cleaved state to allow materials to flow. While in 
the first case the overall material properties closely resemble the conventional thermosets, in 
the latter case, a dynamic thermoplastic-like state is achieved during self-healing. The epoxy 
mixture formulation can be properly adjusted to suit one of the previous conditions to achieve 
bespoke molecular mobility, measured by favg. For this purpose, cross-linking density of the 
cleaved stage can be preset to different levels, corresponding to reduced molecular mobility, 
by mixing bifunctional Diels-Alder epoxy with conventional epoxy or mixing a bi- and a 
tetrafunctional Diels-Alder epoxy. The introduction of conventional epoxy brings the added 
benefits of overall reduced costs because of the use of a cheaper precursor, while the introduc-
tion of tetrafunctional Diels-Alder epoxy benefits the healing efficiency increasing the overall 
concentration of DA functional groups.
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Further degree of freedom can be introduced in the molecular design if detailed precursor 
structure is considered. In fact, according to Figure 1(a), a symmetrical Diels-Alder precursor, 
bearing a pair of cleavable dienophile groups, can be considered. But the same structural 
features can be achieved using a smaller molecule, as shown in Figure 1(b). In the former 
case, the formation of an unbound dienophile allows higher molecular mobility, increasing 
therefore the healing efficiency.

The coexistence of a stable and a thermo-reversible polymeric network, required for the 
development of robust self-healing ability [8, 25], is depicted in Figure 2. The hybrid poly-
mer architecture is guaranteed by irreversible cross-links of conventional epoxy (green 
oval) with tetrafunctional amines (green rectangle) and reversible covalent bonds between 

Figure 1. Examples of of Diels-Alder adducts: a) symmetric molecules, b) asymmetric molecules.

Figure 2. Hybrid network scheme.
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are over all the monomers present in the system. As a rule of thumb, reactive mixture with 
favg strictly equal to 2 can lead to high molecular weight linear polymer and favg smaller than 2 
results in low molar mass oligomers, while favg greater than 2 produces branched and cross-
linked networks. In our specific case, for a system consisting of 2 mol of di-epoxy and 1 mol of 
tetrafunctional amine, favg is 2.67; for a system consisting of 1 mol of tetrafunctional epoxy and 
1 mol of tetrafunctional amine, favg is 4.00. All the intermediate values are achievable by proper 
adjustment of the ratio between bifunctional versus tetrafunctional epoxy, stoichiometrically 
balanced by the amine.
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ible bonds, such as DA, favg decreases at high temperatures, after triggering the rDA cleavage 
reaction. Referring to the bi- and tetrafunctional DA epoxy cross-linked with conventional 
tetrafunctional amine, the favg drops to 1.60 in the former case, while the value is 2.67 for the 
latter one. Obviously, a high cross-linking density hinders molecular mobility: a value of favg 
higher than 2 prevents the healing phenomenon, if the condition holds true also in the cleav-
age state at high temperature.

The ability to adjust the molecular mobility during the healing cycle at a desired preset value 
is an important molecular design tool, which is helpful in addressing specific application 
requirements. For example, if the thermosetting DA resin is intended for restoration of small 
impact damages or micro-delaminations, which are often encountered in the case of barely 
visible impact damages (BVID) of composite materials, a moderate molecular mobility is 
required. The sample has to retain its geometry and fiber placement, and long-range viscous 
flows are detrimental. This target can be achieved tailoring the cleaved state favg so as its value 
is close to 2. On the contrary, if thermal recycling of thermoset is sought after, a high extent 
of molecular mobility is required in the cleaved state to allow materials to flow. While in 
the first case the overall material properties closely resemble the conventional thermosets, in 
the latter case, a dynamic thermoplastic-like state is achieved during self-healing. The epoxy 
mixture formulation can be properly adjusted to suit one of the previous conditions to achieve 
bespoke molecular mobility, measured by favg. For this purpose, cross-linking density of the 
cleaved stage can be preset to different levels, corresponding to reduced molecular mobility, 
by mixing bifunctional Diels-Alder epoxy with conventional epoxy or mixing a bi- and a 
tetrafunctional Diels-Alder epoxy. The introduction of conventional epoxy brings the added 
benefits of overall reduced costs because of the use of a cheaper precursor, while the introduc-
tion of tetrafunctional Diels-Alder epoxy benefits the healing efficiency increasing the overall 
concentration of DA functional groups.
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Further degree of freedom can be introduced in the molecular design if detailed precursor 
structure is considered. In fact, according to Figure 1(a), a symmetrical Diels-Alder precursor, 
bearing a pair of cleavable dienophile groups, can be considered. But the same structural 
features can be achieved using a smaller molecule, as shown in Figure 1(b). In the former 
case, the formation of an unbound dienophile allows higher molecular mobility, increasing 
therefore the healing efficiency.

The coexistence of a stable and a thermo-reversible polymeric network, required for the 
development of robust self-healing ability [8, 25], is depicted in Figure 2. The hybrid poly-
mer architecture is guaranteed by irreversible cross-links of conventional epoxy (green 
oval) with tetrafunctional amines (green rectangle) and reversible covalent bonds between 

Figure 1. Examples of of Diels-Alder adducts: a) symmetric molecules, b) asymmetric molecules.

Figure 2. Hybrid network scheme.
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furan derivative diene (red pincer) and bismaleimide derivative dienophile (yellow square) 
of a DA adduct.

The left-hand side of Figure 2 is representative of the cross-linked structure which prevents 
viscous flows. At low temperatures, the material behaves like a thermoset. As the temperature 
is increased above the rDA threshold trigger, the cleavage of epoxy DA activates a higher 
molecular mobility. Small molecular fragments, depicted in the right-hand side schematic 
of Figure 2 as result of retro Diels-Alder reaction, symbolize distinguishing mobile state and 
viscous flow of thermoplastic material. Therefore, the presence of thermo-reversible chemical 
bonds switches the material state between thermoset-like behavior at low temperature and 
thermoplastic-like flow at high temperature.

3. Chemical-physical assessment on self-healing features

The presence of mechanical, thermal, or electrochemical damages results in regions with 
reduced performances with respect to the surrounding materials and deteriorates the overall 
response of the component.

The evaluation of self-healing efficiency is a complex task, which is not extensively disci-
plined yet in test standards or experimental procedures. It can be performed at different 
dimensional scales, starting from visual inspection or optical microscopy (OM) observation, 
up to spectroscopic techniques based on molecular interaction, comprising mechanical and 
dynamical-mechanical characterization [26].

The self-healing mechanism of thermo-reversible epoxy resins relies on the direct and reverse 
cycloaddition Diels-Alder reaction, which could be monitored by FTIR through the investiga-
tion of the spectral band of the C-O-C peak around 1180 cm−1 [8, 27]. Similarly, stretching 
vibrations in Raman spectra of C=C at 1501, 1575, 1585, and 1600 cm−1 bands, related to furan/
maleimide-based DA adduct, could be used to monitor the progress of the reactions [28]. Due 
to the system complexity, only the signal at 1501 cm−1, ascribable to C=C stretching vibration 
of the furan ring [28, 29], is a useful marker.

Since reversible epoxy thermosets exhibit properties of both highly cross-linked epoxy ther-
mosets as well as typical behavior of thermoplastics that soften and flow at elevated tem-
peratures, the study of thermomechanical behavior of self-healing DA system allows the 
identification of macroscopic behavior related to low-temperature highly cross-linked status 
or the high-temperature viscous thermoplastic-like condition.

Figure 3 depicts the healing and reshaping cycles of a composite coupon based on self-healing 
resin. Thermo-reversible bonds affect the molecular mobility [30]; therefore, the investigation of 
linear viscoelastic behavior is a suitable procedure to assess the self-healing feature of the material.

Rheological tests can be used to discriminate between the solid like behavior and the semi-
viscous state of degenerated networks, by measuring storage and loss moduli as a function of 
temperature [8, 31, 32].
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On the other hand, rheological experiments can effectively complement the mechanical and 
dynamical-mechanical characterization. Thermo-reversible epoxy resins, similar to conven-
tional ones, exhibit little elongation at break. This characteristic depends on the degree of 
cross-linking of the polymer chains, and then failure of such systems could be described in 
terms of linear fracture mechanics [6].

The experimental assessment of the fracture properties relies on the study of short-term 
monotonical loading.

The failures in polymeric materials are a result of chain scission and structural breakup. Self-
healing recovery of damaged polymeric structure prevents or reduces the fracture propaga-
tion. When the applied load exceeds the critical fracture stress, the crack grows. If the healing 
cycles preserve the initial shape and dimensions, the healing efficiency, η, may be calculated 
as expressed in Eq. (2):

  η =   
 σ  crit  healed 

 _____  σ  crit  virgin    ≈   
 K  crit  healed 

 _____  K  crit  virgin     (2)

where   σ  
crit

  healed   is the stress required to propagate the crack to a given length in the healed material 
and where   σ  

crit
  virgin   is the stress required to propagate the crack to approximately the same length 

in the virgin one. Analogously,   K  
crit

  healed   and   K  
crit

  virgin   are the stress-intensity factors for the healed and 
the virgin materials, respectively.

However, while the efficiency defined in terms of the applied stress represents an actual mea-
sured quantity, the same quantity expressed in terms of the stress-intensity factor represents 
an estimate using a fracture model. The lack of control inherent in the fracture process pre-
cludes a direct comparison.

Figure 3. Schematic of the transition between thermoset state and thermoplastic state triggered by temperature.
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Generally, the efficiency of the healing process is evaluated by the experimental comparison 
between the performance of intact and healed material [2]:

  η =   
 P  healed   _____  P  initial  

   ⋅ 100  (3)

The subscripts refer to whether the property is measured after healing (healed) or before dam-
age occurs (initial). In many cases, healing efficiency is defined in terms of the fracture tough-
ness [33] or in terms of material strength [34, 35] or material stiffness [10, 12].

4. Self-healing Diels-Alder epoxy systems

Self-healing feature increases the durability of thermosets by reducing the service costs for 
high-end applications. Unfortunately, the use of smart polymeric materials raises the issue 
of a compromise between material performance and integration of self-healing properties. 
Rigid materials have specific properties, which should remain unchanged by the self-healing 
chemistry both during use and later to a healing treatment. Such surfaces are usually made of 
highly cross-linked thermoset polymers; the incorporation of self-healing functionalities into 
their formulations can be problematic and needs to be investigated.

4.1. Synthesis of epoxy Diels-Alder adducts

Based on the hierarchical criteria developed on Section 2, a family of epoxy precursors was 
prepared integrating Diels-Alder precursors 2Ph2Epo and 2Ph4Epo cross-linked with tetra-
functional amines (Table 1).

The two precursors differ in number of epoxy groups, keeping central furan/maleimide DA 
adduct fixed. Structural formulae of epoxy precursors are shown in Table 1. The 2Ph2Epo is 
characterized by the presence of two oxirane rings and two Diels-Alder adducts. The intro-
duction of two additional functional groups results in 2Ph4Epo.

Acronym Molecular structure Mw (gmol−1)

2Ph2Epo 666.68

2Ph4Epo 776.84

Table 1. Diels-Alder epoxy precursors.
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To induce the self-healing capability, two identical dienes (furfural derivatives) were capped 
on a bismaleimide dienophiles, resulting in a symmetrical epoxy compound containing two 
Diels-Alder adducts. The synthesis of 2Ph2Epo has already been described by the authors in 
[24]. 1H-NMR spectrum, recorded in d6-DMSO with Bruker Avance 400, points out the appear-
ance of characteristic peak of DA adduct (δ~5.5), because two carbon atoms change from sp2 to 
sp3 hybridization (double peak slightly split for the formation of the two stereoisomers, endo 
and exo, with the former overwhelming the latter).

Analogously, the use of furan derivative with a pair of oxirane rings results in the prepara-
tion of 2Ph4Epo adduct. Also in this case, the 1H-NMR spectrum confirmed the accuracy of 
structure reported in Table 1.

4.2. Cross-linked sample preparation

The Diels-Alder epoxies 2Ph2Epo and 2Ph4Epo and their mixture with DGEBA were cross-
linked using stoichiometrically balanced DDM and Jeff500 as curing agents (Figure 4) at 90°C 
for 24 hours.

Suitable samples of self-healing epoxy resin have been developed by application of the crite-
ria shown in Section 2. To vouch for a complete physical-chemical and technological compat-
ibility with conventional epoxy system and production technology used in the field of epoxy 
resin and composites thereof, a mixture of commercial tetrafunctional amines was used as 
curing agent. The mixture of two different amines was used to finely tune the glass transition 
temperature of the self-healing resin in the range of 90°C and achieve full cure at tempera-
tures below rDA reaction without incurring the temporary scission of epoxy precursor. The 
cross-linking density and favg during the healing process were controlled by the proper ratio 
between the functional DA epoxy and a commercial epoxy resin.

Composition of all samples is reported in Table 2.

Samples reported in Table 2 were cured at 90°C for 24 hours. DSC confirmed the complete 
conversion of cross-linking reaction by the absence of residual reactivity.

4.3. Self-healing properties

As already discussed, the self-healing capability of small fractures and BVID is related to 
local molecular mobility, temporarily activated by temperature increase. The observation of 
superficial scratches and their recovery is a generally accepted technique for the assessment 
of self-healing features. For this task, a controlled mark has been produced by sharp scalpel 

Figure 4. Molecular structures of DGEBA, DDM, and Jeff500.
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Figure 5. Scratch recovery for DGEBA100, 10 × magnification. From left to right: at room temperature, at 140°C, after 
additional annealing for 20 min at 140°C.

and observed by optical microscopy (Olympus BX 51 M), applying suitable thermal stimulus 
by means of Linkam THM600 hot stage.

As expected, microscopy observation performed on cross-linked DGEBA resin cured with a 
mixture of 60/40 mol/mol of DDM and Jeff500 amines (DGEBA100, Tg = 90°C) evidenced the 
lack of scratch recovery even at 140°C (Figure 5), well above sample Tg.

Only a minor modification of scratch width can be detected as a result of stress relaxation at 
temperature higher than resin Tg. Nevertheless, self-healing is hindered by cross-links.

On the other hand, thermal treatment at 120°C for 5 min completely restored the damaged 
surface of 2Ph2Epo100 sample, as depicted in Figure 6. Unfortunately, the high molecular 
mobility achieved in the activated stage produced sample deformation and viscous flow. In 
fact, due to the high concentration of reversible bonds, the cross-linking density in the cleaved 
stage dropped, and materials transformed into viscous thermoplastic.

The occurrence of this phenomenon is not desirable if self-healing materials have to be used 
for structural application and the molecular mobility has to be reduced, either by introduc-
ing a thermally stable epoxy precursor such as DGEBA or by using a tetrafunctional DA 
precursor.

In the first case, the 2Ph2Epo65 system, containing 65% of DA epoxy and 35% of DGEBA 
(Table 2), was prepared, with Tg of 90°C. Self-healing capability of 2Ph2Epo65 was confirmed 
even after reduction of thermo-reversible bond concentration. The increased network stabil-
ity preserved the sample shape and dimension still allowing self-healing phenomenon, as 

Acronym DA epoxy (mol) DGEBA (mol) DDM (mol) Jeff500 (mol)

DGEBA100 — 1.00 0.30 0.20

2Ph2Epo100 1.00 — 0.30 0.20

2Ph2Epo65 0.65 0.35 0.30 0.20

2Ph4Epo100 1.00 — 0.60 0.40

DGEBA100 — 1.00 0.30 0.20

Table 2. Cross-linked sample composition.
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reported in Figure 7. The scratch completely disappeared after 30 min at 120°C, restoring the 
pristine surface.

The second approach to prevent viscous flow of materials during the high-temperature stage 
is to use Diels-Alder epoxy adduct with functionality higher than 2. The presence of four 
reacting epoxy groups for each precursor molecule (2Ph4Epo) increases the cross-linking 
density. 2Ph4Epo100 was prepared according to Table 2 and fully cured at 90°C for 24 hours, 
reaching a Tg of 95°C. The occurrence of rDA reaction reduces the cross-linking density at 
high temperature. But the favg calculated in the cleaved state for tetrafunctional DA epoxy 
is 2.67 and suggests hindered molecular mobility, as already discussed in Paragraph 2. As a 
consequence, morphological damages were not recovered for 2Ph4Epo100 (Figure 8).

Figure 6. Scratch recovery for 2Ph2Epo100, 10 × magnification. From left to right: at room temperature, at 120°C, after 
additional annealing for 5 min at 120°C.

Figure 7. Scratch recovery for 2Ph2Epo65, 10 × magnification. From left to right: at room temperature, at 120°C, after 
additional annealing for 30 min at 120°C.

Figure 8. Scratch recovery for DGEBA2Ph4Epo100, 10 × magnification. From left to right: at room temperature, at 120°C, 
after additional annealing for 20 min at 120°C.
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reported in Figure 7. The scratch completely disappeared after 30 min at 120°C, restoring the 
pristine surface.

The second approach to prevent viscous flow of materials during the high-temperature stage 
is to use Diels-Alder epoxy adduct with functionality higher than 2. The presence of four 
reacting epoxy groups for each precursor molecule (2Ph4Epo) increases the cross-linking 
density. 2Ph4Epo100 was prepared according to Table 2 and fully cured at 90°C for 24 hours, 
reaching a Tg of 95°C. The occurrence of rDA reaction reduces the cross-linking density at 
high temperature. But the favg calculated in the cleaved state for tetrafunctional DA epoxy 
is 2.67 and suggests hindered molecular mobility, as already discussed in Paragraph 2. As a 
consequence, morphological damages were not recovered for 2Ph4Epo100 (Figure 8).

Figure 6. Scratch recovery for 2Ph2Epo100, 10 × magnification. From left to right: at room temperature, at 120°C, after 
additional annealing for 5 min at 120°C.

Figure 7. Scratch recovery for 2Ph2Epo65, 10 × magnification. From left to right: at room temperature, at 120°C, after 
additional annealing for 30 min at 120°C.

Figure 8. Scratch recovery for DGEBA2Ph4Epo100, 10 × magnification. From left to right: at room temperature, at 120°C, 
after additional annealing for 20 min at 120°C.
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Upon sample breakage, Diels-Alder bonds are preferentially cleaved because they are weaker 
than other covalent bonds building up the cross-linked network. Therefore, the occurrence of 
mechanical damage makes diene and dienophile groups available for self-healing on the frac-
ture surface. But molecular backbone in the close proximity of damage remains unaffected, 
and the overall material stiffness prevents an efficient fracture healing. For this reason, further 
thermal treatment at 120°C is applied to complete cleavage of DA bonds and to maximize 
molecular mobility. Physical healing, due to diffusion of molecular fragments in the activated 
stage, allows the fracture edges recombination. After the first step, a further annealing at 90°C 
is required to restore the pristine cross-linking density and mechanical properties by direct 
Diels-Alder reaction.

The proposed healing mechanism is validated by analysis of micro-mechanical tests, per-
formed by Micro Materials NanoTest™ Platform. 2Ph2Epo65 properties have been evaluated 
and compared between the pristine as prepared and after incremental treatments, including 
morphological healing and structural annealing.

The reduced elastic modulus, Er, was calculated based on Eq. (4), taking into account the 
effect of nonrigid indenter column:
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where A is the contact area, β the geometric constant (1.034 for a Berkovich indenter), and S 
the unloading stiffness at maximum load. E and ν are the elastic modulus and the Poisson 
ratio; and the subscripts “i” and “s” refer to the diamond indenter and the specimen, respec-
tively. The Ei is 1140 GPa, the νi is 0.07, and the νs is 0.35.

All data were corrected for thermal drift and instrument compliance and subsequently 
analyzed with the Oliver and Pharr method [36]. According to Zheng [37], elastic modulus 
measured by depth indentation technique overrates the elastic modulus by a factor of 5–20%. 
Reduced modulus is reported in Table 3. After heating at 120°C, required to promote the 
morphological recombination of scratch edges, the modulus drops down by a factor of 2. 
In fact, the occurrence of rDA reaction induces the cleavage of specific covalent bonds and 
reduces the cross-linking density. However, the effect is not permanent. The pristine proper-
ties can be recovered by prolonged annealing at 90°C, when DA reaction can lead to network 
restoration.

Specimen type Reduced modulus, Er(GPa)

As prepared 4.80 ± 0.03

Morphological healing: 20’ @ 120°C 2.54 ± 0.05

Structural healing: 20’ @ 120°C + 12h @ 90°C 4.56 ± 0.05

Table 3. Reduced modulus (GPa) of self-healing 2Ph2Epo65 epoxy resin.
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5. Crack healing in long fiber composites

The self-healing epoxy 2Ph2Epo65 has been considered for manufacturing a composite plate 
with the aim to investigate the fracture behavior and to assess the healing efficiency of the sys-
tem. Interlaminar behavior of the CFRP (composite fiber-reinforced plastic) has been studied 
by means of shear strength of the laminate.

Shear tests can be conducted on composite laminates following different experimental 
approaches, depending on the mode of fracture that needs to be assessed. The ability to 
recover damages after a cohesive failure has been investigated by interlaminar shear strength 
(ILSS), and mode II fracture loading has been studied by performing the End Notch Failure 
(ENF).

A composite plate has been manufactured by liquid molding process under vacuum bag; 
12 unidirectional layers were laminated to reach a nominal thickness of 3 mm. The presence 
of a Kapton layer in a bending test (in the case of ENF tests) leads to the mutual sliding of 
separated parts promoting a mode II failure (shear mode) [38], according to ASTM D7905.

Load versus displacement curves during ENF tests is reported in Figure 9 and show an initial 
linear behaviour up to the critical load (nonlinearity load, NL). Above this point, delamina-
tions start and steadily propagate until the maximum load is achieved. Afterwards, unstable 
delamination growth leads to load decrease.

The first healing treatment allowed to recover the pristine stiffness, with a sample strength 
decrease. However, during the third load cycle (i.e., after the second healing), a significant 
stiffness loss is experienced. Different behaviors between neat polymer and laminate should 

Figure 9. End Notched Failure test.
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be related to specific composite features. Delaminations could occur both as effect of a matrix 
failure and as interface debonding. Moreover, any damage incurring to the reinforcing fibers 
would reduce material stiffness without chance of recovery.

The critical strain energy release rate should be evaluated as function of the NL load:

   G   II  C     =   3 m  P   2   a   2  ______________________ 2 B    (5)

Fracture toughness was determined using Eq. (5), where m is the calibration compliance, P is 
the critical load, a is the critical length, and B is the specimen width.

Table 4 reports the recovery efficiencies measured as interlaminar critical strength and as 
critical energy for mode II delaminations. Fracture toughness showed a less effective recovery 
ability of 52.4% compared to static interlaminar strength recovery of 81.7%.

6. Conclusions

The development of self-healing materials is a very attractive approach to provide long-lasting 
and efficient protection against micro damages. Great attention from numerous research groups 
has been paid to polymers, composites, and coatings, which exhibit self-healing behavior at 
different dimensional scales. Through the chapter, the overall design flow for achieving hybrid 
epoxy systems containing covalent thermo-reversible bonds and the preparation and evalua-
tion of selected examples were detailed. This paper underlines that the concurring presence 
of thermo-reversible covalent bonds and high molecular mobility are essential requirements 
to develop self-healing systems. The most effective structural modification has been pursued 
by adjustment of the several features: average functionality of reacting precursor mixture and 
cross-linking density and thermosetting network and concentration of self-healing reversible 
bonds. Also, the requirements of easy and efficient self-healing were compromised with devel-
opment of material properties compliant with structural and semi-structural applications.

In particular, possibility to tailor the properties of “dynamic” epoxy resins containing Diels-
Alder bonds would allow the development of novel materials, such as reengineered FRP com-
bining the ease of processability typical of thermosets with reworking/recycling capability at 
the end of life typical of thermoplastics, as an effort to improve environmental sustainability 
of advanced materials.

Cycle ILSS (MPa) η (%) GIIc (J/m2) η (%)

0 54.1 ± 1.1 100 650 ± 20 100

1 51.4 ± 5.1 95.1 583 ± 13 89.7

2 44.2 ± 4.9 81.7 341 ± 32 52.4

Table 4. Strength recovery after failures.
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Abstract

Polybenzoxazine (PBz) resins are a new type of high-performance synthetic resins that 
are attractive alternatives to traditional resins. Their properties include near-zero shrink-
age upon polymerization, fast evolution of mechanical properties with the conversion, 
glass transition temperatures much higher than curing temperatures, low water absorp-
tion, and excellent dielectrical and mechanical properties. The development of polyben-
zoxazines has always been linked to petro-based feedstocks, but for the last 5 years, the 
number of studies related to bio-based benzoxazines is exploding as a consequence of the 
versatility of the design of the chemical structure of their monomers. Benzoxazine (Bz) 
monomers are subjected to cationic ring-opening polymerization (ROP), activated by a 
thermal treatment in the range of 160–250°C. In addition, Bz synthesis promotes the use 
of naturally occurring phenolic compounds instead of petroleum-based ones to develop 
high-performance materials from renewable resources and to fit to REACH restrictions. 
For this purpose, vanillin, eugenol, and cardanol are examples of bio-phenols bridged 
with several kinds of aromatic and aliphatic diamines. In this chapter, the synthesis and 
the properties of di-functional benzoxazine monomers prepared from naturally occur-
ring phenolic compounds are reviewed. Symmetric and asymmetric monomers will be 
detailed. The last part of the chapter is dedicated to the use of bio-phenols to functional-
ize polymers and to provide benzoxazine functional groups.

Keywords: benzoxazine, bio-based, cardanol, vanillin, phloretic acid

1. Introduction

Traditional thermosets resins are well known for their high-performance properties [1]. 
However, these multicomponent thermosets can exhibit shortcomings such as high brittle-
ness, as well as the formation of by-products during curing. They are bi-component materials 
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and their short shelf life prevents any long-time storage [2, 3]. Besides, the raw materials used 
for the production of the resins are today largely petroleum derived and are increasingly 
subject to European regulation on registration, evaluation, authorisation and restriction of 
chemicals (REACH) restrictions. The current concern about the use of petroleum-based mate-
rials along with new European restrictions has encouraged researchers to develop sustain-
able alternatives. Among them, benzoxazine are mono-component resins that have recently 
emerged as a new class of thermosets and are under continuous development [4].

Polybenzoxazines (PBz) have a wide range of properties to be tailored to a wide range of 
applications [5]. It makes them attractive alternatives to current applications. In addition to 
properties similar to phenolic or epoxy resins, PBz have unique features compared to other 
commodity polymers. They include near-zero shrinkage upon polymerization [6], fast evo-
lution of mechanical properties with the conversion [7], one of the highest char yield among 
processable resins [8], glass transition temperatures much higher than curing temperatures 
[8], low water absorption [9], and excellent dielectrical and mechanical properties. Strong 
acid catalysts are not required for their curing [10]. PBz have similar and even lower costs 
than epoxy and bismaleimides resins [4]. Due to these outstanding properties and their 
intrinsically rich molecular design flexibility allowing good compatibility with other active 
structures, PBz have been promoted, over epoxy and traditional phenolic resins, as better 
candidates for the application of corrosion protection [11–15]. Indeed, their chemical struc-
ture can be easily tailored to meet the requirements of various conditions. Nevertheless, 
the development of polybenzoxazines has always been linked to petro-based feedstocks 
while the materials synthesized from petroleum derivatives are becoming more and more 
a concern for the environment and their use in the industry is thus strongly impeded. In 
consequence, for the last 5 years, the number of studies related to bio-based benzoxazines 
is exploding as a consequence of the versatility of the design of the chemical structure of 
their monomers [16]. Some applications of bio-based polybenzoxazine anticorrosive coat-
ings have already been reported, confirming the great interest in the development of new 
bio-based PBz with promising physical and mechanical properties for industrial applica-
tions [17].

In the following paragraphs, we have chosen to only discuss difunctional benzoxazine mono-
mers as they are more suitable for the elaboration of high-performance materials than mono-
functional ones. However, more details can be obtained from the reading of the two following 
books dedicated to benzoxazine science: Handbook of Benzoxazine Resins [18] and Advanced 
and Emerging Polybenzoxazine Science and Technology [19].

2. Synthesis and polymerization of benzoxazine

2.1. Synthesis of benzoxazine monomers

Benzoxazine (Bz) resins, typically 1,3-benzoxazines, can be synthesized through a Mannich-
like condensation of phenolic derivatives, formaldehyde, and primary amines, followed by a 
ring-closure process on the phenolic derivative (Figure 1) [4].

Paint and Coatings Industry54

The general chemical structure of the different kind of benzoxazine monomers is depicted on 
Figure 2. This scheme highlights the great versatility in the design of benzoxazine monomers, 
gathered in different classes depending on their functionality.

First, there are mono-benzoxazine monomers (m-Bz) which are monomers composed of a 
single benzoxazine group (Figure 2a), in opposition to di-benzoxazine monomers (di-Bz), 
composed of at least two benzoxazine groups. Symmetric di-Bz monomers can be prepared 
either from a diphenol (class A, Figure 2b) or a diamine (class B, Figure 2b). Asymmetric 
di-Bz can also be obtained (Figure 2d) [10]. Finally, multifunctional amines or phenolic deriv-
atives can be used to synthesize polymers bearing multiple benzoxazine groups. Di-phenolic 
compounds and diamines can also be combined to yield a linear polymer having benzoxazine 
rings in the main chain. These two last categories are gathered in class C (Figure 2e) [4].

Depending on the reagents, temperature, time, solvent, and synthetic procedure, the synthe-
sis of the Bz monomer yields from 70 to 90%. The synthesis can be carried out with or without 
solvent [20]. This approach is feasible when the mixture of the reactants is liquid or in the 
molten state at working temperature [21].

2.2. Benzoxazine polymerization

Benzoxazine monomers are subjected to cationic ring-opening polymerization (ROP), acti-
vated by a thermal treatment in the range of 160–250°C (Figure 3) [20]. The ROP takes place 
upon heating due to the small amount of impurities generally found in the monomers, such as 
phenolic raw materials or benzoxazine oligomers. The polymerization is then auto-catalyzed 
by the formation of phenolic compounds [20].

Mono-functional Bz commonly leads upon polymerization to a linear and low-molecular-
weight polymer from few hundreds to some thousands g/mol [22]. Nonetheless, if the 
aromatic ring is reactive enough, that is with available para positions for instance, a mono-
functional Bz can lead to a cross-linked polymer.

Systematically difunctional or polyfunctional benzoxazine monomers lead to cross-linked 
structures due to their higher functionality [20]. Thus, difunctional Bz monomers are pre-
ferred for the elaboration of high-performance PBz materials.

Although the polymerization of benzoxazine monomers is thermally activated and auto- 
catalyzed, it requires high temperatures and relatively long reaction time for the complete 
polymerization. As a result, the use of some initiators or catalysts to accelerate the polymerization 

Figure 1. Synthesis of benzoxazine monomer.
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or to trigger it to lower temperatures is investigated [23]. Most of effective catalysts reported 
are acidic catalysts, as ROP is a cationic process. Wang et al. [24] studied the use of acidic cata-
lyst for reducing the curing temperature of bisphenol A-aniline–based Bz monomers (BA-a). 
The polymerization of (BA-a) monomers with 5 mol % of several catalysts was carried out at 
room temperature during 20 h. The thermal properties of the Bz monomers cured in the pres-
ence of Lewis acids such as PCl5, PCl3, POCl3, and TiCl4 showed glass transition temperature 
(Tg) higher than 200°C.

Various phenolic compounds derived from the opening of the oxazine ring or benzoxazine 
oligomers catalyze benzoxazine ring-opening polymerization reactions, resulting in the auto-
catalyzed nature of benzoxazine polymerization. In addition, the presence of phenolic struc-
tures with free ortho positions has a catalytic effect on the curing reaction. Reaction induction 
time is then decreased, while the reaction rate is enhanced [25]. The benzoxazine polymeriza-
tion can also be catalyzed by the use of strong acids and/or carboxylic acids. In summary, a 
broad variety of catalysts may be used for the ring-opening polymerization of Bz monomers 
at moderate temperature.

Small amount of monocarboxylic monomer induced a reduction of about 20–30°C of the 
polymerization temperature. When comparing the Tg of the PBz materials, it could be 
observed that materials obtained from carboxylic-containing Bz monomers tend to have 
higher Tgs. These results were most probably due to higher cross-linking due to hydrogen 
bonding with increasing content of carboxylic acid functions.

Figure 2. Schematic representation of benzoxazine monomers. Blue labelled rings in the structures correspond to the 
benzoxazine ring.

Figure 3. Ring-opening polymerization of benzoxazines.
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Specific functional groups have a strong impact on the thermal ROP activation as well as on 
the mechanical properties of the resultant PBz. In addition, class B Bz monomers promote the 
use of naturally occurring phenolic compounds instead of petroleum-based ones to develop 
high-performance materials from renewable resources and to fit to REACH restrictions. For 
this purpose, vanillin [26], eugenol [27, 28], and cardanol [29–31] have been bridged with 
several kinds of aromatic and aliphatic diamines. This is discussed in the following part.

3. Bio-based symmetric benzoxazines

3.1. From cardanol

Growing interest has arisen toward the synthesis of Bz monomers stemming from cardanol. 
Indeed, the particular chemical structure of cardanol appears as a clear asset for the synthesis 
of PBz materials. Cardanol displays a similar reactivity as phenol through the presence of the 
hydroxyl group. Furthermore, the long alkyl chain in meta position imparts hydrophobicity 
and flexibility, through internal plasticization of the alkyl chain, to the usually brittle PBz 
materials. Moreover, the ortho and para positions of cardanol are available for the synthesis of 
Bz monomers and their polymerization, respectively.

The chemical structures as well as the thermal properties of cardanol-based di-Bz monomers 
and their corresponding materials are resumed in Table 1.

Bz monomer Tm (°C) Tp (°C) T5% (°C) Ref.

(1) — 251 299 [32]

[33]

(2) 114 233 348 [32]

[33]

(3) 70 267 354 [32]

[33]

(4) — 263 323 [32]

[33]

Table 1. Thermal properties of cardanol-based Bz monomers, synthetized from diamines, and T5% of their corresponding 
PBz materials.
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Almost all the reported cardanol-based Bz monomers synthesized with short amines did not 
display a melting endotherm. This phenomenon could be attributed to the steric hindrance 
generated by the C15 alkyl side chain of cardanol that prevents crystallization. However, it can 
be noticed that high melting temperatures were observed for cardanol-based di-Bz monomers 
with rigid aromatic diamine as bridging groups, such as bis-(3-(4-aminophenoxy)phenyl)ether 
or (4-(4-aminophenoxy)phenyl)ether (Tm = 70 and 114°C, respectively) (Table 1, lines 2 and 3).

It is noteworthy the thermo-mechanical properties of these PBz materials were almost never 
characterized by DMA analysis, as it is very difficult to obtain self-supported materials due 
to the steric hindrance of the alkyl side chain, yielding low-molecular-weight polymers. 
Consequently, cardanol-based Bz monomers displayed wide processing windows owing to 
their low melting temperatures due to the steric hindrance brought by the C15 alkyl chain. 
However, the low cross-linking density and Tg of the corresponding PBz materials, as well as 
the high polymerization temperatures, are drawbacks for the elaboration of high-performance 
thermosets and emphasize the use of cardanol-based di-Bz as processing aid (i.e., reactive 
diluent) for other benzoxazines [34].

3.2. From vanillin

Vanillin is a phenolic compound with a para formyl group and ortho methoxy group, issued from 
vanilla seedpod. Vanillin can also be obtained industrially from the processing of lignin [35, 36]. 
Its use as a precursor for the synthesis of bio-based Bz monomers was recently studied [37].

The formyl group contained in the vanillin compound is of great interest for the synthesis 
of bio-based Bz monomers. Indeed, with the appropriate stoichiometric amount of reagents 
and through a convenient order of their introduction and reaction, the aldehyde function is 
not consumed during the synthesis. This function is thus considered as an additional reactive 
group on the Bz monomer, able to further react with other chemical compounds or to increase 
the material cross-linking density.

The chemical structures as well as the thermal properties of vanillin-based di-Bz monomers 
and their corresponding materials, reported in the literature, are summarized in Table 2.

It has been shown that the presence of the aldehyde group on vanillin has an immediate effect 
on the thermal properties of the Bz monomer. Indeed, the presence of this group induces the 
formation of inter and intramolecular H bonds. The effect of inter and intramolecular H bond-
ing is further highlighted by the high melting temperatures of vanillin-based di-Bz monomers. 
Indeed, the melting temperatures of the monomers reported in Table 2 were not found to be 
lower than 145°C (Table 2, line 4), reaching even 229°C for the di-Bz with 4, 4’-diamino diphe-
nyl sulfone (dds) as diamine (Table 2, line 2). These high melting temperatures, really close to 
the polymerization temperatures are impeding the processing of these monomers (melting and 
shaping). Nevertheless, vanillin-based Bz monomers led remarkably to cross-linked materials in 
spite of substituted phenolic ortho and para positions, impeding the polymerization. However, it 
was shown that the additional cross-linking reactions, due to the presence of an aldehyde group 
within a Bz monomer, occur mainly at the ortho position of the phenolic compound [39].

As the vanillin ortho position is blocked by a methoxy group, it can be assumed that the addi-
tional cross-linking of vanillin-based Bz monomers is mainly caused by the decarboxylation 
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of the formyl group (Figure 4). Furthermore, some residual formyl groups, which did not 
undergo decarboxylation, are forming intermolecular H bonding, further increasing the PBz 
cross-linking density. Finally, the presence of the residual formyl groups is catalyzing the Bz 
monomers ROP [38, 39].

In consequence, due to the presence of the aldehyde functions and thus to the formation 
of inter- and intramolecular H bonds, vanillin-based materials were shown to display very 
high Tgs. Indeed, vanillin-based di-Bz monomers resulted in PBz networks with Tg values 
reaching 255°C (dds, Table 2, line 2). Nevertheless, di-vanillin Bz monomers are suffering 
from an evident drawback: their short processing windows. Indeed, melting temperatures of 
di-vanillin Bz monomers are too close to their polymerization temperatures, hindering their 
processing (molding and shaping) [38].

Bz monomer Tm 
(°C)

Tp 
(°C)

Tg 
(°C)

T5% 
(°C)

Ref.

(1) 205 213 — 283 [38]

(2) 229 277 255 339 [38]

(3) 177 234 231 352 [38]

(4) 145 234 227 322 [38]

(5) — 228 202 488 [38]

Table 2. Thermal properties of vanillin-based Bz monomers, synthetized from diamines, and Tg and T5% of their 
corresponding PBz materials.
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3.3. From eugenol

Eugenol, through its availability and low cost, has also attracted attention for the synthesis 
of bio-based Bz monomers. Eugenol is the main component (72–90%wt) of the essential oil 
obtained from cloves. The chemical structure of eugenol is a disubstituted phenolic compound 
by a methoxy and allyl group at ortho and para positions, respectively. Consequently, due to 
blocked ortho and para positions, only the low reactive meta positions are available, impeding 
the formation of a cross-linked eugenol-based network (Figure 5).

Similar to di-Bz monomers from other naturally occurring phenolic compounds, di-Bz mono-
mers from eugenol and various aromatic diamines were all displaying fairly high Tm > 90°C, 
hampering also the elaboration of eugenol-based PBz materials [40] (Table 3).

Figure 5. Available positions for ring opening polymerization of eugenol-based Bz monomer.

Figure 4. Cross-linking of vanillin-based di-Bz monomers [38].
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3.4. From other bio-phenols

Many other bio-phenols can be used for the design of benzoxazine monomers. Examples were 
reported with lignin-derivatives like coumaric acid, ferulic acid, phloretic acid [42], as well as 
coumarin [43], or urushiol [44, 45]. In most of the cases, only mono-benzoxazine has been pre-
pared as the preparation of the monomers is hampered by substitution of the phenolic ring.

In conclusion, the use of naturally occurring phenolic compounds for the synthesis of Bz 
monomers allows the lowering of the carbon footprint and enables the introduction of some 
additional and/or functional groups within the Bz monomers. Nevertheless, most of the Bz 
monomers synthesized from bio-based phenolic compounds are suffering from several dis-
advantages, either for the synthesis of the Bz monomer, or the elaboration or the properties 
of the final materials.

Bz monomer Tm (°C) Tp (°C) T5% (°C) Ref.

(1) 90 250 260 [40]

(2) 100 250 275 [40]

(3) 140 225 240 [40]

(4) 130 255 295 [40]

(5) 150 250 225 [41]

Table 3. Thermal properties of eugenol-based Bz monomers, synthetized from mono-functional amines or diamines, and 
T5% of their corresponding PBz materials.
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An original and appropriate approach of adding different functionalities on Bz monomers 
consists of developing asymmetric di-Bz monomers from bio-phenols, using for example a 
diamine as bridging group between two phenolic derivatives exhibiting each a particular 
functionality. The different synthesis strategies developed to access asymmetric di-Bz mono-
mers are presented in the following paragraphs.

4. Bio-based asymmetric benzoxazines

It is well known that additional functionalities on Bz monomers strongly influence the prop-
erties of the benzoxazine monomers and their corresponding thermoset materials [37, 40, 46]. 
The use of bio-based phenolic compounds naturally bearing various functionalities is thus 
considered as a clear asset to the synthesis of benzoxazine monomers with tailored properties. 
However, the presence of additional functional groups on Bz monomers may also impact 
their processability or polymerization. For instance, the position of the functional group on 
the phenolic compound, possible induced steric hindrance or short processing window due to 
high melting temperature of the monomer, may strongly hamper the processing and polym-
erization of the Bz monomers and thus affect the overall performance of the PBz materials. 
In consequence, drawbacks of some bio-based phenolic compounds could be offset by the 
assets of others to yield Bz monomers with large processing windows and corresponding 
high-performance PBz materials. To overcome such difficulties frequently encountered with 
Bz monomers synthetized with bio-based phenolics, some research groups reported the syn-
thesis of asymmetric Bz monomers.

4.1. Eugenol/phenol asymmetric Bz

Among the available bio-based phenolic compounds, eugenol represents a high potential for 
the synthesis of Bz monomers. Nonetheless, the two main Bz polymerization sites of eugenol 
are hindered with methoxy and allyl groups in ortho and para positions, respectively. The 
elaboration of a highly cross-linked network is thus clearly hampered. Consequently, Dumas 
et al. proposed the preparation of a partially bio-based mixture of symmetric and asymmetric 
Bz monomers synthetized from phenol, eugenol, and 1,4-phenylenediamine, with (phenol: 
eugenol) ratio ranging from (1, 1) to (1.8, 0.2) [27, 28]. Three different chemical structures of 
Bz monomers, depicted in Figure 6, were found to constitute the mixture at the end of the 
reaction.

The synthesis yielded in two symmetric Bz monomers, a di-eugenol monomer and a di-phe-
nol monomer, and one asymmetric Bz monomer showing both eugenol and phenolic moi-
eties. The introduction of the synthesis of the asymmetric Bz monomer induced additional 
polymerization sites on the phenol moiety, increasing the cross-link density of the resulting 
material. Furthermore, the introduction of the eugenol part within the molecule allowed a 
solvent-free synthesis. Finally, the Tg increased from 120 to 220°C with the increasing (phe-
nol: eugenol) ratio.
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4.2. Vanillin/cardanol asymmetric Bz

Vanillin is another interesting and promising bio-based compound for the synthesis of Bz 
monomers. Due to the presence of the aldehyde function and thus due to the formation of 
inter- and intramolecular H bonds, vanillin-based Bz materials display high Tg. However, 
symmetric di-Bz monomer synthetized from vanillin and ethylenediamine (EDA) suffers from 
a major drawback: its melting temperature (Tm = 218°C) is too close to its polymerization 
temperature (Tp = 225°C) making its processing (molding and shaping) very challenging [47].

Cardanol, a bio-phenol bearing a C15 alkyl chain in meta position able to provide better process-
ability and flexibility to the material through internal plasticization is relevant for the synthesis 
of usually brittle Bz materials. Cardanol di-Bz is of great interest due to low melting tem-
peratures. The corresponding PBz material elaboration is nevertheless impeded by the steric 
hindrance of the alkyl side chain, resulting in long gelation time, low polymerization enthalpy 
value in DSC analysis, and a poorly cross-linked polymer material which creeps above Tg.

To tackle these highlighted issues, Puchot et al. proposed an efficient strategy to lower the 
melting temperature of vanillin-based Bz monomers in order to enable their processing [48]. 
Cardanol was shown to provide flexibility to the resulting materials through plasticizing effect 
of the C15 alkyl chain and to result in a Bz monomer with low melting temperature [33, 49]. 
More importantly, the low reactivity of cardanol offers the possibility to control the synthesis 
of a mono-cardanol Bz with a free primary amine moiety that can be further coupled with 
another bio-based phenol like vanillin. The authors aimed at synthetizing an asymmetric bio-
phenol-based di-Bz monomer by combining cardanol and vanillin via a two-step synthesis 
pathway with ethylene diamine including a controlled mono-substitution of a cardanol-based 
Bz, followed by a coupling with vanillin (Figure 7).

Such combination resulted in a Bz monomer with low melting temperature (Tm = 101°C), with 
a few impact on the activation temperature (Tp = 227°C) increasing the processing window 
of these bio-based thermosets (ΔTproc = 126°C, compared to ΔTproc = 7°C for di-vanillin Bz).  

Figure 6. Synthesis of blends of di-eugenol, di-cardanol and asymmetric eugenol/cardanol di Bz monomers.
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Furthermore, a second drawback of the di-vanillin Bz monomers was their thermal degrada-
tion occurring simultaneously to their melting and even before their polymerization (T5% = 
203°C). In the case of the asymmetric Vani-Card Bz monomer, no problem of thermal deg-
radation of the monomer is further encounter due to the presence of the cardanol moiety. 
Indeed, the thermal degradation of the Vani-Card monomer occurred at higher temperature 
than melting and polymerization (T5% = 280°C).

The asymmetric Bz monomer enabled thus, through a processing point of view, an easy 
elaboration of a cardanol- and vanillin-based PBz material. Furthermore, the synthesis of the 
asymmetric Vani-Card monomer was also shown to strongly influence the reactivity of the 
monomer. Indeed, the di-cardanol Bz monomer displayed a long gelation time (Tgel = [38, 40] 
min at 190°C) in comparison to a classical di-phenol Bz monomer (Tgel = [5, 6] min at 190°C). 
In the case of Vani-Card Bz, an interesting moderate gelation time of 8–9 min was reported.

Moreover, the characterizations of the asymmetric Vani-Card PBz material highlighted the 
obtaining of a thermoset material with good thermo-mechanical properties. Indeed, a Tg of 
129°C and a storage modulus in the glassy state of 700 MPa were reported, indicating that 
Vani-Card PBz material displayed very comparable thermal and mechanical properties to 
other known polybenzoxazines particularly those partially or fully bio-based.

Finally, the presence of the cardanol moiety was shown to strongly influence the thermal stabil-
ity of the PBz material. Indeed, a high thermal degradation onset temperature was recorded for 
Vani-Card PBz material (T5% = 373°C) compared to classical di-phenol PBz material (T5% = 273°C).

This versatile approach is a powerful tool to access a wide range of bio-based asymmetric 
benzoxazines given the wide number of bio-phenols available. It paves the way toward easily 
processable high performance bio-based benzoxazines. This strategy could, for example, be 
applied to further improve the processing of bio-based di-Bz monomers.

5. End-chain functionalization polymers

Beyond the elaboration of symmetric and asymmetric benzoxazine monomers, a recent challenge 
is to add benzoxazine functionalities to polymers, benefiting then from the versatile design of Bz 
monomers. The resultant materials possess properties specific both to benzoxazine, such as a high 
cross-linking density and high temperature stability, and to the backbone polymer, like process-
ability and flexibility. End-chain, [50] main-chain [51–53], as well as side-chain [54] benzoxazine 
polymers have been reported. Therefore, Bz monomers have been anchored onto a wide range of 

Figure 7. Representative scheme of the synthesis of vanillin/cardanol asymmetric Bz.
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(bio)polymers like polybutadiene [55], polystyrene [56], polypropylene oxide [57], polyvinylchlo-
ride [58], cellulose [54], poly(ε-caprolactone) [59], and even onto macromonomers like lignin [60]. 
In almost all cases, harmful phenol has been used as a reactant to form the oxazine ring.

Naturally occurring phenolic compounds can also be used to functionalize the end-chain of 
existing polymers toward benzoxazine ring formation. Phloretic acid (PA) is an interesting 
bio-based compound for this purpose due to the presence of a propionic acid on the para 
position suitable for esterification [61]. Furthermore, ortho positions of PA are not substituted, 
an ideal asset for the design of benzoxazine monomers and for their polymerization. Trejo-
Machin et al. proposed a sustainable strategy to functionalize hydroxyls (−OH)-bearing mol-
ecules. Ethylene glycol, and two polyethylene glycol with molar masses about 400 g·mol−1 
(PEG400) and 2000 g·mol−1 (PEG2000), were reacted by esterification with PA. In the second 
step, these phenolic groups were reacted with furfurylamine to form benzoxazine end-capped 
molecules. The two-step synthesis of end-chain Bz monomers did not require neither solvent 
nor purification and led to a set of materials almost 100% bio-based (Figure 8) [62].

Thermal behavior and stability of Bz end-chain monomers were characterized by DSC and 
TGA, demonstrating the elaboration of thermoset materials. Moreover, DSC analyses showed 
on each thermogram an exothermic peak assigned to the thermal-activated ring-opening of 
the Bz monomers, with an onset ranging from 165 to 200°C. Rheological analyses were also 
carried out to evaluate the polymerization reactivity of the Bz monomers. The gelation time 
at 180°C was found to be 2, 3, and 28 min for benzoxazine prepared with ethylene glycol, 
PEG400, and PEG2000, respectively. The mechanical relaxation temperatures were decreasing 
from 112 to 27°C and −45°C, with increasing backbone chain length of the starting molecules, 
respectively. Finally, the thermal stability of the three PBz materials was studied by TGA 
analyses. Each of the synthetized PBz material exhibited much higher thermal stability as well 
as marked improvement in char yield over the origin polymers.

Figure 8. Two-step synthesis of end-chain benzoxazine monomers; n = 1, 9, and 45 and n’ = 8–100.
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(bio)polymers like polybutadiene [55], polystyrene [56], polypropylene oxide [57], polyvinylchlo-
ride [58], cellulose [54], poly(ε-caprolactone) [59], and even onto macromonomers like lignin [60]. 
In almost all cases, harmful phenol has been used as a reactant to form the oxazine ring.

Naturally occurring phenolic compounds can also be used to functionalize the end-chain of 
existing polymers toward benzoxazine ring formation. Phloretic acid (PA) is an interesting 
bio-based compound for this purpose due to the presence of a propionic acid on the para 
position suitable for esterification [61]. Furthermore, ortho positions of PA are not substituted, 
an ideal asset for the design of benzoxazine monomers and for their polymerization. Trejo-
Machin et al. proposed a sustainable strategy to functionalize hydroxyls (−OH)-bearing mol-
ecules. Ethylene glycol, and two polyethylene glycol with molar masses about 400 g·mol−1 
(PEG400) and 2000 g·mol−1 (PEG2000), were reacted by esterification with PA. In the second 
step, these phenolic groups were reacted with furfurylamine to form benzoxazine end-capped 
molecules. The two-step synthesis of end-chain Bz monomers did not require neither solvent 
nor purification and led to a set of materials almost 100% bio-based (Figure 8) [62].

Thermal behavior and stability of Bz end-chain monomers were characterized by DSC and 
TGA, demonstrating the elaboration of thermoset materials. Moreover, DSC analyses showed 
on each thermogram an exothermic peak assigned to the thermal-activated ring-opening of 
the Bz monomers, with an onset ranging from 165 to 200°C. Rheological analyses were also 
carried out to evaluate the polymerization reactivity of the Bz monomers. The gelation time 
at 180°C was found to be 2, 3, and 28 min for benzoxazine prepared with ethylene glycol, 
PEG400, and PEG2000, respectively. The mechanical relaxation temperatures were decreasing 
from 112 to 27°C and −45°C, with increasing backbone chain length of the starting molecules, 
respectively. Finally, the thermal stability of the three PBz materials was studied by TGA 
analyses. Each of the synthetized PBz material exhibited much higher thermal stability as well 
as marked improvement in char yield over the origin polymers.

Figure 8. Two-step synthesis of end-chain benzoxazine monomers; n = 1, 9, and 45 and n’ = 8–100.
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In conclusion, this innovative approach proved the suitability of phloretic acid to act as a 
renewable building block to functionalize hydroxyl-bearing molecules and polymers toward 
the synthesis of end-chain benzoxazine polymers.

6. Conclusions

The use of naturally occurring phenolic compounds for the synthesis of Bz monomers allows 
the lowering of the carbon footprint and enables the introduction of some additional and/
or functional groups within the Bz monomers which can highly benefit the industrial appli-
cations of Bz where additional functional groups may be needed in order to enhance their 
properties. Alike petroleum-based Bz monomers, the nature of the diamine bridging group 
strongly affects the bio-based Bz monomers properties and their polymers. Short aliphatic 
diamine bridging groups, such as ethylene diamine, should as well be preferred for the 
synthesis of bio-based Bz monomers. Indeed, the use of short aliphatic diamines promotes 
moderate processing windows, while resulting in high cross-linked PBz materials with good 
thermal and mechanical properties.

Nevertheless, most of the Bz monomers synthetized from bio-based phenolic compounds are 
suffering from several disadvantages, either for the synthesis of the Bz monomer or for the 
elaboration and/or for the properties of the final materials. Naturally occurring phenolic com-
pounds such as lignin-derivatives or coumarin compounds lead to highly cross-linked PBz 
materials with good thermo-mechanical properties, whereas their processing is hindered by 
narrow processing windows. On the contrary, bio-based Bz monomers synthetized from phe-
nolic compounds like cardanol, urushiol, or eugenol display large processing windows but 
low cross-linking density and low Tg. As the overall performance of PBz is strongly affected 
by oxazine ring substitutions, drawbacks of some bio-based phenolic compounds could be 
offset by the assets of the others to yield Bz monomers with large processing windows and 
corresponding high-performance PBz materials.
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In conclusion, this innovative approach proved the suitability of phloretic acid to act as a 
renewable building block to functionalize hydroxyl-bearing molecules and polymers toward 
the synthesis of end-chain benzoxazine polymers.

6. Conclusions
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Abstract

Typical commercial UV and thermal cure epoxy adhesives have been reviewed and com-
pared. UV cure cationic epoxy adhesives are primarily composed of cycloaliphatic epoxy
resin and cationic photoinitiator. UV cationic epoxy adhesives have no surface cure issue
and possess low cure shrinkage and good adhesion performance but need post-thermal
cure to achieve full adhesion performance in use. Hybrid UV acrylate and thermal cure
epoxy adhesives are primarily composed of acrylate monomer, free radical photoinitiator,
epoxy resin and curing agent. The hybrid epoxy adhesives combine fast UV curability of
acrylate composition and high adhesion performance of thermal cure epoxy composition.
A new type initiator free hybrid one-component UV and thermal cure adhesive has been
also introduced. It is mainly composed of maleimide compound, acrylic monomer, par-
tially acrylated epoxy resin, epoxy resin and latent curing agent. Its UV cure and thermal
cure behaviour have been studied by FT-IR spectroscopy measurement.

Keywords: UV cure, thermal cure, cationic, free radical, acrylate, epoxy adhesive

1. Introduction

Epoxy adhesives are widely used in structural bonding applications ranging from general
industry, semiconductor packaging, electronics assembly and automobile production to aero-
space market because of their strong chemical structure and good adhesion to various substrates
[1–9]. Epoxy adhesives are primarily composed of epoxy resin and curing agent. Figure 1
illustrates chemical structure and key features of various functional groups for bisphenol A
diglycidyl ether, the most standard epoxy resin used in epoxy adhesives. Epoxide possesses high
reactivity. It can react with amines, thiols, anhydrates or phenols almost equivalently via
polyaddition mechanism at suitable certain conditions to become strong cross-linked thermoset
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polyaddition mechanism at suitable certain conditions to become strong cross-linked thermoset
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resins. As shown in Scheme 1 [10], epoxide reacts almost equivalently with active hydrogen in
amine curing agent via polyaddition mechanism. Epoxide can also polymerize via either anionic
or cationic polymerization mechanism. As shown in Scheme 2 [11], epoxide can polymerize via
anionic polymerization mechanism initiated by anionic ion resulted from reaction of imidazole
compound and epoxide. Epoxy adhesives can be cured at different temperature conditions based
mainly on the curing agent type used but will normally need relatively long cure time ranging
from half hour to a few days. Aliphatic amine-based epoxy adhesives, the most commonly used
type, start to cure at room temperature. Thiol-based epoxy adhesives, the fastest cure type, start
to cure even at low refrigerator temperature. Anhydrate-, phenol-, aromatic amine- or catalyst-
based epoxy adhesives will normally need elevated temperature to achieve full cure. Generally
speaking, epoxy adhesives designed to cure at elevated temperature which are commonly called
as thermal cure epoxy adhesives have higher degree of cross-linking structure and glass transi-
tion temperature and thus show better performance than epoxy adhesives designed for cure at
room temperature. Thermal cure epoxy adhesives can be also formulated as one-component
type by the use of latent curing agents for easy handling. One-component thermal cure epoxy
adhesives have been increasingly used in various applications such as semiconductor packaging,
electronics assembly and automobile production where high production efficiency and high
adhesion performance are required. Recently, UV and thermal cure epoxy adhesives have been

Figure 1. Structure and key features of bispheol A diglycidyl ether.

Scheme 1. Polyaddition reaction of epoxy resin with amine curing agent.
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developed and commercialized to meet further higher production efficiency of required applica-
tions such as precise optical sensor packaging and display assembly [12–15].

There are mainly two types of commercial UV and thermal cure epoxy adhesives: UV cure
cationic epoxy adhesives and hybrid UV acrylate and thermal cure epoxy adhesives. UV
cationic cure epoxy adhesives are primarily composed of cycloaliphatic epoxy resin and cationic
photoinitiator. UV cationic epoxy adhesives have no surface cure issue and possess low cure
shrinkage and good adhesion performance but need post-thermal cure to achieve full cure.
Hybrid UVacrylate and thermal cure epoxy adhesives are primarily composed of acrylate mono-
mer, free radical photoinitiator, epoxy resin and curing agent. The hybrid epoxy adhesives
combine fast UV curability of acrylate composition and high adhesion performance of thermal
cure epoxy composition.

2. UV cationic epoxy adhesives

UV cationic epoxy adhesives are primarily composed of epoxy resin and cationic photoinitiator
[16–20]. Cycloaliphatic-type epoxy resins are usually selected for UV cationic epoxy adhesives
because of faster cationic polymerization rate than that of normal bisphenol A diglycidyl ether-
type epoxy resin. Chemical structure of typical commercially available epoxy resins suitable for
cationic epoxy adhesives is shown in Figure 2. Cationic photoinitiator is the key raw material to
formulate UV cationic epoxy adhesives. There are mainly two types of cationic photoinitiators:
Bronsted acid and Lewis acid generator. Sulfonium and iodonium salts that can generate
Bronsted acid are most commonly used as cationic photoinitiator. Figure 3 shows chemical
structure of typical commercially available cationic photoinitiators.

As illustrated in Scheme 3 [21], photoinitiator in UV epoxy adhesives absorbs UV energy to
generate strong acid that will react with epoxy to produce cationic which can initiate
homo-polymerization of epoxy resin. UV cationic epoxy adhesives will need some longer cure

Scheme 2. Anionic polymerization of epoxy resin via imidazole catalyst.
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Figure 2. Common commercially available epoxy resins for cationic epoxy adhesives.

Figure 3. Chemical structure of common UV cationic photoinitiator.

Paint and Coatings Industry74

time compared to UV cure acrylate-based adhesive. In actual use, a post-thermal cure of UV
cationic epoxy adhesives after the UV radiation is commonly used for full cure to assure
satisfactory adhesion performance. Compared to common acrylate-based UV adhesives, UV
cationic epoxy adhesives have much lower cure shrinkage because of the epoxy structure and
have no surface cure issue that is resulted from oxygen inhibition to free radical polymeriza-
tion since they cure via cationic polymerization. By contrast, UV cationic epoxy adhesives are
not suitable for alkali-type substrates which stop cationic polymerization.

UV cationic epoxy adhesives have been commercialized and used in optical parts bonding,
sensor packaging and display panel assembly applications [22–26]. The authors have found
that adhesion reliability performance of UV cationic epoxy adhesives can be much improved
by the combination use of cationic photoinitiator with thermal cationic initiator [27].

3. Hybrid UVacrylate and thermal cure epoxy adhesives

Most widely used UV cure adhesives are acrylate-based compositions [28–32]. Acrylate-based UV
cure adhesives are primarily composed of acrylate monomer, acrylate oligomer and photoini-
tiator. As shown in Scheme 4 [33], the photoinitiator formulated in an acrylate-based adhesive
absorbs light energy via UV radiation to generate free radical which can rapidly initiate polymer-
ization of acrylate compositions. Acrylate-based UV cure adhesives can be cured within seconds.
Limitations of UV cure acrylate-based adhesives are the surface cure issue, shadow cure problem,
high cure shrinkage and poor humidity reliability. Surface cure issue is resulted from oxygen
inhibition to free radical polymerization of acrylate. Shadow cure problem always occurs at the
area where light cannot approach. Relatively high cure shrinkage and poor humidity reliability
are caused from acrylate chemical structure.

Scheme 3. UV cationic polymerization of epoxy adhesives.
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By the combination of UV acrylate composition with thermal cure epoxy composition, UV and
thermal cure hybrid epoxy adhesives have been developed and commercialized for over two
decades [34–38]. Acrylate monomer, epoxy resin, photoinitiator and epoxy curing agent are at
least contained in the UV and thermal cure hybrid adhesives. These hybrid adhesives combine
advantages from both UVacrylate proportion and thermal cure epoxy part. Adhesion reliability

Scheme 4. UV cure mechanism of free radical polymerization of acrylate adhesives.

Adhesive type UV acrylate UV cationic epoxy Hybrid thermal cure epoxy

Key compositions Acrylate Epoxy resin Acrylate

Photoinitiator Cationic photoinitiator Photoinitiator

Epoxy resin

Curing agent

Polymerization

UV cure Radical Cationic Radical

Thermal cure NA Cationic Polyaddition, anionic

Oxygen inhibition Yes No Partially

Alkali inhibition No Yes No

UV curability High Medium High

Post-thermal cure No need Preferred Need

Shadow cure No Partially Yes

Cure shrinkage High Low Low

Adhesion Moderate Good Good

Table 1. Comparison of UV acrylate, cationic epoxy and hybrid thermal cure epoxy.
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performance could be much improved by the introduction of the epoxy composition compared
to the normal acrylate composition. In the meantime, production efficiency could be much
improved by shortening the fixture time to seconds via UV cure compared to at least dozens of
minutes needed for thermal cure epoxy adhesives. Surface cure issue, shadow cure issue and
high cure shrinkage of acrylate-based UV adhesives could also be improved to certain degree
because of lower contents of free radical curable acrylate compositions. In some cases, a thermal
initiator such as peroxide is also formulated in the hybrid adhesive to assure curing remained
acrylate compositions after the UV radiation or those at shadow area. Advantages and limita-
tions of UV cationic epoxy adhesives, hybrid UV acrylate and thermal cure epoxy adhesives are
compared with those of UVacrylate adhesives in Table 1.

4. Initiator free hybrid epoxy adhesives

Photoinitiator is the key material to formulate UV cure compositions. In actual cure process,
however, several small molecules are usually generated as byproducts. Additionally, photoin-
itiator itself will not be consumed completely in actual use at most cure conditions and will
remain in the cured materials as just contaminants. As shown in Scheme 5, for the use of benzyl
dimethyl ketal (BDMK) as photoinitiator, for example, Sitmann et al. [39] described that there are
at least three small molecules generated during its UV light decomposition. These small molec-
ular byproducts, together with the remained photoinitiator, cannot be chemically bonded to the
cured adhesive. For sensitive high precise substrate bonding applications such as fine semicon-
ductor packaging or display assembly, there are big concerns on contaminants from low mole-
cule chemicals such as these byproducts, remained photoinitiator during UV curing process on
sensitive semiconductor substrate or display materials. In addition, the remained photoinitiator

Scheme 5. Photo-reaction mechanism of BMDK.
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may initiate or accelerate chemical reaction of cured adhesive materials during the actual use and
potentially damage its adhesion reliability performance. Initiator free UV cure adhesive will not
have these concerns.

Recently, the authors invented and reported a new type high-performance UV and thermal
curable hybrid epoxy adhesive that is completely an initiator free composition but still pos-
sesses good UV curability and satisfactory thermal curability, suitable for use in high-end
display assembly applications [40–42].

Maleimide compounds have been studied for years in photoinitiator-free UV curing systems
[43–46]. As illustrated in Scheme 6, maleimide compound can adsorb light energy and gener-
ate small amount of free radical. In the meantime, maleimide itself is a good monomer for free
radical polymerization. Compared to normal photoinitiator acrylate cases, however, its UV
cure efficiency is much lower.

The new type hybrid epoxy resin adhesive is mainly composed of a liquid bismaleimide
compound, partially acrylated bisphenol A epoxy resin, acrylic monomer, epoxy resin and
latent curing agent. Chemical structure of typical reactive materials used is shown in Figure 4.
The new type adhesive does not contain any conventional initiator, either photoinitiator or
thermal initiator such as peroxide compound. It is a complete initiator free hybrid epoxy
adhesive. Its UV fixture time was 5 s at 100 mW/cm2 with high-pressure mercury lamp used.
Good adhesion on glass substrate has been also confirmed.

FT-IR was performed to measure and analyze quantitatively cure behaviour of the adhesive
sample [46–48]. The spectrum of adhesive samples cured at UV cure and UV + thermal cure
conditions as well as non-cure samples was measured by the use of Varian 610-IR Fourier

Scheme 6. Radical generation of maleimides via UV radiation.
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transform infrared (FT-IR) spectroscopy. Figure 5 IR spectrum of adhesive sample cured at UV
only condition was shown compared to non-cure sample. IR spectrum of adhesive samples
cured at UV + thermal cure condition was shown compared to non-cure sample in Figure 6.
The conversion rate was further calculated from the decrease of the 1405 cm�1 absorption peak
area attributed to acrylic double bond, the 690 cm�1 peak area attributed to maleimide double
bond and the 915 cm�1 peak area attributed to epoxy group. As summarized in Table 2, a
conversion rate of 62% of acrylic and 95% of maleimide double bonds had been achieved at
this UV cure condition. This result confirmed that most part of acrylic and almost all
maleimide double bonds had been cured during this UV cure condition. As expected, epoxy
group cured only at thermal cure condition.

Very interestingly, it was found, as shown in Table 2, that remained uncured acrylic double
bonds at UV cure process continued to react, and the conversion rate increased eventually to
100% at post-thermal cure condition. In the meantime, conversion rate of acrylic double
achieved 67 and 95% at thermal cure only condition, respectively. As described previously,

Figure 4. Chemical structure of reactive materials used.
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Figure 6. FT-IR spectrum of adhesive cured at UV + thermal cure condition, in blue, with compared to non-cure sample.

Cure condition C¼C conversion rate (%) Epoxy conversion rate (%)

Acrylate Bismaleimide

UV cure only, 100 mW/cm2 � 30 s 62 95 0

UV + thermal cure, 100 mW/cm2 � 30 s + 120�C � 60 min 100 96 85

Thermal cure only, 120�C � 60 min 67 95 69

Table 2. Conversion rate of C¼C group and epoxy group measured by FT-IR.

Figure 5. FT-IR spectrum of adhesive cured at UV only condition, in blue, compared to non-cure sample.
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the adhesive sample does not contain any thermal initiator component such as peroxide.
Nevertheless, UV cure components of the adhesive sample showed also very good thermal
curability. From epoxy resin part, conversion rate of epoxy group of adhesive sample cured at
thermal cure only condition was lower than that cured at UV + thermal cure condition.

Based on this result, acrylic and maleimide double bonds reacted most probably with the
epoxy curing agent, dihydrazine.

5. Summary

UV and thermal cure epoxy adhesives have been successfully used in high-end applications
such as optical component bonding, sensor packaging and display panel assembly where high
production efficiency and high adhesion performance are required. There are mainly two
types of commercialized UV and thermal cure epoxy adhesives: UV cure cationic epoxy
adhesives and hybrid UV acrylate and thermal cure epoxy adhesives. UV cure cationic epoxy
adhesives are primarily composed of cycloaliphatic epoxy resin and cationic photoinitiator.
UV cationic epoxy adhesives have no surface cure issue and possess low cure shrinkage and
good adhesion performance but need post-thermal cure to achieve full adhesion performance.
Hybrid UV acrylate and thermal cure epoxy adhesives are primarily composed of acrylate
monomer, free radical photoinitiator, epoxy resin and curing agent. The hybrid epoxy adhe-
sives combine fast UV curability of acrylate composition and high adhesion performance of
thermal cure epoxy composition. A new type initiator free hybrid one-component UV and
thermal cure adhesive has been also introduced. It is mainly composed of maleimide com-
pound, acrylic monomer, partially acrylated epoxy resin, epoxy resin and latent curing agent.
The new hybrid epoxy adhesive possesses good UV curability and satisfactory thermal cur-
ability and is suitable for use as high performance required applications.
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Abstract

Organic coatings form an effective barrier between metals and their environment, provid-
ing them protection against corrosion. Corrosion on coated metals depends mainly on the
diffusion of water through the coating, the loss of adhesion at the interface between the
coating and the metal (delamination), the rate of the chemical and electrochemical reac-
tions under the coating and the treatment of the metal surface before the coating applica-
tion. Many aggressive ions are transported toward and inside the coating through water.
In organic coatings, typically, the water absorbed by the coating affects the polymer
matrix structure, and it causes swelling and stresses, which may result in cracks. Swelling
and cracks enhance the transport of water into the solid polymer, and concurrently the
diffusion of ions. Over time also, the chemical structure of the polymer may change,
adversely affecting its barrier properties and overall performance. In this chapter, we
focus on methods to quantify the transport of electrolyte in organic coatings. We mark
out the main characteristics, advantages and limitations of each one of them.

Keywords: water uptake, organic coating, corrosion, gravimetric method, ATR-FTIR,
NMR, THz-TDS, THz-FDS, EIS

1. Introduction

Organic coatings are used to protect metals against corrosion. In transportation, infrastructure,
and oil and gas industry, just to name a few, corrosion has not only a serious economic impact
(productivity and efficiency reduction), but it also harms the environment and reduces public
safety. Therefore, coatings are extensively used to slow down the degradation of metals, thus
extending the service lifetime of structures. An organic corrosion-protection coating applied on
a metallic surface forms a barrier between the metal surface and its environment, preventing or
delaying the transportation of corrosive species toward the metal, thus retarding the creation
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of rust at the metal surface. Over time, also the coating will degrade, reducing its barrier
properties and corrosion protection efficiency. Scratches in the coating, pinholes, and surface
contamination in between the coating and the metal are the main factors of coating degrada-
tion [1, 2]. Mechanical damages can be the pathways for enhanced water diffusion. The long-
term performance of polymeric coatings highly depends on water adsorption and absorption.
Typically, the polymer absorbs water, which affects the structure of the polymer matrix,
causing swelling and internal stresses, thus producing nanosized channels and even cracks,
enhancing the transport of water into the solid polymer and thus reducing its barrier proper-
ties. Additionally, the sorption of water may affect the polymer’s mechanical properties by
acting as a plasticizer and, in some cases, by causing hydrolysis. Progressively, the polymer
degrades, losing its mechanical performance. The higher the temperature in a humid environ-
ment and the longer the time, the faster the polymer’s degradation takes place. By calculating
the amount of water that ingresses into the coating, and the diffusion coefficient, it is feasible to
estimate the starting point in time where the corrosion may start occurring on the metal
surface. After that point, the deterioration of the coating-metal interface begins. Given such
parameters (amount and diffusion coefficient of water) it is feasible to optimize the quality of
the coating (components, structure and thickness) in order to slow the process of corrosion
down. The water uptake by coatings has been investigated by many researchers. However,
most of the experimental techniques used, work under ideal and stable conditions, i.e. coatings
without pinholes, scratches or any kind of defects, constant temperatures and humidity. The
reason is that a combination of different physical and chemical phenomena can occur simulta-
neously; hence, different parameters affect the water uptake phenomena. The most common
techniques to study water uptake in coatings are gravimetric method (GM), attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) and nuclear magnetic reso-
nance (NMR). The amount of water sorpted can also be estimated using electrochemical
techniques, such as electrochemical impedance spectroscopy (EIS). A novel, non-destructive
evaluation for water penetration is provided by terahertz spectroscopy. Nevertheless, these
techniques give reliable results given that they deal with ideal organic coatings (no defects,
homogeneous surface) so as to consider only the diffusion phenomenon. In this chapter, we
will first discuss the transport of water and electrolyte into organic coatings. Subsequently the
experimental techniques for studying these processes will be looked at.

2. Organic coatings: barrier to electrolyte entrance

Organic coatings are thin solid-phase materials, which can be applied on structures to provide
corrosion protection, and provide many other functions, such as, mechanical and chemical
protection, electrical and thermal conductivity isolation, hydrophilicity or hydrophobicity, UV
resistance, or esthetic properties, such as color, gloss or roughness [3, 4]. The formulation used
to apply an organic coating typically consists of a binder and fillers, and in some case solvents
or water (e.g., in latex paints). The compatibility of the components and their volume fraction,
as well as the number of coating layers that are applied on a substrate, affects the properties
and the functionality that the coating will finally reach. According to Szauer [5], an improper
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dispersion of molecules may leave free spaces available to be covered by corrosive species [6].
Despite development in coating technologies, troubles in corrosion protection of metals
continue to exist in the long run. Substantial research has been done to understand scientifi-
cally the modes of failure of these materials in particular environmental conditions. Neverthe-
less, there has been limited work to quantitatively mark out the deterioration process and to
predict the lifetime of the coated metal. One of the main reasons is the complexity of the
coating/metal system and the combination of factors that simultaneously affect the perfor-
mance of the coating. This encompasses the physical and chemical properties of the polymer,
the substrate surface, the interface between coating and metal, the presence of defects, or local
inhomogeneities. For example, low-molecular-weight or low-crosslinked materials can take up
a large amount of water, and may show a low resistance to ion transport, hence they are
susceptible to water attack. Corrosion takes place at the defects (pinholes, pores, scratches)
and delamination or blisters appear adjacent to them.

When the coated metal is exposed to an aqueous solution, the water immediately starts
spreading through the organic matrix. As for ion diffusion, most coatings work as a barrier
due to their low dielectric constants and the limited free volume of their molecular structure.
Nevertheless, once there is a defect in the organic coating or once there is enough water inside
the polymer matrix, there is a transport link that connects the aqueous phase with the coating
and the metal oxide film, through which water and hydrated ions migrate. This is the starting
point for the deterioration of the coating first, and then of the oxide film and progressively of
the metallic structure overall. The water molecules move toward the metal surface and they
change the polymer properties. At the metal surface, they may replace the polymer and
interact with the metal oxide film by opening a path for charged species [7, 8]. After the
interaction with the metal oxide, electrochemical processes may start. With the creation of
corrosion products underneath the coating, osmosis may be induced, creating mechanical
forces that tend to separate the polymeric layer from the metal substrate [9] and cause local
deformations [10, 11].

The diffusion of water and ions into the coating can be described in first approximation using
Fick’s law of diffusion, which describes these phenomena for a steady state (Eq. (1)):

J ¼ �D
∂cð Þ
∂xð Þ (1)

where J is the diffusion flux, D is the diffusion coefficient, c is the concentration and x is the
direction of the diffusion. To predict the water accumulation rate at non-steady state, Fick’s
second law of diffusion can be used (Eq. (2)):

∂c
∂t

¼ D
∂2c
∂x2

� �
(2)

where t is the diffusion time. This equation considers the coating as a homogeneous layer,
where the diffusion takes place in one dimension and the diffusion coefficient is independent
of distance, concentration and time. The temperature dependence of the Fickian diffusion of
water is supposed to follow an Arrhenius model, as long as the temperature is below the glass
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or water (e.g., in latex paints). The compatibility of the components and their volume fraction,
as well as the number of coating layers that are applied on a substrate, affects the properties
and the functionality that the coating will finally reach. According to Szauer [5], an improper
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dispersion of molecules may leave free spaces available to be covered by corrosive species [6].
Despite development in coating technologies, troubles in corrosion protection of metals
continue to exist in the long run. Substantial research has been done to understand scientifi-
cally the modes of failure of these materials in particular environmental conditions. Neverthe-
less, there has been limited work to quantitatively mark out the deterioration process and to
predict the lifetime of the coated metal. One of the main reasons is the complexity of the
coating/metal system and the combination of factors that simultaneously affect the perfor-
mance of the coating. This encompasses the physical and chemical properties of the polymer,
the substrate surface, the interface between coating and metal, the presence of defects, or local
inhomogeneities. For example, low-molecular-weight or low-crosslinked materials can take up
a large amount of water, and may show a low resistance to ion transport, hence they are
susceptible to water attack. Corrosion takes place at the defects (pinholes, pores, scratches)
and delamination or blisters appear adjacent to them.

When the coated metal is exposed to an aqueous solution, the water immediately starts
spreading through the organic matrix. As for ion diffusion, most coatings work as a barrier
due to their low dielectric constants and the limited free volume of their molecular structure.
Nevertheless, once there is a defect in the organic coating or once there is enough water inside
the polymer matrix, there is a transport link that connects the aqueous phase with the coating
and the metal oxide film, through which water and hydrated ions migrate. This is the starting
point for the deterioration of the coating first, and then of the oxide film and progressively of
the metallic structure overall. The water molecules move toward the metal surface and they
change the polymer properties. At the metal surface, they may replace the polymer and
interact with the metal oxide film by opening a path for charged species [7, 8]. After the
interaction with the metal oxide, electrochemical processes may start. With the creation of
corrosion products underneath the coating, osmosis may be induced, creating mechanical
forces that tend to separate the polymeric layer from the metal substrate [9] and cause local
deformations [10, 11].

The diffusion of water and ions into the coating can be described in first approximation using
Fick’s law of diffusion, which describes these phenomena for a steady state (Eq. (1)):

J ¼ �D
∂cð Þ
∂xð Þ (1)

where J is the diffusion flux, D is the diffusion coefficient, c is the concentration and x is the
direction of the diffusion. To predict the water accumulation rate at non-steady state, Fick’s
second law of diffusion can be used (Eq. (2)):

∂c
∂t

¼ D
∂2c
∂x2

� �
(2)

where t is the diffusion time. This equation considers the coating as a homogeneous layer,
where the diffusion takes place in one dimension and the diffusion coefficient is independent
of distance, concentration and time. The temperature dependence of the Fickian diffusion of
water is supposed to follow an Arrhenius model, as long as the temperature is below the glass
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transition temperature (Tg) of the polymer. However, there are cases in which the transport of
penetrants swells the polymer and changes the sorption kinetics, resulting in a non-Fickian
diffusion process. This is common in more hydrophilic polymers, where the penetration of
water plasticizes the polymer matrix. If this decreases the Tg (of the amorphous fraction) of the
matrix sufficiently to have a change from a glassy to a rubbery state, diffusion may become 2–3
orders of magnitude faster. In addition, temperature variations during absorption, can perma-
nently and significantly alter sorption behavior. The diffusion of water molecules in some
organic coatings (e.g. epoxy) has been approached either volumetrically or interactionally [12].
The volumetric approach is based on the diffusion of water molecules through the free volume
that present in between the macromolecular chains or the chain segments of the crosslinked
network [13–16]. The free volume and the diffusion phenomenon depend on the crosslinking
density and the physical state of the polymeric matrix. The nature of the penetrants (size, shape
and polarity) influences the permeability and the rate of transport within the matrix. It has been
reported that an increase in the size of the penetrant molecules causes a decrease in the diffusiv-
ity [17–19]. On the contrary, the interactional approach is based on the interactions between the
polar groups and the water molecules, considering in general, the chemical nature of the com-
ponents [20–22]. In general, the diffusion coefficient depends on the chemical functional groups
and of the micro-organization of the polymer (void spaces, crosslinking and crystallinity). The
presence of fillers and additives in the coating influences the chemical nature hence the diffusion
coefficient too. Figure 1 is an illustration of how the shape of the pigments in the coating may
influence the pathway through which the water will manage to reach the substrate [23].

3. Experimental measurements of water sorption and transport

When a dry coating is exposed to an aqueous solution, water and ions slowly permeates the
coating structure. There are many techniques to assess the transport properties of electrolyte in
the coating film. In this section, we present the most common experimental methods to study
the water uptake in organic coatings. There are two basic types of analysis: those which try to
calculate the diffusion rates and those trying to demonstrate the concentration profiles. The

Figure 1. Spherical pigments allow easy penetration of water while lamellar pigments create more tortuous thus longer
pathways for diffusion [23].
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most classic techniques are the gravimetric method (GM), attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR), nuclear magnetic resonance (NMR) and electro-
chemical impedance spectroscopy (EIS). At the end of this section, we introduce a novel, non-
destructive technique for evaluation of water penetration in coatings: terahertz spectroscopy
(time-domain (TDS) and frequency-domain (FDS)).

3.1. Gravimetric method (GM)

The gravimetric method is probably the oldest method to determine the sorption of water by a
coating. It is still widely used because it is a simple and accurate way by measuring the total
weight gain after exposing the coating to liquid or vapor for a period of time. Different
(weighing) equipment is used depending on the sensitivity required. The sample, usually a
coated metal substrate or a free-standing coating, is immersed in the electrolyte and removed
for weighing at different points of time. It is essential to wipe the excess liquid from the
exposed surface before placing the sample on a microbalance. The weight gain (Eq. (3)) at time
t, assuming a constant penetration of liquid in an initially completely dry film of thickness L, is
described by Crank and Park [24]:

Mt

M∞
¼ 1� 8

π2

X∞
n¼0

1

2nþ 1ð Þ2 exp
�D 2nþ 1ð Þ2π2t

L2

" #
(3)

where Mt is the absorbed mass at time t, M∞ is the equilibrium mass and D is the diffusion
coefficient that is assumed to be constant. This formula considers that the uptake of solute into
polymers is following Fick’s law. Kloppers et al. [25] investigated the water uptake in PET
films of different thickness. Figure 2 shows that the water diffusion is Fickian and that the
relative mass change Mt/M∞ versus the dimensionless time τ = tD/L2 plot, can be described by
the Eq. (3).

3.2. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

The diffusion of water in an organic coating can also be followed using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) [26, 27]. Infrared spectroscopy
provides quantitative information on the composition of complex molecules or mixtures of
molecules, by studying the absorption of IR light resulting from vibrations of functional
groups. As typically the thickness of a polymer film studied in transmission needs to be less
than 10 μm to avoid complete absorption in sections of the spectral region, often ATR-FTIR is
used for thin coatings. In ATR-FTIR, the IR beam passes through the ATR crystal (often
germanium, silicon, ZnSe or diamond) and reflects at the interface between the crystal and
the sample. This reflection creates an evanescent wave that penetrates into the coating to a
depth of a few micrometers. The penetration depth depends mainly on the refractive indices of
the ATR crystal and the material of the sample, the wavelength of the light beam, and the angle
of incidence. The refractive index of the ATR crystal must be greater than the refractive index
of the sample. The beam exits the crystal and it is collected by a detector, giving an ATR
infrared spectrum. This technique allows for following the water sorption by an organic
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coefficient too. Figure 1 is an illustration of how the shape of the pigments in the coating may
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3. Experimental measurements of water sorption and transport

When a dry coating is exposed to an aqueous solution, water and ions slowly permeates the
coating structure. There are many techniques to assess the transport properties of electrolyte in
the coating film. In this section, we present the most common experimental methods to study
the water uptake in organic coatings. There are two basic types of analysis: those which try to
calculate the diffusion rates and those trying to demonstrate the concentration profiles. The
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most classic techniques are the gravimetric method (GM), attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR), nuclear magnetic resonance (NMR) and electro-
chemical impedance spectroscopy (EIS). At the end of this section, we introduce a novel, non-
destructive technique for evaluation of water penetration in coatings: terahertz spectroscopy
(time-domain (TDS) and frequency-domain (FDS)).

3.1. Gravimetric method (GM)

The gravimetric method is probably the oldest method to determine the sorption of water by a
coating. It is still widely used because it is a simple and accurate way by measuring the total
weight gain after exposing the coating to liquid or vapor for a period of time. Different
(weighing) equipment is used depending on the sensitivity required. The sample, usually a
coated metal substrate or a free-standing coating, is immersed in the electrolyte and removed
for weighing at different points of time. It is essential to wipe the excess liquid from the
exposed surface before placing the sample on a microbalance. The weight gain (Eq. (3)) at time
t, assuming a constant penetration of liquid in an initially completely dry film of thickness L, is
described by Crank and Park [24]:
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where Mt is the absorbed mass at time t, M∞ is the equilibrium mass and D is the diffusion
coefficient that is assumed to be constant. This formula considers that the uptake of solute into
polymers is following Fick’s law. Kloppers et al. [25] investigated the water uptake in PET
films of different thickness. Figure 2 shows that the water diffusion is Fickian and that the
relative mass change Mt/M∞ versus the dimensionless time τ = tD/L2 plot, can be described by
the Eq. (3).

3.2. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

The diffusion of water in an organic coating can also be followed using attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) [26, 27]. Infrared spectroscopy
provides quantitative information on the composition of complex molecules or mixtures of
molecules, by studying the absorption of IR light resulting from vibrations of functional
groups. As typically the thickness of a polymer film studied in transmission needs to be less
than 10 μm to avoid complete absorption in sections of the spectral region, often ATR-FTIR is
used for thin coatings. In ATR-FTIR, the IR beam passes through the ATR crystal (often
germanium, silicon, ZnSe or diamond) and reflects at the interface between the crystal and
the sample. This reflection creates an evanescent wave that penetrates into the coating to a
depth of a few micrometers. The penetration depth depends mainly on the refractive indices of
the ATR crystal and the material of the sample, the wavelength of the light beam, and the angle
of incidence. The refractive index of the ATR crystal must be greater than the refractive index
of the sample. The beam exits the crystal and it is collected by a detector, giving an ATR
infrared spectrum. This technique allows for following the water sorption by an organic
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coating when it is exposed to an aqueous solution. Nguyen et al. [28] demonstrated a set-up
that detects the water at the coating/substrate interface regardless the thickness of the coating
and Fieldson and Barbari [26] and other researchers studied the water sorption kinetics in
polymeric films [29]. Typically, the sample is a free-standing organic coating that is placed
between the ATR crystal and the diffusing medium. With this method it is possible to measure
the amount of absorbed water as a function of time, in experiments taking place in situ, by
recording time-resolved IR spectra of the hydroxyl (νO–H stretch) absorption band, typically
in the range of 3000–4000 cm�1. It is essential that the coating is in direct contact with the
crystal. Recently, several polymeric materials have been analyzed for water sorption and
desorption in this way [30–34]. Wapner et al. [35, 36] used a similar experimental set-up as in
Figure 3, to measure the uptake of water and ion transport at polymer/metal interface. They
used deuterated water instead of normal water because the IR-Bands of the former do not
overlap with the bands from the epoxy resin.

The principle behind the quantitative analysis of the spectra is the direct relationship between
the absorption of electromagnetic waves and the quantity of the absorbing material. For
transmission FTIR, the Beer–Lambert law represents this relationship (Eq. (4)):

dI ¼ �ε ln 10 cI dz (4)

where I is the light intensity at position z, ε is the molar absorption, c is the concentration of
absorbing substance. By integrating Eq. (4), the concentration profile over the thickness of the
film is accounted for (Eq. (5)):

Figure 2. Water uptake against the square root of the dimensionless time, τ, for the PET films of 75 and 205 μm thickness
and the theoretical result taken from Eq. (3) [25].

Paint and Coatings Industry92

A ¼ � log
I
I0

¼
ðL
0
εc dz (5)

where A is the measured absorbance, I0 is the intensity of the incident light, I is the intensity of
the transmitted light, L is the thickness of the coating, over which there is the absorbing group.

In ATR-FTIR, the evanescent wave field decays exponentially in the less medium according to
Eq. (6), and the penetration depth of the evanescent IR beam into the sample is the reciprocal of
Eq. (7):

E ¼ E0e�γz (6)

γ ¼ 2n2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin 2φ� n1

n2
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λ
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where E0 is the electrical field strength at the interface, I equals E2, z is the distance from the
surface, n1 is the refractive index of ATR crystal and n2 is the refractive index of the coating, φ
is the angle of incidence of the infrared beam and dp is the depth of penetration of the IR beam
into the sample. Assuming Fickian diffusion, the diffusion coefficient can be calculated by the
equation that describes the intensity at a given point as a function of the electrical field (Eq. (8)):
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Figure 3. Experimental set-up for the measurement of water diffusion using ATR-FTIR. The deuterated water was used
instead of water as the IR-Bands of the deuterated water do not overlap with bands from the epoxy resin [35].
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Figure 3. Experimental set-up for the measurement of water diffusion using ATR-FTIR. The deuterated water was used
instead of water as the IR-Bands of the deuterated water do not overlap with bands from the epoxy resin [35].
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where At is the absorbance at time t, A∞ is the absorbance at equilibrium, and D is the diffusion
coefficient [25]. In the IR spectrum, each stretching and bending vibration occurs with a
characteristic frequency as the atoms and charges involved are different for different bonds.
Typical difference ATR-FTIR spectra for the water absorption in an alcohol/amine adhesive
film exposed to an atmosphere saturated with deuterated water (D2O) for different exposure
times has been demonstrated by Wapner et al. [35] in Figure 4. They also calculated the
diffusion coefficient based on the increase of the area of the νOD-band and by fitting that
curve with Eq. (8). The negative νO–H bands are because deuterated water molecules
(D-protons) replaced the H-protons of the polymer and lowered the intensity of the νO–H
absorption bands (the higher mass of the D atom shifts the wave number to lower values).
According to Nguyen et al. [37], the idea behind the increasingly negative CHx bands is that
the water replaces the polymer at the interface and builds up an aqueous layer, leading to a
gradual loss of adhesion. Given that penetration depth of the IR beam is nearly constant
during an experiment, the lowering in the intensity of the polymer bands occurs as the
polymer is pushed away by the developing aqueous layer.

The quantification of water at the coating/substrate interface is derived from the penetration
depth concept of internal reflection spectroscopy developed for thin and thick films. Suppos-
ing that l is the thickness of the water layer at the coating/substrate interface; dpw and dpc are the
penetration depths of the evanescent wave in water and coating, respectively; n2 is the refrac-
tive index and α2 is the absorption coefficient of water at the coating/substrate interface, then
the thickness of the water is given by Eqs. (9) and (10):

l ¼ dpw
2

�ln
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A∞
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dpc
dpw

2
4

3
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A∞ ¼ n2α2E2
0dpw
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Figure 4. On the left plot, the difference IR spectra of deuterated water diffusion in an adhesive film on silicon ATR crystal
by ATR-FTIR is shown, and on the right plot, measurement of the diffusion coefficient of deuterated water is shown [35].
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where cw is the fraction of water sorbed in the coating within the probing depth and A∞ is the
IR absorbance when the water layer at the coating/substrate interface is very thick. The amount
of water Q is given by Eq. (11) where α is the area in contact with water and r is the density of
water at the interface:

Q ¼ lαr (11)

3.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is a spectroscopic technique based on the absorption of
electromagnetic radiation in the radio frequency range (4–900 MHz). It is widely used to
obtain structural information or even identify molecules in solution. Compared to IR spectros-
copy, NMR can also provide information on molecular dynamics.

NMR takes advantage of the spin states of protons or other atoms with a non-zero spin. In a
(static) magnetic field, the nuclei resonate at a specific resonance frequency between states with a
magnetic moment parallel and opposite to the external field. Thus, the energy levels of the
nucleus are split by the magnetic field, and nuclei can be excited from the lower to the higher
level by a radio frequency (RF) pulse. More specifically, Eq. (12) shows the linear dependence
between the resonance frequency and the magnitude of the applied magnetic field:

f ¼ γ
2π

Bj j! (12)

where f is the resonance frequency in MHz, γ is a constant and the ratio γ/2π is the gyromag-

netic ratio and it is different for different kinds of nuclei. B
!���
��� is the magnitude of the applied

magnetic field in tesla (T) [38, 39]. For example, the hydrogen nucleus has a constant
γ = 42.58 MHz/T. By exciting the nuclei with a radio frequency pulse at the resonance frequency,
the nuclei in return start emitting signals recorded by a receiver coil. The most common way of
extracting chemical information from NMR signals is the chemical shift: the applied magnetic
field induces currents in the electron cloud surrounding the nucleus, creating an induced mag-
netic field of opposite sign, reducing the field sensed by the nucleus. This induced field has a
magnitude between 10�4 and 10�6 times the size of the applied field.

NMR relaxometry can provide information about the diffusivity of liquids [40] and the mobil-
ity of the polymer molecules [41]. After giving an RF-pulse (e.g., a 90� or 180� pulse), the
magnetization will relax to its equilibrium state through spin lattice and spin–spin relaxation,
characterized by relaxation times T1 and T2, respectively, which are very sensitive to the
molecular motion. For T2 relaxation, a CPMG sequence is used, leading to a signal S described
by the multiexponential decay given in Eq. (13):

S tð Þ ¼
X
i

Sie�
t T2i= (13)

where the Si is the component intensity, t is the time from the 90� pulse, and T2i is the
component relaxation time, which will increase with the mobility of the component. Thus, the
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where cw is the fraction of water sorbed in the coating within the probing depth and A∞ is the
IR absorbance when the water layer at the coating/substrate interface is very thick. The amount
of water Q is given by Eq. (11) where α is the area in contact with water and r is the density of
water at the interface:
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3.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is a spectroscopic technique based on the absorption of
electromagnetic radiation in the radio frequency range (4–900 MHz). It is widely used to
obtain structural information or even identify molecules in solution. Compared to IR spectros-
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level by a radio frequency (RF) pulse. More specifically, Eq. (12) shows the linear dependence
between the resonance frequency and the magnitude of the applied magnetic field:

f ¼ γ
2π

Bj j! (12)

where f is the resonance frequency in MHz, γ is a constant and the ratio γ/2π is the gyromag-

netic ratio and it is different for different kinds of nuclei. B
!���
��� is the magnitude of the applied

magnetic field in tesla (T) [38, 39]. For example, the hydrogen nucleus has a constant
γ = 42.58 MHz/T. By exciting the nuclei with a radio frequency pulse at the resonance frequency,
the nuclei in return start emitting signals recorded by a receiver coil. The most common way of
extracting chemical information from NMR signals is the chemical shift: the applied magnetic
field induces currents in the electron cloud surrounding the nucleus, creating an induced mag-
netic field of opposite sign, reducing the field sensed by the nucleus. This induced field has a
magnitude between 10�4 and 10�6 times the size of the applied field.

NMR relaxometry can provide information about the diffusivity of liquids [40] and the mobil-
ity of the polymer molecules [41]. After giving an RF-pulse (e.g., a 90� or 180� pulse), the
magnetization will relax to its equilibrium state through spin lattice and spin–spin relaxation,
characterized by relaxation times T1 and T2, respectively, which are very sensitive to the
molecular motion. For T2 relaxation, a CPMG sequence is used, leading to a signal S described
by the multiexponential decay given in Eq. (13):

S tð Þ ¼
X
i

Sie�
t T2i= (13)

where the Si is the component intensity, t is the time from the 90� pulse, and T2i is the
component relaxation time, which will increase with the mobility of the component. Thus, the
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components of the signal decay are correlated with coating components and their mobility. For
polymers, what matters is the segmental mobility of the polymeric chains. Hence, plasticizing
effects of sorbed water can be detected since this phenomenon leads to a mobility increase of
the polymer chains [42]. For water, the T2 relaxation time will depend on the state (bound or
free) and on the pore size distribution [43, 44].

Glover, Aptaker et al. [45, 46] proposed the GARField approach, a powerful magnetic reso-
nance imaging (MRI) method that can be used for monitoring the ingress of water in coatings
and the corresponding changes in molecular mobility [47]. Baukh et al. [38] used this approach
to visualize the water distribution in multilayer polymeric films: using a high static gradient of
the magnetic field generated by special shaped magnetic poles, depth profiles over 500 μm
could be analyzed with a 2.5–6 μm resolution. The experimental set-up is shown in Figure 5.

For a multilayered film combining a top coat and a base coat on glass, the intensities of NMR
profiles taken from both wet and dry coatings were compared. The signal intensity of the wet
coating was higher than the intensity of the dry one (Figure 6). The polymer was also exposed
to D2O, which is expected to behave very similar to water molecules. Progressively, D2O
molecules affect the polymer matrix mobility, and as deuterium cannot be probed, the only
detected NMR signal is from the polymer. This way it is possible to follow the mobility of the
polymeric chains, reflected by the enhancement of the NMR signal.

The signal increase ΔS = [SD2O/H2O-SD2O], where S are the integrated signals of the base coat
layer in the case of exposure to a D2O/H2O mixture and to pure water, respectively, is propor-
tional to the mass of water in the coating Δm (mg) and can be written as ΔS = kΔm, where
k (mg�1), is a proportionality coefficient given by (Eq. (14)):

k ¼ 1
rwA

1� exp � tr
T1

� �
exp � te

T2

� �� �
(14)

where rw is the density of liquid water, A is the area of the base coat, T1 and T2 are the
relaxation times of water, and where tr is the repetition time and te is the echo time of the pulse
sequence used. Using this approach, the increase in water content in the base coat due to

Figure 5. Schematic representation of the experimental set-up for the measurement of the water uptake using the
GARField approach. The samples were put on top of the RF coil. To wet a sample, a glass tube was glued on top of the
coating [38].
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diffusion of water through the top coat can be followed, permitting an (indirect) estimation of
the diffusion coefficient in the top coat.

If both diffusion and molecular mobility contribute to the relaxation process, the measured T2

time will be given by (Eq. (15)):

1
T2

¼ 1
T2D

þ 1
T2S

(15)

where T2D represents relaxation due to diffusion and T2S relaxation corresponding to the
mobility of the measured species. The relaxation due to diffusion in the field gradient is given
by (Eq. (16))

T2D
�1 ¼ αγ2G2Dte2 (16)

where D is the self-diffusion coefficient of the measured species, α is a constant defined by the
evolution of coherent pathways for a given pulse sequence and is determined using the
measurement of the diffusivity of pure water in a dilute aqueous reference solution, and G is
the gradient of the magnetic field. Baukh et al. [48] estimated the self-diffusion coefficients of
water in a fully and partially saturated base coat using the slope of the linear part of the T2

�1

versus te
2 curve (Eq. (16)). For a more detailed explanation of the principles and equations, the

reader is referred to the papers of Huinink and coworkers [38, 47, 48].

3.4. Terahertz spectroscopy: time-domain (TDS) and frequency-domain spectroscopy (FDS)

The frequency region of electromagnetic waves ranging from �30 GHz to �10 THz covers
typically three bands, called as the mmw band, the sub-THz band and the THz-band which
are situated between the microwave band and the infrared. In order to simplify the

Figure 6. NMR signals profiles in the sample of base coat during (a) water and (b) heavy water uptake. The vertical arrow
indicates the signal increase in the base coat and the horizontal arrow indicates swelling. The lower bold line in (a)
represents the signal of the dry sample [38].
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where D is the self-diffusion coefficient of the measured species, α is a constant defined by the
evolution of coherent pathways for a given pulse sequence and is determined using the
measurement of the diffusivity of pure water in a dilute aqueous reference solution, and G is
the gradient of the magnetic field. Baukh et al. [48] estimated the self-diffusion coefficients of
water in a fully and partially saturated base coat using the slope of the linear part of the T2

�1

versus te
2 curve (Eq. (16)). For a more detailed explanation of the principles and equations, the

reader is referred to the papers of Huinink and coworkers [38, 47, 48].

3.4. Terahertz spectroscopy: time-domain (TDS) and frequency-domain spectroscopy (FDS)

The frequency region of electromagnetic waves ranging from �30 GHz to �10 THz covers
typically three bands, called as the mmw band, the sub-THz band and the THz-band which
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terminology related to this spectral range, we call this spectral part range the THz domain,
which is the least exploited of the electromagnetic spectrum. Nevertheless, recently spectros-
copies methods operating in this region have been used for the characterization of various
materials. THz radiation does not readily penetrate through metals or pure polar liquids such
as water. However, this limitation of THz propagation through water turns into an advantage
in detecting moisture or humidity in materials as water has a large relative permittivity and is
highly absorptive in the THz range and at the same time the considered organic materials
which absorb moisture are reasonably transparent for the lower frequencies of the considered
THz band. Hence, the contrast in the image between the wet and the dry regions is high.
Normally, the water diffusion in organic coatings takes some hours or days. In general, THz
imaging systems can operate in the frequency or the time domain, the latter one featuring
broadband characteristics, allowing low spectral resolution spectroscopy and typically more
expensive, the former one allowing much higher spectral resolution. THz imaging systems can
scan the full coating area in a few to tens of seconds, therefore allowing to follow the water
ingress in the coating from the very early stages of the diffusion. Another property of THz
imaging is the fact that it can produce 2D images of the water ingress and detect structures
comparable in size to the electromagnetic wavelength of the THz radiation (from 10 mm down
to 0.3 mm). For example, it can spot water diffusion into comparably-sized voids in the
subjected material as it will create a large contrast between the dry and the wet THz absor-
bance images [49]. The first demonstration of THz imaging for mapping the moisture has been
done in drying leaves [50, 51]. Overall, this method enables the creation of images of liquid
diffusion in materials and depicts possible diffusion pathways, the extraction of average
diffusion coefficients, and the non-destructive assessment of hydration levels inside objects.
The high permittivity of water is mainly the feature that influences the contrast mechanism for
moisture detection by THz imaging. The ingress of water in the material is followed by an
increase of the overall absorbance at all THz frequencies.

Jordens et al. [52] studied the water absorption in polyamide and wood plastic composite
using THz spectroscopy. By comparison with gravimetry results, they concluded that the
refractive index and the absorption coefficient obtained (at 600 GHz) can be employed to
derive the volumetric water content of a polymer from the measured THz signal after calibra-
tion. Although the contrast in permittivity between the coating material and the water is high,
for very thin layers (sub-100 μm) with very low water content (only a few %), sensitivity
enhancement techniques (e.g. resonant like structures) are needed [53, 54]. These techniques
can only be implemented in the frequency domain. Recently, Pandey et al. [55] showed that
mm-waves (around 60 GHz) can be used to follow the drying or freezing of food slices with
high sensitivity. However, all the mentioned methods are not completely blind and need priori
information (e.g. the thickness of the coating) to extract the absolute water content. Using
dedicated setups exploiting the transient radar method, also the blind analysis of multilayer
structures with deep submillimeter depth resolution, significantly below the wavelength, is
feasible [56]. This method allows to determine the dynamic thickness of the coating (e.g. due to
swelling) and the frontline of the water ingress.

Obradovic et al. [57] studied the diffusion coefficient of acetone in polycarbonate and
polyvinylchloride polymers by using a THz reflective geometry (Figure 7). Figure 8, on
the left shows THz time domain measurements presented as a stack plot as a function of

Paint and Coatings Industry98

exposure time of the PVC to the acetone, and on the right, it shows the evolution of the depth
of penetration of acetone versus time.

Although diffusion coefficients or quantitative diffusion models have not been determined yet
using THz-TDS, the high sensitivity for water and the ability to measure with submillimeter
depth resolution are promising for following concentration profiles during the ingress of water
in coatings. Kusano et al. [58] studied the penetration of acid solutions into epoxy resins by
THz-TDS. They found that the refractive index of epoxy specimens is changing as this is due to
the solution uptake.

Figure 7. An illustration of the reflectance spectrometer. E is the emitter, O is the off-axis parabolic mirrors, F is the flat
mirror, S is the sample holder with polymer disc, D is the detector, L is the lens, W is the Wollaston prism, and P is the
photodiodes [57].

Figure 8. THz-time domain measurements of acetone ingress into PVC at room temperature. On the left the plot, the
waveforms at time t1 correspond to the top surface, at t2, they come from the penetrant front interface and at time t3, from
the rear surface of the polymer. On the right plot, the acetone depth penetration into the polymer as a function to time is
shown [57].
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3.5. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is an in situ, non-destructive technique that can be
used to characterize a wide variety of electrochemical systems, including the degradation of
the corrosion protection of coated metals over time. The EIS experiments are usually done in
an electrochemical cell with three electrodes immersed in a liquid electrolyte: the working
electrode, which is the coated metal, the counter electrode (made of an inert conductor, such
as platinum) that provides a circuit along with the working electrode, and the reference
electrode that is used to determine the potential of the working electrode (e.g. made of
Ag/AgCl). The impedance is measured between the reference electrode and the working elec-
trode. The electrochemical cell is connected to a potentiostat instrument that controls the voltage
difference between the reference and the working electrode. Deflorian et al. [59] studied the ion
diffusion through organic coatings with EIS, working in the electrochemical cell of Figure 9.

In general, EIS involves measuring the electrical response of a system subdued to a low
amplitude, sinusoidal potential perturbation (Eq. (17)), typically in the range of �10 mV, as a
function of frequency, usually between 10�2 and 105 Hz. The response of the system is an
alternating current signal with the same frequencies (the linear part of the response, Eq. (18))
and higher harmonics (the non-linear part):

E tð Þ ¼ E0 cos ωtð Þ (17)

I tð Þ ¼ I0 cos ωt� φð Þ (18)

where E0 is the amplitude of the potential difference, I0 is the amplitude of the current, ω = 2πf
is the angular frequency and t is the time, φ is the phase shift, time shift or phase angle, and it
exists because the response depends on the physicochemical processes taking place. In

Figure 9. Electrochemical cell with three electrodes (working, counter and reference) for analyzing the diffusion of water
into a coating [59].
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corrosion studies, the current response is not linear due to polarization and/or passivation
effects. However, for small perturbation signals, the response may behave as pseudo-linear.

Electrochemical processes that may take place in the coating-oxide-metal system can be
described by equivalent electrical circuits consisting of a series of resistors, capacitors, and
inductors, sometimes extended with special elements, like a Warburg element (when the
system is dominated by mass transport phenomena). More specifically, the recorded imped-
ance spectra are analyzed by fitting electrochemical equivalent circuits to the data. The change
of certain parameters in the circuits can then be correlated with specific changes in the system
over time, such as, an increasing permittivity of the coating that results from an increasing
water sorption. The most simple electrical circuit would be a circuit with an electrical resis-
tance only, defined by Ohm’s law and mathematically expressed in Eq. (19):

R ¼ E
I

(19)

where R is the resistance, E is the applied alternating potential difference, I is the alternating
current response. For complex systems, the equivalent circuits get more complicated, and one
needs to move from the real to the imaginary representation, introducing the concept of
impedance (Z). By turning Eqs. (17) and (18) into complex functions, the potential (Eq. (20))
and the current (Eq. (21)) are described as follows:

eE tð Þ ¼ E0 exp jωt
� �

(20)

eI tð Þ ¼ I0 exp jωt �φ
� �

(21)

where j is the complex number (j2 = �1). The measured potential and current are the real parts
of the imaginary functions. The impedance is a measure of an electrical circuit’s opposition to
an alternating current when an alternating potential is applied. In analogy with Ohm’s law, the
impedance Z is expressed as (Eq. (22)):

Z ¼
eE tð Þ
eI tð Þ

¼ Z0 exp jφð Þ ¼ Z0 cosφþ j sinφð Þ (22)

where the impedance Z is a complex function with magnitude or modulus Z0 expressed in
ohms. The impedance consists of a frequency dependent real and imaginary part, which can be
plotted in a Nyquist plot (Figure 10). Alternatively, the magnitude Z0 and the phase angle φ of
the impedance can be plotted as a function of frequency, giving the Bode plot (Figure 12). The
semicircle of Figure 10 reflects the impedance of a Randle’s circuit and is characteristic for a
single time constant. For more complex circuits, the Nyquist plot may contain several semi-
circles and often only a portion of a semicircle can be seen.

One of the important electrical elements for modeling the electrolyte-coating-oxide-metal
system is the capacitor. The classical capacitor is composed of a non-conductive medium
(dielectric) between two conductive plates. The capacitance depends on the dielectric proper-
ties of the medium, on the thickness of the medium, and on the size of the plates. For coating
evaluation, taking a coated metal immersed in an electrolyte, the water represents one plate
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ohms. The impedance consists of a frequency dependent real and imaginary part, which can be
plotted in a Nyquist plot (Figure 10). Alternatively, the magnitude Z0 and the phase angle φ of
the impedance can be plotted as a function of frequency, giving the Bode plot (Figure 12). The
semicircle of Figure 10 reflects the impedance of a Randle’s circuit and is characteristic for a
single time constant. For more complex circuits, the Nyquist plot may contain several semi-
circles and often only a portion of a semicircle can be seen.

One of the important electrical elements for modeling the electrolyte-coating-oxide-metal
system is the capacitor. The classical capacitor is composed of a non-conductive medium
(dielectric) between two conductive plates. The capacitance depends on the dielectric proper-
ties of the medium, on the thickness of the medium, and on the size of the plates. For coating
evaluation, taking a coated metal immersed in an electrolyte, the water represents one plate
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and the metal represents the other one, while the coating between the electrolyte and the metal
can be considered as the non-conductive medium (the dielectric). Thus, EIS can be used to
measure in situ the capacitance of the coating on metal system during exposure. The simplest
equivalent electrical model that represents a coated metal immersed in an electrolyte is given
by Figure 11, where Rel is the resistance of the electrolyte, C is the capacitance of the coating,
and Rcoat is the resistance of the coating.

The relation between the capacitance and the permittivity of the polymer is given by Eq. (23):
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where C is the capacitance derived from the impedance measurements (expressed in F), εr is
the relative permittivity of the coating (dielectric constant), εo is the permittivity in vacuum
(in F), A is the surface of the coated metal, and d is the thickness of the coating. Typically, the
dielectric constant of organic coatings is between 2 and 7, whereas the dielectric constant of
water is 80.1 at 20�C. The diffusion of water into a coating increases the polarisability, and
hence the permittivity of the polymer. Therefore, the absorption of water by the coating causes
an increase in the capacitance, making EIS suitable to follow the absorption of water in a
coating [60]. The magnitude of the impedance measured, represented by the electrochemical
circuit of Figure 11, tends to decrease and the phase angle starts to increase as the coating
absorbs water. The coating is considered bad when the coating impedance at low frequencies
drops below 107 Ωcm2 (this is evaluated per cm2 of coating exposed to the electrolyte). Fredj
et al. [61] studied the water ingress in epoxy organic coatings by EIS. Figure 12 shows the Bode
plots of an epoxy coating immersed in an electrolyte for different times of immersion, showing
the impedance magnitude and (minus) the phase angle as a function of frequency. The phase
angle starts from -90o, reflecting the (predominantly) capacitive behavior of the initial coating.
For long immersion times, the phase angle at low frequencies evolves to zero, indicating a
(predominantly) resistive behavior at these frequencies.

According to Deflorian et al. [62] the ideal coating capacitance increases in three phases, as
indicated in Figure 13. Phase I represents a situation where the electrolyte diffuses homoge-
neously into the coating and usually it is described mathematically by Fick’s first law (Eq. (1)).
In phase II, the plateau represents the water saturation in the polymer matrix, where the
capacitance remains constant over time. Finally, phase III shows a further increase of the water
inside the coating, most probably in a non-homogeneous way, due to (local) chemical changes
in the coating.

The capacitance values derived using equivalent electrical models can be exploited to quantify
the water volume fraction through the Brasher/Kingsbury [63, 64] equation (Eq. (24)):

Figure 12. Bode plots for an epoxy coating immersed in sodium chloride solution for increasing times [61]. Note that the
impedance shown here in ohm.cm, is the impedance measured per cm2 coating surface and per cm coating thickness,
which is suitable for evaluating the coating material.
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Vt ¼ 100
log Cm

Cm,o

log εw
(24)

where Vt is the water volume % of water absorbed, Cm is the measured capacitance at time t, Cm,o

is the measured capacitance at time zero, and εw is the dielectric constant of water at the
experiment temperature T. The use of Eq. (24) considers some of the following assumptions: the
change in capacitance of the coating is only due to an increase in absorbed water, the water is
well distributed throughout the coating, no swelling occurs due to the gradual water uptake, no
interactions occur between water and polymer molecules. If these assumptions are not fulfilled,
then there is a possibility of overestimating or underestimating the water content. By estimating
the water content from the capacitance, it is also feasible to calculate the kinetics of water uptake
(diffusion coefficient) [65, 66]. Starting from Fick’s second law and the use of the value of the
capacitance at different immersion times, the following formula is used (Eq. (25)) [67]:

Cm � Co

C∞ � Cm,o
¼ 4

ffiffiffiffi
D

p

d
ffiffiffiffi
π

p ffiffiffi
t

p
(25)

where D is the diffusion coefficient, and C∞ is the capacitance at saturation. In this approach, it
is assumed that the water ingress follows a Fickian relation, although, as mentioned above, this
is not always the case.

Working on coating films with EIS and the gravimetric method, and using a more complex
equivalent circuit that includes constant phase elements (CPE), Nguyen et al. [68] suggested
that in some cases the first step of the diffusion process can be described by Fick’s law, but
during the second step (water saturation state) the diffusion process is described by non-
Fickian behavior due to swelling (Figure 14).

Figure 13. Coating capacitance evolution as a function of time for coatings exposed to an aqueous solution (redrawn
after [62]).
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4. Discussion

In the previous section, the most common techniques to measure or follow the water uptake in
organic coatings were introduced, complemented with the time-resolved or spectrally resolved
THz-method that was recently developed. Table 1 shows the experimental characteristics and
the limitations and Table 2 shows the advantages and disadvantages of each technique.

In most diffusion studies, researchers work on two or more techniques to obtain complemen-
tary information. No matter the number of studies done so far to extract the diffusion coeffi-
cients of the electrolyte, the detailed analysis of moisture diffusion in polymer film and
coatings—including the dependence on moisture content, temperature, salt concentration,
pigments,…—has never been comprehensively determined. In fact, the determination of such
relationships requires the measuring of time-dependent penetrant concentration profiles in
thin polymer film or coatings. This is hard to achieve, not only because of the heterogeneous
nature of most coatings, but also because of the insufficient penetration depth (ATR-FTIR)
or depth resolution (NMR, terahertz spectroscopy), or because of the inability of the measuring
techniques to study the concentration gradient directly (GM, EIS). THz spectroscopy (THz-TDS
and THz-FDS), EIS, and GM can be applied to coatings of thicknesses of several millimeters. For
thick coatings, the high impedance limits the suitability of commercial instrumentation.

Figure 14. Evolution of the volumetric water content χv for unstressed coating films in a 3 wt.% NaCl solution, immersed
at 30�C, calculated using the film capacitance at high frequencies CHF, the film capacitance equivalent CPE, and the “true”
film capacitance CBrug [68].
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The more complex the coating is, the more difficult it is to obtain valid diffusion coeffi-
cients. Methodological difficulties of separating the contributions of adsorption, absorp-
tion, capillary condensation…, make it difficult to establish a single model for obtaining
accurate quantitative evaluations of an organic coating. In general, these effects are stud-
ied qualitatively rather than quantitatively. Additives, pigments and fillers further affect
the equilibrium parameters (solubility or equilibrium water volume fraction) and the
diffusion kinetic parameters (diffusion coefficient and permeability). For example, the
presence of additives in the polymer can significantly increase solubility and equilibrium
sorption values of water in the coating, thereby increasing the permeability. Of the tech-
niques considered, EIS is most sensitive to (macroscopic) heterogeneity and defects in the
coating (pinholes, particle aggregates,…).

For some of the techniques (ATR-FTIR, NMR) the use of free-standing films can be advanta-
geous, however, this may affect the water migration. Holtzman [70] showed that transport of
water in coatings applied on substrates is slightly lower than in free films. However, Rosen and
Martin [71] found that in epoxy coatings applied to steel substrates, the diffusion coefficient is
three times greater than those in free films. Internal stresses residing in the polymer after
production probably play an important role. So, care must be taken in directly comparing
results of layers prepared in different ways (free-standing or not, substrates, curing or drying
protocol,…).

GM is a standard technique that allows fast measurements of the weight difference
between the dry and the wet sample. The main drawback of this method is its sensitivity
to the sample handling: a small excess of liquid on the surface or evaporation losses of
volatile components may have a big impact on the results. Therefore, this method is not
suitable for studying the initial stages of diffusion. However, it is often used as a comple-
mentary technique.

EIS is a powerful technique as it gives information on the very early stages of the water uptake
process, in addition to information on other processes, such as the subsequent corrosion
process. However, the data are interpreted based on equivalent electric circuits. Hence, the
validity of the result depends on the validity of the chosen model.

NMR relaxometry using the GARField approach and THz-TDS and THz-FDS look quite
powerful but are not generally accessible yet.

GM ATR-FTIR NMR THz: TDS and
FDS

EIS

In situ/ex situ Ex situ In situ and ex situ In situ and ex situ In situ and ex situ In situ

Penetration
depth dp

dp ≥ μm nm ≤ dp ≤ 5 μm dp ≥ μm μm ≤ dp ≤ cm μm ≤ dp ≤ mm

Measurements Weight difference
between wet/dry
conditions

Peak intensities
corresponding to
OH absorptions

Change in signal
intensity depth
profiles between
wet and dry
coatings

Imaging: contrast
between wet and
dry regions
Coatings: change in
reflection
coefficient

Coating
capacitance
derived from
impedance spectra
using electrical
equivalent models

Table 1. Experimental characteristics of all techniques.
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GM

Pros • Direct and fast measurement
• Simple experimental set-up
• Low cost equipment
• Often used as complementary technique

Cons • Discontinuous measurements
• Risk of low precision due to fast evaporation before measurement
• Risk of low precision due to water surface layers of variable thickness
• For small amounts of water absorbed in coatings on metal substrates: very small relative mass changes

ATR-FTIR

Pros • Simple experimental set-up
• Information on interaction between water and polymer molecules
• Can probe distribution of water parallel to the coating/substrate interface
• On free-standing films, it is feasible to follow in situ and continuously the migration of water
• Good reproducibility

Cons • Small penetration depth
• On coatings: discontinuous measurements
• Contact between sample and ATR crystal is crucial and may change as coating absorbs water

NMR relaxometry (GARField)

Pros • Gradients in moisture content in 100-μm coatings on glass substrates can be measured with 3–6 μm depth
resolution

• Probe distribution of water in multilayered coatings with multiphase polymer layers
• Distinction between free and bound water, interaction between water and polymer molecules

Cons • Metal substrates interfere with NMR, but taking this into account might be feasible [68]
• Probe not yet commercially available

THz: TDS & FDS

Pros • Very fast measurement
• Feasible on coated metal
• High penetration depth up to a few cm for the lowest frequencies of the sub-THz spectrum
• In thicker coatings (>100 μm), measuring gradients might be feasible
• Imaging mode: water diffusion into comparably-sized cracks, voids
• Advanced frequency domain techniques allow very high resolution in the water content measurements,

down to 0.0005%
• Transient radar methodology allows simultaneous measurements of (swelling) thickness of the coating and

its water content via a dielectric mixing model

Cons • Application on water diffusion in coatings was introduced recently (limited set of results exists)
• Basic instrument yet commercially available
• More advanced sensor systems need to be custom designed

EIS

Pros • Fast measurements at high frequencies
• Normally on coated metal, but feasible on free-standing films
• Complete view of coating deterioration process. Distinction of all phenomena that occur in the system (water

ingress, double layer creation at the interface, beginning of corrosion)
• Measuring the decrease of the coating resistance gives qualitative and quantitative information about the

coating performance

Cons • Slow measurements at low frequencies
• If the potential perturbation is too high, it may affect the coated/metal system (non-linear behavior)
• Interpretation of measurement data based on equivalent electrical circuits
• Results are sensitive to pin holes and coating defects in general
• Surface treatment of metal substrate before coating application may affect the measurements

Table 2. Pros and cons of all techniques for measuring diffusion of water in coatings.
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5. Conclusion

Organic coatings are widely used for corrosion protection of metallic structures and the
detailed characterization of water ingress in coatings is therefore crucial. The complexity of
organic coatings (chemical composition, crosslinking), the presence of a wide range of addi-
tives for ensuring a wide range of properties, in combination with the nature of the metal
substrate and its surface treatments, makes the research of water uptake in coatings quite
challenging. Each of the techniques presented above has advantages and limitations, so
selecting the most appropriate one strongly depends on the purposes of the research and the
coating characteristics. Knowing the diffusion coefficient and how it is affected by the different
factors (composition, temperature, filler, aging…) is crucial for making reliable life time pre-
dictions of coatings based on limited sets of experimental results. Often, to illustrate the
capability of a technique, model coatings are chosen in accordance with the limitations of that
technique. Of course, to measure the diffusion behavior, the coatings must fulfill some criteria,
such as chemical stability, homogeneous composition, well-dispersed fillers, defect free,…,
otherwise the results will never be reliable. The basic characteristics and limitations of each
technique are pointed out in Table 1, while the main advantages and disadvantages are
discussed in Table 2. Given these points, it is clear that a combination of two or more tech-
niques will usually be needed to provide a clearer overview of the water diffusion process in
organic coatings.
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5. Conclusion
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Abstract

The application of the in situ renewable protecting boron carbide (B4C) coating can prevent 
plasma-facing materials of plasma technology and thermonuclear devices from plasma 
irradiation and by this means prevents their destruction and plasma contamination by 
materials of their erosion. At the same time, the regimes and conditions of high adhe-
sive deposition of B4C on tungsten and the B4C coating ability to withstand the thermal 
cycling and high-power density irradiation by plasma ions have not been investigated 
yet. The chapter considers the results of ion irradiation and thermal cycling of boron car-
bide coating on tungsten sample in Stand for Coating Deposition and Material Testing—
CODMATT (NRNU MEPhI) and plasma irradiation during a plasma disruption in fusion 
device—T-10 tokamak (NRC “Kurchatov Institute”). Boron carbide coating withstands the 
thermal cycling and high-power density irradiation by plasma ions. It retains uniformity 
and adhesion to tungsten and protects it from direct plasma interaction for temperatures 
up to melting point of tungsten. The retaining of uniform coating in contact with tungsten 
substrate allows renewing the coating on its surface even after high-energy plasma loads.
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Last year investigations show that high-power density plasma irradiation initiates cracking of 
tungsten surface, blister formation, flaking, macroscopic particle emission, etc. (see, for instance, 
[1, 2]). These phenomena can cause accelerated destruction of tungsten tiles of ITER divertor.

It was shown [3] that application of the in situ renewable protecting boron carbide (B4C) coat-
ing can prevent plasma-facing materials of plasma technology and thermonuclear devices 
from plasma irradiation and by this means prevents their destruction and plasma contamina-
tion by materials of their erosion. B4C coating has high melting temperature (2800 K). The 
erosion rate of B4C changes only slightly up to 1400°C and appears to be much less than 
the erosion rate of dense graphites under similar irradiation conditions [4]. The B4C coating 
being used as the protective coating of the plasma-facing components of fusion devices will 
not have thickness higher than 30–50 μm; therefore, accumulation of remarkable amount of 
tritium in the plasma-facing materials is prevented.

Investigations showed that near stoichiometric B4C coating can be deposited in high-temper-
ature plasma providing total dissociation of the molecules of initial substance. The conclusion 
was confirmed experimentally, when B4C coating had been successfully deposited in plasma 
devices (PISCEC-B [5] and tokamak T11-M [6]). The vapor of nontoxic, nonexplosive, and 
nonhazardous carborane (C2B10H12) was used as the initial substance for coating deposition in 
the course of regular discharge in the plasma devices.

At the same time, some of the important aspects of the B4C coating application in fusion 
devices have not been investigated yet. Among them, there are the regimes and conditions 
of high adhesive deposition of B4C on tungsten and the B4C coating ability to withstand the 
thermal cycling and high-power density irradiation by plasma ions.

The results of these topics’ investigations are the subject of this presentation. The paper con-
siders the results of ion irradiation and thermal cycling of boron carbide coating on tungsten 
sample in Stand for Coating Deposition and Material Testing, CODMATT (National Research 
Nuclear University (MEPhI)) [7], and plasma irradiation during a plasma disruption in fusion 
device (T-10 tokamak, National Research Center “Kurchatov Institute,” Moscow).

2. Boron carbide deposition and testing in the laboratory stand

The method of B4C coating deposition on tungsten, reproducing in general terms the coating 
regime in conditions of fusion devices, was developed on the CODMATT facility. The coating 
was formed by atoms of boron and carbon sputtered by plasma ions from corresponding 
targets. For tests in T-10, a coating of boron carbide was deposited on tungsten samples mea-
suring 15 × 15 × 1 mm3, 5 μm in thickness. The photograph of the coating is shown in Figure 1.

It is seen that coatings had a smooth surface, cracks, and peeling and other signs of a violation 
of adhesion to the substrate were not observed. Using X-ray energy dispersive spectrometry 
(EDS), it was found that the coating practically corresponds to the stoichiometric composition 
of boron carbide (B76%, C22%).

Several cycles of pulsed irradiation of tungsten samples coated with hydrogen ions on the 
CODMATT facility were carried out. In the first cycle, the irradiation flux power density was 
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0.3 MW/m2. The energy of the irradiating ions Ei = 10 kV/at, the duration of irradiation τ = 0.6 s, 
the total cycle time t = 300 s, and the temperature of the sample during the test varied in the 
range T = 100–400°C. One thousand pulses were conducted. The second cycle was performed 
using irradiation flux power density which equals 5 MW/m2 (Еi = 15 kV/at, W = 5.0 MW/m2, 
τ = 0.4 s, t = 30 s, T = 600–900°С). One hundred pulses were conducted. During the third cycle 
irradiation, flux power density was elevated up to 5 MW/m2 (Еi = 15 kV/at, W = 5.0 MW/m2, 
τ = 0.6 s, t = 30 s, T = 700–1200°С). Fifty pulses were conducted.

None of the test cycles led to the peeling of the coatings, the appearance of caverns, cracks, 
and changes in the composition of the coating. Noticeable traces of etching of the surface 
appeared only after the last cycle.

3. Т-10 boron carbide coating tests in a T-10 tokamak

A tungsten sample with a coating located on the diagnostic input of the T-10 tokamak was 
exposed to plasma irradiation during a plasma disruption.

Part of the sample subjected to the most intense plasma irradiation melted out and left the 
sample (Figure 2). Surface morphology analysis of the remaining part of the sample after the 
irradiation was done on a TESCAN VEGA 3 scanning electron microscope (SEM). Five areas 
are distinctly visible on a sample around the molten part: the area of tungsten that melted 
but stayed from the sample; the area of melted coating, the upper level of which collected in 
separate globules; the area of partial coating melting; the area of cracked non-molten coating; 
and the area covered by the sample holder.

An SEM image of the molten tungsten area of the sample is shown in Figure 3. Distinct micro-
crystals are visible which were formed due to solidification of the molten tungsten, as well as 
pores and trenches on the tungsten grain boundaries. Measurements performed by EDS have 
not shown the presence of boron and carbon in a layer about 0.8 μm thick, which indicates 
complete or almost complete removal of coating from the surface of molten tungsten.

Figure 1. Boron carbide coating on tungsten substrate.

In Situ Renewable Coating of Boron Carbide (B4C) for Plasma Materials for Plasma-Technological…
http://dx.doi.org/10.5772/intechopen.81361

117



Last year investigations show that high-power density plasma irradiation initiates cracking of 
tungsten surface, blister formation, flaking, macroscopic particle emission, etc. (see, for instance, 
[1, 2]). These phenomena can cause accelerated destruction of tungsten tiles of ITER divertor.

It was shown [3] that application of the in situ renewable protecting boron carbide (B4C) coat-
ing can prevent plasma-facing materials of plasma technology and thermonuclear devices 
from plasma irradiation and by this means prevents their destruction and plasma contamina-
tion by materials of their erosion. B4C coating has high melting temperature (2800 K). The 
erosion rate of B4C changes only slightly up to 1400°C and appears to be much less than 
the erosion rate of dense graphites under similar irradiation conditions [4]. The B4C coating 
being used as the protective coating of the plasma-facing components of fusion devices will 
not have thickness higher than 30–50 μm; therefore, accumulation of remarkable amount of 
tritium in the plasma-facing materials is prevented.

Investigations showed that near stoichiometric B4C coating can be deposited in high-temper-
ature plasma providing total dissociation of the molecules of initial substance. The conclusion 
was confirmed experimentally, when B4C coating had been successfully deposited in plasma 
devices (PISCEC-B [5] and tokamak T11-M [6]). The vapor of nontoxic, nonexplosive, and 
nonhazardous carborane (C2B10H12) was used as the initial substance for coating deposition in 
the course of regular discharge in the plasma devices.

At the same time, some of the important aspects of the B4C coating application in fusion 
devices have not been investigated yet. Among them, there are the regimes and conditions 
of high adhesive deposition of B4C on tungsten and the B4C coating ability to withstand the 
thermal cycling and high-power density irradiation by plasma ions.

The results of these topics’ investigations are the subject of this presentation. The paper con-
siders the results of ion irradiation and thermal cycling of boron carbide coating on tungsten 
sample in Stand for Coating Deposition and Material Testing, CODMATT (National Research 
Nuclear University (MEPhI)) [7], and plasma irradiation during a plasma disruption in fusion 
device (T-10 tokamak, National Research Center “Kurchatov Institute,” Moscow).

2. Boron carbide deposition and testing in the laboratory stand

The method of B4C coating deposition on tungsten, reproducing in general terms the coating 
regime in conditions of fusion devices, was developed on the CODMATT facility. The coating 
was formed by atoms of boron and carbon sputtered by plasma ions from corresponding 
targets. For tests in T-10, a coating of boron carbide was deposited on tungsten samples mea-
suring 15 × 15 × 1 mm3, 5 μm in thickness. The photograph of the coating is shown in Figure 1.

It is seen that coatings had a smooth surface, cracks, and peeling and other signs of a violation 
of adhesion to the substrate were not observed. Using X-ray energy dispersive spectrometry 
(EDS), it was found that the coating practically corresponds to the stoichiometric composition 
of boron carbide (B76%, C22%).

Several cycles of pulsed irradiation of tungsten samples coated with hydrogen ions on the 
CODMATT facility were carried out. In the first cycle, the irradiation flux power density was 

Paint and Coatings Industry116

0.3 MW/m2. The energy of the irradiating ions Ei = 10 kV/at, the duration of irradiation τ = 0.6 s, 
the total cycle time t = 300 s, and the temperature of the sample during the test varied in the 
range T = 100–400°C. One thousand pulses were conducted. The second cycle was performed 
using irradiation flux power density which equals 5 MW/m2 (Еi = 15 kV/at, W = 5.0 MW/m2, 
τ = 0.4 s, t = 30 s, T = 600–900°С). One hundred pulses were conducted. During the third cycle 
irradiation, flux power density was elevated up to 5 MW/m2 (Еi = 15 kV/at, W = 5.0 MW/m2, 
τ = 0.6 s, t = 30 s, T = 700–1200°С). Fifty pulses were conducted.

None of the test cycles led to the peeling of the coatings, the appearance of caverns, cracks, 
and changes in the composition of the coating. Noticeable traces of etching of the surface 
appeared only after the last cycle.

3. Т-10 boron carbide coating tests in a T-10 tokamak

A tungsten sample with a coating located on the diagnostic input of the T-10 tokamak was 
exposed to plasma irradiation during a plasma disruption.

Part of the sample subjected to the most intense plasma irradiation melted out and left the 
sample (Figure 2). Surface morphology analysis of the remaining part of the sample after the 
irradiation was done on a TESCAN VEGA 3 scanning electron microscope (SEM). Five areas 
are distinctly visible on a sample around the molten part: the area of tungsten that melted 
but stayed from the sample; the area of melted coating, the upper level of which collected in 
separate globules; the area of partial coating melting; the area of cracked non-molten coating; 
and the area covered by the sample holder.

An SEM image of the molten tungsten area of the sample is shown in Figure 3. Distinct micro-
crystals are visible which were formed due to solidification of the molten tungsten, as well as 
pores and trenches on the tungsten grain boundaries. Measurements performed by EDS have 
not shown the presence of boron and carbon in a layer about 0.8 μm thick, which indicates 
complete or almost complete removal of coating from the surface of molten tungsten.

Figure 1. Boron carbide coating on tungsten substrate.

In Situ Renewable Coating of Boron Carbide (B4C) for Plasma Materials for Plasma-Technological…
http://dx.doi.org/10.5772/intechopen.81361

117



Area of a molten coating is shown in Figure 4. Multiple globules with sizes of tens of microm-
eters are of notice on this area, which were formed, supposedly, under surface tension force 
on the upper part of the coating. The coating left on the surface of the sample is a uniform 
layer with small cracks, but no signs of exfoliation.

For measuring the thickness of coating left on a sample, a cross section was performed using a 
FEI Scios DualBeam device with a focused ion beam method. The cross section went through 
one of the cracks on the area free of globules (Figure 5).

A substrate, an intermediate layer, the remaining part of the coating (approx. 1.8 μm), and a 
crack can be seen on the cross section of the sample. The crack is visible in the tungsten sub-
strate, which indicates that this and, supposedly, other cracks were initiated in the substrate, 
with cracks forming during the cooling of tungsten at temperatures lower than boron carbide 
freezing point and going on the crystal grain boundaries, as seen in Figure 5. An SEM image 
of coating remaining on the sample, done in a large magnification (Figure 6), shows its poros-
ity, with pores that probably form during the solidification of the molten coating.

Globules and coating remaining on the surface of the substrate, according to EDS analysis, 
included approximately identical parts of boron and carbon. Their ratios ranged from 1:1 to 
1.2:1 boron to carbon; however, it is known that boron carbide structure remains even at a 
ratio of B:C = 1:1. Some percentage in globule and remaining coating content was stainless 
steel components (Fe, Ni, Cr) and oxygen, which were probably the tokamak’s working gas 
impurities introduced into the coating during plasma irradiation.

The area of a partially molten coating is shown in Figure 7. A number of characteristic areas 
can be observed on this part, such as initial coating with cracks, molten parts, and points of 

Figure 2. Sample after tests: (1) tungsten melting area, (2) irradiated part of the coating, and (3) sample holder area.
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Figure 3. Molten tungsten area of a sample.

Figure 4. Area of a molten coating and globules.
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molten coating accumulation, with the latter not collecting into globules, but rather collecting 
on the peripherals of molten areas. The size of molten parts ranges from 5 to 200 μm. The 
ratios of boron to carbon in these areas were 2.3:1, 2.6:1 and 3.1:1, respectively. Thus, it can be 
stated that the content of the coating on this area of the sample was much closer to the original 
stoichiometry than on the previous one.

The last characteristic area on a sample is shown in Figure 8.

Figure 6. Area with a crack on the remaining coating.

Figure 5. Cross section of a globule-free sample area. (1) Pt technical layer, (2) coating, (3) intermediate layer, and  
(4) substrate.
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Figure 7. Area of a partially molten coating.

Figure 8. Area of nonirradiated coating with cracks.
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Figure 9. TDS spectra of deuterium desorbed from the sample irradiated in T-10 tokamak.

There was no trace of coating melting due to plasma interaction. There was also no indication 
of change in the coating thickness, and EDS analysis did not show any change in element con-
tent. The appearance of cracks shows that destruction of tungsten occurred even on this part 
of substrate, which was positioned next to a holder and heated less than the rest of the sample.

4. Measurement of gas trapped in the sample

Analysis of ion irradiation parameters during plasma disruption has shown that the coat-
ing was irradiated by ions with an average energy of approx. 100 eV with a mean dose of 
approx. 1 × 1018 at/cm2. Measurement of gas content trapped in the coating during plasma 
irradiation was done using a method of thermal desorption spectroscopy (TDS). The analysis 
was performed for two parts of the samples: a partially molten area (Figure 7) and an intact 
area (Figure 8). TDS analysis of both these parts is shown in Figure 9. The amount of trapped 
deuterium is 9 × 1014 at./cm2 for the area with a partially molten coating and 2 × 1014 at./cm2 for 
the area with cracking.

The temperature of the maxims and high-temperature edge of the spectrum of deuterium 
thermal desorption from the coating irradiated in a tokamak suggests that plasma ions intro-
duced into the coating during disruption, when the coating temperature was much higher, 
could not stay in the coating. Deuterium was trapped in the coating that was already cooled 
and crystallized, at a relatively low temperature—lower than thermal desorption maxima 
temperature. Moreover, based on deuterium trapping occurring at a significantly higher 
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rate in an area with a partially molten coating than in an area with cracked coating, one 
can assume that the amount of high-temperature traps in boron carbide increased with the 
increase of coating’s heating temperature and the loss of some boron in a film.

5. Dependence of coating morphology change on temperature and 
power density of irradiation

The results obtained in the experiment allowed determining the heat flux distribution of 
plasma irradiation on the surface of the coating to heat part I of the sample to the temperature 
of ≥3600 K, causing melting of tungsten, and heat part II of the sample to T ≥ 2800 K, at which 
the coating melts. The duration of plasma interaction with the sample was taken as 70 ms 
based on the measurements of the dependence of ion flux on time. Temperature calculation 
was done using a COMSOL Multiphysics package for two cases: irradiation from the coating 
side and irradiation from the substrate side. The calculations have shown that temperature 
difference does not exceed 100 K for both cases.

Temperature distribution on a sample surface, as well as heat loads in corresponding areas, 
is shown in Figure 10.

A graph of temperature change for coating areas 1 s after disruption based on their distance 
from the molten part is shown in Figure 11. As can be seen, maximum temperature eats 
the distance of approx. 5 mm away from molten tungsten which is achieved during plasma 

Figure 10. Maximum temperature distribution in each area and heat loads in corresponding parts of the sample 
(calculations). Thin lines show least distance from solidified molten tungsten for which temperature changes 1 s after 
irradiation are shown in Figure 11.
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Figure 9. TDS spectra of deuterium desorbed from the sample irradiated in T-10 tokamak.
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rate in an area with a partially molten coating than in an area with cracked coating, one 
can assume that the amount of high-temperature traps in boron carbide increased with the 
increase of coating’s heating temperature and the loss of some boron in a film.

5. Dependence of coating morphology change on temperature and 
power density of irradiation

The results obtained in the experiment allowed determining the heat flux distribution of 
plasma irradiation on the surface of the coating to heat part I of the sample to the temperature 
of ≥3600 K, causing melting of tungsten, and heat part II of the sample to T ≥ 2800 K, at which 
the coating melts. The duration of plasma interaction with the sample was taken as 70 ms 
based on the measurements of the dependence of ion flux on time. Temperature calculation 
was done using a COMSOL Multiphysics package for two cases: irradiation from the coating 
side and irradiation from the substrate side. The calculations have shown that temperature 
difference does not exceed 100 K for both cases.

Temperature distribution on a sample surface, as well as heat loads in corresponding areas, 
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Figure 11. Temperature change dynamics of sample areas depending on their distance from molten tungsten.

irradiation. At the same time, during cooling (with radiation as a main mechanism), some heat 
stored in the sample spreads along its volume, leading to further increase of temperature on 
parts of the sample further away from the molten area 1 s after the end of irradiation.

Comparison of data allows determining approximate temperature maxima on the boundaries 
of each area and, as such, links the change of coating structure with temperature and power 
density of plasma irradiation.

Intact coating area. T < 2000 K.

Partially molten coating area. Temperature range 2000–2500 K.

Molten coating area. Temperature range 2500–3695 K.

Molten tungsten area. T > 3695 K.

6. Conclusion

The boron carbide coating deposition and testing were performed on the CODMATT facil-
ity. 5-μm-thick B4C coating tungsten samples for experiments in T-10 tokamak were formed 
by atoms of boron and carbon sputtered by plasma ions from corresponding targets. The 
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adhesion of the boron carbide coating to tungsten was tested by cycles of high-temperature 
hydrogen ion irradiation. During the last cycle, flux power density was elevated up to 5 MW/
m2 (Еi = 15 kV/at, W = 5.0 MW/m2, τ = 0.6 s, t = 30 s, T = 700–1200°С). Ion irradiation did 
not lead to coating exfoliation, the appearance of caverns, cracks, and changes in coating 
composition.

The boron carbide coating on tungsten sample was subjected to intense plasma irradiation 
during a plasma disruption in the T-10 tokamak. Power density of an ion flow on the sample 
reached 100 MW/m2, with the irradiation time being 70 ms.

The results of plasma irradiation in a tokamak can be summed up as follows:

• In the area with a temperature ranging from 2500 to 3695 K, most of the coating melts 
and forms globules. The structure of globules and the remaining coating layer approx. 
1.8 μm thick retains boron carbide crystal lattice, but the concentration of boron is reduced 
to B:C = 1:1. No cracking or exfoliations are observed on this or any other areas. Part of the 
coating left on the surface is uniform, retaining adhesion to tungsten, which allows protec-
tion of tungsten from plasma irradiation.

• On the areas with a temperature range 2000–2500 K, partial melting is observed. The nature 
of melting suggests heating of individual coating areas up to high temperatures during 
plasma irradiation. Coating element ratio on this area approximate stoichiometric.

• At temperatures less than 2000 K, the coating is left intact on the surface of tungsten. 
Coating element ratio is close to stoichiometric.

The performed experiments allow making the following conclusions:

• Boron carbide coating withstands the thermal cycling and high-power density irradiation 
by plasma ions.

• Boron carbide coating retains uniformity and adhesion to tungsten and protects it from 
direct plasma interaction for temperatures up to melting point of tungsten.

• The retaining of uniform coating in contact with tungsten substrate allows renewing the 
coating on its surface even after high-energy plasma loads.
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Figure 11. Temperature change dynamics of sample areas depending on their distance from molten tungsten.
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