
  
  

     

 

ÉCOLE DOCTORALE n°618 « EUCLIDE » 

 

Laboratoire des Sciences de l’Ingénieur pour l’Environnement (UMR 7356 CNRS) 

 

Développement d’un revêtement intelligent pour la 

détection et la protection contre la corrosion 

THÈSE 

présentée par : 

Pierre LOISON 

Soutenue publiquement le 12 Avril 2019 

pour l’obtention du grade de Docteur de l’Université de La Rochelle 

Discipline : Génie des Matériaux 

  0 5x10
7

1x10
8

0.0

2.5x10
7

5.0x10
7

-Z
'' 

(O
h
m

.c
m

²)

Z' (Ohm.cm²)  

Composition du jury 

Pr. Flavio DEFLORIAN Université de Trente, Italie Rapporteur 

Pr. Mikhail ZHELUDKEVICH Université de Kiel, Allemagne Rapporteur 

   
Pr. François-Xavier PERRIN Université de Toulon, France Examinateur (Président) 

Dr. Ing. Elisa CAMPAZZI Airbus Helicopters, Paris-Le Bourget, France Examinateur 

Dr. Ing. Santiago GARCIA Université technologique de Delft, Pays-Bas Examinateur 

   
Dr. Ing. Vincent DEBOUT ArianeGroup, Saint-Médard-en-Jalles, France Invité 

   
Pr. Juan CREUS Université de La Rochelle, France Directeur de thèse 

Pr. Sébastien TOUZAIN 
 

 

Université de La Rochelle, France Directeur de thèse 



  
  

 

  



  
  

     

 

ÉCOLE DOCTORALE n°618 « EUCLIDE » 

 

Laboratoire des Sciences de l’Ingénieur pour l’Environnement (UMR 7356 CNRS) 

 

Development of a smart coating  

based on hollow nanoparticles  

for corrosion detection and protection 

by 

Pierre LOISON 

Doctoral thesis, defended on the 12th of April, 2019 

For the Degree of Doctor of Philosophy 

in Materials Science 

  0 5x10
7

1x10
8

0.0

2.5x10
7

5.0x10
7

-Z
'' 

(O
h
m

.c
m

²)

Z' (Ohm.cm²)  

Composition of the jury 

Pr. Flavio DEFLORIAN University of Trento, Italy Reviewer 

Pr. Mikhail ZHELUDKEVICH University of Kiel, Germany Reviewer 

   
Pr. François-Xavier PERRIN University of Toulon, France Examiner (President) 

Dr. Eng. Elisa CAMPAZZI Airbus Helicopters, Paris-Le Bourget, France Examiner 

Dr. Eng. Santiago GARCIA Delft University of Technology, Pays-Bas Examiner 

   
Dr. Eng. Vincent DEBOUT ArianeGroup, Saint-Médard-en-Jalles, France Invited 

   
Pr. Juan CREUS University of La Rochelle, France PhD adviser 

Pr. Sébastien TOUZAIN 
 

 

University of La Rochelle, France PhD adviser 

 



  
  

  



  
  

 

 

 

 

 

 

A ceux qui m’ont amené jusqu’ici 

 

Et un peu à moi aussi... 

 

 

 

 

 

 

« La science est surtout une prise de conscience de plus en plus complète 

 de ce qui peut et doit être découvert. » 

 Boris Vian 
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 2  

For a few decades now, corrosion has been a major topic for scientific research due to the crucial 

issue it has become, because of the maintenance and fixing costs it engenders. Many studies have 

been and are still conducted in order to understand the various forms of corrosion, as well as  their 

mechanisms in different environments and conditions. All these researches are fundamental, in 

order to ultimately find a way to preserve the metallic structures’ integrity while they are sometimes 

employed in aggressive environments. Fighting a natural phenomenon such as corrosion is 

definitely one, if not the most, important challenge that industry has to face today. An efficient way 

has been found and used since the early 20th century, involving hexavalent chromium in conversion 

coatings. However, chromates have to be banned because of their carcinogenicity and, to date, no 

alternative could match the efficiency of chromates for corrosion protection purposes. 

As one can imagine, all metal-consuming industries are impacted, and amongst them aerospace, 

and so ArianeGroup, is. ArianeGroup is indeed a world leader in civil and military launch systems. 

Its activities go from the design and development to the production of several products, amongst 

which have to be cited Ariane 5, the most reliable launch vehicle with 98 successful launches to date 

(February 5, 2019), and the M51 ballistic missile. The current activities of ArianeGroup focus on the 

development of a new generation of rockets, Ariane 6, whose 1st launch should occur in 2020. 

However, the development and use of launch systems require using a very high quantity of metals 

and alloys of various types, whether for the launchpad’s structures or for specific pieces. This 

involves important maintenance costs that could be reduced using an efficient monitoring and 

protecting technology. This is why the New Corrosion Monitoring Material (NC2M) project was set 

up.  

In order to enhance the current anticorrosive coatings and means already used, the idea of this 

project is to develop a protective coating that could autonomously detect corrosion at its first stage 

and slow down corrosion processes long enough for the user to be alerted. The targeted technology 

to achieve both detection and protection is the encapsulation of corrosion sensors and inhibitors in 

nanocontainers, able to release their payload as soon as the corrosion processes start. The designed 

capsules would then be fully integrated in a high-performance matrix.  

The NC2M project is based on a consortium formed in January 2015 between 4 partners: 

- ArianeGroup (AG) (Saint-Médard-en-Jalles, France), formerly known as Airbus 

Safran Launchers, the ordering and funding institution, is in charge of the 

coordination and the definition of the technical specification; 

- The Laboratoire des Sciences de l’Ingénieur pour l’Environnement (LaSIE UMR 

7356 CNRS) (La Rochelle, France), whose expertise concerns corrosion 

phenomena, metals protection in corrosive environments and organic coatings; 

- Max Planck Institute (MPI) (Mainz and Düsseldorf, Germany), who has a 

recognized knowledge concerning encapsulation and the development of smart 
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containers, as well as on the building of functionalized systems and their 

characterization; 

- Airbus Group Innovations (AGI) (Suresnes, France), a technical expert about 

surface treatments and new protection technologies, is in charge of technical 

validation for the developed technology. 

This collaboration started with a postdoctoral researcher, Loïc Exbrayat, who worked for 18 months 

at Max Planck Institutes in order to develop the used nanocontainers and establish a proof of 

concept for the NC2M technology. In a second time, he worked for 6 months at the LaSIE and was 

in charge of the technology transfer, what has been the starting point of the presented PhD project. 

As will be further discussed in the experimental sections, two types of nanocontainers have been 

developed, either organic (polyurea) or inorganic (silica) ones. The two functionalities that the 

NC2M coating must bring have been studied. First, with the encapsulation of either a mix of coloring 

agents (phenolphthalein / thymolphthalein) or a fluorescing molecule (FD1), the sensitivity toward 

corrosion has been demonstrated. The use of FD1 combined to silica capsules for corrosion detection 

has in addition led to a patent (FR 17403538). Then, corrosion inhibitors (cerium nitrate or sodium 

molybdate) have been used. Loïc Exbrayat’s work allowed the detection of a color change associated 

with corrosion products and a decrease in the coating delamination around defects. Moreover, 

filiform corrosion experiments showed that it was possible to track the corrosion active head using 

FD1 and that corrosion was stopped by inhibitor-loaded particles. However, only feasibility was 

proven since the capsules were placed directly onto the substrate, with a model polymer on top.  

The next step of this project is naturally to develop a viable system, embedding the capsules in a 

chosen matrix. The reported work summarizes the 3-year PhD project started in January 2016 that 

is the direct follow-up of Loïc Exbrayat’s Postdoctoral project. Using the previously mentioned 

encapsulation systems as a starting point, AG, the LaSIE and AGI pursued the NC2M project. The 

aim of this PhD project is then to characterize more thoroughly the formed particles and study their 

incorporation within a polymer matrix. 

The first part of this thesis typescript is a state of the art review that starts with the materials used 

for aerospace applications, the issue that corrosion constitutes and the existing technologies for 

their protection and inspection. A great attention is then paid to the last progress concerning smart 

coatings and especially corrosion monitoring and inhibiting coatings. This includes the technology 

developed and focused on encapsulation and processes similar to the ones we used. Then, since the 

organization structure changed, the first objective of this PhD project has been to adapt the 

developed protocols to the available materials and equipment.  

The second chapter of the report will concern the formation of the containers we will use for our 

smart coating and the complete characterization needed to understand how they work and what we 

can expect from them.  
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The third chapter then naturally focuses on the incorporation of the chosen containers into an 

organic matrix. The procedure we developed will be explained and discussed before assessing the 

coating homogeneity. 

The determination of the coatings properties, mainly assessed using electrochemical impedance 

spectroscopy (EIS) will be dealt with in the fourth part of this thesis.  

A last section is dedicated to a summary of the main results with regards to the development of the 

NC2M system. Outlook and suggestions for further improvement of the system are then proposed. 

 

 



 

 

 

 

 

 

 CHAPTER I  

– 

Bibliographic review 

CHAPTER I - Bibliographic review 

  



 Chapter I - Bibliographic review 

 6  

Chapter I - Table of contents 

State of the art: introduction ................................................................................................................... 8 

I.1. Aerospace and corrosion ................................................................................................................... 9 

I.1.1. Aerospace materials and their current use .............................................................................. 10 

I.1.1.1. Generalities ..........................................................................................................................10 

I.1.1.2. Steel ......................................................................................................................................12 

I.1.1.3. Aluminum alloys (AA) .........................................................................................................13 

I.1.2. Corrosion of materials ...............................................................................................................16 

I.1.2.1. Corrosion .............................................................................................................................16 

I.1.2.2. Structural steel ....................................................................................................................17 

I.1.2.3. AA2024-T3 aluminum alloy ...............................................................................................17 

I.1.3. Actual corrosion protection for aerospace ...............................................................................19 

I.1.3.1. Metallic protective coatings66 .............................................................................................19 

I.1.3.2. Anodizing and Conversion coatings68,69 ............................................................................20 

I.1.3.3. Sol-gel coatings ...................................................................................................................21 

I.1.3.4. Organic coatings .................................................................................................................21 

I.2. Inhibition of corrosion processes ....................................................................................................23 

I.2.1. Inhibition or self-healing? ........................................................................................................ 23 

I.2.2. Corrosion inhibitors and their mechanisms ........................................................................... 24 

I.2.2.1. Cathodic inhibitors .............................................................................................................25 

I.2.2.2. Anodic inhibitors ................................................................................................................25 

I.2.2.3. Mixed-type inhibitor ..........................................................................................................26 

I.2.3. Corrosion protection for NC2M .............................................................................................. 27 

I.3. Corrosion detection and monitoring ...............................................................................................29 

I.3.1. Methods currently used ............................................................................................................ 29 

I.3.2. Direct monitoring techniques .................................................................................................. 30 

I.3.3. Indirect monitoring techniques ................................................................................................ 31 

I.3.4. Coating monitoring .................................................................................................................. 32 

I.4. Encapsulation through a colloidal process and smart coating design ..........................................35 



 Chapter I - Bibliographic review 

 7  

I.4.1. Colloids’ stability ....................................................................................................................... 35 

I.4.2. Particles formation and nature................................................................................................ 37 

I.4.2.1. Interfacial reactions ............................................................................................................37 

I.4.2.2. Particles precipitation ........................................................................................................43 

I.4.3. Opening and content release ................................................................................................... 46 

I.4.3.1. Release upon fracture .........................................................................................................46 

I.4.3.2. Controlled release ...............................................................................................................48 

I.4.4. Integration of containers in a host matrix ............................................................................... 51 

I.4.4.1. Containers handling ...........................................................................................................51 

I.4.4.2. Impact of the addition in a host matrix ............................................................................53 

I.4.4.3. Incorporation process ........................................................................................................55 

I.5. Summary and experimental approach ............................................................................................59 

References ...............................................................................................................................................64 

 

 

  



 Chapter I - Bibliographic review 

 8  

State of the art: introduction 

Developing a new and innovative coating for corrosion protection, respecting general technical 

specifications, is often tricky due to the numerous possible pathways and very high interest of many 

industries. Continuous progress and research for efficient and cost-effective solutions to a world-

affecting problem make the field of smart coatings both incredibly exciting and competitive. 

Since corrosion of metals will lead to their progressive dissolution and important losses of their 

physical properties, numerous applications are threaten by its development. Accurately calculate 

the cost of corrosion is nearly impossible since all industries are impacted. Moreover, as explained 

already in 1949 by Uhlig, induced costs include direct and indirect costs1. It means that must be 

taken into account: change of hazardous metallic structures, plants shutdowns, maintenance, loss 

of stored or transported products, contamination, elimination of damaged products, development 

of new technologies and costs of preventive treatments. Different calculation methods are then used 

and studies are carried out in several countries, most of the available data being quite old2,3 but all 

of them warning about the gigantic saving that have to be done. One of the most cited and relevant 

study concerning the US economy was conducted by Battelle Colombus Laboratories and the 

National Institute of Standards and Technology (NIST) in 1975 and updated 20 years later. Results 

highlight that, due to an increasing use of metals and ageing equipment, corrosion costs are 

tremendously going up. A survey from the National Association of Corrosion Engineers (NACE) 

even evaluate that direct corrosion was wasting 3.1% of the U.S. Gross Domestic Product (GDP) in 

19984. However, this could be limited since more than a third of this cost would be avoided if more 

efficient protective systems were used. That is why we assume that, today, corrosion costs represent 

3.5 to 5% of the world GDP and that with the current technologies it could be decreased by 30%5–7. 

A last important thing to mention is that the environmental impact of corrosion remains delicate to 

assess, and even though new standards and regulations tend to restrain the use of toxic chemicals, 

their replacement will take years and will require precautions8. 

In this first chapter, we will first place the NC2M project in a precise industrial context before 

attaching importance to describe and highlight the staggering diversity of corrosion protection, 

monitoring and encapsulation method that are currently investigated in order to prevent corrosion. 
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I.1. Aerospace and corrosion 

Aerospace is no exception to the mentioned impact, and is rather one of the most critical fields. 

Corrosion is indeed a phenomenon naturally occurring, but service conditions of a metal will highly 

influence its susceptibility to corrosion and aerospace activities always involve aggressive 

environments. In 1989 the first Aerospace Corrosion Control Symposium took place, highlighting 

the problem of corrosion detection and control in aerospace9. One of the reasons why aerospace 

structures are easily corroded is that launch pads are located near the equator for energy savings 

and close to the coast in order for the space debris (including launchers lower stages) not to fall on 

inhabited areas. This implies very severe climatic conditions for materials. For example the French 

and European spaceport, where Ariane rockets for example are launched, is located in French 

Guiana. Chloride concentration has been measured in precipitation and reached 60mg/m² per day, 

based on a 1906 study Dunn cites in his book10. The same problem is observed at the American 

Kennedy Space Center (KSC) in Florida that has been assessed as the most corrosive environment 

in the US11. 

These naturally corrosive atmospheres are even worsen due to the aerospace activities. Even if new 

propellants allowing exhaustion of less aggressive and toxic compounds are developed12, solid rocket 

boosters at the KSC released 70 tons of hydrochloric acid per launch in 201011, what is quite similar 

to Ariane 5 boosters that exhaust approximately 12% of HCl and 16% of water13. This acid release 

contributes to the aggressiveness of the environment for the metallic pieces, during storage, 

transportation, tests and service10,14,15. Use of other chemicals  such as cleaning solvents or hydraulic 

fluids can also increase the aerospace environment corrosivity and favor localized corrosion like for 

example stress-corrosion cracking14. 

Due to these factors, combined to extreme temperatures during launches, aerospace industry has to 

find new solutions to ensure the security of facilities and reduce costs, that have been evaluated for 

instance at 1.6 million dollars in 2001 for the KSC for corrosion control11. This amount is explained 

by the space center surface area and metal quantity that is used. For example KSC has 3 mobile 

launcher platforms, each of them being mainly composed of steel and weighting around 3700 tons 

unloaded (without space shuttle)16. 

Aerospace is a very wide field that comprises all activities dealing with objects moving in the Earth’s 

atmosphere (aeronautics) and in the space environment (astronautics). Therefore, a staggering 

number of materials with different properties are used depending on their operational conditions 

and taking into account metals and their alloys, plastics, ceramics and composites, is it impossible 

to give an exact number although it is often evaluated above 100,00017. Naturally, sensibility to 

corrosion as well as modes of corrosion are, even slightly, different for each metallic alloy and so 

providing an exhaustive list does not make any sense. The objective of this section is then to briefly 

describe the materials used by ArianeGroup and launchers in general before lingering over the 
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mechanism of corrosion involved for the specific selected alloyed. In a third part we will deal with 

the protective means employed and developed for metallic structures. 

I.1.1. Aerospace materials and their current use 

When it comes to an aerospace system, the role and environment of a piece during its use will 

determine the materials that can be employed for its design. For example, aircraft are mainly made 

of aluminum and composites in order to reduce their weight, while specific pieces that must support 

re-entry in the atmosphere are generally made of carbon-carbon composites17. Price is obviously 

another criterion of high importance for the choice of materials.  

As explained before, aerospace includes but is not limited to aeronautics. However, most of the 

books and articles dealing with this topic generally focus on aircraft (what is not ArianeGroup core 

business). If requirements for aircraft and launchers can be close, no exact relevant figure has been 

found for ArianeGroup needs and so we will describe materials used in general before focusing on 

our concern: aluminum alloys and structural steel. 

I.1.1.1. Generalities 

The first thing to consider when sending an object in the air being generally its weight, magnesium 

has quickly been envisaged since it is one of the lightest metals with a good physical resistance. 

However, although having been intensively used in the 1940’s, it has slowly been replaced because 

of its high susceptibility to corrosion, cost and lower physical properties than other alloys18,19. If 

magnesium is not used for structural parts today, new alloys are developed and some authors believe 

that it will play a role in the future for aerospace materials20. 

Titanium alloys have also been widely studied and are currently used for structures that require 

excellent structural properties such as fatigue strength, keeping a low weight compared to steel and 

an excellent corrosion resistance21. The most employed alloying element is aluminum, that is highly 

soluble in titanium and both strengthens the alloy and reduces its weight. Molybdenum is also used 

to enhance the high temperature resistance of the alloy22. The price of titanium alloys however 

remains a limit to its use in very important quantities. 

The presented materials could theoretically be suitable for most of the parts of aerospace structures. 

However, they show limits in corrosion or erosion resistance when exposed for long duration at high 

temperatures, what happens in combustion chambers or afterburner for example. For these 

purposes, a specific class of alloys has been developed and are referred to as “superalloys”. These 

alloys are usually nickel-based or cobalt-based and contain many alloying elements in high 

quantities (up to 40%)23. 

Enabling excellent mechanical properties and lightness, structural composite materials are also 

more and more used. Thanks to the large choice of matrices (polymeric, ceramic or metallic), 
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reinforcements (carbon, glass, type of preform..) and architectures (laminated, sandwich, 

braided…), they indeed offer an extremely wide range of properties and thus applications24. High 

performance composites are for now expensive materials and sometimes difficult to implement, for 

large parts for example. If the development of composite materials brings many challenges, they are 

nonetheless more and more employed, especially in the aerospace industry. For example ca. 3 wt.% 

of Ariane 3 launcher’s structure was made composite25 materials while this value reaches around 

7 wt.% and 16 wt.% for Ariane 4 and 5 respectively26. This is moreover expected to keep increasing 

in the future27. Since our study focuses on the protection of metallic materials, composites are not 

further detailed here as structural materials.  

To these high-performance materials have to be added the probably best-known ones. Materials 

developments gather numerous research projects and industrial interest, so a quick and important 

evolution is observed, however aluminum and steel remain the most generally used metals for 

rockets and structures design respectively. An illustrating example, although slightly different from 

our application, is presented in Table I. 1 and Figure I. 1 which show the structure of Ariane 5 

launcher and the composition of the main parts28.  

 

Figure I. 1: Ariane 5 launch vehicle structure, reproduced from 28 
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Table I. 1: Composition of the main parts of Ariane 528 

Component Size (m) Mass (kg) Structure 

Payload Fairing Ø 5.4  x 17 2 675 
Carbon-fiber reinforced plastic 

Aluminum honeycomb core 

Cryogenic upper stage Ø 5.4  x 4.71 4 540 Aluminum alloy tank 

Cryogenic main core stage Ø 5.4 x 23.8 14 700 (dry) Aluminum alloy tank 

Solid rocket booster Ø 3.05 x 31.6 38 000 each Stainless steel case 

 

Aluminum alloys and steel are clearly used in high quantities since the cryogenic stages and boosters 

represent around 20% and 70% of the empty launcher weight respectively. 

I.1.1.2. Steel 

Compared to the other metals and alloys, steel has generally a very high strength but is several times 

heavier than aluminum or titanium. Low-alloy steel remains highly interesting for applications 

requiring strong pieces and not limited by density such as large ground structures, what is in our 

scope. The steels used and developed for many decades present various compositions and 

microstructures29. We will here deal with structural steel and focus on the grade used and defined 

in the framework of the NC2M project. 

Amongst steel alloys, structural steels are defined as low-carbon steels by the American Iron and 

Steel Institute (AISI) since they have a carbon content below 0.30%, ensuring a high enough 

ductility, but greater than 0.15% in order to keep a high strength. Within this category are quenched 

and tempered alloys, high-strength-low-alloys (HSLA) which show the higher strength due to 

alloying elements, and carbon-manganese steels that are the least expensive and most widely used 

structural steels.  

To the iron and carbon present in steel are added alloying elements. This is mainly done in order to 

adjust the strength and ductility of the alloy, using manganese, molybdenum or vanadium for 

example that are mandatory to enable hot rolling. Other important alloying elements can be 

employed to remove oxygen for instance using deoxidizers such as aluminum or silicon, or to bring 

corrosion resistance to the steel as seen with the addition of chromium, nickel, copper or 

molybdenum. In addition to the desired elements, phosphorus and most of all sulphur are often 

present in structural steel but are undesirable elements since they can form inclusions that reduce 

the alloy strength30. 

Concerning the microstructure, annealed low alloyed steels are generally composed of pearlite and 

ferrite31,32. An example of structural steel used by ArianeGroup is S355, named according to the 

European hot-rolled structural steel standard (EN 10025:2004). In “S355”, S stands for “Structural 

steel” and 355 is the maximum yield strength of the metal, in MPa and for thicknesses up to 16mm. 
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The composition of S355 defined by the same standard is recorded in Table I. 2. S355 is a low alloyed 

steel whose main addition element is manganese. The amounts of sulfur and phosphorus suggest 

the presence of inclusions that are not considered in our study.  

Table I. 2: Maximum content of alloying elements in S355 steel in wt.% 

Grade C Mn P S Si 

S355 0.23 1.60 0.05 0.05 0.05 
 

However, it has to be noticed that these values are only maximum contents and so “S355” designates 

a series of steel alloys. 

I.1.1.3. Aluminum alloys (AA) 

The price and weight of many metals are a limitation to their extensive use. Being light and 

affordable, aluminum is therefore highly employed for aerospace structures. Its physical properties 

also make it suitable for processing and so pieces with complex geometries can be built. 

i. Composition  

Pure aluminum shows a quite good resistance to corrosion since a protective oxide layer naturally 

forms at the metal surface in oxidizing environments, preventing further development of corrosion. 

However, its physical properties (e.g. tensile strength, processing…) are too low for applications 

requiring high performance materials. For this, alloying elements are added to aluminum and the 

so-formed alloys go through a heat treatment in order to confer its final properties to the alloy33,34. 

A nomenclature defined by the American Aluminum Association is used35: the International Alloy 

Designation System (IADS). It consists in 4 digits, the first one being the AA series that corresponds 

to the major alloying element (or pure aluminum for the 1000 series) as recorded in Table I. 3. The 

last 2 digits are the alloy number in its series (or Al purity for the 1000 series). When an amelioration 

is performed on an alloy, the second digit is incremented (e.g. AA2124 is a second version of the 

AA2024).  

 

  



 Chapter I - Bibliographic review 

 14  

Table I. 3: Aluminum alloys series and alloying elements35 

Serie Alloying element Application 

1xxx 99.00+% Aluminum Aluminum foils, chemical tanks 

2xxx Copper Aerospace, military vehicles, rocket fins 

3xxx Manganese Cooking utensils, radiators, heat exchangers 

4xxx Silicon Filler wires for fusion welding and brazing 

5xxx Magnesium Trucks, trains, buildings, cryogenic tanks 

6xxx Magnesium and silicon (Mg2Si) 
Automotive, bicycle frames, extruded 

structural pieces 

7xxx Zinc Aerospace, armored vehicles, bicycle frames 

8xxx Other elements  

 

Amongst the eight existing series, four are referenced for aerospace applications thanks to their 

properties:  

- 2xxx: Addition of copper, often associated with magnesium, leads to AAs with high strength 

due to precipitation hardening. Solubility of copper and magnesium in the aluminum matrix 

makes this kind of alloys heat-treatable, with a low ductility and corrosion resistance 

compared to other alloys. 

- 6xxx: If addition of silicon lowers the alloy melting point, its combination with magnesium 

enables the formation of magnesium silicide (Mg2Si) and so the formation of a heat-treatable 

alloy that can be easily (thus not expensively) extruded.  

- 7xxx: Zinc is known to increase the alloy’s strength. More specifically alloys containing also 

copper and magnesium, generally together with other elements such as chromium and 

manganese give the highest strength heat-treatable alloys through precipitation hardening. 

- 8xxx: In this series, Al-Li alloys show a high Young’s modulus and precipitation hardening. 

Use of the light lithium element leads to alloys possessing a desired low density, mainly for 

aeronautics applications. 

ii. Heat treatment (heat-treatable AA) 

In order to obtain the desired properties out of a specific alloy, heat treatment plays a considerable 

role on the AA’s microstructure and hence on its final properties. The American National Standard 

ANSI H 35.1 specifies the temper designation system36, consisting in adding to an alloy designation 

“Txx”, with xx between 1 and 10. Aerospace aluminum heat-treatable alloys usually endure one of 

the thermal processes recorded in Table I. 4. Natural ageing is carried out at room temperature after 
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quenching while artificial ageing consists in heating the alloy in precise conditions (temperature and 

time) to reach stability. 

Table I. 4: Heat treatments used in aerospace for Aluminum alloys36 

Temper 

designation 

Solution 

heat 

treated 

Cold 

worked 
Ageing Example Ref 

T3 Yes Yes Naturally 2024-T3 37–40 

T4 Yes No Naturally 2024-T4 41 

T6 Yes No Artificially 

2014-T6, 

7075-T6 

6061-T6 

41 

42 

43 

T7 Yes No Artificially overaged* 7075-T7 44 

T8 Yes Yes Artificially 2139-T8 45 

* Overageing leads to better corrosion resistance despite lower strength alloys. 

iii. AA2024-T3 

Amongst all the available alloys, AA2024 is widely used, but its purification and fabrication are 

costly and are hardly affordable for other fields than aerospace. Its composition limits as defined by 

the Aluminum Association are recorded in Table I. 5. 

Thanks to its high ductility, fatigue crack propagation resistance and fracture toughness, the 

T3-tempered version of AA2024 have been one (if not the most) popular for decades and shows 

good properties due to lack of coarse grain boundary phases and absence of precipitate-free zones.  

Table I. 5: Chemical composition limits (in wt.%)46 

No Cu Mg Si Fe Mn Zn Ti Cr 
Others 

Each Total 

2024 3.8 - 4.9 1.2 - 1.8 0.50 0.50 0.3 - 0.9 0.25 0.15 0.10 0.05 0.15 

 

Due to the high content of copper in the 2xxx series AA, they are particularly sensitive to corrosion. 

Therefore, despite an extensive industrial use, a lot of effort is accorded to the development of 

protective solutions. 

AA2024 possesses a complicated microstructure composed of several phases with different 

compositions. This was, for instance, evidenced by Boag et al.48 who used EDS to determine the 

composition of AA2024-T3’s various phases, as reproduced in Figure I. 2. Each color of the figure 

represents a different composition. Moreover, as highlighted by Hughes and colleagues47, 
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improvements in AA2024-T3 purification led to changes in composition while comparing old and 

recent studies. 

 

Figure I. 2: Complexity of AA2024-T3 microstructure, reproduced from 48. Each color represents a 
different phase. S- θ- and α-phase are mauve, orange and yellow respectively 

We can however easily distinguish three main compositions with different corrosion behaviors for 

AA2024-T3 intermetallic (IM) particles: Al2CuMg (S-phase), Al2Cu (θ-phase) and Al-Cu-Fe-Mn-(Si) 

(α-phase)48–51. The exact composition of the coarse intermetallics is variable52. It is reported in 

literature that the S-phase intermetallics are mainly responsible for the AA’s strength53. These IM 

particles are all the more important that they are very numerous. Boag and coworkers48 for instance 

estimated 271 000 particles.cm-² covering 2.83% of the total surface area. Luo, in his PhD thesis, 

studied their relative importance and determined that S-, θ- and α-phase were accounting for 

48.72%, 15.38% and 35.90% of the IM particles number respectively51. Concerning their size, S and 

θ-phase IMs are round particles that are found as either single particles or clusters, while the 

α-phase IMs are bigger with an angular shape. 

I.1.2. Corrosion of materials 

I.1.2.1. Corrosion 

Corrosion is a natural phenomenon concerning most of the metals in an oxidizing environment, 

such as air, and leading to their degradation. This degradation, resulting from the physicochemical, 

and mainly electrochemical, interactions of the metal with its environment, can be rapid and severe 

depending on the metal’s conditions of use. It is worsened by several factors (temperature, presence 

of aggressive species, mechanical stress, medium’s conductivity…). It is important to keep in mind 

that several forms of corrosion exist (uniform, pitting, crevice, intergranular, filiform, stress 

corrosion cracking, fatigue...) and occur depending on the metallic substrate’s nature and 
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environment54,55. During corrosion processes, two types of reactions occur at the metal’s surface. 

While dissolution of the metal occurs at the anodic sites, generating electrons in the metal and 

releasing metallic ions in the surrounding electrolyte, other reactions guarantee the 

electroneutrality on cathodic sites. These reduction reactions are in general mainly due to oxygen 

reduction but can also be due to hydrogen or metal ions reduction (and eventually redeposition). 

These reactions have been described and studied accurately, in general and for specific metals, for 

decades5,6,54–58. Corrosion thus corresponds to a stationary state between reactions occurring at 

cathodic and anodic sites and requires a charge transfer as well as an ionic path between both areas 

to initiate and continue. This is naturally achieved for immersed metals but in atmospheric 

conditions specific climatic parameters linked to temperature and relative humidity are involved. 

Although the forms of corrosion and involved mechanisms are numerous, we will focus and only 

deal with corrosion initiation for the targeted materials: structural steel and AA2024-T3. 

I.1.2.2. Structural steel 

Uniform corrosion is the major degradation mode observed in atmospheric or immersion conditions 

for structural steels. It is quite easily identifiable and is thus not considered as dangerous. When a 

protective insulating coating is applied on a steel structure, appearance of a defect in the coating 

triggers corrosion and it is admitted that the total surface is evenly attacked58. Therefore, 

development of iron oxides as corrosion products is seen on the whole exposed surface area. In the 

case of steel, the anodic and cathodic occurring reactions are the iron metal dissolution and oxygen 

reduction respectively58,59. 

I.1.2.3. AA2024-T3 aluminum alloy 

Although pure aluminum is naturally passivable the complexity of their structure makes AAs, and 

especially AA2024-T3, susceptible to pitting corrosion. This is due to differences in the reactivity of 

each phase. In presence of chloride anions and during the pitting corrosion, a selective dissolution 

of less noble elements within the S-phase IMs occurs. Boag et al.47,60 attribute this dealloying of 

Al2CuMg particles to their lower OCP versus the aluminum solid solution. That is corroborated by 

local measurements they performed on macroscopic IM compounds, as shown in Table I. 6. 

Dealloying leads to copper-enriched porous particles as studied and accurately described by 

Hashimoto and coworkers49. The proposed mechanism is moreover assessed by the observation of 

aluminum oxide formed on top of dealloyed IM particles. In a second step, Cu-enriched particles 

switch from an anodic to a cathodic behavior due to their ennoblement leading to the dissolution of 

the surrounding less noble aluminum matrix. This manifests through the formation of trenches 

around the S-phase remnants as evidenced in Figure I. 3, reproduced from Boag and col60. 
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Figure I. 3: Trenching around S-phase particles in AA2024-T3 after 15min exposure to 0.1M NaCl, 
reproduced from 60 

θ-phase, when reported, has a nobler potential than the aluminum matrix, what provokes the same 

trenching phenomenon. Dealloying of the θ-phase particles has also been evidenced when S-phases 

particles are embedded in the θ-phase IM50. This leads to formation of porous copper-enriched 

particles and corrosion initiation around them. In the following stages of corrosion on AA2024-T3, 

other types of IM particles are subjected to trenching60. 

In the case of AA2024-T3, many surface reactions then occur and pitting corrosion is observed. Due 

to this local characteristic, the corrosion of AA2024-T3 is therefore highly dependent on the metallic 

surface preparation. Grinding or polishing for example leads to important differences in the surface 

microstructure47. A great care has then to be payed to these treatments. 

Table I. 6: OCPs for various intermetallic compositions in 0.1M NaCl, reproduced from 61  

Compounds OCP (mV vs SCE) 

Al2CuMg -830 

Al7cu2Fe -640 

Al6(Fe0.5,Mn0.5) -609 

AA2024-T3 -555 

Al2Cu -484 

Al3Fe -406 

 

To summarize, the two metallic alloys we will study, aside from being used for different applications, 

have a very different behavior in corrosive environments. This implies probable variation in the 

involved protection mechanisms. 
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I.1.3. Actual corrosion protection for aerospace 

When it comes to prevent corrosion, various strategies can be set up trying to hinder electronic and 

ionic exchanges or to displace them. One of the most applied technology used in industries since the 

1930’s is cathodic protection that consists in stopping the electron leak from the anodic sites to 

protect. This is achieved either by imposing a current in order to change the natural anode into a 

cathode (impressed current cathodic protection), or using a sacrificial anode whose oxidation is 

thermodynamically favored (galvanic cathodic protection). However, classic cathodic protection 

requires the protected piece to be surrounded by an electrolyte so this is mainly used in soil or 

marine environment. 

Another strategy is then preferred in the aerospace industry and consists in stopping surface 

reactions (dissolution, adsorption..), isolating the metallic surface from the corrosive environment. 

This is achieved applying a coating on top of the metal to protect, and/or using inhibitors, chemicals 

able to slow down reactions occurring either at one of the two or at both reacting areas. Inhibitors 

are used for the NC2M, and will thus be properly detailed later. Concerning protective coatings, 

many are currently developed62 or already in use. They can be either metallic (chromium, nickel, 

zinc…), inorganic (sol-gel, conversion or anodizing) or organic (paints) and could be combined with 

inhibitors. Their role is to protect metallic structures thanks to an enhanced barrier properties, 

which means they need to be free of open defects. Moreover, the choice of the suitable coating 

depends on the nature of the substrate as well as on the operating conditions5,6,55–58,63,64. Due to the 

wide range of usable coatings and existing pretreatments, AAs are naturally the most used and 

described substrates65.  

I.1.3.1. Metallic protective coatings66 

Various application techniques (thermal or cold spray, electrodeposition, chemical or mechanical 

bonding) and metal nature are used. In the aerospace industry, galvanization and electroplating are 

the most used. 

A zinc-based layer, generally deposited by hot dip galvanizing can protect steel parts. This strategy 

is another type of galvanic protection since zinc is less noble than iron. A damage in the outer zinc-

rich layer therefore leads to preferential corrosion of the zinc, thus preserving the steel substrate’s 

integrity.  

Formation of a metallic coating can also be done by electroplating, forming an electrical circuit in 

which the metal to protect is the cathode. This enables the deposition of chrome or nickel for 

example for corrosion protection, or even zinc and its alloys (what prevents the heating induced by 

hot-dip galvanization). Steel or aluminum can be protected by this process, forming zinc-nickel 

sacrificial coatings or cadmium coatings (although cadmium’s toxicity makes its use restricted). 
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Combination of metallic coatings with other technologies such as incorporation of inhibitors could 

also be a way to improve metallic coatings. This was proposed for example by Presuel-Moreno and 

col.67. Using an aluminum-cobalt-cerium coating, they evidenced corrosion protection brought by a 

sacrificial barrier coating loaded with soluble inhibitors. 

I.1.3.2. Anodizing and Conversion coatings68,69 

Probably the most used in industries and especially in aerospace, a conversion coating is made by 

oxidation of a metal and formation of an oxide layer whose composition depends on the bath and 

acid used.  

The most usual way to form a conversion coating is by anodization, meaning that the formation of 

the oxide is governed by an applied potential in order to control the metal dissolution. Potential 

values range from 0 to 200 V, keeping a low amperage and depending on the bath composition, 

temperature and desired thickness. Anodization leads to the formation of a non-conductive coating 

composed of an inner dense and compact layer and an outer thicker porous layer. Further 

immersion treatments allow to functionalize the porous structure, incorporating corrosion 

inhibitors, followed by a sealing step in boiled water for instance70. Anodized layers therefore 

improve corrosion resistance as well as adhesion of a top layer. Although being the most efficient 

ones, baths containing chromates are now restricted in the aerospace industry because of chromates 

toxicity and should soon be banished for good. Therefore, many alternatives have been investigated. 

The main anodization techniques found today in the aerospace field are: 

- Chromic Acid anodizing (CAA): a thin coating (2 to 5 µm68) with enhanced corrosion 

protection but to be replaced; 

- Sulfuric Acid anodizing (SAA): a transparent coating with incorporated sulfates; 

- Phosphoric acid anodizing  (PAA): an alternative to CAA; 

- Sulpho-tartaric anodizing (STAA): an alternative to CAA developed by Airbus; 

- Boric-sulfuric acid anodizing (BSAA): an alternative to CAA developed by Boeing, but limited 

by the high toxicity of boric acid. 

Anodizing however possesses limitations since it is only usable for passivable metals such as 

aluminum, magnesium or titanium alloys, and leads to a decrease in the metal thickness and so in 

the substrate’s fatigue limit. 

For both passivable and non-passivable metallic materials, a chemical conversion coating can be 

applied, soaking the substrate to protect in the appropriate solution in order to form chromate or 

phosphate coatings. These conversion coatings are very thin compared to anodizing layers, with 

thicknesses below 0.5 µm71. 

Chromate conversion coatings are formed on zinc, magnesium or aluminum alloys, potentially on 

top of an anodized layer in order to bring corrosion resistance. Thanks to their efficiency, chromate 
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conversion coatings based on hexavalent chromium have been widely used but are now banned 

because of their toxicity. However, some domains such as aerospace got a temporary dispensation. 

Potential alternatives to hexavalent chromium include the use of trivalent chromium that does not 

present the same toxicity72. Phosphate conversion coatings are also used for non-passivable metals 

such as carbon steel. By immersing the steel part in a phosphoric acidic solution, an insoluble 

complex layer is formed between ferrous and phosphate ions.  

I.1.3.3. Sol-gel coatings 

Sol-gel is a coating technology that recently aroused extreme interest since it allows to form resistant 

thin-films through a non-toxic mild process that could easily be set up at an industrial scale. 

Formation of a sol-gel layer starts with a colloidal suspension of a metal or silicon alkoxide precursor 

that is deposited on top of the metal to protect. With no heating required (but sometimes used to 

tune the coating morphology), the precursor then undergoes hydrolysis followed by 

polycondensation, as shown in equation (I. 1) to (I. 3). Hydrolysis can be partial or total depending 

on the quantity of water, potential catalyst etc... This leads to the formation of an inorganic or hybrid 

organic-inorganic polymer network. 

M(𝐎𝐑)𝐧 + 𝐇𝟐𝐎 → 𝐇𝐎 − M(𝐎𝐑)𝐧−𝟏 (I. 1) 

(𝐑𝐎)(𝐧−𝟏)M − 𝐎𝐇 +  𝐇𝐎 − M(𝐎𝐑)𝐧−𝟏 →  (𝐑𝐎)(𝐧−𝟏)M − 𝐎 − M(𝐎𝐑)𝐧−𝟏 + 𝐇𝟐𝐎 (I. 2) 

(𝐑𝐎)(𝐧−𝟏)M − 𝐎𝐇 +  𝐑𝐎 − M(𝐎𝐑)𝐧−𝟏 →  (𝐑𝐎)(𝐧−𝟏)M − 𝐎 − M(𝐎𝐑)𝐧−𝟏 +  𝐑 − 𝐎𝐇 (I. 3) 

Besides their green process, sol-gels are also perfectly adapted to aluminum alloys since hydroxyl 

groups, present on the AA’s surface, can bond with the sol-gel layer, hence increasing the coating’s 

adhesion. Moreover, hydrophobicity of a sol-gel layer makes it very useful for corrosion protection. 

If the principle of formation is quite simple, the variety of available and developed precursors and 

processes enables a staggering number of shapes from film to fibers, and applications, especially in 

aerospace. Concerning their nature, silica is the most used specie but aluminum, zirconia, cerium 

or titanium alkoxides are also reported73–75.  

For the NC2M, it is very interesting to see the similarity between these reactions and the capsules 

formation that we will discuss later on. Moreover, despite being already in application (and source 

of many patents76–78), it seems that sol-gels did not reach their maximal potential yet and thus are 

currently the center of many research projects for corrosion protection in aerospace.  

I.1.3.4. Organic coatings 

Organic coatings are widely used, sometimes in combination with previously discussed coating 

technologies since a pretreatment of the metal highly enhances the primer’s adhesion. As paint and 



 Chapter I - Bibliographic review 

 22  

varnishes, thermosetting polymer coatings used in the aerospace are generally multi-layer systems 

in which have to be distinguished the primer, in contact with the metallic substrate, and top coats 

that are applied on top. Topcoats are used in order to bring an esthetic finishing, and protection 

from external perturbations (shocks, UV, thermal protection, impermeability…)79,80, the most used 

being polyurethanes. 

The role of the primer, on the other hand, is to bring corrosion resistance and a good adhesion of 

the topcoat. Commercially available primers are mainly bi-component epoxies81,82 and 

polyurethanes, and have been loaded for a long time with chromates (e.g. strontium chromate) as 

corrosion inhibitors. They are therefore undergoing an important evolution, what led to the design 

of new coatings, bringing great barrier properties and an efficient active protection against 

corrosion. Primers are mainly applied by spraying and common thicknesses in aerospace 

applications are around 25 µm83. 

NC2M in this context 

Aerospace applications require high-performance materials with different properties, from metal to 

composites. Amongst all the metallic alloys used, aluminum alloys and structural steel are of high 

interest for ArianeGroup, explaining why our study will focus on them and more specifically on 

AA2024-T3 and structural steel.  

Concerning chromate-free protection, first alternatives have been based on optimization of new 

conversion coatings and more sophisticated techniques84. An alternative pathway however focuses 

on sol-gel layers and development of multifunctional organic coatings, the so-called smart coatings. 

The NC2M completely falls under this category since our project tends to optimize an organic 

coating by bringing new functionalities to an existing organic matrix. We therefore need to 

accurately define both corrosion inhibition and corrosion monitoring, and to understand the 

existing strategies.  
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I.2. Inhibition of corrosion processes 

I.2.1. Inhibition or self-healing? 

When speaking about corrosion protection, especially using smart coatings, two close phenomena 

have to be distinguished: inhibition and self-healing. While IUPAC defines an inhibitor as “a 

substance that diminishes the rate of a chemical reaction”85, finding a proper definition of 

self-healing is quite difficult. In order to be clear in this work, we speak of inhibition when a 

compound is able to protect a metallic substrate from corrosion (whatever its mode of action), while 

self-healing describes a coating able to recover, totally or partially from a damage. Concerning 

corrosion protection, self-healing plays a role isolating the metallic substrates from the aggressive 

environment but does not involve a reaction with the corrosion products or corrosive species. This 

implies that self-healing, in our sense, does not depend on the substrate’s nature, and that 

potentially in the absence of substrate the physical self-healing reaction would occur as for 

supramolecular assemblies in the case of rubbers86. Figure I. 4 shows this difference between 

self-healing for smart coatings: while self-healing reactions are triggered as soon as the coating is 

damaged and whatever the substrate, inhibition requires the inhibiting compound to be adapted to 

the metallic substrate to protect. The work carried out at NASA by Calle et al. also considers this 

difference since they plan to use three different agents for inhibition, detection and self-healing87. 

 

Figure I. 4: Schematic representation of self-healing and inhibition process for a smart coating 

Three approaches exist in order to confer self-healing properties to a corrosion-protective coating: 

using two compounds, a monomer and a catalyst or two monomers that will react in a damage, using 

a single compound, reacting with either the host matrix, or naturally present elements (moisture, 

oxygen), or directly bringing functionality to the polymeric matrix. The first fully autonomic 

self-healing material was described by White et al.88 in 2001. They encapsulated dicyclopentadiene 

(DCPD) in urea-formaldehyde microcapsules and incorporated Grubbs’ catalyst in the epoxy 
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matrix88. When a crack is formed and propagates, it likely breaks the microcapsules, thus releasing 

the healing agent that will fill the entire defect. When the liquid monomer gets in contact with the 

catalyst dispersed in the matrix, the Ring-Opening Metathesis Polymerization (ROMP) is triggered 

and allows the composite coating to recover up to 75% of its initial toughness. Use of a living 

polymerization method enables several healings at the same location. Since this first step in 

self-healing coatings, several works were published on similar systems89,90, and with several other 

reactions. We can cite as examples reactions between a liquid epoxy and a hardener91, a thiol with 

an isocyanate92 or a siloxane and a tin-based catalyst93. The main requirements for this mechanism 

are the maintained activity of the reactants and their diffusivity into a defect. It is however clear that 

these systems have a major drawback since use of two components imply that both of them have to 

be present in a defect or put in contact in order to initiate the reaction.  

That is why many studies tend to use only one self-healing agent. The main principle remains the 

same, except that when delivered into the defect, the healing agent reacts with elements naturally 

present in the coating. Efficient results have been observed by encapsulating natural linseed or tung 

oil, that are triglycerides and are oxidized when oxygen is present, leading to a solid layer94–96. 

Despite their toxicity, diisocyanates have been thoroughly studied, since they are molecules able to 

form polyurea when reacting with water. Numerous studies use for example isophorone 

diisocyanate (IPDI)97–99, hexametylenediisocyanate (HDI)100–102 or toluene diisocyanate (TDI)103 for 

corrosion protection purposes. A third single-component system consists in using the host matrix 

on defect sites as a reactant. A very interesting study carried out by Meng et al.104 is a perfect example 

since they trigger a release of glycidyl methacrylate (GMA), which is a liquid able to diffuse in the 

used epoxy matrix. This way, GMA provokes a swelling of the matrix, reducing the defect size, and 

allowing hydrogen and covalent bonding between itself and the two sides of the defect. This is 

obviously only working for small defects. 

A third method consists in functionalizing the polymeric coating itself. This class is quite different 

from the other two since it usually requires an action from the user such as heating in order to force 

the polymer to reform bonds105,106. 

I.2.2. Corrosion inhibitors and their mechanisms 

Inhibition, unlike self-healing, considers the interactions between the inhibiting compound and a 

metallic substrate. Various molecules can fulfill this role and new inhibitors are continuously 

developed. They can be classified using different criteria (organic or inorganic, natural of synthetic, 

passivating or precipitating…). We decided to sort them depending on the corrosion area and 

process they are affecting, as it could be determinant depending on the capsules used. Inhibitors 

reducing the rate of cathodic or anodic reactions are called cathodic or anodic inhibitors 

respectively107. A third kind of corrosion inhibitors is made of molecules able to act on both cathodic 

and anodic reactions. They are therefore called mixed-type inhibitors. For all of them, inhibition 
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efficiency highly depends on the composition of the substrate to protect since intermetallic 

composition for example plays a role42. Therefore, this part only provides information concerning 

general mechanisms. 

I.2.2.1. Cathodic inhibitors 

As explained in section I.1.1., several reactions occur at cathodic sites. This type of inhibitors shifts 

the corrosion potential of the metal toward less noble values by hindering the electron exchange. 

The main mode of action observed is due to the properties of the product formed by the reaction 

between the inhibitor and hydroxide ions released at the cathodic site (oxygen reduction): the 

inhibitor precipitates in alkaline conditions, what leads to the formation of an isolating layer on top 

of the metal. The precipitate is then a physical barrier, hindering the dioxygen diffusion towards the 

metal surface.  

Amongst cathodic inhibitors, one of the most used and described for steel and iron is zinc ion (in 

the form of chloride or sulfate salts) since it adsorbs on negative cathodic sites in acidic pH108, and 

forms an insoluble ZnO or Zn(OH)2 layer in presence of hydroxides produced by reduction 

reactions109,110. Cerium III and cobalt ions can also precipitate and therefore act as cathodic 

inhibitors, as seen for AA2024-T3111. It is important to note that the inhibiting efficiency depends 

on the salt used. For example CeIII precipitates on cathodic sites and have shown great potential112, 

whereas CeIV compounds provide poor inhibition when used alone113,11442. 

Recently, intensive research focuses on other rare earth salts as cathodic inhibitors. For example, 

lanthanum has been proved to be an efficient cathodic inhibitor forming lanthanum oxide and/or 

hydroxide (La2O3 / La(OH)3)  precipitate at the cathodic sites115. Praseodymium and neodymium 

have also showed interesting properties, even if below cerium efficiency116. 

Another type of cathodic inhibitor acts by what is called cathodic poisoning, meaning they hinder 

the protons reduction. This is the mode of action of antimony, bismuth or arsenic-based 

compounds117. However, since they are mostly very toxic compounds, less attention is accorded to 

them. 

The main advantage of cathodic inhibitor is that even at low concentration they are able to reduce 

the cathodic surface area and then reduce the cathodic reactions rate, thus reducing the corrosion 

rate111. They are however less efficient than anodic inhibitors and usually employed in combination 

with them. 

I.2.2.2. Anodic inhibitors 

Anodic protection occurs when the inhibitor is able to passivate the metal surface for example by 

reacting with the metallic ions formed. The anodic sites’ surface will then decrease until the 

corrosion is stopped, meaning that a sufficient quantity of inhibitor has been released. An anodic 
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shift in the metal potential can be measured. Oxidizing and non-oxidizing anionic inhibitors are 

sometimes distinguished, the first being able to protect a metal in the absence of oxygen while the 

second kind requires oxygen58. 

Amongst oxidizing compounds, chromates are the most well-known since their efficiency has no 

match and they still serve as a reference. Hexavalent and trivalent compounds can be used, CrVI 

being more efficient and toxic at the same time118. Even today, chromates are still studied since their 

mechanisms are not fully understood. It is however commonly admitted that their incomparable 

properties are due to reduction of CrVI to CrIII, forming a protective layer, and to a very high mobility. 

Formation of AlIII-CrIII mixed oxides has also been reported58,119–122. Nitrite (usually used as sodium 

nitrite NaNO2) is a similar passivating inhibitor working in the absence of oxygen, despite a lower 

inhibition efficiency5,122–124. Although being used in food preservation, nitrites is now suspected to 

be a carcinogenic compound. 

Non-oxidizing passivating inhibitors are the subjects of an increasing number of studies, because of 

their non-toxic characteristic. Amongst them the most used are molybdate anion MoO4
2-, which has 

been proved to inhibit corrosion on AA2024 and mild steel125,126, but also tungstate (which has the 

same structure as molybdate)127–129, silicate127,130 and phosphate122,123,131. If their modes of action are 

still subject to discussions, it seems that molybdate inhibiting properties are due to redox reactions. 

First reduced and adsorbed on top of metallic substrates, molybdate forms an insoluble physical 

barrier, and competes with oxygen reduction reactions132. According to a mechanism proposed by 

Lopez-Garrity et al.126, molybdate is then oxidized in the presence of oxygen, forming molybdenum 

oxides and leading to a local pH increase. This promotes the polymerization of molybdates species 

forming a protective layer. A different mechanism is evidenced for silicate that forms aluminosilicate 

protective layers on anodic sites. It has also been shown that this layer can be quite porous an hence 

less effective in alkaline media130. 

Contrary to cathodic inhibitors, a risk with this kind of compounds is that a too low concentration 

will lead to higher anodic current densities. Indeed, the anodic surface being only partially covered, 

it favors pitting corrosion, harder to detect and to heal than uniform corrosion. For this reason, a 

critical concentration has to be reached and maintained to totally block the corrosion process. Below 

this concentration, presence of an anodic inhibitor can exacerbate corrosion activity. To prevent 

this, anodic inhibitors are often combined with cathodic ones, or replaced by mixed inhibitors. 

I.2.2.3. Mixed-type inhibitor 

These compounds are mainly organic molecules and can be either natural or synthetic, enabling an 

almost infinite number of possibilities. Mixed-type inhibitors protect a substrate by adsorbing on 

the whole exposed surface, by chemisorption or physisorption, meaning the metal’s nature is more 

or less importance. They hence form a protective layer, isolating the metal from the aggressive 

environment and hindering oxygen diffusion and reduction. Organic inhibitors are molecules 
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containing heteroatoms, mainly nitrogen (N), oxygen (O), sulfur (S) or phosphorus (P), and/or 

conjugated systems that enhance adsorption133. As for anodic inhibitors, a certain quantity of an 

organic inhibitor has to be present at the metal / electrolyte interface in order to confer protection. 

Below this threshold value, worsening effect could occur. 

An exhaustive list cannot be made. It is however very interesting to notice that many natural 

molecules can fulfill the mentioned characteristic and therefore act as inhibitors. Literature offers 

lots of studies concerning specific natural molecules and especially plant extracts134–138. Amongst 

them chitosan shows very promising result for steel protection and potentially aluminium139–141. 

Chitosan is a polysaccharide obtained from the exoskeleton of crustaceans and had to be mentioned 

since its encapsulation properties are also intensively studied. 

Amongst other organic inhibitors that can be found in the literature are various amines142,143, 

thiols144 and heterocyles133,144 such as pyridine and its derivative (8-hydroxyquinoline145–148…),  

benzotriazole and its derivatives, and benzothiazole and its derivatives such as 

2-mercaptobenzothiazole (MBT) that may be the most used for aluminum alloys147,149–154. 

Another approach, instead of using adsorbing molecules, is to form mixed-type inhibitors by adding 

an organic moiety to precipitating elements and therefore synthesize and “artificial” mixed-type 

inhibitor. If this category does not constitute a major part of current research, very promising results 

have been obtained for example with cerium dibutylphosphate115 and lanthanum 

diphenylphosphate115. Optimization concerning the complexes solubility or integration in a 

protection system for example should however be carried out. The same system can be achieved 

using a cathodic inhibitor, such as zinc, combined to an anodic one, either inorganic e.g. vanadate155 

or organic156. 

Synergies can also be achieved using multiple corrosion inhibitors157, and due to the wide variety of 

existing organic compounds, there is a high probability that chromates alternatives could be found 

this way. A very interesting recent study carried out by Giuliani and colleagues highlighted for 

example the synergistic effect of a chitosan film with BTA and MBT incorporated for the protection 

of copper alloys158. 

I.2.3. Corrosion protection for NC2M 

The objective of NC2M project is to bring a solution to corrosion monitoring as well as protection. 

Therefore, our aim is to confer a high corrosion resistance to the coating without considering its 

mechanical properties or long term coating integrity in the first instance. In our concept, protection 

has to be achieved as long as it is needed for the user to detect the corrosion onset. This is why 

self-healing (as defined above) is not suitable. Moreover self-healing could be an issue for corrosion 

protection if corrosion is triggered between the metallic substrate and the healed layer. The user 

could then miss a critical situation. Although combination of self-healing and inhibition is also a 
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possibility, studied notably by Siva et al. with the use of linseed oil95 together with MBT, we decided 

to focus on an inhibiting system. 

For the choice of corrosion inhibitors, high importance criteria are the innocuousness of the 

inhibitor and a satisfying efficiency. However, in our system, the encapsulation efficiency remains 

the main criterion to keep in mind, as it will be discussed. 
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I.3. Corrosion detection and monitoring 

If smart protective coatings present a real interest, hindering corrosion and eventually fixing the 

coating integrity, they also show limits since the effect is only temporary and depends on the healing 

agent or inhibitor available quantity. Moreover, inhibitors only slow down and do not stop corrosion 

as seen before, and are reacting and therefore consumed. A constant supply can be achieved in water 

systems for example, but in the case of coatings, adding more inhibitors means replacing the coating, 

partially or totally. The role of inhibition is then to save time once the coating fails to protect the 

substrate. 

The idea of NC2M is to combine an efficient inhibition to corrosion monitoring in order to prevent 

this failure: the earlier the corrosion can be detected, the more easily the structure integrity is 

preserved. The NC2M coating objective is thus to enable an early detection of corrosion while 

controlling its development. 

In this part, we will see what forms corrosion monitoring can take in order to design an optimal 

system. After a review of what industry already proposes, we will describe currently developed and 

promising technologies for corrosion detection and monitoring. As it will be shown, a common 

approach consists in evaluating the corrosion state of the metal by direct measurement of physical 

(and mostly electrical) properties. Another one relies on physical-chemical parameters indirectly 

linked to corrosion processes, that functional coatings tend to exploit. This second kind of 

techniques will naturally be described more thoroughly.  

I.3.1. Methods currently used  

For a long time, industries played on the facilities design and choice of employed materials to 

prevent corrosion. Service conditions severity are thus determined in order to choose the most 

adapted alloys. Ageing studies and corrosion rate measurements are then performed on 

representative coupons placed in similar atmospheres or in situ56,58,159. Destructive techniques can 

then be performed in order to determine how impacted the structures are, such as 

potentiodynamic-galvanodynamic polarization or mass loss measurement. Although they give 

useful information on the alloy behavior in corrosive environments, long (and increasing) 

operational lifespans tend to impose a real-time surveillance for corrosion.  

The first concerned industry was oil & gas, since it uses huge amounts of metals for pipelines for 

instance. They have hence naturally driven the major part of the available research about corrosion 

monitoring. However, most of the developed techniques require the metal to be placed in a 

conductive medium (water, soil…), and/or are designed and efficient for pipelines for example such 

as the field signature method159,160. This particularities are not applicable for aerospace purposes161. 

Hence, although being perfectly designed for corrosion evaluation and monitoring, even in the case 
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of under-film corrosion and inhibition evaluation, electrochemical techniques can hardly been setup 

for our applications (despite being widely used at lab scale). 

In many other industries, and especially in aerospace, no particular technique seems to be used as 

a standard, mainly because no technique is adapted to complex geometries and important structures 

yet. Common procedures consist in a routine visual inspection, regularly scheduled depending on 

the structure susceptibility to corrosion. For hardly accessible areas or when needed, borescopes or 

simple magnifying glasses can be used162. If a corrosion onset is suspected, then local techniques can 

eventually be set up for the analysis of smaller areas163, although there is no systematically used 

technique.  

Usable NDT can be organized in three categories that are direct or indirect monitoring, and use of 

coatings. Direct techniques consist in monitoring corrosion by direct measurement or evaluation of 

the occurring processes while indirect ones quantify a consequence of occurring corrosion.  

I.3.2. Direct monitoring techniques 

Direct monitoring techniques are in theory the most efficient ones since the very first stages of 

corrosion are detected, but in practice they imply the development of accurate detection devices and 

procedures. As we will see, most technologies are intrusive since they require direct access to the 

metallic substrate, what can barely be set up and hence will not be thoroughly detailed. 

The simplest and most direct technique is obviously optical monitoring since corrosion is a surface 

phenomenon. Observation can therefore allow to confirm corrosion development, although only 

some types of corrosion are clearly visible and only after a certain time, seldom during the first 

stages. Optical monitoring moreover requires being able to observe the whole surface, what can be 

a problem when a coating is used for instance. In order to make optical assessment more accurate, 

techniques are also developed based on observable changes of the metal’s surface, recorded using a 

camera. Degradation of the surface can then be quantified by image analysis164,165. Enhancement of 

the optical detection can also be performed using revealing compounds such as liquid penetrant 

dies. Routine visual inspection, however, has some major drawbacks since it is a time-consuming 

and not very efficient operation. Moreover, inspection has to be regularly and thoroughly performed, 

and since some parts are not directly observable, moving or opening panels is often required. This 

could even lead to enhancing the exposition of the structures and have the opposite effect166. 

Most of the developed techniques generally require a probe or sensor to be placed directly in the 

corrosive environment, and therefore its use has to be thought from the construction to be placed in 

the metallic structure. This is why, NC2M aiming at developing a smart coating, these techniques 

only present a little interest. We can however cite electrochemical corrosion evaluation techniques 

such as electrical resistance166–168, linear polarization resistance169,170, electrochemical noise 
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analysis171,172, harmonic distortion analysis173,174 and obviously electrochemical impedance 

spectroscopy175,176.  

Other techniques are currently under investigations and can be used through coatings, but do not 

seem to be easily applicable to important structures and especially in aerospace. Interesting progress 

has nonetheless been made using acoustic emission177178, radiographic monitoring179-181, 

electromagnetic testing and Eddy current182–184. 

These techniques show accurate and efficient monitoring, and combination of several methods can 

easily be achieved185. However, required access to the metal, impossibility to localize corrosion on 

the operating structure and impossibility to use on complex geometries are limitation that hinder 

the use of these techniques.  

I.3.3. Indirect monitoring techniques 

Indirect monitoring techniques are based on the detection of consequences of corrosion processes. 

In other words, they use stimuli related to corrosion processes, sometimes on the same principle as 

corrosion inhibitors. 

Similar to direct monitoring, corrosion potential measurement is an intrusive technique that gives 

an insight on the activity of the metal surface but remains very inaccurate and therefore is not very 

useful when used alone59,170. Oppositely, infrared thermography has recently shown promising 

results to detect alterations such as corrosion in a metallic structure and can be used on wide areas 

and for instance for aircraft monitoring186. Yang et al.187 even recently detected corrosion under a 

coating using thermography coupled with electromagnetic induction. Such systems need 

improvements to by industrially used but are promising. 

Numerous indirect techniques adopt a different strategy and consist in monitoring the evolution of 

one of the corrosion products concentration. These techniques are more widely used in water 

cooling and processing systems. However, since the same philosophy could be adapted to smart 

coatings, it is interesting to cite hydrogen flux monitoring159, dissolved oxygen concentration 

measurements, conductivity measurements or redox potential measurements188 that can also be 

combined189. 

To these corrosion indicators have to be added pH, which is in itself a very easy and useful parameter 

to monitor. As seen before, cathodic and anodic sites indeed show important variations of pH with 

alkaline or acidic values on the cathodic or anodic sites respectively. The observed pH values are 

highly dependent on the considered metal or alloy. A local pH measurement at the metal’s surface 

can therefore help to detect the corrosion’s onsets and constitutes an important trend in research 

on corrosion monitoring. The most promising (and today studied) approach is to use a pH-sensitive 

compound in order to detect pH changes more easily. Amongst others, recent published studies 
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combine the use of coumarin and its derivatives, that are fluorescent molecules whose emission 

under UV radiation depends on the medium pH, with an adapted detection system. The corrosion’s 

onset is therefore detected before corrosion products are visible190,191. Since pH changes are related 

to the metal aggression, a logic tool is also coloring agents that would indeed be able to reveal 

corrosion activity. Uzundal and Ugult192 used phenolphthalein in a very interesting 2-cell system for 

corrosion detection under a coating. Forcing the reduction of hydrogen on the uncoated side and 

oxidation on the coated one, they induced the formation of protons (and so the local acidification of 

the electrolyte) in the defect, hence evidenced. 

In the case of metallic structures placed in atmospheric conditions, however, these techniques seem 

to be hardly applicable since gases concentrations cannot be accurately determined and other 

measurements need an electrolyte to be performed. Moreover, most of them give information about 

the general corrosion degree but can hardly accurately locate defects. Then came the idea to combine 

the forementioned strategies with the use of protecting coatings. 

I.3.4. Coating monitoring  

The need for monitoring coatings comes from the mentioned issues concerning corrosion 

localization and potential need of an electrolyte to conduct measurements. Since most of the metal 

pieces used are protected by coatings, the idea is to confer a new functionality to the coating and so 

facilitate or enable corrosion detection and monitoring. Suitable systems are made of a host matrix 

in which a sensor is added and reacts upon corrosion. The developed systems can be classified in 

different ways depending on the sensor nature, the stimulus used or the response given. Physical 

trigger will be shortly presented through a few innovative techniques before focusing on 

pH-triggered detection that is the most studied system and probably the most promising one as well. 

The approach sometimes used consists in enhancing the detection enabled by non-intrusive 

techniques by incorporating a physical sensor at the substrate/coating interface. In their work, 

Banks et al.193 used a ferroelectric compounds mixed to a sol-gel slurry in order to embed it by 

covalent bonds with the substrate at the substrate/coating interface. These spray-on transducers are 

placed on strategical locations on the structure, and can send an ultrasonic signal when they receive 

a specific frequency stimulus. Analysis of the ultrasonic signal gives information on the substrate’s 

state of degradation. This is a quite inexpensive system but that requires analysis methods. Another 

technology that can be embedded at the substrate/metal interface is Bragg Fiber Grating (BFG) that 

are kind of optical fibers highly sensitive to mechanical stress. Deng and colleagues194,195 deposited 

these fibers on top of steel before an epoxy coating is applied. Under-coating corrosion generates 

deformations that change the BFG properties. Sending an optical signal in the fiber, corrosion can 

then been detected. This requires however to have access to the BFG ends as well as signal 

processing. Most of all, such techniques need a specific deposition step and can hardly be set up on 

the entire surface to monitor. 
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A solution recently reported can be to modify the used matrix. In their studies, Dhole and 

colleagues196,197 directly functionalized an alkyd or acrylic paint with phenanthroline derivatives. 

Phenanthroline has the capacity to form red complexes with ferrous ions, what has been conferred 

to the modified resin applied on top of mild steel substrates. They hence showed that upon corrosion 

onset, oxidation of the steel leads to the appearance of red spots, whose number and intensity are 

related to corrosion progress. Such a coating is very efficient and, combined to visual investigation 

or optical monitoring system, could show great results. However modifying a resin implies a perfect 

knowledge of its composition and reactivity, so this has been achieved for specific model synthesized 

resins, what is very different from commercial filled resins. Modification would then require an 

important development adapted to every resin used, what seems complicated. Therefore, adding a 

compound that would not interact with the host matrix would lead to a more versatile technology. 

Incorporation of the sensing compounds within the matrix is often achieved. Trinchi et al.198, for 

instance, directly incorporated maghemite nanoparticles to an aerospace primer resin. Maghemite 

nanoparticles are magnetic. When placed in a corrosive environment, maghemite is transformed to 

another oxide and loses its ferromagnetic properties. The particles then show a variation in their 

magnetic properties depending on the corrosivity of the environment and can be used to detect 

corrosion or inhibitor depletion. Monitoring is performed using a coil and measuring the alternating 

current through the coil, what is easy to carry out. An improvement of the system would be to find 

a way to get fast analyzes of high surface areas but keeping a good spatial resolution. 

The main idea to achieve this is to use an easily processed response from the coating. It is therefore 

naturally that the major part of studies currently carried out on the topic concerns compounds with 

a color change or a fluorescence emitted upon corrosion. A US patent has for example been filed in 

2011, concerning a paint for the detection of corrosion combined with an adapted monitoring 

system, proving the economic interest and technological maturity of monitoring coatings199. In 

recent literature, pH change or complexes with metallic ions are the main investigated stimuli. 

In this field, a paper from 1999 by Zhang and Frankel200 serves as a reference. They added either a 

coloring agent (phenolphthalein or bromothymol blue) or a fluorescing indicator 

(7-hydroxycoumarin or coumarin) to an acrylic transparent paint. They then induced corrosion by 

immersion and observed color changes related to an increase of pH at the cathodic areas. The 

fundamental parameter for these system is their sensitivity, linked to the nature and concentration 

of the compound used. Use of pH indicators also makes this system suitable for various substrates. 

Other studies for instance present the use of molecules that become fluorescing when complexing 

with metallic ions, what makes it specific for a certain metal or seldom a few of them201–204. An 

interesting fluorescing molecule is FD1, since it has two modes of action. Augustyniak et al.205 first 

used FD1 as a corrosion sensor for steel since it is able to form a complex with ferric ions, what 

enables early detection of steel anodic dissolution when incorporated in a commercially filled epoxy 

coating. Moreover, they showed in a second study206 that besides the complex formed, FD1 acidic 
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hydrolysis also triggers fluorescence and so enables the monitoring of cathodic reactions even on 

top of aluminum alloys. FD1 alone could then reveal both cathodic and anodic sites. Moreover, 

fluorescence has been detected in clear epoxy model coatings, but also in a commercial filled epoxy 

resin coated on top of AA2024-T3. 

Due to its reliability, local pH variation is a frequently used and efficient parameter to assess the 

corrosion’s onset. Color change and fluorescence are the most used response for a monitoring 

coating and have shown both a great interest and promising results. Addition of a selected molecule 

directly to an organic matrix is an easy way to obtain a monitoring coating. However, when using a 

commercial resin, many pigments and components can interfere and lead to deactivation of the 

active compound207 or decrease in the coating’s barrier properties. Moreover, addition of the sensing 

molecule often requires its dissolution in an organic solvent (xylene and toluene for 8-HQ204 or 

toluene for FD1 for example206) that can provoke defects206. In order to prevent this, and protect 

both the sensing molecule and the host matrix, the most promising strategy is to encapsulate the 

active agent. Besides, if this is directly noticeable with colored agents, deactivation of the active 

agent could also occur with corrosion inhibitors208. 

A viable monitoring system would then combine an efficient detection of the corrosion development, 

a potential assessment of the degree of corrosion (pitting can sometimes hide a wide damaged area) 

and an easy-to-perform analysis such as visual inspection. In order to achieve that, encapsulation of 

active agents has been proved to work and naturally constitutes the basis of the NC2M. 
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I.4. Encapsulation through a colloidal process and smart coating 

design 

Encapsulation is widely studied and has applications in many fields such as the food industry, 

cosmetics, pharmaceutics and materials science. Due to the different requirements in terms of size, 

function, compatibility etc… a staggering number of architectures exists and providing an 

exhaustive list is not useful and almost impossible. Therefore, we here deal with particles formed 

using colloids for two main reasons:  it is a quite simple process that does not require an heavy 

equipment, and this kind of syntheses can be carried out at lab scale and transferred to industrial 

scale. Although they are sometimes considered as encapsulation techniques and reported in the 

literature for similar applications, hollow fibers209,210 and Layered Double Hydroxides149,211 (LDH) 

are beyond the scope of this literature review. 

In order to be as clear as possible, the terms we use hereafter are based on a IUPAC recommendation 

from 2012212. This means that are called nanoparticles and microparticles particles whose size 

ranges from 1 to 100 nm and 0.1 to 100 µm respectively. When speaking about spherical particles, 

“capsules” designs hollow particles with a solid shell and an inner space whereas “spheres” mean 

there is no distinction between the inner and outer parts of the particle. The terms particles and 

containers are used without distinction. 

Nature of the containers is naturally linked to their reactivity, release and applications, hence 

dissociating each parameter can be meaningless. In order to structure this part, we will first deal 

with the containers’ formations, i.e. the formation technique, how to achieve loading and the nature 

of the particle or shell, before looking at the release mechanisms that can be used. Since we want to 

use containers as reservoirs in a host matrix, we will then identify the similar coatings that exist in 

order to see how capsules or spheres are incorporated in a polymeric matrix and the consequences 

of this addition. 

I.4.1. Colloids’ stability 

Emulsions are formed when two immiscible liquids are mixed, forming two phases, the dispersed 

phase forming droplets dispersed in the continuous phase. The dispersed phase is made of the liquid 

with the lower volume fraction, while the droplets’ size is driven by the mixing parameters (stirring 

or sonication parameters, geometry of the vessel, temperature...), and composition of the medium. 

It is essential to control the formed emulsion since it defines the containers size and shape. 

Would it be during the particle’s formation reaction or once the particles are formed, suspension 

collapse (agglomeration, aggregation...) has to be prevented. Stability has then to be ensured from 

the beginning of the synthesis until the containers incorporation in a matrix. This stability is usually 

achieved either by steric hindrance or by electrostatic repulsion between the containers. For 
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electrostatic repulsion, pH and ionic strength of the medium are key factors that have to be 

accurately controlled. 

However, stabilization of an emulsion or suspension often requires the use of surfactants. 

Surfactants are amphiphilic molecule with a hydrophilic polar moiety and a hydrophobic non-polar 

one. For the emulsions’ formation and stabilization, hydrophobicity leads to the adsorption of 

surfactants on the droplets’ surfaces and prevent phase separation and coalescence. A surfactant 

then has to be soluble in the continuous phase, according to Bancroft’s rule213. For solid particles 

dispersion, surface charges make surfactant molecules electrostatically bond with the particles, 

increasing the steric hindrance between particles, hence avoiding agglomeration or aggregation. 

A good criterion to choose a surfactant is its Hydrophilic Lipophilic Balance (HLB), as defined by 

Griffin214 in 1949. The HLB is a value from 0 to 20 that can easily be calculated from the chemical 

structure of the surfactant molecule according to (1) and can help predicting the surfactant’s 

behavior.  In (1) Mhydrophilic is the molecular weight of the hydrophilic groups in the molecule whilst 

Msurfactant is the surfactant’s molecular weight. 

𝐇𝐋𝐁 = 𝟐𝟎 ×  
𝐌𝐡𝐲𝐝𝐫𝐨𝐩𝐡𝐢𝐥𝐢𝐜

𝐌𝐬𝐮𝐫𝐟𝐚𝐜𝐭𝐚𝐧𝐭
 (1) 

 

It is then possible to distinguish surfactants with a HLB comprised between 4 and 6, oil soluble and 

able to form stable W/O emulsions, from those with a HLB between 8 and 16 that can form O/W 

emulsions215. For example, two surfactants used for O/W emulsions are sodium dodecyl sulfate 

(SDS) and dodecyltrimethylammonium bromide (DTAB), which have HLBs of 8.3 and 9.0 

respectively. 

The surfactant is a very important component of a colloidal system since its concentration can act 

on the emulsion’s (and then particles’) size216. A change in the surfactant’s nature, number or 

concentration then leads to very different results217. It is also generally admitted that most of the 

available surfactants are water soluble, what often makes the formation of a W/O emulsion more 

difficult218,219. Moreover, getting particles as a suspension in an oil phase (organic solvent) can be a 

problem for several applications, including when adding the suspension in a paint formulation. In 

order to achieve this, the W/O emulsion is transferred in water after the formation of the particles 

is complete. However, this often requires the addition of another surfactant. 

New surfactants are therefore more and more studied and developed. This includes the synthesis of 

polymeric surfactants (especially block-polymers), but also the use of natural molecules that possess 

emulsifying properties. Numerous molecules from bacteria for instance are currently used such as 

xanthan gum220 or further investigated. Rhamnolipids can be cited, although the low quantity 

produced makes them unaffordable for materials science uses for now221. 
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A strategy to perfectly control an emulsion’s size and stability can also be to use several surfactants. 

In this case, they can be dissolved in the continuous phase222, or in both phases. Kakaroglou et al.125 

for instance formed a W/O emulsion with Span 80 as a lipophilic surfactant in toluene and Tween 

80 as a hydrophilic surfactant.  

If surfactants are often only adsorbed on the particles’ surface, covalent bond can also be formed. 

Silica containers, for example, possess silanol groups and a negatively charged surface. Cationic 

surfactant are naturally used. However, using ammonium cationic surfactants, it has been proved 

that covalent –Si-O-N- bonds are formed223, what allows suspension stability when using an adapted 

surfactant chain. A last approach consists in using a surfactant that will stabilize an emulsion, and 

take part in the shell’s formation reaction. Such molecules are sometimes referred to as “surfmers” 

since they act as both a surfactant and a monomer222,224. 

Whatever the system used, however, a colloidal system remains metastable and tends to collapse. 

Therefore, emulsions and suspension are only described as stable according to a certain time 

scale225. In our study, a system will be defined as “stable” as soon as the colloid’s size is unchanged 

for enough time to allow its handling and incorporation in a host matrix, meaning days. 

I.4.2. Particles formation and nature 

Containers formed using colloids can be synthesized in many ways, using either specific chemicals 

or equipment. Two types of colloids are used for our purpose: emulsion (liq/liq) and suspension 

(sol/liq). Our aim not being to develop a specific technique such as microfluidic devices226 or 

membrane emulsification227, the considered suspensions are formed by mechanical or magnetic 

stirring or ultrasonication. We can distinguish two main kinds of reactions that are interfacial 

reactions and precipitation methods. 

I.4.2.1. Interfacial reactions 

i. Interfacial polymerization 

Interfacial polymerization is one of the most used technologies and is based on the formation of 

either an Oil-in-Water (O/W) or a Water-in-Oil (W/O) emulsion. Then, for interfacial 

polymerization to occur, two monomers (or possibly 3 when a surfactant takes part in the 

polymerization reaction) are used according to Figure I. 5. The first monomer (in green) has to be 

soluble in the dispersed phase only, unlike the second one that is only soluble in the continuous 

phase. The only location where the monomers can react is then the surface of the dispersed droplets. 

Polymerization reaction can sometimes be triggered by temperature or acid/ base catalysis.  

Interfacial polymerization leads to the formation of capsules whose reactivity depends on the shell’s 

nature. Composition of the two phases can also act on the shell surface groups. Encapsulation of 
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molecules is achieved by dissolving it in the dispersed phase prior to polymerization, or by soaking 

in the case of porous shells. 

 

 

Figure I. 5: Schematic representation of interfacial polymerization 

 

In materials science, interfacial polymerization is often used to form polyurethane (PU) and 

polyurea (PUa) capsule. Many studies are focused on the encapsulation of self-healing or corrosion 

protecting agents form an O/W emulsion with a diisocyanate (e.g. isophorone diisocyanate (IPDI) 

or toluene diisocyanate (TDI)) as the hydrophobic monomer and a diamine as the hydrophilic one 

(such as diethylenetriamine (DETA) or triethylenetetramine (TETA)). In this case, the 

polycondensation leads to polyurea spherical microcapsules218,228,229. Polyurethane microcapsules 

can also be obtained using a diol instead of a diamine102,230. These reactions are highly favorable and 

usually do not need any energy but heating is sometimes reported in order to modify the shell’s 

thickness for example228. 

W/O emulsions, despite being sometimes harder to obtain, have been successfully employed to form 

polyurethane, polyurea or polythiourea shells. In a very complete study, Crespy et al.231 tried several 

surfactants and monomers in order to form such capsules. If the final dispersion can be unstable, 

stable capsules have been successfully synthesized. An interesting approach Kakaroglou125 recently 

described consists in using the water from the dispersed phase as a monomer. For this, a 

diisocyanate is dissolved in the continuous phase and polymerization is triggered by heating the 

medium to 63°C. 

Polyaniline (PANI) is a conductive polymer that is also studied for its encapsulation properties232-234. 

The synthesis of PANI capsules is based on W/O interfacial polymerization as well. The aniline 

monomer is dissolved in the dispersed oil phase, while a slight difference with other interfacial 

polymerizations is that the second reactant is an oxidizing compound (e.g. a perfsulfate)235. 

A variant of interfacial polymerization is interfacial complexation. The only change is that no 

reaction occurs so there is no covalent bond but only electrostatic interactions between the two 

components that are polyelectrolytes. An example is presented by Plawecka et al.152, who 

encapsulated MBT in an oil phase using an anionic oil soluble surfactant, namely docusate sodium 

salt (AOT), and a water-soluble polycations, Poly(diallyldimethylammonium chloride) 

(pDADMAC). 



 Chapter I - Bibliographic review 

 39  

Concerning the size of these polymeric containers, the influence of the surfactant’s nature and 

concentration have been evidenced, as well as stirring mode and speed. Using sonication, Crespy et 

al.’s231 experiments led to PU, PUa and PTUa particles from 200 to 400 nm, while changing the 

stirring rate, Huang et al.102,230 obtained PU microcapsules ranging from 5 to 500 µm. Other studies 

also reported the formation of microcapsules obtained by magnetic stirring whose size are between 

10125 and 100 µm228. For PANI capsules, reported size are around 500 to 1000 nm232,233. Figure I. 6 

is an illustration of the differences in sizes and polydispersity that can be obtained with interfacial 

polymerization processes. Figure I.6a presents a very polydisperse suspension of PUa capsules while 

I.6c represent monodisperse PANI particles. Both are in the micron range while I.6b is a picture of 

ca. 50 - 130 µm polymeric capsules. 

 

Figure I. 6: Example of SEM observations of (a) polyurea151, (b) melamino-formaldehyde98 and (c) 
polyaniline/3-nitrosamine233 capsules formed through interfacial polymerization processes 

Various conditions and compositions can therefore enable interfacial polymerization. Relevant 

examples are reported in Table I. 7. Depending on the emulsion’s composition and formation 

method, the size of the particles ranges from about ten of nanometers to hundred of microns. A 

perfect control of its formation is hence required. Emulsion are formed either by stirring (magnetic, 

high-performance homogenizer…) or sonication, the latter usually leading to particles with lower 

sizes. 
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Table I. 7: Literature review on the nature and size of capsules formed by interfacial polymerization 

Type Nature Emulsion formation Size Ref. 

O/W PUa vigorous agitation 100-1000 nm 229 

O/W PUa stirring 50 µm 236 

O/W PUa stirring 60 µm 237 

O/W PUa stirring 100 nm - 2 µm 151 

O/W PU stirring 40 - 400 µm 97 

O/W PU MCs blade propeller 5 - 350 µm 102,238 

O/W Melamine formaldehyde vigorous shaking 40 - 117 µm 98 

O/W Silica vigorous stirring 100 - 150 nm 207,239 

O/W Silica sonication 100 - 400 nm 89 

O/W Silica-imidazoline vigorous stirring 3 ; 5 µm 240 

O/W 

Polyaniline 

 

Polypyrrole 

sonication 

 

700 ± 400 nm 

 

100 ± 5 nm 

232,233 

O/W PUa/silica hybrid blade propeller 50 - 300 µm 241 

O/EtOh SiO2-imidazoline stirring 50 - 100 nm 242 

W/O 

PU 

 

PUa 

 

Poly(thiourea) 

 

sonication 

200 nm 

 

100 - 300 nm 

 

370 - 420 nm 

231 

W/O PUa stirring 10 µm 125 

W/O Urea formaldehyde sonication 7 - 18 µm 222 

W/O PANI sonication 500 nm - 1 µm 234 
 

As mentioned before, the encapsulated compound is preferentially only soluble in the dispersed 

phase and placed before the shell is formed. Two representative examples of current research on 

this topic are encapsulation of phenolphthalein in PUa microcapsules through an O/W process and 

encapsulation of sodium molybdate in polyurethane microcontainers made from a W/O 

emulsion125. Phenolphthalein and sodium molybdate are indeed respectively hydrophobic and 

hydrophilic in neutral media, what makes them perfectly suitable for interfacial polymerization 

encapsulation.  
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ii. In-situ polymerization 

For in-situ polymerization, the monomers are dissolved in the same phase. This reaction can be 

carried out from an emulsion or a suspension. Since most of the time the reaction is carried out in 

the continuous phase, we describe here this version of in-situ polymerization, as in Figure I. 7. 

However, more seldom, polymerization can be achieved in the dispersed phase, using the droplets 

as reactors, and leading preferentially to microspheres222. When the reaction is realized in the 

continuous phase, a monomer is adsorbed (or potentially covalently bonded) on the surface of either 

liquid droplets or solid particles. A second monomer then reacts with the first one, hence 

encapsulating the dispersed phase. Therefore, in-situ polymerization requires the first monomer to 

be able to remain on the dispersed phase surface, what is generally achieved by electrostatic 

interactions of molecules with a charged sphere surface, or using block copolymer surfactants as 

monomers (for emulsion). 

 

 

Figure I. 7: Schematic representation of in-situ polymerization 

 

Unlike interfacial polymerization, in-situ polymerization can be employed to form either spheres or 

capsules, potentially by removal of the sacrificial core. However this is mainly done using toxic 

chemicals such as hydrofluoric acid243 and so we deliberately will not deal with this kind of in situ 

polymerization. 

This technique is most of the time referenced for self-healing properties, probably because particles 

bigger than 10 µm are obtained and that self-healing requires a high quantity of active agent in order 

to fill a defect. Formaldehyde is a water-soluble reactant often employed for in-situ polymerization 

and the reaction is controlled by pH adjustment and heating. Melamine-formaldehyde104 and 

especially urea-formaldehyde88,98,244,245 capsules are often referenced. 

The sizes observed when in-situ polymerization is used are between 10 and 300 µm88,98,104,222,244,245 

while the encapsulated agent is generally directly dissolved in the dispersed phase (e.g. DCPD or 

linseed oil). A core material content around 80% can be achieved98. 

Both interfacial and in-situ polymerization can also be combined, as described for example by Jia 

and colleagues246 who first formed a silica shell around epoxy droplets composing the oil phase, 

before thickening the capsules’ shell. In this example, the encapsulated self-healing agent is the 

liquid oil dispersed phase. 
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iii. Layer-by-Layer (LbL) deposition 

The first step for LbL assembly, as represented in Figure I. 8, is similar to in-situ polymerization 

except that the molecule used is a polyelectrolyte. This polyanion or polycation, instead of reacting 

with a second monomer, does not covalently but electrostatically bond with it. First, the 

polyelectrolyte adsorbs on the dispersed phase (usually a metal or an oxide). A second, oppositely 

charged polyelectrolyte can then be adsorbed and forms a new layer. This process can be repeated 

several times in order to increase the size and loading efficiency247,248. 

 

 

Figure I. 8: Schematic representation of Layer-by-Layer deposition 

 

LbL polyelectrolytes assemblies can be either the only constituent of the container, or be used as a 

second layer and add a new sensitivity to the encapsulated container. The first approach means that 

the encapsulated compound is also a charged molecule that can be entrapped between 

polyelectrolyte layers whereas in the second one the active agent is encapsulated in (or constitute) 

the core material. The polyelectrolyte then acts as a smart protective layer. It can be combined with 

several encapsulation methods, what makes it a very versatile and useful technique. 

For example Li and colleagues228 used LbL deposition on the surface of PUa microparticles that they 

first functionalized. Silica core particles are also several times referenced, whether it be commercial 

SiO2 nanoparticles143,249, in-situ formed ones247 or hexagonal porous silica containers248. Their 

negatively charged surface indeed makes them ideal for cation adsorption. Concerning 

polyelectrolytes, polystyrene sulfonate (PSS) is a common polyanion, while polycations containing 

amine groups are efficient for LbL processes.  

Layer-by-layer systems are mostly developed for biomedical applications since it is an efficient way 

to obtain biocompatible containers with sizes suiting drug vectorization250. Moreover proteins, 

carbohydrates and lipids are natural biopolymers with cationic or anionic properties, what enables 

the formation of non-toxic natural containers251,252. Amongst all the available molecules, chitosan 

has to be mentioned here again since it is a natural cationic polysaccharide obtained from 

crustaceans that is more and more studied for it emulsifying and film-forming properties. It is thus 

an interesting molecule for encapsulation and can be combined with polyanions such as 

carrageenan253 or carboxymethyl cellulose. Iwata and colleagues254 for instance formed stable 

emulsions with chitosan and carboxymethyl cellulose that are adsorbed directly on soybean oil 

droplets. Encapsulation of an anti-inflammatory drug has also recently been carried out by 
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Kamburova and colleagues255 by deposition of chitosan and pectin on the surface of the 

anti-inflammatory nanocrystals, hence using LbL deposition as a coating. 

The size of emulsions or containers formed using a LbL deposition process are extremely variable 

since it depends on the core material and to a lesser extent on the number of adsorbed layers. For 

example Shchukin247 measured coated particles’ size from 70 to 105 nm with 0 to 5 layers of 

polyelectrolytes, while adsorption on oil droplets may lead to bigger capsules, e.g. 25 µm in the case 

of Iwatas’s paper254. 

I.4.2.2. Particles precipitation 

Particles precipitation methods are described for encapsulation of inhibiting or sensing molecules 

and find many medical applications. Electrostatic complexation is the most described method and 

will be described thoroughly. 

i. Electrostatic complexation 

Using charged molecules, electrostatic complexation does not involve the use of a core particle. 

Therefore, it can be carried out in a single phase, what allows to prevent the use of organic solvents 

for example. The formation of these complexes is only driven by electrostatic interactions and steric 

hindrance and thus is very sensitive to the medium’s ionic strength and pH, what could make it 

tricky to encapsulate ionic salts for example. Figure I. 9 illustrates the principle of electrostatic 

complex formation. As shown, the ratio between the two polyelectrolytes, as well as their molecular 

weight are critical factors to get stability. Bridging and agglomeration can indeed happen if there is 

not enough electrostatic repulsion between the particles256. 

 

 

Figure I. 9: Schematic representation of electrostatic complexation 
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For such complexes, the payload is entrapped between the polyelectrolytes chains, or can be 

ionically linked to one or the other of the polyelectrolytes. This technique shows very good results 

in the case of biomolecules. 

Amongst the available examples, formation of an insoluble complex formed between a protein and 

a polysaccharide has been achieved by Kurukji and colleagues257 by mixing sodium caseinate and 

chitosan in the right pH conditions (i.e. below 6). The addition of chitosan to a caseinate solution 

leads to the formation of a bulk complex that is then dispersed using ultrasonication. They showed 

that the ratio between the two biomolecules is a very important factor. Indeed, a too low 

concentration in chitosan leads to a non-uniform coverage and as a consequence the particles 

formed have a partially negatively and positively charged surface. This then provokes bridging 

between particles since the electrostatic repulsion between particles is not achieved. 

Another method that is often described consists in preparing nano- or micro-beads by first forming 

a gel that is then coated with an oppositely charged polyelectrolyte. The most used polyelectrolytes 

for these microbeads are two polysaccharides: alginate and chitosan. This approach consists in first 

forming a gel between negatively charged alginate and divalent calcium ions. This gel is shaped by 

mixing and/or ultrasonication before adding the polycation. In this case, the encapsulated molecule 

is placed in the gel beads by dissolving it in the alginate solution before the formation of the pre-gel, 

as done with insulin for instance258. 

Various sizes can be obtained by formation of electrostatic complexes. For example, Yu et al.259 

formed complexes between ovalbumin and chitosan, whose sizes range are from 50 to 500 nm 

depending on the pH and heating conditions. Using different caseinate-chitosan ratios, Kurukji and 

colleagues257 obtained sizes around 500 nm with 22% to 78% chitosan, lower concentrations leading 

to agglomeration. Changing the polyanion for albumin, they got particles from 500 to 4000 nm for 

chitosan ratios between 10 and 78% with no linear relation. By the microbeads preparation methods, 

Sarmento260 got microbeads with diameters from 760 to 2200 nm by changing the ratio and pH, 

while De et al.260 reported the formation of alginate-chitosan and poly-L-lysine-alginate beads from 

200 to 600 nm. It is therefore possible to get a wide range of diameters playing with the 

polyelectrolytes’ nature, molecular weight and concentrations, pH and temperature. Increasing the 

concentration in biopolymers usually leads to bigger particles.  

ii. Solvent evaporation 

The solvent evaporation method is based on the difference of solubility of a compound in different 

solvents. It consists, as shown in Figure I. 10, in solubilizing a polymer in a good solvent and then 

forming an emulsion with this solvent as the dispersed phase. By evaporation of the good solvent, 

the polymer naturally precipitates in the continuous phase. 
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Figure I. 10: Schematic representation of solvent evaporation 

 

A great interest of solvent evaporation is that it can be used to obtain particles from a single 

polyelectrolyte. For instance, Huang et al.261 encapsulated resveratrol in a protein shell made of zein. 

A resveratrol complex, soluble in ethanol, is formed and then ethanol is removed under vacuum. 

This leads to particles with diameters of 220-230 nm. However, most of the studies use organic (and 

potentially toxic) solvents as a dispersed phase in water to get polymer particles262. 

Dowding et al.263 even used a third solvent, or co-solvent in order to partially remove the volatile 

compounds before completing the evaporation. They obtained hollow polystyrene capsules with 

4-nitroanisole as an encapsulated active ingredient. Their approach requires good solubility 

parameters for both the polymer and the encapsulated molecule, what makes it not very versatile. 

iii. Dispersion polymerization 

Like for solvent evaporation, dispersion polymerization is based on soluble monomers that react to 

form an insoluble encapsulating polymer, as shown in Figure I. 11. The polymer precipitates as the 

reaction occurs, leading to the particles formation while increasing the polymerization yield264. 

Polymer precipitation can be used with a wide range of compositions, leading for example to 

100 nm-diameter silica nanoparticles265 or biodegradable polymer capsules266. 

 

 

Figure I. 11: Schematic representation of dispersion polymerization 

 

A very important dispersion precipitation reaction is the fabrication of monodisperse silica particles. 

This process is of great interest since silica spherical particles can be used as a hard template 

(sacrificial core) for many reactions, the silica surface being negatively charged and having silanol 

reactive groups. A reference for the synthesis of these particles is the work done by Stöber et al.267 

in 1968. Using different tetraalkyl silicates and alcohols, they realized the synthesis of silica 

particles, whose size is controlled by the medium’s composition and use of an ultrasound bath. In 
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presence of water and ammonia as a catalyst, the silicate precursor forms silicic acid that 

polymerizes and makes silica spherical particles. They reported monodisperse dispersions with sizes 

between 50 nm and 2 µm. 

Nonetheless, no common procedure is used for encapsulation, and therefore the design of a viable 

system requires the optimization of its composition (monomers, solvents, active agent) as well as 

process optimization (mixing, heating…). For these reasons, dispersion polymerization was not 

further considered.  

I.4.3. Opening and content release 

As seen before, many ways to encapsulate different compounds can be carried out and the choice of 

an adapted protocol may lie in the compounds’ toxicity, availability or solubility. However, once the 

encapsulation is achieved, the objective remains to release the encapsulated and protected 

compound when and where it is the most needed. 

We may note here that an innovative approach for monitoring has been proposed by Maia and 

colleagues239 and not involving any release. In their work, a colored agent (phenolphthalein) is 

encapsulated as a corrosion-monitoring molecule in silica nanocapsules. The nanocapsules are then 

used as reservoirs, and instead of leaching phenolphthalein out, hydroxide ions are entering in the 

capsules in order to trigger the color change. However this kind of system, although being very 

interesting, will not be further described since it is not compatible with inhibition and we here look 

for a versatile system for both functions. 

For this, several mechanisms can occur depending on the particle’s nature. For corrosion protection, 

three types of release can be of help and will be distinguished. The first is a mechanical breakage of 

the container that leads to the spreading of its core compound. We will then pay attention to releases 

triggered by a corrosion-related stimulus before describing smart switchable containers that are 

promising alternatives for corrosion detection and protection. 

I.4.3.1. Release upon fracture 

In order to release their content, the capsules need an external stimulus. In most of the cases, a 

sufficient mechanical stress is able to break the capsules. This release mechanism does not allow a 

controlled or long-lasting release since the burst of the capsules leads to a total immediate release 

of the encapsulated compound. Although this type of release can be of great use for some 

applications, such as self-healing for instance that requires a total filling of the defect88,94,104, 

corrosion protection often requires a long-lasting supply of inhibiting compounds to maintain 

protection since the inhibitor can be consumed268. 

Raps et al.269 have carried out tensile tests on a smart coating made of an epoxy primer containing 

5 µm large polyurea capsules filled with a corrosion inhibitor. SEM observations of the fracture, 
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reproduced in Figure I. 12, evidenced that the rupture of the polymer leads to the rupture of the 

capsules. A similar study carried out by Blaiszik and colleagues270 compared the rupture of an epoxy 

matrix loaded with urea formaldehyde capsules for self-healing purpose. They compared 

220 nm-diameter and 1.65 µm-diameter capsules using tensile tests and fracture toughness tests. 

They proved that upon propagation of the fracture, the polymeric capsules are likely to break and 

therefore release their content. With bigger urea-formaldehyde capsules, ranging from 25 to 45 µm, 

Thanawala et al.94 performed corrosion tests on scribed coatings made on mild steel, and also 

evidenced the release of a self-healing agent upon defects made with a sharp blade. 

 

 

Figure I. 12: High-resolution SEM pictures of a fracture area after cryo-fracture of a PU/PUa 
capsules-loaded epoxy coating, from 269 

 

However, if this failure mechanism is the most obvious, it shows a few limits. More than its 

all-or-nothing intrinsic nature, there is a risk that the capsule does not open. Keller and Sottos271 

performed compression tests with PUa-formaldehyde capsules, filled with DCPD (a healing agent) 

and with sizes from 60 to 180 µm. The experiment consists in placing a single capsule on a platen 

and then apply a force on it with a second parallel platen. The applied force is then measured and 

pictures are taken during the experiment in order to observe the deformation and failure of the 

capsule’s shell. The conclusion of their work is that the failure force is dependent on the size of the 

capsule and that breaking bigger capsules requires a higher load. However, once normalized to the 

capsules cross-sectional area it appears that the failure strength (so the pressure required to break 

the capsule) is higher for smaller particles. In their example, normalized failure strength increases 

from 0.24 ± 0.04 MPa to 0.8 ± 0.3 MPa when the capsules’ size decreases from 187 ± 15 µm to 65 ± 

7 µm. The same experiment has been conducted by Zhang and colleagues272 with 

melamine-formaldehyde capsules and diameters between 4 and 40 µm. They reported the same 

behavior, and highlighted the proportional relation between the capsules’ diameter and the burst 

force. Finite Element Modeling carried out by Mercadé-Prieto273 for melamine-formaldehyde 

capsules also confirmed this. 

Mechanical rupture of the capsules’ shell therefore leads to a non-controlled release of the 

encapsulated compounds, meaning premature shortage on a wide area could happen. This explains 

why such systems were developed for self-healing coatings first, and with polymeric (possibly not 
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reactive) shells. Despite being useful in the cited cases, the breakage of numerous embedded 

capsules would be mainly due to the appearance of a macroscopic defect that would require a high 

quantity of inhibitor to be delivered. A mechanical failure is then desired. However, rupture of small 

capsules (compared to the defect’s size) requires an application of a localized force that is not always 

likely to happen. Thus, small defects within a polymer matrix do not necessarily provoke the rupture 

of the capsules’ shell. This is why, if mechanical failure is always likely to occur whatever the 

employed containers, an efficient system cannot only rely on this release mechanism. 

I.4.3.2. Controlled release 

In the context of corrosion, the release of either the inhibiting or sensing molecules has to be 

achieved as soon as the corrosion process starts. The release has then to be triggered by a related 

stimulus. Therefore, we will not pay attention to responsive particles based on stimuli like 

photodegradation274, enzymatic activity275 or temperature276,277 that are sometimes already viable in 

other domains but not applicable for the aerospace paints we use.  

As for inhibitors mode of action, several triggers based on the changes observed in a corrosive 

medium can be used, the most common being pH change. Various types of nano or microcontainers 

that could be suitable have therefore already been developed. 

i. pH-triggered release 

As seen before, corrosion induces local pH variations on cathodic and anodic sites towards alkaline 

and acidic values respectively. An idea is naturally to use a system releasing its payload in acidic, 

alkaline or even both conditions, so pH is naturally the most used trigger142,218,222,229,248,249,253. Two 

approaches exist, based on the reactivity of the container’s shell or on the diffusivity of the 

encapsulated compound, and can be combined. In the second case, control of the release is 

guaranteed by the compound’s solubility while the container acts as a protective reservoir. 

The destruction of the containers’ shell is used in the case of capsules and involves chemical 

reactions. A research team at the NASA’s Corrosion Technology laboratory developed and patented 

capsules made of a polymeric shell that breaks down in alkaline media220. They claim that, using an 

interfacial polymerization in a W/O emulsion with an ester or thioester as a cross-linker, they 

obtained pH-sensitive capsules. These containers enabled the release of inhibiting or sensing 

molecules in an alkaline media. The same principle is reported by Matsuda and col.222 with 

PUa-formaldehyde capsules, but with a responsiveness in both acidic and alkaline media. The 

release mechanism, as they explained, is here driven by the hydrolysis of esters groups in the shell. 

This reaction being catalyzed by either an acid or a base, the release (of cerium salts in their case) is 

then triggered by either anodic or cathodic activity respectively.  
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In order to get a release upon pH changes, another approach employed by Snihirova and col.148 

consists in using solid particles that dissolve in alkaline environments. They used Eudragit particles 

impregnated with 8HQ as a corrosion inhibitor. Derived from esters of acrylic acids, Eudragit 

particles are a family of cationic polymers whose properties depend on its exact composition. This 

is a commercial compound, used in pharmaceutics for oral delivery. For their application, Snihirova 

et al. employed Eudragit particles that are soluble in acidic media and highlighted the corrosion 

protection brought by these containers embedded in a host matrix. One of the main advantages of 

this technique is that the particles can dissolve only partially at the acidic electrolyte/Eudragit 

interface, which could enable several releases from the same capsule. 

Release, and potentially longer release, can be achieved using slow diffusion processes. Some works 

dealing with this kind of mechanisms are presented in Table I. 8. Instead of breaking down the 

capsules’ shell, pH variations in the environment of the particles trigger the diffusion of the payload 

towards the external part. This is due to either an increase in the encapsulated compound’s solubility 

within the environment, a change in the shell making it permeable or the combination of both 

effects. 

Table I. 8: Example of diffusion-governed release processes from the literature 

Nature Release mechanism payload pH of release evidenced Ref. 

PDVB-graft-P(DVB-

co-AA) microspheres 

Osmotic swelling 

due to surface 

carboxylic acid 

 pH > 9 264 

PUa 
Swelling due to 

hydroxides diffusion 
PhPh in alkaline 10 and during corrosion 229 

Acrylates/acrylic acid 

Preamble shell 

(diffusion through 

polymer) 

amine salt 12 and during corrosion 142 

Silica mesoporous shell MBT (acidic m.) 4 278 

Silica nanospheres mesoporous shell MBT (alkaline m.) 11 and during corrosion 279 

 

Specific polymeric or silica shells can then bring pH-responsiveness to containers, and this whatever 

their formation process. Moreover, as seen in section I.4.2., LbL deposition is based on electrostatic 

bonding between cationic and anionic chains. Therefore, it is naturally suitable for the fabrication 

of pH-responsive particles. A change in pH obviously acts on the charges equilibrium and leads to 

the disintegration of the polyelectrolytes assembly. This release is thus occurring for pH values 

either acidic or alkaline enough compared to the LbL suspension’s pH, as evidenced by Shi et al.248 

with the release of 8HQ from porous silica particles embedded in a LbL polyelectrolytes shell. 
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ii. Use of other stimuli 

Another advantage in using polyelectrolytes layers is that such architectures are highly sensitive to 

the composition of their environment. As evidenced by Liu and col.253, a LbL capsule made of two 

polysaccharides (carrageenan and chitosan) is able to release its content depending on the medium’s 

acidity (for either low or high values), but also when the salt content increases. This stimulus could 

be useful for corrosion protection since a defect in a protective coating leads to a water ingress. This 

ingress could bring various ionic species to the metal’s surface, whereas pH variations can be very 

limited (in range or due to the precipitation of hydroxides for instance). 

The same release mechanism has been evidenced by De and col.260 with chitosan/alginate or 

poly-L-lysine/alginate complexes. After forming 200 to 600 nm-large insoluble particles, they 

studied the release of methylene blue in presence of sodium chloride at various concentrations. The 

microspheres are indeed formed by electrostatic interactions between the carboxylate group of 

alginate and the ammonium of chitosan or poly-L-lysine280. The presence of sodium ions competes 

with these interactions and leads to the loss of cohesion in the particles, thus triggering the release 

of the encapsulated molecule. 

Ionic strength is a viable trigger; it is however difficult to assess the changes in ionic strength 

happening around a corroded area. To the contrary, corrosion involves redox activity that is well 

observed. A strategy could then be to use redox-responsive containers. In a study performed by Staff 

and col.281, the synthesis of this kind of structures is reported. They built a PMMA shell that contains 

oxidizable block parts. Upon oxidation, these patches swell and lose their hydrophobicity, hence 

allowing the release of the hydrophobic encapsulated compound (pyrene). These particles seem to 

be hardly usable for our application, mainly because the release they got is dependent on the 

oxidizing compound used.  The principle, on the other hand, remains relevant.  

iii. Switchable release 

An advantage in using redox activity as a trigger is that redox reactions are reversible, what can allow 

a multiple release (assuming that the payload has not been previously fully released). As illustrated 

in Figure I. 13, an issue of one-time release for corrosion protection is that a part of the encapsulated 

inhibitor can be released whereas the metallic dissolution has already been stopped. In the case of a 

switchable release, on the other hand, the inhibitor is supplied only during corrosion process and 

an excess can be stored until needed. Polyaniline capsules are, to our knowledge, the most advanced 

solution for this. 
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Figure I. 13: Triggered versus switchable release mechanisms 

Polyaniline is a conductive polymer that has already been used for corrosion protection thanks to 

the ennoblement brought to an epoxy resin282. It is therefore sensitive to variations of the 

electrochemical potential. In the case of PANI capsules, as described by Vimalanandan234, the shells 

are reduced when corrosion starts (simulated by increasing the applied potential). A negative charge 

appears on the polymer’s structure and so counter ions (K+ for instance) are incorporated. Tis makes 

the PANI capsules swell and become permeable, letting the inhibitor out. Vimalanandan et al. also 

highlighted the “switchability” of PANI capsules that can be reduced and oxidized several times 

depending on their environment. This way capsules are not fully broken by the stimulus and the 

release can be more accurately controlled. Another study carried out by the same research group233 

showed the same results, and even improved the system allowing a second triggered release. They 

indeed used the gold particles that decorate the PANI capsules’ shell to adsorb thiol-functionalized 

molecules. Upon a pH increase, the Au-S bond cleaves, releasing the second inhibitor. 

Therefore, the release of corrosion sensing or inhibiting molecules from nano- or microcontainers 

could be performed through different mechanisms, more or less corrosion-related. In any case, 

breaking down of the containers can happen when a sufficient mechanical stress is applied. For our 

work, the formation process will be the main determining factor in the container choice. 

I.4.4. Integration of containers in a host matrix 

I.4.4.1. Containers handling 

Prior to their integration in a coating layer, containers often have to be handled, either for washing, 

loading or simple drying purposes. These steps require having a suspension that can recover its 

colloidal properties once re-dispersed, i.e. no irreversible aggregation occurs. Table I. 9 shows the 

operations needed in order to incorporate containers in a matrix as found in the literature for 

corrosion protection purposes (inhibition, detection, self-healing). As one can see, most of the 

conducted studies involve a drying step and integrate the containers in the form of a powder. 

This drying step is not dependent on the containers size since it is observed for particles from 

100 nm to several hundreds of microns. However, the nature of the containers is crucial and can 
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enable or prevent drying. Polymerization can often be tuned in order to increase steric hindrance 

and/or repulsion and enable a reversible drying. Addition of surfactants to a formed suspension can 

bring the same effect. However, when the containers formation only relies on electrostatic 

interactions, drying might be unnecessary but is most of all hardly achieved since the concentration 

of the suspension can lead to the destabilization of the LbL assembly. 

 

Table I. 9: Bibliographic review of containers handling techniques used 

Nature Size (µm) Centrifuged Filtered Dried Ref. 

Polystyrene 0.4 - 0.45 - - - 283 

Specific copolymer 3 Y - Y 264 

Eudragit polymer 35 - - Y 148 

PU 5 - 350 - Y Y 230 

PU 30, 50, 100 - - Y 102 

PUa 
0.1 - 1 - Y Y 284 

0.1 - 2 - Y Y 151 

PU-PUa 10 - Y Y 125 

PUa-formaldehyde 

0.15 Y - Y 95 

7 - 18 Y Y - 222 

10 - Y Y 96 

25 - 45 - Y Y 94 

100 - 160 - Y Y 285 

125 - Y Y 244 

220 - Y Y 88 

Silica 

0.1 Y - Y 286 

0.1 – 0.15 - Y Y 278 

0.1 – 0.4 - Y Y 287 

0.1 – 0.15 - Y Y 239 

10 – 100 Y - Y 90 

Silica nanorods 0.5 – 1 Y - Y 288 

Silica + polyelectrolytes 

0.1 Y - - 249 

0.5 - 1 - Y - 248 

0.1 - - - 247 

Polyelectrolytes 0.1 - - - 150,152 
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Another very important parameter that is not always mentioned (or measured) in the case of hollow 

particles is the walls’ thickness. It plays a role when particles have to be processed (blended in a 

resin, dried…) since the mechanical properties of the capsules depend on the shell wall’s thickness. 

A certain thickness has then to be reached in order to ensure the integrity of the containers but this 

can be detrimental to the capsules’ sensitivity (increase of the diffusion time through the shell, need 

for a higher stress to break). Li et al.218 for example observed breakage of capsules, and so waste of 

containers when processed. 

Lv and col.232, in one of their studies, investigated the ability of PANI capsules to resist the 

application process. They incorporated the containers in a poly(vinyl alcohol) (PVA) matrix before 

extracting the capsules from the PVA by dissolving the matrix in water. They succeeded this way to 

prove that the nanocapsules’ shape hardly changed after coating and that around 5% of the capsules 

were collapsed. Although they did not specify how they incorporated the capsules within the PVA, 

this shows that a non-adapted process can threaten the capsules’ integrity and efficiency.  

The design of a container should therefore take into account the whole process including the 

integration in a matrix. A viable dispersion can be obtained and show great properties in its colloidal 

form but would be unusable if it cannot be handled. A work carried out by Latnikova and col.289 

highlighted this fact through the synthesis of polyamide nanocapsules loaded with 

2-methylbenzothiazole as a solvent. Due to a low affinity between the solvent and the polymer, the 

capsules obtained, after washing and drying are very fragile and cannot be handled, even gently, 

without collapsing. 

Depending on the use of the suspension, meaning as a liquid or as a solid, an adequate process has 

then to be chosen. 

I.4.4.2. Impact of the addition in a host matrix 

Although the integrity of the containers has to be preserved so no premature leakage or loss of 

materials could happen, one has to keep in mind that encapsulation is also used in order to protect 

both the loaded compound and the host matrix. As seen in the first sections, encapsulation enables 

a local release of an active molecule when needed. However, more than improving the active agent 

efficiency, it is often mandatory to preserve a molecule’s efficiency or activity. 

If a direct addition of sensing or inhibiting molecules in a polymeric host matrix seems to be a simple 

way to form smart coatings, potential interactions prevent it. A coating being a complex multi-

component system, the efficiency of a payload can indeed be reduced. In a recent study, Galvão and 

col.207 for example used phenolphthalein (PhPh), a colored agent, as a pH-sensitive corrosion 

sensor. The encapsulated PhPh triggered the appearance of pink spots linked to corrosion processes, 

while PU coatings in which the colored agent had been directly incorporated did not show any color 

change. This deactivation could be due to chemical reactions between the PhPh molecule 



 Chapter I - Bibliographic review 

 54  

(containing in particular hydroxyl groups) and the paint’s monomers, and led to a non-working 

coating. It also means that the non-encapsulated part of the PhPh is not able to enable detection. 

The same conclusion can be drawn with a corrosion inhibitor from a study performed by Kakaroglou 

et al.125, who used sodium molybdate either encapsulated in PUa-PU capsules or directly added to a 

PU matrix. They showed that, even though the addition of the inhibitor can delay the development 

of corrosion, encapsulation of the inhibitor allows to obtain better performances. Another close 

issue with direct loading of sensing molecules could be the trigger of a false positive, as showed for 

instance by premature fluorescence of a sensing dye264. This kind of response from the coating is a 

problem since it would lead to an unnecessary maintenance and hide actual defects. 

In addition to maintaining active compounds’ activity, encapsulation must not be destructive for the 

host matrix itself. When the incorporation of containers is achieved, structural changes can indeed 

occur in the coating layer, what can cause a loss of the barrier properties that any protective coating 

should bring. Despite observing an effect of the encapsulated inhibitor, Kakaroglou and col.125 also 

evidenced an increase in delamination upon corrosion when polymeric capsules were added to the 

coating. Raps et al.269 studied the adhesion of an epoxy-based primer upon addition of polyurea 

capsules. They proved that, although PUa and epoxy are highly compatible, when a certain content 

of capsules is reached, the volume of matrix is not sufficient around the 5 µm capsules, and favorable 

breaking points are created. The coating adhesion then naturally collapses.  

In order to limit the negative impact the containers can have on the hosting matrix, two strategies 

can be thought of. First, as mentioned before, the natures of the containers and the matrix are very 

important and a compatibility between them prevents the formation of preferential weakness 

points. Several studies then use the same chemistry for the two components, incorporating for 

instance silica containers within sol-gel layers247,286,290,291, or polymeric capsules with groups similar 

to the matrix one, such as polyurea nanocapsules in a polyurethane matrix, as presented by Maia 

and col.229. The idea is that covalent bonds can be formed between the shell surface and the matrix 

so there is no heterogeneous zone within the coating. 

A second approach consists in playing with the containers’ size, since smaller containers can be more 

homogeneously dispersed. Using an inhibitor-loaded polyelectrolyte assembly with diameters 

around 100 nm, Kopeć and col. achieved a good dispersion within an epoxy matrix, without 

involving any change in the structure and barrier properties of the layer150. They hence apparently 

prevented the loss of mechanical properties that could be induced by the incorporation of the 

containers292. However, since they added the nanocontainers as a low concentration suspension, the 

absence of detrimental effect might be mainly due to a low content. Another interesting study 

published by Matsuda et al.222 shows that a higher protection is conferred when smaller particles 

are used in the case of microcapsules (from 7 to 18 µm) loaded with cerium nitrate as an inhibitor. 

On the other hand, Huang and Yang102 evidenced the need of a sufficient volume of capsules to bring 

protection. The encapsulation efficiency must then be high enough, and enough containers have to 
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be dispersed in the coating. A compromise has then to be found in order to use small enough 

capsules but keeping a sufficient amount of loaded inhibitor. 

Encapsulation is thus required to enable (or enhance) an active compound’s action. Nonetheless, 

the integration in a coating system requires precaution in order to maintain both the containers and 

the matrix’s integrity and barrier properties. Development of a proper process has then to be 

achieved depending on the nature of the different components of the system. 

I.4.4.3. Incorporation process 

The “right” quantity of containers to add has to be determined for each system and depends on the 

containers’ intrinsic properties (volume, loading and release efficiency, release duration), but is also 

highly dependent on the payload’s efficiency and mode of action. For example self-healing requires 

a high volume of materials so containers of tens to hundreds of microns are incorporated at a 

concentration up to 10wt.%88,94,102. In our case, organic inhibitors require a sufficient quantity to 

form a monolayer of adsorbed molecules on the exposed surface area, while cathodic or anodic 

inhibitors can be efficient as soon as cathodic or anodic sites are protected respectively. For sensing 

molecules, the sensitivity will highly depend on the measurement technique employed but 

fluorescent probes can generally be detected for concentration in the µM range293. We here want to 

identify the protocols found in the literature that we could use as a model, only based on the weight 

percentage of added containers and leading to homogeneous coatings.  

This first observation made is that most of the studies naturally focus on the containers formation 

and coatings’ properties and do not present the incorporation as a critical or difficult step so only 

pieces of information are given. Many studies, however, use commercial formulations to which they 

add the synthesized capsules, what is our approach as well. 

i. Mixing order 

In the studies detailing the formulation process of the coating, the order of mixing apparently does 

not always have a significant role. For many of them, capsules are added to the final formulation. 

Epoxy is the most used matrix, and incorporation rates are up to 10wt.% usually with respect to the 

liquid formulation90,94,152,264,284. This absence of addition order is also commonly seen for 

sol-gels151,286. If no explanation is generally given, the reticulation kinetics inherent to each 

formulation can however lead to a shorter pot life and application time that a good dispersion 

requires. This could explain why many authors specify that particles are mixed to the resin until a 

uniform dispersion is obtained, and only after that the hardener is added230,239,248,249. This is seen for 

both polymeric and inorganic containers with bi-component (and mainly epoxy) paints. 

It is also very important to notice that the addition of capsules as a suspension is quite rare in the 

literature and the assessment of the dispersion seldom reported. A relevant example is the work 
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carried out by Kopec and col.150 who incorporated 100 nm-large polyelectrolyte nanocapsules in a 

commercial aerospace water-based epoxy primer. The capsules were dispersed in water and then 

added to the epoxy primer before being applied with a spray gun. The capsules are then the last 

component to add in their case, what apparently leads to homogeneous coatings. 

ii. Dispersion process 

Since a formed emulsion will likely become unstable upon addition in another environment as an 

organic matrix, blending conditions of the suspension in the formulation is a crucial step toward an 

optimal dispersion. However, very little attention is generally paid to this process. Table I. 10 sums 

up relevant pieces of information found in the literature concerning the dispersion of containers in 

an organic matrix. As one can see, the mixing step duration can go from 30 minutes to many hours 

and dispersion tools are varied, although most of the time only magnetic stirring is sufficient. A final 

operation sometimes performed consists in degassing the formulation since an important quantity 

of air could have been injected in the formulation during mixing. Use of a vacuum step is however 

not frequent and might be mandatory only in the case of an energetic mixing step. 

It also very important to notice that very few articles work with the nanocontainers in the state of a 

suspension without any drying step, and therefore only few information about processes adding a 

dispersion to an organic matrix have been found. 
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Table I. 10: Worth considering dispersion processes from the literature 

Nature of the 

containers 
State Dispersion Duration Quantity Vac. Ref 

Silica Dry Stirring ~30 min 5 wt.% resin - 239 

Silica Dry 
Ultraspeed dispersion 

machine 1200rpm 
30 min 3% - 248 

Silica capsules Dry NS NS 10 - 20% Y 90 

Silica Slurry Magnetic 24h 3% - 207 

Silica nanorods Dry Stirring 1h 0.15 wt.% dry - 288 

Silica + 

polyelectrolytes 
Dry Stirring 10 min 5 wt.% - 249 

TiO2 containers Dry Pearl-mill 30 min 0.5 to 2 wt.% - 294 

Kaolin 
Suspension 

in solvent 
Mechanical 24h 10 – 46 phr - 295 

PU Dry NS NS 10 wt% Y 102,230 

PUa-

formaldehyde 

Dispersion 

in solvent 

3-blade mechanical 

stirrer 
30 min 3 wt.% - 94 

PUa-

formaldehyde 
Dry Attritor NS 

10 vol.% 

capsules 
- 95 

PS 
Dispersion 

in water 
NS NS 

33.3% solid 

content 
- 283 

NS: not specified   Vac.: Vacuum applied 

ii. Dispersion assessment 

After application of a coating, the assessment of the capsules dispersion is then performed, what 

could be carried out using various detection techniques although microscopic ones are generally 

favored. However, even though the easiest method is the observation of a coating’s cross-section, 

this can turn out to be tricky depending on the capsules quantity and size. A fracture or cryo-fracture 

is made and either optical microscopes or SEMs are used to visually assess the dispersion. This 

method is commonly used for micron-sized particles than can be quickly observed90,269,270,296. 

However, if microscopy is a very powerful tool, a clear observation cannot always been performed, 

especially for nano-sized particles. For example Galvão et al.125 assumed that a good dispersion was 

obtained based on rheological measurements, since the presence of aggregates would imply an 

increase in the formulation’s viscosity for 400 nm particles. Otherwise, the detection of the capsules 

can be made using elementary analysis when detectable elements are present in the particles’ shells 

or payload. For example Kakaroglou125 and col. performed a mapping using Raman spectroscopy. 
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Identifying peaks related to the matrix and the inhibitor (sodium molybdate), they were able to 

assess the homogeneity of the coating. This however requires to first check that there is no 

premature leakage and so that the detection of the payloads is equivalent to the detection of the 

containers. 

Due to the high variety of processes and natures of both containers and matrices used, we can 

conclude that no universal application method exist. Depending on the nature of the capsules finally 

chosen, an important optimization work will then have to be carried out. 
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I.5. Summary and experimental approach 

In this chapter, an overview of the available literature and data concerning the means to detect and 

prevent corrosion, applicable to the aerospace industry, has been drawn up. We have seen that an 

important variety of materials are employed and developed in this domain, amongst which 

structural steel and aluminum alloys represent a consequent amount. The present work therefore 

focuses on these materials, considering S355 structural steel and AA2024-T3 aluminum alloy. Both 

of them are susceptible to corrosion, especially in chloride media where steel undergoes uniform 

corrosion while pitting corrosion is the main form that develops on AA2024. 

Corrosion being the source of important costs, the use of an efficient protection is mandatory. To 

this end, different surface treatments are implemented in the industry, amongst which 

chromate-based treatments are the most effective. However, because of their toxicity, these options 

have to be banned, requiring to find efficient alternatives. To this end, a great attention is paid to 

the development of high-resistance organic coatings containing corrosion-inhibiting molecules. In 

addition to the protection brought thanks to a barrier effect, the use of inhibitors indeed allows to 

overcome the corrosion development due to the coating aging or defects. An increasing number of 

non-toxic inhibitors are hence developed. They can be sorted depending on their mode of action 

according to their ability to act on the cathodic or anodic sites or on both, passivating the exposed 

surface. Due to the importance of the research conducted on this topic, we assume that new efficient 

molecules will continue to be identified. 

More than focusing on corrosion protection, very promising approaches tend to multiply the 

coatings’ functionalities, creating a new class of “smart” materials. Although protection if obviously 

the paramount functionality to implement, preventive detection of a coating failure is also seriously 

considered. A self-reporting system could save maintenance cost, by simplifying the heavy existing 

routine procedures. Detecting the corrosion processes is indeed hardly set up in the aerospace 

industry and is mainly based on visual inspection, hardly reliable for some forms of corrosion, or 

indirect monitoring techniques. An in-situ monitoring of the installation would then be a clear 

improvement. Using functional coatings, the main approach consists in using the products of 

corrosion processes to trigger a response. The most obvious stimuli are local pH variations occurring 

at anodic and cathodic sites and the release of metallic species, while an ideal response have to be 

easily observable, and so color change and emission of fluorescence are the main options. 

Finally, we have seen that in order to integrate either corrosion inhibitors or sensors to an organic 

matrix, one has to take into account the potential interactions with the matrix. That is why, in order 

to protect both the matrix and the active compound, encapsulation of the targeted molecule is 

performed. Moreover, encapsulation can enable an on-demand release by controlling the 

container’s properties. Several methods exist to do so, the most used one being through an emulsion 
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step, by interfacial polymerization. The payload is then placed in the dispersed phase prior to the 

shell formation.  

The NC2M system specifications were then defined according to the available literature and 

information. It was decided to use either an epoxy or a polyurethane matrix since they are frequently 

employed primers in the aerospace industry. Moreover, the use of water-based formulations reduces 

potential emissions of toxic compounds. Concerning the final formulation application, industrially 

applicable techniques are considered: brushing and spraying. However, in order to control the 

homogeneousness and thickness of the experimental coatings, bar coating will be used as a 

simplified brushing  

Concerning the capsules’ payload, model molecules are encapsulated at first in order to validate our 

system. We opted for 2-mercaptobenzothiazole (MBT), a well-known organic film-forming inhibitor 

for several reasons: thanks to its structure, MBT is easily detectable297 and it is an efficient organic 

inhibitor for aluminum alloys153,298,299. Moreover, there is an important available literature about the use 

of MBT and some studies suggest that it could be efficient on mild steel279,300. Since it is soluble in 

organic solvents and only slightly in water, an O/W is required. It however has to be kept in mind 

that MBT is suspected to be carcinogenic and that alternatives will have to be considered. 

About detection, color change is the most easily detectable response we can get from a coating. For 

color change however, the clearest results in the literature have been seen for coloring agent such as 

phenolphthalein and thymolphthalein. Both molecules can be solubilized in water by addition of 

ethanol and hence encapsulated through W/O emulsions.  

Coloring agents using pH variations as a trigger, this was chosen as a stimulus for the capsules 

opening. In order to be able to encapsulate the desired compounds, both an Oil-in-Water and a 

Water-in-Oil process therefore have to be used. As highlighted in this chapter, polyurea are 

well-referenced pH-responsive capsules that could be suitable for encapsulation of hydrophilic 

molecules. Concerning oil-soluble compounds, silica containers can be formed in a wide range of 

submicronic particles’ sizes with an O/W emulsion. Moreover, they can be pH-responsive. Due to 

the usual thicknesses of aerospace primer layers, and in order to enable a proper dispersion within 

the coating, a maximum size of 1 µm was specified for the containers. Use of a sonication-assisted 

emulsion process was therefore identified to be the most suitable existing technology that could be 

scaled-up. 

Choice of the different components of our system being settled, our approach was as schemed in 

Figure I. 14: 

- Hydrophilic- and hydrophobic-core nanocapsules are synthesized through a W/O and an 

O/W emulsion-based processes respectively. The formed containers are then characterized 

in terms of shape, morphology, stability and ability to release their payload in alkaline and/or 
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acidic media. An optimization of the process will be attempted in order to control the size of 

the containers that is a critical parameter. 

- The so-formed nanocapsules will be added to a water-based primer formulation and a 

protocol will have to be defined to get defect-free coatings. In order to limit the number of 

parameters to vary, bar-coating is used for steel substrates while spray is applied on 

AA2024-T3 samples. Once homogeneous coatings are obtained, the capsules dispersion will 

have to be evaluated. 

- Successfully prepared coatings are then tested using electrochemical impedance 

spectroscopy. The impact of the nanocapsules addition to the polymer matrix as well as 

ability of the capsules to bring protection to the substrate are studied. 
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Figure I. 14: Summary of the approach chosen in the development of the NC2M system 
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If our work tends to be innovative, two recent articles published in 2018 have to be mentioned due 

to their similarity with the presented work: 

- Wang and col.264 designed a polymeric pH-responsive capsule, with a porous shell whose size 

is around 3 µm. The capsules are loaded with either a fluorescent dye (coumarin) or a 

corrosion inhibitor for carbon steel (benzotriazole). The microcontainers are then dispersed 

in an epoxy matrix that showed protection and reporting of the defect upon scratching when 

immersed in a 3.5% NaCl medium. 

- Galvão et al.207 reported the encapsulation of phenolphthalein (PhPh) in 

300-450 nm-diameter silica capsules. Release of the payload occurs in alkaline media in 

order to detect corrosion processes on AA2024. They also showed that the incorporation of 

the silica capsules in a water-base polyurethane matrix improves the coating’s hardness and 

corrosion resistance, probably due to the filler effect of the capsules. 

These two studies have the same aim as ours and important progress towards the detection of 

corrosion has been made. They should therefore be kept in mind for further development and 

improvement of the NC2M. 
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Containers for the NC2M: introduction 

Several compounds have been identified in the literature for both protection and detection. 

Regardless their function, their solubility can be very different. Potential corrosion sensors and 

inhibitors such as bromothymol blue1 and sodium molybdate are highly soluble in water while 

others such as FD1 and MBT2, to mention just a few, are not3.  

The process we set up requires to dissolve the encapsulated molecule prior to its encapsulation. 

Therefore, in order to enable the use of both water-soluble and water-insoluble compounds, two 

types of smart containers have been chosen. Both formation mechanisms are based on a 

miniemulsion process as described in this section. This chapter first focused on the description of 

the containers synthesis for both types of nanocontainers, and then on the adjustments we carried 

out in order to have a better knowledge of their formation. The obtained containers are then fully 

characterized, using mainly dynamic light scattering and microscopy techniques.  
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II.1. Equipment used 

II.1.1. Synthesis of the nanocapsules  

II.1.1.1. Sonication system 

Sonication processing is carried out using a Q700 sonicator (QSonica) with a ½” diameter tip. The 

sonicator power is 700 W, working at a frequency of 20 kHz. The amplitude is adjustable from 0 to 

100%, the maximum amplitude corresponding to 120 µm according to the manufacturer. In order 

to prevent overheating, a pulse regime is used with 20 s sonication pulses separated by 10 s pauses 

if not mentioned otherwise. For all sonication steps, the vessel is placed in an ice bath. 

II.1.1.2. Stirring 

When mechanical stirring is employed, a T18 ultra turrax dispersing device (IKA) is used, associated 

with one of the following tools: 

- A S18 N-18G “large” dispersing tool,  having stator and rotor diameters of 18 and 12.7 mm 

respectively, made of stainless steel; 

- A S18 D-10G-KS “small“ dispersing tool, having a stator diameter of 10 mm, made of 

polycarbonate (PC) and polyetheretherketon (PEEK). 

For magnetic stirring, a 15-spots magnetic stirring plate (2mag) was used, enabling stirring speeds 

between 0 and 1200 rpm. 

II.1.2. Characterization 

II.1.2.1. Dynamic Light Scattering (DLS) 

DLS is a non-invasive technique that enables a quick determination of the particles’ size and 

polydispersity. Since various information can be extracted, and in order to correctly interpret our 

results, the base principles of DLS are here described. 

i. Theory 

DLS is based on the relationship between the speed of particles only moved by Brownian motion 

and their hydrodynamic diameter d(H) (sometimes referred to as RH). d(H) corresponds to the 

diameter of a hard sphere that would diffuse at the same speed as the analyzed particles. It can be 

calculated according to the Stokes-Einstein equation (II.1). 
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𝐝(𝐇) =
𝐤𝐁𝐓

𝟑𝛑𝛈𝐃
 (II.1) 

where D is the particles’ translational diffusion coefficient (m².s-1), kB is Boltzmann’s constant, T the 

absolute temperature and η the dispersant’s viscosity.  

Calculating the particles’ hydrodynamic diameter thus requires to determine their diffusional 

coefficient. This is achieved using a laser going through a dispersion of particles. When encountering 

a particle, an incident photon induces oscillations in the particle’s electron cloud and energy is then 

scattered in all directions, in an anisotropic way for particles whose size exceed a tenth of the laser’s 

wavelength (according to Mie theory). 

A photon-counting detector is then used in order to assess the time dependency of the scattered 

light. D and d(H) being inversely proportional as seen in equation (II.1), the smaller the particles, 

the faster their movements and so the faster the scattered light intensity fluctuates. To measure that 

time dependency, the autocorrelation function G(τ) is built as defined in equation (II.2) for our 

system (slightly different mathematical expressions are sometimes seen). 

𝐆(𝛕) =
〈𝐈(𝐭). 𝐈(𝐭 + 𝛕)〉

〈𝐈(𝐭∞)〉²
 (II.2) 

where I is the scattered light intensity, t the time and τ the delay time. 

This autocorrelation function is then fitted to a theoretical mathematical form depending on the 

sample’s nature4. To determine the translational diffusion of a monodisperse sample, equation (II.3) 

is used, while equation (II.4) is used for polydisperse samples.  

𝐆(𝛕) = 𝟏 + 𝐁𝐞−𝟐𝐪²𝐃𝛕 (II.3) 

𝐆(𝛕) = 𝐀 + 𝐁 ∑ 𝐞−𝟐𝐪²𝐃𝛕 (II.4) 

with B the baseline at infinite time, A the intercept, D the diffusion coefficient, τ the correlator delay 

time and q = 
4𝜋𝑛

𝜆0sin (
𝜃

2
)
  the scattering vector where n is the dispersant’s refractive index, θ the detection 

angle and λ0 the laser’s wavelength 

It is very important to note that two types of analysis exist to interpret the correlation function: the 

cumulants and distribution analysis. Depending on the method that is used, different results are 

obtained. The cumulants methods, defined in ISO 22412:2017, is the simplest one. It consists in 

fitting the initial part of the correlation function with a single-exponential model. A particle mean 

size (Z-average) and a polydispersity index (PdI) are calculated from this analysis. On the other 

hand, the distribution method fits the data set using a multi-exponential model and calculates a 

mean size and associated standard deviation for each detected peak. The cumulants and distribution 

analysis are therefore more suited for monodisperse and polydisperse samples respectively. 
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Limitations 

Due to these principles, the size of a dispersion is represented by a single value, based on the 

assumption that spherical particles are analyzed. This has then to be assessed by a different 

technique. Moreover, the hydrodynamic diameter value is also affected by the particles’ surface 

(presence of surfactant…) and the medium’s composition5. When ions are present in the analyzed 

sample, a double layer is indeed formed at the particles’ surface. This layer’s thickness (Debye 

length), decreasing when the medium’s ionic strength increases, affects the particles’ diffusion speed 

and has to be controlled. 

ii. Analysis procedure 

The device used for this study is a Zetasizer Nano S90 manufactured by Malvern Panalytical and 

controlled with Zetasizer software 7.11. The laser source used on this model is a He-Ne one with a 

wavelength of 633 nm and operated at 4 mW max. The manufacturer specifies that the size range of 

use is between 0.3 and 6000 nm with an accuracy of ± 2%. 

When water is used as a dispersant, the refractive index and viscosity are assumed to be 1.330 and 

0.8872 cP respectively for measurements performed at 25°C. When cyclohexane is used, 

thetemperature is set to 20°C and the refractive index and viscosity values used are 1.427 and 

0.977 cP respectively6. 

The following procedure is adopted to prepare the DLS samples: first, the analyzed suspension is 

placed in an ultrasonic bath for 10 min in order to avoid any aggregation due to storage that would 

not be representative of the suspension as we use in a formulation. The suspension as synthesized 

is then diluted 20 times right before the DLS measurement using milli-QTM water as the dispersant. 

It has been observed that for a wide range of dilution (from 1/100 to 1/10) the measured mean size 

did not vary whatever the suspension’s concentration. The analysis is performed either in a 

disposable cell (DTS0012) or in a glass cell (PCS1115). No difference was observed in the results with 

either one or the other type of cell.  

The set parameters are as follows: 3 to 5 runs are performed (depending on the experiment’s aim) 

with attenuator and number of sub-runs left automatically determined by the software. The 

algorithms used is set to “general purpose”, enabling a high noise tolerance as recommended when 

no information is known on the sample’s distribution. 

iii. Results of the DLS measurement 

Different values or data will be discussed and chosen upon their relevance7. 
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Particles’ size 

When a single population is present, its size can be described by two values using the cumulants 

analysis: the Z-average size and polydispersity index (PdI), that are respectively determined from 

the correlation function’s time of decay (using Stokes-Einstein equation) and from the decay’s slope. 

The polydispersity index attributes a value to the broadness of the sample’s size distribution. A PdI 

is dimensionless and scaled to be between 0 and 1. According to the manufacturer’s advice, PdI 

below 0.08 are seldom obtained while values above 0.7 correspond to a broad distribution (meaning 

cumulant analysis could be unsuitable). Generally, a value below 0.4 is wished7.   

Intensity distribution 

When the analyzed dispersion contains several populations, the results will be presented as a size 

distribution, which is the plot of the relative intensity of light scattered by the particles sorted in size 

classes. There are 66 size classes for our system, from 0.4 to 5560 nm. From this plot are extracted 

a mean size and associated width for each peak. Only the intensity distribution results are presented 

and discussed since they are the measured value. As a consequence, no extrapolation to the relative 

volume or particle number can be achieved by measuring the relative height of peaks. The scattered 

light intensity being indeed non-linearly proportional to the particle’s size, bigger particles scatter 

way more light than smaller ones. Calculating the number and size distribution then requires the 

suspension to be made of spherical and homogeneous particles having a similar density, but also to 

know their refractive index and absorbance. In order to be as clear as possible when showing the 

evolution of the intensity distribution, histograms are converted to line plots.  

Correlogram 

In order to evaluate the stability of the analyzed samples, a comparison of the size distribution 

obtained from successive runs might not be sufficient and will then be completed by the analysis of 

the correlograms. Figure II. 1 presents two correlograms obtained after a 5-run DLS measurement. 

The first one (left) corresponds to what we qualify a stable clean sample while for the second one, a 

slightly unstable sample is analyzed. This is highlighted by the variation in the correlation coefficient 

intercept for the successive runs, as well as by the noisy baseline. Both observations can reveal a 

slight natural tendency to aggregation and/or sedimentation from the sample, or the presence of 

bigger particles or aggregates in the dispersion. When the analyzed sample sediments, a variation 

in the number of particles in solution can indeed imply a variation in the correlogram’s intercept. 
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Figure II. 1: Example of correlograms obtained for the analysis of a monodisperse dispersion 

Due to these explanations, DLS analysis is performed in our case in order to compare the different 

syntheses or as a routine check procedure before using the capsule suspension. Since the cumulants 

fit is less affected by the presence of bigger aggregates, the comparison of the Z-average values will 

be favored when possible. However, when used, Z-average values can only be compared amongst 

themselves and PdI will then be considered acceptable when below 0.4. Multimodal samples will be 

discussed in terms of peaks’ mean size and standard deviation. 

II.1.2.2. Zetametry 

i. Theory 

In order to assess the stability of a suspension, we study the repulsive potential of the colloids’ 

double layer. According to DLVO theory, for particles undergoing Brownian motion the balance 

between this potential and Van der Waals force determines the suspension’s stability8. 

In a zetametry study, the electrical charge of the double layer surrounding particles is analyzed by 

applying an electrical field to the suspension. The particle’s velocity is then measured by laser 

Doppler velocimetry, in order to deduce their electrophoretic mobility according to (II.5).  

𝐔𝐄 =
 𝝂

𝐄
 (II.5) 

With ν the particles’ velocity and E the applied electrical field’s strength. 

The relationship between the electrophoretic mobility and zeta potential is then given by Henry 

equation, presented in (II.6): 

𝐔𝐄 =
𝟐. 𝛆. 𝐳. 𝐅(𝐤𝐚)

𝟑. 𝛈
 (II.6) 

With UE the electrophoretic mobility, z the zeta potential, ε the dielectric constant, η the medium’s 

viscosity and F(ka) Henry’s function which involves the ratio between the particles’ radius and their 
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double layer’s thickness. As often done in polar and/or high ionic strength media, we use 

Smoluchowski approximation, meaning we assume that the double layer’s thickness is small 

compared to the particles’ radius. In this case F(ka)=1.5, that leads to equation (II.7)9. 

𝐔𝐄 =
𝛆. 𝐳

𝛈
 

(II.7) 

The absolute value of the zeta potential gives an insight of the suspension’s behavior. It is generally 

admitted that a suspension is stable when its zeta potential is higher than 30 mV8, although the 

nature of the particles also has an importance since Van der Waals force has to be taken into 

account7. Moreover, the double layer’s thickness and exact particles’ size are not perfectly known for 

our system, and therefore Smoluchowski approximation can introduce errors. An “apparent” zeta 

potential value is then calculated this way. 

ii Analysis procedure 

Zeta potential studies have been carried out employing a Zetasizer Nano ZS90 (Malvern Panalytical) 

controlled with Malvern’s Zetasizer Software v7.11. Measurements are performed in a disposable 

folded capillary cell (DTS1060, Malvern). For this, the analyzed suspension is diluted 100 times in 

the appropriate medium, using either HCl, KOH or NaOH for pH adjustements, and KCl or NaCl for 

the study concerning the influence of the ionic strength. 

The number of runs per measurement is automatically determined by the software, between 10 and 

30. Three consecutive measurements are performed for each sample in order to get reliable results 

but avoiding heating of the suspension due to prolonged exposure to the electrical field. The applied 

voltage is manually set to 50 V in order to avoid voltage-dependence of the electrophoretic 

mobility10. As discussed in the previous section, Smoluchowski model is used in order to convert the 

measured electrophoretic mobility to an apparent zeta potential.  

iii. Results obtained from a zeta potential measurement 

Using velocimetry measurements, an electrophoretic mobility distribution is obtained, from which 

is calculated the zeta potential (ZP) distribution of the suspension. An example of the electrophoretic 

mobility and calculated ZP plots is given in Figure II. 2. From these plots, we can assume that a ZP 

measurement is acceptable and that the sample is stable during the measurement, based on the low 

count rate evolution. 
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Figure II. 2: Example of electrophoretic mobility and deduced zeta potential distribution considered 
as good quality data 

When discussing ZP results, we will then compare the mean zeta potential and its standard 

deviation, averaged over three measurements. 

II.1.2.3. Spectroscopy techniques 

i. Fourier-Transform Infrared Spectroscopy (FTIR) 

Infrared spectra are recorded by Attenuated Total Reflectance (ATR), using a Nicolet iS50 FTIR 

Spectrometer (Thermo Scientific). Settings are as follows: 64 scans, resolution of 4 cm-1 and spectra 

recorded from 4000 to 400 cm-1. Analyses are performed placing the coating or powder sample on 

top of the diamond. 

ii. UV-visible spectroscopy 

For the determination of concentrations in MBT during the release experiments, UV-vis spectra 

have been recorded using an Evolution™ 60S UV-Visible Spectrophotometer manufactured by 

ThermoFisher Scientific. Scans are performed from 200 to 350 nm with 0.5 nm steps and a scan 

speed set as “medium”. Calibration data in neutral and alkaline media are given in appendix 1. 

II.1.2.4. Microscopy  

Scanning electron observations are performed using a FEI Quanta 200 FEG ESEM on a dried 

dispersion droplet placed on a glass substrate. The sample is then sputtered with gold.  Operating 

conditions are as follows: 10.0 kV accelerating voltage, 9.9 mm working distance and 3.7 spot size. 

 Concerning Transmission Electron Microscopy (TEM), a JEM-2011 from JEOL operated at 200 kV 

is employed. For the observations, a 10-times diluted suspension is cast on a copper grid with a 

carbon film and left to dry at room temperature. 
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II.2. Hydrophobic-core silica containers 

II.2.1. Capsules formation 

II.2.1.1. Materials 

The list of chemicals used for the different synthesis of silica nanocontainers discussed in this 

section and the purity taken into account for weight calculations are given in the appendices section 

(Appendix 2). 

II.2.1.2. Formation procedure  

Interfacial polymerization is carried out for the formation of oil-core capsules, using a direct 

mini-emulsion process as illustrated in Figure II. 3 and based on a procedure described elsewhere11. 

Two solutions, constituting the two phases, are prepared as follows: 

- The continuous phase is made dissolving 37 mg of dodecyl trimethylammonium bromide 

(DTAB) in pure water in a 40 mL-vial; 

- The dispersed phase is prepared adding successively 1.15 mL of toluene, 162 µL of 

hexadecane and 2.15 mL of tetraethylorthosilicate (TEOS) in a 4 mL-vial. When present, 

the potential payload is placed in the vessel prior to the addition of other chemicals. 

The two solutions are homogenized under magnetic stirring during one hour. The oil phase is then 

added to the surfactant aqueous solution, and the mixture is immediately placed in an ice bath and 

sonicated for 180s in a pulse regime (20s sonication + 10s pause) at 60% amplitude. The final 

dispersion is then left under magnetic stirring at 750 rpm for at least 12h. 

 

Figure II. 3: Silica capsules formation using an O/W mini-emulsion process 

 



 Chapter II - Containers formation and characterization 

 89  

The formation of the silica capsules is based on the reaction occurring between the TEOS precursor 

and the water forming the continuous phase. The shell is formed by the hydrolysis and 

polycondensation of the alkoxysilane, following the reaction presented in Figure II. 4. The formation 

of an O/W mini-emulsion allows the precursor to be in contact with water only at the interface 

between the organic core and the aqueous continuous phase. Therefore, the control of the emulsion’s 

size and stability leads to controlled capsules’ size and morphology. This reaction is very well known 

and both acid and base-catalyzed12,13. We assume that the dissolution of a compound in the organic 

phase before formation of the silica walls will enable its encapsulation, meaning that the selected 

molecules must be mainly soluble in the organic solvents during the formation of the silica wall.  

 

Figure II. 4: TEOS polycondensation reaction 

The quantities used in our reference procedure are adapted to the sonication equipment employed, 

in order to have ca. 20 mL to process. Water is in high excess (86.8 equivalent versus TEOS), making 

the hydrolysis reaction all the more efficient, although interfacial polymerization implies that not all 

the water content is available for the reaction. Despite its confirmed toxicity, toluene is used as the 

major constituent of the oil phase to which hexadecane is added. Representing 12% of the dispersed 

phase’s volume, hexadecane helps to prevent Ostwald ripening, hence increasing the emulsion’s 

stability14. A last point to highlight is the formation of ethanol as a by-product of the hydrolysis step. 

That could play a role since MBT’s solubility is very low in pure water (around 0.12 g.L-1 at 25°C 

according to the supplier specifications) but increases with alkalinity or in alcohols. Therefore, a 

part of the MBT could be extracted by the ethanol that is produced. 

II.2.2. Characterization of the suspension 

Various types of analysis have been performed in order to exactly determine the nature and 

properties of the containers and to have a better understanding of their behavior once introduced in 

a varnish. In a second step, variations of the synthesis procedure have been performed in order to 

evaluate the importance of the involved parameters on the formation of the nanocontainers (NCs), 

but also with the objective of obtaining different sizes for the silica capsules. 
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II.2.2.1. Assessment of the capsules formation 

The nanocontainers’ shape is first determined using electron microscopy techniques. As presented 

in Figure II. 5, SEM observations confirmed the spherical shape of the synthesized particles. On 

SEM pictures, some capsules are broken, what is probably due to the observation conditions in high 

vacuum, and evidences the presence of a central cavity. Hollow capsules have therefore been 

synthesized. The size distribution seems monodisperse with diameters of a few hundreds of 

nanometers, what will be thoroughly detailed in the next section.  

TEM analysis confirms the spherical shape of the silica-based nanocapsules. Figure II. 5.b. 

highlights that the internal part of the containers is empty and that the silica walls define the 

spherical shape of the containers. The electron diffraction pattern, as shown in the insert of Figure 

II. 5.b confirms the amorphous character of the silica shells. The capsules’ diameter was evaluated 

between 50 and 150 nm, and TEM observations enable to estimate the walls’ thickness to be 5 to 

10 nm.  A statistical analysis will be conducted later on.  
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 SEM TEM 

Si 

  

Si(MBT) 

  

Figure II. 5: SEM (a & c) and TEM (b & d) observations of the unloaded (a & b ) and MBT-loaded (c & d) 
Si NCs 

Figure II. 5.c and d reveal that the addition of a payload like MBT does not affect the shape of the 

capsules and the shell formation, since there is no detectable porosity or holes in the shell. The 

average diameter is not affected by the addition of the MBT and the electron diffraction pattern 

reveals that the silica shells are still amorphous.  

Another useful information is that the capsules’ shell seems to be quite flexible, leading to apparently 

compact aggregates. On TEM images, as highlighted in Figure II. 6, some capsules appear flattened 

or bended, and suggest that the Si NCs can resist to deformations although this resistance has not 

been measured. 
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Figure II. 6: TEM observations of silica NCs and zoom in on deformed parts of the silica containers  

The composition of the silica capsules has been studied by FTIR, for both “empty” silica 

nanocontainers and MBT-containing suspensions. Recorded spectra are presented in Figure II. 7 

and the associated vibration frequencies are listed in Table II. 1. These results are in good agreement 

with the formation of a SiO2 network by the TEOS hydrolysis/condensation according to 

literature15,16. However, no signal corresponding to MBT could be identified, contrary to the work 

published by Maia et al.15. This is probably due to the low concentration in MBT used in our case, 3 

to 5 times less concentrated than in the work of Maia et al. Moreover, they reported a yellow pale 

coloration when MBT is added in the suspension, what was not observed in our case.  
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Figure II. 7: FTIR spectrum of silica NCs with and without encapsulated MBT  
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Table II. 1: Characteristic vibration frequencies in FTIR spectra of Si and Si(MBT) NCs 

Vibration frequency (cm-1) Type of vibration Structural unit 

3100 - 3500 O-H and Si-OH -O-H. . .H2O 

2958 νs C-H -CH3 

2924 νas C-H -CH2 

2854 νs C-H -CH2 

1060 νas Si-O-Si -Si-O-Si- 

1245 - 1115 νas Si-O-Si -Si-O-Si- 

955 νβ Si-O -Si-OH 

798 νs Si-O -Si-O-Si- 

455 δ O-Si-O -O-Si-O- 

II.2.2.2. Size measurement 

A rough SEM image analysis performed on 539 capsules in Figure II. 5.a gives the size distribution 

presented in Figure II. 8. The measured sizes range from 45 to 350 nm with an average size of 

130 ± 55 nm. 

 

Figure II. 8: Size distribution obtained from SEM image analysis 

 Due to the low number of observed capsules, analysis of TEM images is not relevant for size 

measurement. However, it allows to analyze the walls’ thickness, that is apparently not dependent 

on the capsules’ size. Based on 19 analyzable capsules on TEM observations (spherical capsules out 

of aggregates), we measured the capsules’ diameter (2 measurements per capsule) and the 

associated wall’s thickness (10 measurement per capsule). The results, presented in Figure II. 9a, 
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show that for capsules diameters between 40 and 150 nm, the respective walls’ thickness range is 

very narrow, between 4 and 15 nm and with a mean wall thickness of 8.7 ± 0.6 nm. Therefore, 

smaller capsules do not necessarily have thinner shells. This could be explained by the diffusion-

governed interfacial polymerization. Once a critical thickness is obtained, the potential residual 

TEOS remains within the capsules and cannot further react. 

An estimation of the free volume inside the capsules can be calculated using (II.8). This gives a broad 

range of free volumes, between 22 and 69% of the capsules’ volume for the 19 analyzed capsules as 

shown in Figure II. 9b. 

%𝐕𝐟𝐫𝐞𝐞 =  
𝐕𝐟𝐫𝐞𝐞

𝐕𝐭𝐨𝐭
=  (

(𝐫 − 𝐞)

𝐫
)

𝟑

 (II.8) 

with Vtot the volume of the capsule, r the capsule’s radius and e the shell’s thickness. 
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Figure II. 9: (a) Capsules’ diameter and associated wall thickness from TEM images analysis and (b) 
the associated calculated free volume 

Although microscopy techniques can give an estimation of the particles’ size, the low number of 

analyzed particles and overlapping particles make necessary the use of a more accurate technique 

such as DLS for size analysis. Figure II. 10 shows the DLS measurements carried out on empty and 

MBT-loaded capsules. Several batches have been synthesized for capsules without any payload and 

capsules with MBT and correspond to the red and blue curves respectively. In order to keep a clear 

graph, only four batches are presented in Figure II. 10. For both types of capsules, a monomodal 

distribution is observed, what is consistent for an emulsion process. Since microscopy observations 

proved the sphericity of the particles, a mean hydrodynamic diameter value is then estimated.  

On the intensity distribution curves, the error bars correspond to the four successive measurements 

performed for each sample. This gives an insight of the suspension’s stability, highlighting the 

absence of agglomerating particles when the suspension is not stirred.  

The measured sizes are 183.2 ± 11.9 nm for Si NCs and 192.7 ± 7.3 nm for Si(MBT) capsules. The 

absence of significant variation between the DLS curves and capsule shape when MBT is added 
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proves that it does not interfere with the capsule formation. These results suggest that the molecules 

should be located either in the capsules (encapsulated or adsorbed), in their surrounding 

environment or shared in both phases. In both cases, a single peak is observed. A cumulant analysis 

gives comparable polydispersity indexes of 0.151 ± 0.028 and 0.163 ± 0.035 for Si and Si(MBT) 

containers respectively, what corresponds to a narrow distribution, as desired. 
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Figure II. 10: (a) DLS curves for Si and Si(MBT) NCs ), and associated (b)mean sizes and (c) 
polydispersity indexes  

Concerning the capsule’s size, a slight difference is observed between SEM images and DLS 

measurements (from ~130 nm to ~190 nm), explained by the combination of few factors. First, the 

sample preparation and observation conditions: SEM and TEM samples are dried suspensions 

observed under vacuum whereas DLS samples is a diluted suspension. DLS analysis therefore takes 

dynamic parameters and aggregation into account, leading to higher size values. Secondly, when 

analyzing a SEM image, only the dried capsule size is measured, while the Z-average value given by 

DLS represents the hydrodynamic volume moving with the capsules17,18. 

As seen in Figure II. 10, a small increase in the scattered intensity at the limit of our equipment 

(above 6 µm) could denote a slight aggregation. However, the correlation function coefficient 

presented in Figure II. 11 showed no evolution of this parameter at high delay times, highlighting 

the absence of sedimentation. It can also be noticed that for each measurement a Y-intercept 

between 0.8 and 1 is obtained, confirming the good conditions of the DLS measurements and 

therefore the absence of multiple scattering. 
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Figure II. 11: Correlograms obtained for DLS analyses of (red) Si and (blue) Si(MBT) containers 

From the presented analysis, it is clear that monodisperse spherical hollow capsules have been 

formed through a reproducible oil-in-water process. Due to MBT’s low solubility in pure water and 

neutral solutions, the major part should be inside the nanocontainers when MBT is first dissolved 

in the oil phase. 

II.2.2.3. Encapsulation efficiency and release 

The encapsulation study is carried out measuring the concentration in MBT by UV-vis spectroscopy. 

In order to measure the released amount, the suspension is filtered (Millex-VV, 0.1 µm, PVDF, 

33 mm syringe filter unit, Merck). The filtrate is then diluted 20 times in water prior to analysis in 

order to avoid signal saturation.  

The MBT dissolved in the medium surrounding the capsules being measured, the encapsulation 

efficiency (%EE) is determined using formula (II.9). Based on three different suspensions, an 

encapsulation efficiency of 84.5 ± 2.1% has been determined 24h after the emulsion formation and 

no difference was observed after 7 days under magnetic stirring. 

%𝐄𝐄 = (𝟏 − %𝐑 ) × 𝟏𝟎𝟎 (II.9) 

With %𝐑 =  
𝐦𝐌𝐁𝐓  𝐢𝐧 𝐟𝐢𝐥𝐭𝐫𝐚𝐭𝐞

𝐦𝐌𝐁𝐓  𝐢𝐧 𝐬𝐮𝐬𝐩𝐞𝐧𝐬𝐢𝐨𝐧 
 (II.10) 

Release studies were then performed 24h after the sonication step and as follows: 9 g of the Si(MBT) 

suspension are left under stirring in a vial and 1.0 mL of 1 M sodium hydroxide solution is added. 

The pH of the final solution is 10.2 ± 0.2. Performing regular measurements, the release rate is then 

calculated using (II.10). The results are presented in Figure II. 12. An important increase of the MBT 

concentration in the filtrate is already observed 30s after addition of the base, with 54% of the total 
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MBT content released during this period. A slower release then occurs, with a supplementary 21% 

total MBT released in the first two hours, leading to around 90% of the initial content released in 

the medium after 2h at pH 10. 
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Figure II. 12: Release of MBT from silica NCs in an alkaline medium (pH=10.2) 

With a very fast release in the presence of hydroxide ions, the developed silica nanocontainers seem 

to be very suitable for corrosion-related purposes. The encapsulation rate is quite high, although a 

not negligible amount of MBT remains in the solution after formation of the containers. This 

unencapsulated MBT could be harmful for the host matrix. The behavior of the suspension was 

studied in order to determine how and in which conditions the Si NCs can be used and eventually 

establish the involved release mechanism. 

II.2.2.4. Stability 

In the presented approach, the nanocontainers suspension will be used as prepared, without any 

purification step and therefore requires being stable when added to the formulation. It is assumed 

that the capsules can be synthesized on-demand during the formulation process and that therefore 

the suspension has to be stable for a few days only. The stability tests that have been carried out 

concern the evolution of the capsules’ size over time, the influence of the environment’s pH in a wide 

range and the influence of the encapsulation of MBT on the NCs’ surface potential. 

i. Stability over time 

The suspensions’ stability over time has been assessed by DLS checking the size, polydispersity and 

potential sedimentation of empty and MBT-loaded capsules. For this, two batches are prepared for 

each type of capsules, and analyzed by DLS 12h and 20 days after the emulsion formation. This is 

done diluting the suspension in pure water and performing the analysis right after dilution. Size 
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measurements and standard deviations over the four successive measurements are presented in 

Figure II. 13, based on a distribution fit. 

A size increase of 13% and 9% is observed for Si and Si(MBT) capsules respectively, that could be 

attributed to a slight swelling of the capsules. An explanation is that over time the capsules’ shell 

becomes permeable, and therefore diffusion of water through the silica shell makes it swell. Another 

possible explanation is that over time, the smaller particles would agglomerate or merge, leading to 

a slightly bigger suspension. However, electron microscopy observations did not allow to confirm 

this latter assumption. The comparison of the correlograms for the different syntheses did not 

evidence any agglomeration or sedimentation. 
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Figure II. 13: Mean size and polydispersity index obtained by DLS for (a) Si and (b) Si(MBT) 
containers 12h and 20 days after synthesis 

This phenomenon, if linked to swelling, could be detrimental since it could lead to a premature 

release of the encapsulated compounds.  

ii. Silica-based NCs’ behavior as a function of pH 

As seen in section II.2.2.4, the silica-based capsules are pH-sensitive and able to release their 

payload in alkaline media, what confers them a sensitiveness to corrosion processes. In order to 

determine the pH range of efficiency, the size of the capsules has been measured in 6 different pH 

conditions. The measurements have been performed first right after pH adjustment, and a second 

time 7 days later in order to observe any evolution as presented in Figure II. 14. The horizontal line 

corresponds to a hydrodynamic diameter of 185 nm, as observed for the suspension in the as-

synthesized conditions (pH around 6.2). The size measurement allows to assess the good stability 

of the suspension in acidic conditions. The particles’ size does not evolve even after 7 days of storage 

under stirring. However, for pH values of 8.8 and 10.7, the capsules’ diameter increases from around 

185 nm to 248 nm and 262 nm respectively, corresponding to an increase of 34% and 42% of the 

capsules’ hydrodynamic diameter. It seems that the silica capsules instantly swell in alkaline media, 

what could explain their release ability. The diameter increase under alkaline conditions could favor 
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the formation of a porosity network that induces the release of the inhibitor. Interestingly, for the 

most alkaline conditions (pH = 12.5), the diameter increase represents only 23% of the initial size. 

This is probably due to the associated increase of the medium’s ionic strength, thinning the electrical 

double layer. However, after 7 days in these conditions, a clear increase is seen for this pH condition 

as well, in good agreement with the values obtained for the other alkaline conditions. 

 

 

 

 

 

 

 

 

 

Figure II. 14: Evolution of the Si NCs hydrodynamic diameter as a function of pH and time 

According to our results, we can assume that the hydroxide ions are able to diffuse through the silica 

shell that becomes permeable, and to reach the core of the capsule. This enables the release of the 

encapsulated compound. This mechanism is very rapid when the pH goes above 8.8, with, in the 

first steps, an apparent maximum swelling speed. However, for longer durations we observe that 

the higher the pH, the more important the swelling. This lets think that the release could also be 

more important. Moreover, we could not perform a DLS analysis 21 days after pH adjustment since 

no particles were detectable in alkaline media. Even visually, we observed a loss of opacity in the 

suspension when placed in alkaline media. These results and observations are in good agreement 

with a slow dissolution of the capsules’ polymeric shells. The depolymerization of silica is 

furthermore reported in the literature19,20. In a first step, a selective dissolution leads to a higher 

mobility of the silica chains, provoking the swelling of the shell. After a certain time, oligomers are 

formed and released in the medium, resulting in the disappearance of the scattered light signal. 

Therefore, the addition of the containers to a host matrix, or analyses, have to be carried out in the 

first 7 days after formation of the capsules (since no extra-release was observed at this time). At this 

point the suspension is stable and controlled. 
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iii. Influence of the environment (Zetametry) 

The stability of the suspension undergoing Brownian motion is only due to the electrostatic 

repulsion between the capsules, enhanced by adsorbed or covalently linked DTAB molecules. The 

formed dispersion should therefore be sensitive to pH changes and to the presence of ionic species. 

As seen previously, the dissolution of the particles occurs in alkaline media and has to be prevented 

during the formulation process. Zetametry can quantitatively determine the suspension’s stability 

depending on the medium ionic strength for a given pH. Moreover, comparing the surface charges 

of Si and Si(MBT) suspensions can give an insight of the encapsulation of MBT (i.e. being in the core 

or adsorbed). 

In order to keep a comparable ionic strength between experiments performed in acidic and alkaline 

media, the same quantity of HCl and KOH respectively has been used, with a final concentration of 

10-3 M. ZP measurement for added KCl concentrations below this value hence does not make any 

sense. pH values of the samples are 3.15 ± 0.05, 7.06 ± 0.34 and 9.51 ± 0.08 for acidic, neutral and 

alkaline conditions respectively. Apparent ZPs are plotted versus the concentration of added 

monovalent salt (KCl) in Figure II. 15. 
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Figure II. 15: Zetametry study of the silica capsules, (a) without and (b) with MBT as a payload 

The silica’s surface being mainly composed of “–Si-O-Si-“ units and “Si-OH” silanol groups, they are 

part of a protonation/deprotonation equilibrium. When placed in an alkaline environment, the -Si-

O- groups are predominant, whereas protonated -Si-OH2
+ groups are responsible of the positive ZP 

values observed in an acidic medium21. This first piece of information given by zetametry is that the 

nanocapsules’ shell as prepared is negatively charged with ZP values of ca. -30 mV in dilute 

electrolyte solutions, meaning that the particles’ isoelectric point (IEP) is between 3 and 7. The PZC 

of silica PZC is generally between 1 and 3 and is affected by the colloid’s size22. An IEP of 2 has been 

reported by Tseng23 for 550 nm hollow silica particles24. The presence of DTAB in the suspension 

would explain why our system’s PZC should be slightly higher. 
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Concerning the suspension’s stability, it is sometimes assumed that a stable colloid should have a 

ZP higher than 30 mV25. Being near this value, the formed NCs might have a tendency to sediment 

after a certain period of time. However, in our case, we observed no aggregates in the samples after 

24h when |ZP| > 20 mV, which is therefore our stability criterion. Two different behaviors are 

observed for both loaded and unloaded suspensions. For low electrolyte concentrations 

([KCl] < 10 mM), ZP values are between -25 and -35 mV in a neutral medium, and slightly lower for 

pH 9.5. On the other hand, a positive value is measured in acidic conditions with a slightly lower 

absolute value (between +20 and +30 mV). For low ionic strength media, we can hence assume that 

the dispersion is stable and that no aggregation should occur. 

However, when the electrolyte concentration goes above 10 mM, a decrease in |ZP| is seen, what 

leads to quick flocculation of the particles, observed in the samples as soon as 1h after the 

preparation. Interestingly, the critical electrolyte concentration is 10 times lower when MBT is 

present in the dispersion. Moreover, the |ZP| difference between measurements performed in 

neutral and alkaline media is higher when MBT is present. Our assumption is that a not negligible 

part of the MBT remains unencapsulated, and hence adsorbs on the capsules surface. When the 

medium pH goes beyond its pKa value of 7.03, MBT is deprotonated, and is therefore 

electrostatically repelled. This is not seen in neutral medium for which the adsorbed MBT implies a 

decrease in the apparent zeta potential. 

This zetametry study tends to show that the dispersion is stable in the tested conditions. The silica 

capsules should therefore be dispersible without formation of aggregates in the absence of ionic 

species, and for pH values higher than 7.06. The determination of the suspension’s isoelectric point 

however still has to be done. A difference of behavior between loaded and unloaded capsules could 

lead to a difference in compatibility of the NCs when added to a matrix. 

This difference seems to highlight the adsorption of MBT molecules on the capsules’ surface rather 

than proper encapsulation, for at least a part of the “encapsulated”’ MBT. However, based on ZP 

potential measurements, the accurate determination of the encapsulated and adsorbed part is not 

possible. It is also likely that the adsorbed molecule could hinder the diffusion of MBT molecules 

through the coating, and degrade the host matrix / silica capsules interface. 

II.2.3. Size optimization 

As seen in the previous parts, we succeeded in forming controlled silica nanocapsules with 

hydrodynamic diameters around 180 nm, having a hollow core that can be loaded with active 

molecules. In the case of corrosion inhibitors, a very important parameter is the amount of inhibitor 

that can be locally released. This release amount is naturally linked to the quantity and distribution 

of nanocapsules incorporated into the host coating. The size of the capsules would hence define the 

amount of loaded inhibitor. In order to evaluate the influence of the capsules’ size on both the loaded 
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coating properties and the amount of inhibitor that is released, we tried to determine the importance 

of several factors and the effects of variations on the capsules’ size. 

Our first approach was devoted to the formation of a bigger emulsion by changing the emulsion 

formulation procedure. This is done either by making variations in the sonication parameters or 

using a high-shear disperser to mix the two phases. A second strategy consists in changing the 

system’s composition to increase Ostwald ripening and get bigger oil droplets, leading to bigger 

capsules. In this section, in order to compare the different syntheses, the mean size and 

polydispersity are presented. However, since a distribution fit is used, the plotted size corresponds 

to the main peak mean size, while the polydispersity index of the main peak is calculated using  

𝑃𝑑𝐼 =  (
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑀𝑒𝑎𝑛 𝑆𝑖𝑧𝑒
)

2

, according to the manufacturer’s advice for the analysis of a single peak. 

II.2.3.1. Sonication 

The use of ultrasounds generates cavitation that enables the formation of a stable mini-emulsion. 

For a given power (in our case 700 W), possible variations then concern the tip amplitude, and 

duration of the process. It has been evidenced that increasing the amplitude or process duration 

leads to a higher cavitation intensity, generating a smaller and more controlled suspension (as soon 

as the system is stable long enough for the shell to be fully formed), although optimization is 

necessary26–28. We therefore tried to reduce the sonication time, from 3 to 1 min, what did not allow 

us to see any difference. On the other hand, by changing the amplitude, differences in both the 

suspension’s size and polydispersity are noticed, as presented in Figure II. 16. 

 Due to our setup, the amplitude is physically limited since we saw that for values below 40%, the 

processing of the formulation was not homogeneous and a clear supernatant was still present at the 

end of the process. An upper limit also exists since values higher than 70% produced splashing. We 

therefore tried amplitude of 42%, 60% and 70% corresponding to a membrane displacement of 

around 50 µm, 72 µm and 84 µm respectively. A small increase in the capsules’ hydrodynamic 

diameter, from 150 to 180 nm roughly, is observed when the amplitude is increased from 42 to 60%. 

This is associated with a decrease in the PdI. A possibility is that increase in the amplitude can be 

linked to a temperature increase that favors the droplets coalescence28. No further increase in size 

is observed for a 10% higher amplitude, although the suspension’s stability is apparently increased 

since a lower standard deviation is observed between the different measurements. 

Since the temperature is hardly measurable during the process but plays an important role, a batch 

of capsules has been synthesized using shorter pulses. This limits the heat increase, while the cooling 

down time is kept the same. In our reference procedure the vessel is placed in an ice bath and 20s 

pulses are separated by 10s pauses in order to allow heat dissipation. However, when shorter pulses 

were used, as presented in Figure II. 16 with 5s pulses, the obtained size is identical compared to the 

reference procedure. The final suspension is slightly more polydisperse, we can therefore assume 
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that the generated heat does not affect the emulsion formation or at least has a less pronounced 

effect that sonication duration. 

 

 

 

 

 

 

 

 

 

 

 

Figure II. 16: Influence of the sonication amplitude and pulse duration on the Si NCs size and 
polydispersity index for a total sonication duration of 3min 

Although sonication settings are paramount parameters, the performed tests highlight the need to 

use optimized parameters to obtain a monodisperse reproducible dispersion rather than a 

possibility to tune the suspension’s size.  

II.2.3.2. Mechanical stirring 

Sonication is generally preferred for the preparation of nanomaterials since it allows to reach 

smaller particles’ sizes and to obtain highly monodisperse suspensions29. We therefore logically 

attempted to use mechanical stirring in order to prepare bigger emulsions since less energy is 

brought to the system compared to sonication-induced cavitation.  

 i. Stirring speed  

The assessment of the influence of the stirring speed has been done using an Ultra-turrax disperser 

equipped with a S18D-10G-KS tool (small dimension) during 5 min and using 4 different stirring 

speeds. Figure II. 17 records the size distributions obtained by DLS measurements. A colloidal 

suspension is obtained by mechanical stirring, with bigger particles’ size as expected. However, for 

stirring speeds below 10 krpm, we can see a multimodal size distribution, with an out-of-range part 

or the suspension. Moreover, differences in the successive measurements show a clear instability of 

the suspension. This issue is fixed when a higher speed is employed: Figure II. 17c. and d. are indeed 

monomodal curves with reproducible measurements. A slight aggregation is noticed for 10 krpm 

mixing, while the suspension formed at 15 krpm seems stable. Concerning the hydrodynamic 
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diameter, the particles’ mean size decreases from 399 ± 40 nm to 365 ± 6 nm when the stirring 

speed is increased from 10 to 15 krpm. 
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Figure II. 17: Size distribution of mechanically formed suspension for 5 min processing at (a) 3 krpm, 
(b) 7 krpm, (c) 10 krpm and (d) 15 krpm 

Using a larger dispersing tool, the same kind of results could be achieved using lower stirring speed 

and time, what is presented in Figure II. 18, obtained by mechanical stirring at 7 krpm for 10 min. 

A monomodal distribution is obtain, with a similar mean size of approximately 370 nm but a 

narrower PdI of 0.03 compared to 0.21 obtained with the smaller tool. However, the analysis of the 

correlation function shows signs of sedimenting and/or aggregation (noisy baseline, varying 

intercept) that are not visible in the intensity distribution. 
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Figure II. 18: DLS (a) size distribution and (b) correlation function for a suspension mechanically 
formed by stirring at 7 krpm for 10 min 

ESEM observations have been performed on this sample and are shown in Figure II. 19. On the 

pictures, we can detect the presence of spherical capsules, ranging from roughly 150 to 750 nm. 

These particles seem to be trapped in a shapeless matrix, probably due to the drying of unreacted 

monomer. A part of the initial TEOS has been shapes as particles during the emulsion formation. 

However, the formed emulsion is likely to be unstable over the polymerization reaction, what leads 

to a non-controlled reaction. 

     

Figure II. 19: ESEM observations of a silica particle suspension obtained through a mechanically 
formed emulsion 

From these observations, we can assume that in the tested conditions the use of a high shear rate 

disperser cannot form an emulsion stable enough to enable the formation of a monodisperse 

suspension. Moreover, even in the case that the suspension is purified (by dialysis or filtration for 

instance), this process implies an apparently low yield that is not affordable. 



 Chapter II - Containers formation and characterization 

 106  

ii. Mixing duration 

The previous results evidenced that a minimum speed is required in order to form a monodisperse 

suspension, but also that an important part of the precursors does not react. Increasing the stirring 

duration could be a way to enhance the reaction’s yield and the  suspension’s polydispersity. Tests 

have therefore been performed fixing the stirring speed at 7 krpm for 5, 10 and 15 min processing. 

The suspensions looked visually the same after 24h. The results of the DLS measurements are 

plotted in Figure II. 20 for 5 and 15 min of stirring at 7 krpm and clearly show that in both cases a 

monodisperse suspension could not be obtained. Multiple peaks are indeed observed, with 

important differences between two successive runs in the same sample. Increasing the stirring time 

however apparently limits the sedimenting since no increase in the scattered intensity is observed 

for particles’ sizes above 3000 nm for 15 min stirring contrary to the 5 min stirring suspension. This 

phenomenon is corroborated by the corresponding correlograms with a decrease in baseline noise 

and initial value variations for higher durations. However, despite being analyzable by DLS, ESEM 

observations could not been achieved on these samples. 
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Figure II. 20: DLS analysis of a suspension formed using mechanical stirring at 7 krpm for 
(a & c) 5 min and (b & d) 15 min 

Due to the ultra-turrax’s design, longer stirring is not advised by the manufacturer and were not 

tried. It however looks like the stirring speed is the most influent parameters in order to obtain a 
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monodisperse suspension, while increasing the stirring time can increase the reaction yield. This 

has to be confirmed by microscopic observations 

II.2.3.3. Composition 

We have seen that a mechanical formation of the template emulsion is not viable without 

purification since it led to either non-controlled or partial interfacial polymerization. Tests have then 

been carried out making variations in the medium’s composition, in order to obtain a controlled 

bigger suspension. The considered key parameters are the concentration in surfactant and its chain’s 

length, the ratio between the two phases’ volumes and the mounts of hexadecane and TEOS. 

i. Surfactant 

As presented in the state of art, the choice of surfactant and its amount highly influence the 

emulsion’s size, morphology and polydispersity. It is commonly accepted that for a known surfactant 

able to form a stable emulsion, an increase in the surfactant concentration leads to a decrease in the 

size of the particles. Figure II. 21 shows the size and the polydispersity of the suspensions obtained 

for four different concentrations of DTAB, varying from 2 to 24 mM. The DTAB’s critical micellar 

concentration (CMC) is around 14 mM in pure water30. In a second study, the length of the 

surfactant’s tail has been modified, keeping the trimethylammonium head nature in order to 

preserve the interface interactions. A concentration of 8 mM has been used based on the reference 

procedure. 

As expected, the measured suspension’s size decreases when the surfactant concentration increases 

with 151 ± 6nm DLS mean size obtained at 24 mM. Logically, decreasing the surfactant 

concentration allowed the formation of slightly bigger capsules: a hydrodynamic diameter around 

210 ± 8 nm was obtained for a 2 mM DTAB concentration, against 187 ± 10 nm for the reference 

synthesis (8 mM). However, a minimum surfactant concentration is mandatory in order to obtain a 

viable suspension since the absence of DTAB leads to a non-controlled TEOS reaction, and hence 

formation of a bulk polymer.  

Concerning the dispersion’s polydispersity, a monomodal dispersion is obtained whatever the DTAB 

concentration (PdI < 0.2). The slight increase that is observed when increasing the surfactant 

concentration is here mathematically due to the shift toward lower sizes: Since the PdI is the ratio 

(standard deviation / mean size)², a decrease in size while keeping a constant standard deviation 

indeed leads to higher PdI values. A variation of the DTAB concentration then hardly influences the 

capsules’ sizes, with a diameter difference of 60 nm between the extreme values obtained. 
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Figure II. 21: Influence of (a) the DTAB concentration and (b) surfactant carbon-chain’s length on the 
final suspension’s size 

Another strategy to reach higher sizes is the use of a different surfactant. Due to availability and in 

order not to change the interface interactions, other alkyl trimethylammonium bromide surfactants 

have been used, presenting a carbon chain longer than that of DTAB. The concentration used is 

8 mM based on our reference procedure. Molecules with tails made of 12, 14, 16 and 18 carbon atoms 

have been tested and looked similar 24h after sonication. However, the first 3 only enabled the 

formation of a stable dispersion according to the DLS analysis. The sample prepared with OTAB (C18 

chain) formed flocs upon dilution and therefore could not be analyzed. SEM observations did not 

allow to observe controlled architectures. 

The increase in the chain’s length implies an increase in both the dispersion’s size and 

polydispersity. The sizes indeed range from 187 ± 10 nm for DTAB (C12) to 376 ± 45 nm for HTAB 

(C16). An assumption is that due to steric hindrance, less molecules can adsorb per surface area unit 

and that this lower coverage favors the stabilization of a bigger emulsion. The higher associated 

standard deviation observed however highlights a tendency to agglomerate or a potential instability 

of the dispersion. This might be enhanced as seen previously by increasing the surfactant 

concentration. Another idea is to use a combination of water-soluble and oil-soluble surfactants31, 

but this has not been tried. Despite this instability, particles with a diameter twice as high as the 

reference synthesis have been obtained. 

ii. Medium’s composition 

In addition to the surfactant, the nature of the emulsion’s phases (especially the solvent polarity) or 

volume may induce changes in the mode of action and efficiency of the surfactant, and also in the 

mixing efficiency (sonication being sensitive to the volume to be processed). The influence of several 

parameters have then been studied in order to have a better understanding of our medium while 

trying to tune the capsules’ size. 
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In a first step, we evaluated the effect of the dispersed phase’s composition, changing either the 

precursor or the hexadecane amount. We noticed on TEM observations that the thickness of the 

capsules’ shell is quite constant, whatever the capsules’ diameter. Our assumption is that a decrease 

in the TEOS amount can still enable the formation of capsules and could imply differences in the 

dispersion’s size, stability and dispersion. Another try concerns the use of hexadecane in the 

dispersed phase. According to the work of Fickert and colleagues11, hexadecane is added to toluene 

in the reference procedure in order to prevent Ostwald ripening and then permit to obtain smaller 

particles. By decreasing the hexadecane content, the promotion of coalescence of the droplets might 

then lead to bigger capsules. Figure II. 22 shows the DLS analysis of the dispersion obtained with 

33% less TEOS (i.e. 1.43 mL instead of 2.15 mL) and 40% less hexadecane (i.e. 77 µL instead of 

162 µL).  
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Figure II. 22: Influence of hexadecane and TEOS amounts on the dispersion’s size and polydispersity 

We noticed that a diminution of the TEOS amount leads to an increase in both the capsules’ mean 

size and polydispersity. An assumption is that reducing the TEOS amount, the reaction is slowed 

down enough for particles to coalesce during the polymerization reaction. This could perhaps allow 

the formation of non-spherical particles but SEM observations of this sample were not successful. 

This could be the result of sintering of the particles over drying. Because we were unable to visually 

assess the particles formation and because polydispersity was increasing, this approach was not 

further developed.  

On the other hand, the influence of hexadecane seems to be less important since a 40% decrease in 

the hexadecane amount does not affect significantly the final dispersion’s size. Hexadecane is 

however mandatory in order to limit the droplets coalescence during the shell formation. In the 

absence of hexadecane, the final mixture was indeed not analyzable by DLS since the polymerization 

was not controlled. Figure II. 23 shows a SEM observation of a synthesis carried out without using 

hexadecane and shows open capsules from a few microns to around 10 µm. 
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Figure II. 23: SEM observation of a sample prepared without hexadecane in the dispersed phase 

From these results, we can assume that the quantity of hexadecane and TEOS cannot be further 

optimized since variations induced destabilization of the suspension. Another approach then 

consists in keeping the same relative amount of chemicals in the dispersed phase but changing the 

volume or phase volume ratio. Doing that, we change the probability of encounter between droplets, 

in order to induce coalescing. The conducted tests consist in doubling the amount in each 

component in order to assess that the observed changes are not dependent on the volume processed. 

We then tried to use twice and four times as high quantities of dispersed phase compounds. 

Moreover, the surfactant needed quantity being dependent on the total O/W interface area, an 

attempt in adapting the amount of surfactant was performed, using 2.6 mM DTAB against 8 mM for 

the reference procedure. DLS analysis, when usable, is presented in Figure II. 24 and shows in fine 

only little variations in the dispersion’s size and polydispersity.  

First, this proves that the total processed volume has almost no influence on the way the emulsion 

is produced since mean sizes around 180-190 nm are obtained with polydispersity indexes below 

0.2 when doubling all quantities, similarly to the reference suspension. The increase of the total 

volume induced when increasing the dispersed phase volume is hence not responsible for the 

differences in the dispersion. Moreover, doubling only the dispersed phase’s volume, a hardly bigger 

suspension with a lower PdI is obtained with a 195 ± 9.0 nm mean size and a PdI of 0.136 ± 0.038 

against a 187 ± 9.6 nm mean size and a 0.172 ± 0.054 PdI for the reference procedure. Interestingly, 

combining the dispersed phase’s volume increase with a lower concentration in surfactant, a higher 

capsules’ mean size, of 265 ± 7.0 nm, was obtained, keeping a very low PdI (below 0.1). 

A further increase of the dispersed volume destabilized the emulsion and a gel was obtained 24h 

after sonication. 
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Figure II. 24: Influence of the total dispersion’s volume and the dispersed phase’s relative volume on 
the final dispersion’s size and polydispersity 

II.2.3.4. Summary 

A summary of the optimization tries performed is given in the appendices section (Appendix 3). The 

experiments that have been carried out did not allow to obtain a clear increase in the capsules’ size, 

keeping a moderate polydispersity index. However several interesting results have to be highlighted 

and must be pursued: 

- Mechanical stirring enables the formation of a bigger emulsion, but a minimum stirring 

speed is required in order to get a stable dispersion (15 krpm in our case), while the 

stirring duration has a lower influence. However, due to either a lower reactivity (because 

of the absence of heating compared to US) or a too low emulsion’s stability, a not 

quantified part of TEOS does not lead to the formation of capsules. This has to be 

optimized by varying either the surfactant or the involved volume. A purification step 

could also help to remove the bulk polymer. A controlled heating associated with 

mechanical stirring could also be an option. 

- Choice of surfactant is probably the paramount parameter. The use of trimethyl 

ammonium bromides with longer carbon skeleton led to bigger apparent capsules, but 

the quantity of surfactant has to be optimized in order to get a stable controlled 

dispersion. 

- The best result we got so far consists in increasing the dispersed phase volume, adjusting 

the concentration in surfactant, in order to favor and control Ostwald ripening. This way 

we got particles with hydrodynamic mean sizes of 265 ± 7 nm. 
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II.3. Hydrophilic-core polyurea containers 

II.3.1. Capsules formation 

II.3.1.1. Materials 

A list of the chemicals used for the synthesis of polyurea (PUa) containers is given in the appendices 

section (Appendix 2).  

II.3.1.2. Standard procedure 

The encapsulation of water-soluble compounds is carried out through a W/O emulsion process, 

illustrated in Figure II. 25, in order to form hollow water-core capsules. In the process we use, 

developed at Max Planck Institute (Mainz, Germany), three solutions are prepared: 

- 100 mg of Lubrizol® U, an oil-soluble surfactant are dissolved in 9.63 mL of cyclohexane that 

constitutes the continuous oil phase (solution A); 

- 100 µL of 1,4-diaminobutane (DAB) and the potential payload are dissolved in 1.30 mL of 

water that is the dispersed phase (solution B); 

- 215 µL of 2,4-toluene diisocyanate (TDI) are dissolved in 3.21 mL of cyclohexane (solution 

C). 

After 1h of homogenization under magnetic stirring (750 rpm), the solution B is added dropwise to 

the solution A under stirring. The emulsion is then formed right away using a sonication probe. If 

not specified, sonication is performed in a pulse regime (each pulse during 20s, with 10s pauses) for 

180s at 90% amplitude, the vessel being placed in an ice bath. Immediately, the vessel is placed 

under magnetic stirring and the solution C is added dropwise to the emulsion. The final suspension 

is then left under magnetic stirring at 750 rpm for 24h. 

Unlike for the synthesis of silica capsules, the second monomer is added after the emulsion is 

formed. Being soluble different phases, the two monomers react at the O/W interphase, hence 

forming the capsules’ shells. The size of the emulsion is then governed by the sonication parameters, 

the nature of the surfactant and its concentration. In this process, the encapsulated molecule is 

dissolved in the dispersed phase and the capsules are therefore loaded in-situ. This kind of 

containers have mainly been designed for the encapsulation of pH indicators (thymolphthalein and 

phenolphthalein) as sensing molecules. Due to the poor solubility of these molecules in pure water, 

ethanol is added to the dispersed phase solution when they are used. 
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Figure II. 25: Schematic representation of the W/O emulsion and polyurea capsules formation 

The quantities given for the solvents and monomers concern our reference procedure. The quantity 

and nature of  the surfactant and encapsulated agent varying, they will be discussed later on. The 

melting temperatures of TDI and DAB are 21.8 and 27°C respectively, what is slightly above the 

storage temperature. The vessel are therefore placed in a water-bath filled with hot tap water for 

20 min before the takings. Importantly, only a range of molar weight is known for the surfactant 

used in our reference procedure, namely Lubrizol® U.  

The formation reaction of the capsules occurring at the water/cyclohexane interphase is the 

polyaddition involving a diamine, DAB, and a diisocyanate, TDI. This reaction is well known and is 

quick enough so it does not require a catalyst32. Since the dispersed phase is water, the hydrolysis of 

the isocyanate also occurs as a parallel reaction, leading to the formation of the corresponding 

primary amine. The reactivity of DAB being higher, the mentioned reaction, presented in Figure II. 

26, is the most favorable33. Using an excess of TDI, DAB is then entirely consumed and the 

remaining isocyanate reacts with water to form isocyanato-methylaniline (IMA) as an intermediate. 

IMA reacts with either TDI, IMA or polymeric chains to form new PUa units34,35. 

 

Figure II. 26: Polymerization of DAB with TDI leading to the formation of polyurea shell 

II.3.1.3. Importance of the surfactant 

A second reaction is due to the surfactant employed. As explained for instance by Rosenbauer and 

coworkers36, surfactants can possess reactive groups and participate in the polymerization reaction. 

This would lead to covalent bonds between the polyurea chains and the surfactants molecules. 
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Developed at the Max Planck Institute (Mainz), our process was first using a commercial surfactant 

named “Lubrizol® U”, whose structure is presented in Figure II. 27. With five available amine 

groups, the molecule possesses reactive nucleophilic sites that can react. Therefore, besides 

stabilizing the W/O emulsion, the surfactant forms covalent bonds with the capsules’ shell. 

 

Figure II. 27: Polyisobutylene succnimide pentamine structure of Lubrizol® U used for the synthesis of 
PUa capsules, with n=1-10, according to 36 

The nature of the employed surfactant is then crucial. However, due to supply issues, an alternative 

to Lubrizol® U had to be found and so different surfactants were tested. 

II.3.1.4. Suspension purification and transfer in water 

Since the presence of unreacted reactants or free polymer chains can interact with the capsules, the 

dispersion is purified 24h after its formation using a cellulose dialysis tubing membrane. In a typical 

experiment, around 10 g of the PUa dispersion are placed in a cleaned dialysis membrane, closed by 

knots at both ends. The dialysis bag is then placed in a beaker containing 200 mL of cyclohexane 

under magnetic stirring at 300 rpm. The cyclohexane is renewed after 24h and 48h, the surrounding 

cyclohexane being whitish. After 72h, the dialysis is stopped and the purified dispersion retrieved. 

After their formation and purification, the PUa capsules naturally exist as a suspension in 

cyclohexane, what is not convenient for uses such as the addition to a paint formulation. The 

capsules are therefore redispersed in water. This is achieved by diluting the PUa capsules in water 

and using a second surfactant to stabilize the dispersion, while the cyclohexane is evaporated. 

According to the literature37, sodium dodecyl sulfate (SDS) is used as a water-soluble surfactant. The 

PUa capsules walls are likely to be cationic38, SDS then electrostatically adsorb on them. Solutions 

are prepared with different concentrations in SDS, whose pH is adjusted using either citric acid or 

sodium hydroxide solutions. The dispersion is added to the surfactant solution under stirring at 

300 rpm. The dispersion/water ratio is 1/9.  

The mixture is then sonicated for 1 min in a pulse regime (10s sonication + 5s pause) and the vial is 

left open under magnetic stirring at 300 rpm and 70°C for 30 min. Mass loss measurements showed 

that the evaporated mass is higher than that of the initial dispersion placed in the vial. All the 

cyclohexane is therefore assumed to be removed. 
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II.3.2. Characterization of the PUa capsules 

II.3.2.1. Surfactants 

As explained, the choice of a surfactant has to be made depending on its ability to stabilize the 

emulsion, but also on the available reactive groups that could take part in the shell formation 

reaction. A list of the surfactants we chose is given in  

 

Table II. 2. Three strategies were adopted: 

- Sorbitan esters are well-known surfactants for the stabilization of W/O emulsions. Based on 

the literature, Span® 80 and Span® 85 were tested39. Both are non-ionic surfactants that 

should stabilize the emulsion during the polymerization reaction. Moreover, these 

surfactants possess hydroxyl groups and might therefore be considered as “surfmers”, 

forming polyurethane linkages when reacting with TDI; 

- In case the tested Spans were not efficient enough to stabilize the water/cyclohexane 

emulsion, and enable the formation of PUa capsules, Tween® 80 is dissolved in the water 

phase and combined with the equivalent span. This allows to modify the surfactant system’s 

HLB that can be controlled to fit our system39; 

- According to the supplier’s recommendation, and given the available information, two 

commercially available surfactants with properties similar to that of Lubrizol® U were tested: 

Lubrizol® 5625 and 5620B. Both possess a polyisobutylene succinic anhydride (PIBSA) 

structure. Lubrizol® 5625 is functionalized with sulfonate groups. 

 

Table II. 2: List of the surfactants used to stabilize W/O emulsions and their properties 

Commercial 

name 
Supplier Structure 

Soluble 

in 
HLB 

M 

(g.mol-1) 

Lubrizol® ‘U’ Lubrizol PIB-succinimide pentamine Oil < 7 400 - 900 

Lubrizol® 5625 Lubrizol 
PIB succinic anhydride 

skeleton 
Oil 10.6 ~1000 

Lubrizol® 

5620B 
Lubrizol 

PIB succinic anhydride 

skeleton 
Oil 10.6 ~1000 

Span® 80 Croda Sorbitane monooleate Oil 4.3 429 

Span® 85 Croda Sorbitane trioleate Oil 1.8 957 

Tween® 80 Croda Polysorbate Water 15.0 605 

*PIB: PolyIso Butylene  
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i. Sorbitan esters 

Span and Tween surfactants are composed of an alkyl hydrophobic chain and a polar moiety that 

contains hydroxyl groups. The use of such compounds should then enable the formation of 

polyurethane functions with TDI. Span® 85 possesses one “–OH” group per molecule while Span® 

80 has 3. 

Since the molecular weight of both compounds is close to the targeted molecule, the same quantity 

as in our reference procedure has been employed. When Tween® 80 is dissolved in the dispersed 

phase in order to enhance the template emulsion stability, the total quantity (Span® 80 + Tween® 

80) is kept constant with a Span/Tween ratio of 80/20. This ratio is calculated in order to obtain a 

mean HLB slightly lower than 7, adapted to a W/O emulsion. Figure II. 28 shows representative 

DLS correlograms obtained for the tried parameters while the quantities used for optimization are 

recorded in Table II. 3. 

Table II. 3: Quantity of surfactants tried in order to form PUa capsules using Span® 80        
and Tween® 80 

Surfactant 1 
m1 

(mg) 
n1 

(mmol) 
Surfactant 2 

m2 
(mg) 

n2 

(mmol) 
nsurf/nTDI 

Span® 80 80 0.19 Tween® 80 20 0.033 0.15 

Span® 80 450 1.05 Tween® 80 150 0.248 0.87 

The formation of capsules has not been successful in the samples containing only a sorbitan ester 

(Span 80 or Span 85). Sedimenting was observed in the reaction vial, and the analysis of the 

homogeneous part of the sample by DLS was not successful (correlograms a and b). This is probably 

due to an important aggregation, potentially combined with the formation of too big particles, as 

evidenced by the DLS analysis (difficulty to reach baseline, intercept above 1).  
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Figure II. 28: DLS correlograms obtained for the emulsions formed with (a) Span 80, (b) Span 85, 
(c) Span 80+Tween 80 0.15 eq. and (d) Span 80 + Tween 80 0.87 eq. 

 

Since the impossibility to form a stable dispersion is likely to be due to an unstable emulsion, the 

quantities of surfactants have been increased for the combination of Span and Tween 80. When the 

total surfactants quantity reaches a 1:1 ratio versus TDI, a homogeneous mixture is obtained. DLS 

analysis cannot give a size distribution despite an exploitable correlogram evidencing a 

homogeneous dispersion. The main hypothesis is that particles with diameters exceeding 10 µm 

could have been synthesized. The formation of a stable emulsion, as well as the formation of particles 

can be explained by the reaction between the surfactants’ polyols and TDI, as seen for instance in a 

study performed by Kakaroglou and coworkers39. 

Although the use of a combination of Span 80 and Tween 80 seems promising, the size of the 

obtained particles exceed our expectations. Moreover, differences in the shell nature would 

necessitate further works in order to assess the potential of these architectures for our applications. 

ii. PIBSA 

Polyisobutylene succinic anhydride (PIBSA) surfactants are polymeric emulsifiers suitable for the 

stabilization of W/O emulsions. Trying to mimic the mode of action of Lubrizol® U, PIBSAs 
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(Lubrizol® 5625 and 5620B) have been chosen for their structural similarity and for their eventual 

reactivity toward the diamine precursors we used. PIBSAs general structure is presented in Figure 

II. 2940. This base structure can then be functionalized in different ways. The chemicals we used 

being commercial ones, very few information were available. However, Lubrizol® 5625 and 5620B 

have a succinic anhydride group that can react with amine functions to form amide groups41,42. Since 

the reactive groups in the Lubrizol® U’s structure are amines, in situ formation of 

amine-functionalized PIBSA could be of great interest. 

 

Figure II. 29: generic structure of PIBSA surfactant molecules 

As for the previous surfactant tries, syntheses have been carried out with different quantities of 

surfactants. The supplier giving an approximate molar weight of 1000 g.mol-1 for the PIBSA 

surfactants, two different ratios were used in order to get close to our reference procedure. 0.067 

and 0.20 equivalent toward TDI are used. The DLS results of four syntheses are presented in Figure 

II. 30. It has to be mentioned that DLS measurements failed right after dilution, except in the last 

case (0.2 eq. of Lubrizol® 5620B), and were possible only after the suspension stays for a few 

minutes in the cuvette. This highlights a high instability of the suspension, but in order to compare 

the four conditions, the time between the preparation of the sample and the measurement is kept 

constant. 

A net improvement in the dispersion’s homogeneity is seen when increasing the surfactant 

concentration in both cases. For the lower concentration, the successive runs give very different size 

distributions, highlighting a very high polydispersity and an unstable dispersion. When Lubrizol® 

5625 is used, the autocorrelation function cannot be fitted due to important variations. It tends to 

show that only a part of the medium led to the formation of particles while impurities and aggregates 

are present. On the other hand, the suspension made with Lubrizol® 5620B seems to contain 

analyzable particles with several populations and a wide polydispersity. 

An increase of the surfactant concentration (c and d) leads to smooth autocorrelation function 

curves and repeatable DLS runs. However, Lubrizol® 5625 shows that a part of the particles in the 

dispersion is out of range and cannot be analyzed. In the case of Lubrizol® 5620B, a major peak is 

seen in the size distribution with a mean size of 2650 ± 210 nm that does not evolve during the 

measurement. 
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Figure II. 30: DLS size distributions of PUa syntheses carried out using PIBSA-based surfactants 
Lubrizol® 5625 (a nd c) and Lubrizol® 5620B (b and d) using 0.067 (a and b) and 0.2 (c and d) 

equivalent versus TDI 

Even though the particles’ sphericity cannot be assessed, a stable emulsion can apparently be 

obtained, meaning we probably reached the minimum quantity required to stabilize the emulsion 

and carry out the polymerization reaction. However, even if the smaller peak (corresponding to 

200 nm particles) can probably be neglected, a part of the emulsion is out of range and several 

populations could coexist. The particles’ size is moreover higher than the targeted diameter of 

500-1000 nm, that we obtained in a previous work. Since the role of the reactive groups, especially 

amines, in the carbon chain has been put forward, FTIR analysis has been performed on both 

Lubrizol® 5625 and 5620B and on a sample of Lubrizol® U. Spectra are shown in Figure II. 31 and 

interpreted peaks recorded in Table II. 4. 

Based on the formula of Lubrizol® U, the main difference with Lubrizol® 5625 is the absence of 

amine functions in Lubrizol® 5625. The existence of peaks between 3200 and 3400 cm-1 and at 

1227 cm-1, related to aliphatic amines might explain the better results obtained with Lubrizol® 

5620B. On the other hand, an important difference concerns the succinic anhydride group that is 
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present in PIBSA molecules and could take part in the particles formation, while Lubrizol® U has an 

amide function. 

Table II. 4: Comparison of FTIR spectra for the PIBSA and Lubrizol® surfactants 

Wavenumber 

(cm-1) 
Deformation Group U 5620B 5625 

3500 - 3200 O-H stretch hydroxyl Y Y Y 

3400 - 3200 N-H stretch Amine II Y Y N 

1750 - 1730 C=O stretch Ester or carboxylic acid N Y Y 

1660 C=O stretch Amide III Y N N 

1227 C-N stretch Aliphatic amine Y Y N 
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Figure II. 31: FTIR spectra of the employed PIBSA-based surfactants and reference Lubrizol® U 

In order to assess the particles shape, ESEM observations, presented in Figure II. 32, have the been 

carried out on dried dispersions, synthesized using Lubrizol® 5620B in the two previous ratios. 

Observations of samples with the lower amount of surfactant (II. 32 a and II. 32 b) show a compact 

structure, with spheroidal shapes entrapped in a shapeless matrix. The first supposition would be 

that particles and aggregates are present in the dispersion and that, upon drying, the unreacted 

monomers and aggregates merge, forming the continuous film. The size of the spheroidal parts is 

roughly between 1 and 5 µm, corresponding to the DLS measurements. 
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Figure II. 32: ESEM observations of dispersions of capsules formed with (a and b) 0.067 and (c and d) 
0.2 equivalents of L5620B respectively 

As expected from the DLS analysis, when the quantity of L5620B increases, a cleaner dispersion is 

obtained, and the observation of isolated particles is enabled, as seen in pictures II. 32 c and d. These 

observations allow to conclude that spherical particles are prepared, with a pretty rough surface. 

Shapeless parts are also seen in this sample, but to a lower extent, what leads to the formation of 

strings of particles and aggregates. Using image analysis based on 781 analyzed particles in picture 

c, a size distribution analysis is performed, presented in Figure II. 33. It gives a mean diameter of 

8.9 ± 3.2 µm for particles ranging from 2.5 to 24.8 µm, what is naturally higher than DLS values 

since DLS fitting algorithms hardly operate above 5 µm and so bigger particles are not analyzed. It 

is also possible that the particles’ shape changes during the preparation of the sample, and that 

eventually unreacted species would bind to the particles, making them swell. 

a b 

c d 
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Figure II. 33: Particle size distribution 
obtained by image analysis on 781 particles 

from an ESEM observation of particles 
using 0.2 equivalent of Lubrizol 5620B 

Despite not being identical to the previously developed microcontainers, the PUa particles formed 

using Lubrizol 5620B as a surfactant seem viable, and were therefore used for the following 

experiments. The next objective is to assess the possibility to load the microcapsules, and to study 

their reactivity in media at different pH.  

II.3.2.2. Addition of ethanol in the dispersed phase  

The first purpose of the synthesized water-core capsules is to encapsulate thymolphthalein and 

phenolphthalein as corrosion sensors. However, both molecules present a low solubility in pure 

water, but that can be enhanced by the addition of ethanol in the dispersed phase. Since ethanol 

could react through its hydroxyl groups, the capsules synthesis has then been performed adding 

ethanol to the reference formulation in order to assess the viability of the process. The total volume 

of the dispersed phase is kept constant and water:ethanol ratios of 91:9 and 79:21 are tested. At the 

end of the reaction, an important sedimenting is observed at the reaction vessel’s bottom and on its 

walls. A DLS analysis was not possible. However, when 9.0% ethanol is used a homogeneous mixture 

is obtained, whose DLS analysis is presented in Figure II. 34. Despite a size peak shift over the four 

consecutive runs, a single population is observed with a tendency to aggregate. This behavior is 

similar to what has been previously seen, corroborated by a noisy correlogram baseline.  
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Figure II. 34: DLS (a) size distribution and (b) associated correlograms 

When a too high proportion of ethanol is used in the dispersed phase, forming the microparticles 

was not successful. This can be due to changes in the dispersed phase’s polarity, inducing a loss of 

the emulsifier stabilization. Ethanol being soluble in both water and cyclohexane, and susceptible 

to react with the isocyanate groups, the control of the emulsion is then hindered, what leads to bulk 

polymerization. 

II.3.2.3. Transfer of the suspension in water 

Since the PUa capsules are intended to be added to a water-based paint and that the addition of a 

non-negligible amount of cyclohexane to the formulation is not achievable, a change of dispersant, 

i.e. transfer in water, is required. This is performed in two steps: first, the dispersion is purifier by 

dialysis, and secondly the suspension is transferred in water using an anionic surfactant: sodium 

dodecyl sulfate (SDS). 

i. Purification of the suspension by dialysis 

A non-negligible amount a surfactant or residual monomers could remain in solution at the end of 

the synthesis.  The suspension dialysis is performed in order to prevent any unwanted reaction that 

could occur between these undesired compounds and water or with the SDS. The suspension used 

for re-dispersion was prepared using Lubrizol® 5620 in the ratio 0.2 versus TDI since the best 

results were obtained with these parameters as discussed before. The DLS size distributions of the 

dispersion before and after dialysis are given in Figure II. 35.  

The size distribution obtained before dialysis (a) is slightly different compared to the one of section 

II.3.2.1. This is due to the difference in the time between the sample preparation and the analysis 

because of the instability of the suspension. However, a very clear difference is seen after dialysis: 

the major peak is a very narrow one that represents more than 95% of the scattered light intensity 
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for every measurement. The corresponding mean size is 189 ± 9 nm while the main peak is between 

500 and 1000 nm before dialysis. 
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Figure II. 35: DLS size distribution of the reference PUa capsules, (a) before  and (b) after purification 
by dialysis 

From these results, we can conclude that the synthesized PUa capsules are highly aggregated, what 

explains the differences and repeatability issues in the measurements performed before purification. 

The dialysis in cyclohexane allows to get rid of the unreacted material and to detect what, we assume, 

are the single capsules, whose mean size is around 190 nm. 

ii.. Redispersion in water using SDS 

The purified suspension is then dispersed in water using SDS as a surfactant to stabilize the capsules 

in the aqueous environment. The efficiency of SDS being highly dependent on the capsules’ size and 

nature, different concentrations were tried. 

Moreover, a change in pH is the targeted release stimulus, with a supposed degradation of the 

capsules’ shell in presence of a base. Since the pH also has an effect on the surfactants’ mode of 

action, redispersion was carried out in SDS solutions at acidic, neutral or alkaline pH. The pH was 

adjusted to 3.8 ± 0.20, 6.9 ± 0.14, and 11.0 ± 0.13 respectively. Results are shown in Figure II. 36. 

Different trends are seen here, what, we assume, is due to the surfactant’s action depending on the 

particles’ surface charge. For SDS concentration below 0.2%, the particles are probably not 

individually stabilized, and a large shifting peak is seen in the size distributions curves for size above 

350 nm. However, the critical micellar concentration for SDS is between 7 and 10 mM, what 

represents a weight concentration of 0.20 to 0.29%. The SDS concentration is then probably not 

sufficient. 

For a SDS concentration around the CMC (0.3%), similar results are obtained whatever the 

medium’s pH, with sizes between 250 and 300 nm and slightly above what had been measured in 

cyclohexane. This slight increase can be due to adsorbed SDS that increases the hydrodynamic 

volume of the particles. Close results are observed for higher SDS concentrations in either alkaline 
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or acidic media. The stability of these suspensions, especially in an alkaline medium is an issue since 

we expected the capsules to open and release their content in the presence of hydroxide ions. The 

fact that the efficiency of SDS is the same in acidic and alkaline solutions probably means that our 

particles’ surface is cationic in both conditions and that the pKa of the shell groups is above 11. 

Concerning the redispersion carried out in a neutral medium, an increase of the measured size with 

the SDS concentraton is observed with sizes of around 280, 415 and 450 nm for SDS concentration 

of 0.3, 0.5 and 0.7% respectively. This highlights the influence of the medium’s ionic strength on the 

particles’ dispersion. Increasing the SDS concentration, two phenomena compete: the dispersion 

destabilization, due to changes in the medium’s ionic strength, and its stabilization, thanks to the 

adsorption of surfactant molecules. When a trigger value is obtained (between 0.7 and 0.9% SDS), 

the stabilization dominates and the measured sizes are in agreement with the initial values.  

For 1.0% added SDS, the same particles’ size as in cyclohexane is obtained, meaning that we 

probably succeed in stabilizing the dispersion in water. A lower particles’ mean size is observed in 

neutral medium than in acidic or alkaline medium, but it was not possible to link this to a potential 

swelling of the capsules’ shell.  
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Figure II. 36: Effect of the surfactant concentration and pH of the environment on the capsules’ mean 
size (only the major peak’s mean size is considered) 

The assumptions we made are compatible with the ESEM observations carried out after 

redispersion in neutral pH and with 0.5% SDS, presented in Figure II. 37, which show almost 

spherical agglomerated particles. Despite being hardly accurately measurable, the sizes of the 

smallest units are between 200 and 400 nm, what corresponds to the lower capsules’ size measured 
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by DLS for 1.0% SDS. The irregular shapes observed are probably caused by the agglomeration of 

smaller particles. 

 

Figure II. 37: ESEM observations of PUa capsules after dialysis and transfer in water using 0.5% SDS 

II.3.2.4. Conclusions on the synthesis of PUa containers 

The different experiments carried out in this section showed that we succeeded in forming 

nanoparticles through polymerization of TDI and DAB, involving a W/O emulsion process. In a 

second step, the particles have successfully been purified and transferred into water, a dispersant 

that would be compatible with the considered matrices. 

However, we noticed repeatability issues, highlighted by variations in the capsules’ sizes from an 

experiment to another. This process, and especially the sonication step, seems to be very sensitive. 

Moreover, the major drawback of our process is the unevaluated role of the surfactant used that 

definitely takes part in the shell formation reaction. Determining the exact reactions occurring 

would require to know the exact structure of the surfactant molecule, what is not the case for 

commercial Lubrizol® 5620B and Lubrizol® 5625. Given the work it would imply, and since no 

acceptable results were obtained for known surfactants, this type of container was abandoned. 

Moreover, the described process involving substances of high concern for their toxicity (TDI and 

cyclohexane are classified as CMR, DAB is a toxic compound), important changes would have to be 

made. This type of containers was therefore set aside.  
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Conclusions on the containers formation and characterization 

The aim of this chapter was to understand the formation and properties of the nanocontainers based 

on a mini-emulsion process. In the framework of NC2M, in order to enable the encapsulation of 

either water-soluble or water-insoluble compounds, two types of smart nanocontainers have been 

designed and studied. 

First, molecules that are soluble in organic solvents and with a low solubility in pure water are loaded 

in silica nanocontainers. We showed that, through an oil-in-water mini-emulsion, spherical 

nanocontainers with an average mean size around 180 to 200 nm are obtained. These particles are 

formed of a central cavity and a silica wall that is around 10 nm-thick, based on TEM observations. 

It has then been proved that in alkaline media, when the pH exceed 8, the silica suspension is 

destabilized, what leads to the release of the capsules’ payload. This has been done for the release of 

2-mercaptobenzothiazole, highlighted at pH 10.2. In these conditions, around 95% of the total MBT 

is released within 2 hours. This is explained by a dissolution of the amorphous silica shell in alkaline 

media. This can therefore likely be used for corrosion-triggered responses. 

A second process, based on a water-in-oil emulsion this time, has then been designed in order to 

encapsulate water-soluble compounds (such as colored agents and ionic chemicals). Polyurea 

architectures are formed from the polyaddition reaction of toluene 2,4-diisocyanate with 

1,4-diaminobutane, in presence of a surfactant participating in the polymerization reaction. This 

leads to the formation of a polyurea shell that can be hydrolyzed in alkaline conditions. However, 

due to the unavailability of the originally used surfactant, alternative compounds have been tried 

but were not able to form reactive controlled capsules in the desired size range (< 1 µm). Since the 

used chemicals present some toxicity issues, it has then been decided not to further investigate this 

type of containers. 

Due to these results, silica nanocontainers have been used and integrated in the NC2M coating in 

the next steps of our study. 2-mercaptobenzothiazole being encapsulated with a high yield (~85% 

encapsulation efficiency) and released in the wished conditions, we focused on the inhibition 

function of the NC2M coating. Assuming that a sensing molecule with the same solubility 

parameters than MBT could be encapsulated and released following the same mechanism and rate, 

the obtained results could possibly be adapted for corrosion detection. 
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Introduction 

Since the formation of capsules, usable for corrosion purposes, was successful, the next step of this 

work consists in their incorporation inside a polymeric coating. As seen in section I.4.4., various 

processes can be considered for the containers dispersion and several parameters such as the 

polymer’s nature, mixing technology and application technique have to be taken into account. This 

work focuses on nanocontainers incorporation techniques and coating application technologies that 

could be scaled up. Moreover, an innovative and important point is that the nanocapsules are added 

as a suspension to the resin. 

Since their characterization requires reproducible homogeneous coatings, this section firstly deals 

with the optimization of the application process in order to obtain visually acceptable coatings. 

Epoxy and polyurethane waterborne resins were used since both are used as primers in the 

aerospace industry. 

After obtaining homogeneous and defect-free coatings, the dispersion of the silica containers was 

assessed. The main objectives of this chapter are then to identify the steps that are involved in the 

preparation process of capsules-loaded coatings, and to determine how to optimize them in order 

to get a viable system. The dispersion of the containers was performed using high-shear dispersion 

and sonication, while either bar coating or spraying were used for the formulation. The evaluation 

of the containers dispersion was carried out by micro-X-ray fluorescence (µ-XRF) using the signal 

of silicon as representative of the nanocontainers, and complemented by SEM observations and 

ToF-SIMS anaysis. 
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III.1. Materials and methods 

III.1.1. Materials 

III.1.1.1. Resins 

As explained in the project presentation, the NC2M system possesses two functionalities. Although 

this manuscript is mainly dedicated to corrosion protection purposes, the choice of the resins has 

been made in order to allow and to assess the efficiency of the capsules incorporation for both 

protection and detection. Therefore, the specifications taken into account are: 

- Use of a transparent polymer in order to enable the detection of defects such as capsules 

aggregation or underlying corrosion products development. In further steps, the 

transparency also facilitates the detection of a coating degradation; 

- Possible addition of water into the polymer formulation in order to use the 

nanocontainers as a suspension rather than as dried powders, avoiding the drying steps 

that could modify the properties of the nanocontainers; 

- Application of the organic coating could be made either by bar coating or spraying 

depending on the size and geometry of the samples; 

- Use of a formulation adapted to structural steel and aluminum alloys. 

In order to reach these requirements, a simplified commercial paint to which fillers and pigments 

were removed was selected. The formulation of the best appropriate matrix is not part of the 

presented work, and therefore no attention has been paid to the intrinsic anticorrosion properties 

of the coating. These coatings are then used as tools to assess the containers dispersion and allow to 

notice even slight changes in the coating’s properties but not as a final viable solution. 

i. Epoxy resin 

The formulation used is a two-component epoxy-amine paint. The epoxide base is mainly made of 

a bisphenol A derivative epoxide and 10 to 20% of butan-2-ol as a solvent. The hardener’s major 

constituents are at least 50% of a polyamide dispersion and 10 to 20% of nitroethane, probably used 

to obtain a water-reducible polyamide1. 

According to the information provided by the supplier, the base/hardener stoichiometric ratio 

(w/w) used is 100/19. The formulation can be diluted with water in order to either adjust its viscosity 

or add the desired water-dispersed pigments, however no specific water quantity is specified. Curing 

of the epoxy coating is carried out at 60°C for 4h after a 15 min solvent evaporation step at room 

temperature.  
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ii. Polyurethane 

The polyurethane varnish used in this study is also a bi-component system. The first component is 

an acrylic polyol dispersion while the hardener contains at least 50% of poly(hexamethylene 

diisocyanate) and 25 to 50% of 1-ethoxy-2-propyl acetate as a solvent. Importantly, the base 

component can contain up to 10% silicon dioxide, what has to be taken into account when assessing 

the quantity of incorporated silica. 

According to the supplier’s advice, the formulation requires the addition of water. The 

base/hardener/water ratio (w/w/w) used is 100/50/40. More water could supposedly be added. 

Curing of the applied polyurethane formulation is carried out at 60°C for 12h after a 4h solvent 

evaporation step at room temperature.  

III.1.1.2. Substrates 

In the Nc2M project, the capsules-loaded coating should be usable with carbon steel and aluminum 

alloy (AA), and should be applicable either by spray or brush. The nature of the alloys used is detailed 

in this section. In order to reduce the number of parameters at first, it was chosen to apply the 

coating onto the steel samples using a bar coater and onto the aluminum alloy using a spray. This is 

representative of the application methods that exist at ArianeGroup for both substrates. This 

naturally implies that the nature and size of steel and AA samples are different, according to the 

application method. Therefore, the comparison of results obtained with steel and aluminum alloys 

samples is not possible.  

i. Structural steel 

S355 structural steel is frequently used by ArianeGroup. However, in order to get a reproducible 

surface preparation, SAE 1008/1010 steel Qpanels (reference R36, Labomat Essor, France) were 

used since they possess a composition that is close to that of S355, as shown in Table III. 1, but with 

a controlled surface roughness. The panels dimensions (LxWxT) are 152 x 76 x 0.81 mm. The 

electrochemical behaviors of S355 and SAE1008/1010 substrates are given in the appendices section 

for comparison (Appendix 4). 

Table III. 1: Composition of S355 and the used steel Qpanels in wt.% 

Grade C Mn P S Si 

S355 0.23 1.60 0.05 0.05 0.05 

SAE 1010/1008 0.15 0.6 0.03 0.035 - 

 

Steel Qpanels are rinsed with ethanol, then with ultrapure water (18.2 MΩ), and dried with air 1h to 

2h before application of the formulation. Figure III. 1 shows the surface’s aspect of a R36 steel 

Qpanel. Uneven areas are observed, with hills that are a few microns to a few hundreds of microns 
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wide. The mean roughness, specified by the supplier, is ranging from 0.64 to 1.65 µm. The mean 

values, measured with a SJ-201M surface roughness tester (Mitutoyo), for roughness parameters 

are given in Table III. 2. 

Table III. 2: Roughness parameters of degreased uncovered steel Qpanels, in µm 

Ra Rq Rt 

0.93 ± 0.06 1.15 ± 1.15 5.99 ± 0.39 

 

 

Figure III. 1: Optical microscopic observation of the uncoated steel Qpanels’ surface 

ii. AA2024-T3 Aluminum alloy 

20 mm-diameter AA2024-T3 rods (Services Centres Aero, France) are used for spray applications. 

The composition of the alloy is presented in Table III. 3., determined on a rod’s cross-section by 

µ-XRF. Due to overlapping between the silicon and aluminum peaks, the content in silicon is 

apparently underestimated. 

Table III. 3: Composition of the used AA2024-T3 determined by µ-XRF 

 Al Cu Mn Fe Zn Ti Si Mg Cr P 

AA2024-T3 92.83 4.63 0.80 0.16 0.14 - 0.01 1.37 0.05 0.02 

 

The substrates are prepared as follows: first the AA rods are sawed, then a screw is placed on a 

roughly grinded face and pasted using silver conductive paint. The whole sample is then embedded 

in a cold mounting epoxy resin (Struers). Before application of the coating, the surface is prepared 

by grinding (SiC #4000 grinding paper), followed by 5 min of sonication in ethanol (ultrasonic 

bath),  and finally rinsing with ultrapure water and drying by air spray. A blueprint of the samples 

prepared as described is shown in Figure III. 2. 
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Figure III. 2: AA2024-T3 samples used for 
coating application 

III.1.2. Capsules incorporation 

III.1.2.1. Approach 

The efficiency of coatings loaded with containers naturally depends on the quantity of active agents 

that is present. This content can be increased playing with the containers’ nature (size, 

encapsulation efficiency, release efficiency) as seen in chapter II, or with the quantity of loaded 

capsules. However, although the employed formulations are dilutable with water, this can only be 

done up to a certain threshold. This limits the added quantity of silica nanocontainers that could not 

reach values seen in the literature for the addition of capsules as a powder (often above 

10 wt.%,)2,3.We assume that getting over this limit could be done by concentrating the suspension, 

what has not been done in the presented results. Therefore, the aim of this section is to obtain 

homogeneous coatings, adding the maximal quantity of water (or Si NCs suspension) in the 

formulation. From this will be determined the capsules weight content. 

As seen in the literature (see chapter I), obtaining a good dispersion by mixing sometimes involves 

long-duration magnetic stirring. We, however, could not afford this, since the addition of the silica 

suspension to either one or the other or both components provokes a fast evolution of the 

formulation. This is why a high-performance dispersing device was used. The incorporation then 

deals with the process, meaning the components addition order, mixing technology and parameters 

III.1.2.2. Formulation preparation 

For mechanical stirring, an IKA ultra turrax T18 dispersing device is employed with a S18 D-10G-KS 

dispersing tool. This tool is made of a stator (Øint = 7.2 mm and Øext = 10 mm) and a rotor 

(Øint = 4.75 mm and Øext = 6.75 mm) whose speed can be set from 0 to 24 krpm (equivalent to a 
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8.5 m.s-1 circumferential speed). This produces high shear and thrust forces as well as turbulences, 

likely to be able to break potential aggregates. 

Since bubbles were observed, degassing has been tried, either applying vacuum or sonication to 

complement the mechanical dispersion. Vacuum equipment is either a vacuum desiccator 

connected to a diaphragm pump (ILMVAC FB65455) or a resin-mounting machine (Presi). When 

used, sonication was applied using the same 700 W sonication system as for the capsules formation, 

equipped with a ½” tip. The set amplitude is 20%, lower than for the NCs preparation. This way, 

deterioration of the silica containers does not occur. Since sonication generates heat in the sample, 

the vessel is placed in an ice bath in order not to shorten the formulation’s pot life.  

In order to optimize our process, we compared formulations containing either pure water as a 

reference, or a silica nanocontainers dispersion. No difference in the coatings’ homogeneity was 

observed whatever MBT-loaded silica capsules (Si(MBT) or empty capsules (Si) were added. Tests 

were then conducted with Si NCs.  

III.1.3. Coating application 

Bar coating and spraying were considered in this work. As previously mentioned, different 

substrate’s sizes were used for the two techniques. 

III.1.3.1.Bar coating onto steel panels 

A four sided film applicator (Elcometer 3540) was used. The cnabled wet thicknesses are 30, 60, 90 

and 120 µm. For some tests, in order to get a higher wet thickness, one or two layers of a 40 µm-thick 

adhesive tape are applied on the substrate’s edges. The tape thickness is controlled to be constant 

(± 1 µm) using an Elcometer 415 thickness gauge (10 measurements performed along the substrate’s 

length). After application of the formulation, the coatings are left under a fume cupboard during the 

solvent evaporation time before being cured in a heating oven. For each condition, a minimum of 3 

similar samples is coated. In order to compare the different coatings, we used their dried thickness 

and solid volume. Assuming that the wet formulation has been homogeneously applied and that the 

applicator is well calibrated, the solid volume is calculated as: 

%𝑉𝑆 = 100 ×
𝐷𝑟𝑦 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑊𝑒𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 

III.1.3.2. Spraying onto AA panels 

An airbrush (A4709, Aztek) equipped with a gravity feed was used to spray the formulation. The 

adjustable flow (dial) is set to the maximum and the trigger fully pushed so the sprayed quantity is 

only controlled by the spray duration, pressure and nozzle opening. The pressure is adjusted to 

1.0 bar using water, and 0.70 mm and 1.02 mm nozzles are used.  
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In order to get reproducible results, the AA2024-T3 samples described before are placed in a mold 

filled with modelling clay. A piston is then applied in order to ensure the substrate’s surface 

planeness despite non-parallel faces as shown in Figure III. 3. The spraying step is then carried out 

handling manually the airbrush at a distance of around 10 cm with an angle of 45°. This distance 

was chosen in order to have an apparent homogeneous coverage with the formulation while keeping 

a sufficiently wide spot size. Coated samples are then covered and left under a fume cupboard during 

the solvent evaporation before being placed in a heating oven for the curing step. 

  

 

Figure III. 3: (left) AA2024-T3 samples preparation and (right) spraying set-up 

III.1.4. Coating characterization 

III.1.4.1. Fourier-transform infrared (FTIR) spectroscopy 

Infrared spectra are recorded by Attenuated Total Reflectance (ATR), using a Nicolet iS50 FTIR 

Spectrometer (Thermo Fisher Scientific). Settings are as follows: 64 scans, resolution of 4 cm-1 and 

spectra recorded from 4000 to 400 cm-1. Analyses are performed covering the apparatus’ diamond 

with a piece of coating. 

III.1.4.2. Microscopic observations 

Pictures have been taken either with a stereo microscope M165C equipped with a DFC 290 numeric 

camera (Leica®) for low magnification observations, or with a digital microscope DM 6000M 

equipped with a DMC 2900 camera (Leica®) for higher magnifications. Both are controlled with the 

software Leica Application Suite. 
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III.1.4.3. Thickness measurement 

The dry films thickness is measured with an Elcometer 415 thickness gauge. For embedded rods, 15 

measurements are randomly performed on the whole covered surface. For bar-coated samples, the 

resin-covered area is divided in 3 equal areas along the substrate length. 30 measurements are 

performed in each of these 3 zones. 

III.1.4.4. Micro-X-ray fluorescence (µ-XRF) 

Elemental analyses have been performed by micro-X-ray fluorescence using a M4 Tornado (Bruker). 

Operating conditions were as follows: Rh excitation tube voltage: 30 kV; current: 160 μA. For local 

analyses, one-point measurements have been carried out with a 25 µm spot size. For area 

composition measurements, the mean value is calculated over a total area of 3 x 3 mm², analyzed 

with 30 µm steps. 

III.1.4.5. ToF-SIMS 

ToF-SIMS was tried in order to get an idea on the silica dispersion within the layer’s volume. 

Measurements were performed by an external laboratory (PLACAMAT, Bordeaux, France), using a 

TOFS-SIMS5 instrument, manufactured by IONTOF. An argon cluster source is used for sputtering, 

the energy is fixed at 10 keV. 

 

  



 Chapter III - Obtaining homogeneous coatings loaded with silica nanocontainers 

 142  

III.2. Film formation and optimization  

The addition of the suspension to a complex formulation could destabilize the suspension, or 

interfere with the varnish components. This will likely promote the formation of defects due to 

aggregation or uncontrolled cross-linking. That is why optimization of the formulation process is 

needed since no additive is used. As observed in the literature, pigments are often first mixed in a 

component of the formulation for long duration (up to several hours) to formulate such coatings4,5. 

In our case however, the silica capsules being dispersed in water, they possess a reactive surface. 

When mixing the suspension with either the base or the hardener of one of the considered resins 

(magnetic stirring, 1000 rpm), a heterogeneous mixture containing particles is obtained after at 

most 15 min. 

We then tried to increase the mixing efficiency in order to quickly obtain a homogeneous 

formulation before application. The formulation being opaque, the films are formed and cured 

before the dry transparent coatings are observed. The epoxy resin was first tried in order to define 

the mixing process and its parameters for coating made on steel substrates. The same process was 

next applied to the polyurethane formulation, either bar coated and sprayed. In this section, Qpanel 

substrates are used for bar-coating applications, and AA2024-T3 embedded rods for spraying.  

III.2.1. Epoxy coating 

For this development, the first step in our approach is to assess the effect of dilution on the film 

formation. We then incorporated the suspension instead of pure water and dried different solutions 

in order to get defect-free homogeneous coatings. All the coatings presented in this section have 

been obtained by bar coating. 

III.2.1.1. Addition of water to the epoxy formulation 

i. Wet thickness and shrinkage 

Since no recommended quantity of water to add was given by the supplier for the epoxy varnish, we 

first assessed the effect of the dilution on the epoxy formulation. In order to be able to compare the 

two formulations, the added quantity has been fixed to 20 wt.% of the total formulation’s weight. 

The mixing ratio is then 100/18/31 (base/hardener/water), and the coating is compared to a pure 

epoxy formulation containing 18 g of hardener for 100 g of base, since water is not required. Mixing 

is carried out by magnetic stirring at 1000 rpm for 5 min. Moreover, vacuum treatment was used in 

order to limit the formation of bubbles and voids by placing the formulation in a desiccator under 

vacuum for 15 min as a routine procedure. During this vacuum step, foaming is observed in the 

vessel. After application and curing, the coatings look matt. 
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The first coatings were made by bar coating on steel Qpanels. The box chart presented in Figure 

III.4.a shows the measured thickness of the epoxy films after curing for different wet thicknesses 

ranging from 30 to 120 µm, for the pure epoxy formulation (black boxes) and from 30 to 200 µm 

for the diluted one (red boxes). Due to a higher viscosity when no water is added to the formulation, 

important differences are observed in the thicknesses homogeneity. More reproducible coatings are 

obtained with the diluted formulation. An addition of up to 20% of the total weight still allows the 

formation of apparently homogeneous coatings; hence, this value will be kept for our study. It has 

to be reminded that the total height of the Qpanels substrates’ profile (Rt) is around 6 µm, what 

explains the quite important standard deviation we observe. 
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Figure III.4: (a) Dry thicknesses of the pure and 20% diluted epoxy coatings depending on the applied 
formulation’s wet thickness and (b) corresponding relative dry/wet ratio. 

Interestingly, as evidenced in Figure III.4.b, only 5 to 15% of the initial wet thickness remains after 

curing for the pure formulation. This value is naturally lower, between 5 and 10% for the diluted 

formulation. Moreover, a dry content of 29.8 ± 4.8% was measured by gravimetric analysis in this 

case. This corresponds to an important loss since most of the commercial water-based protective 

primers generally have a volume solid above 30% and up to 60%6,7. The shrinkage observed with the 

epoxy formulation leads to the formation of thin films that can hardly reach a dry thickness of 15 µm 

for a 120 µm wet thickness. Moreover, this could induce defects at the epoxy/silica interface when 

capsules are inserted in the polymer network. 

The volume solid for a homogeneous coating layer should be constant. However a slight increase is 

observed for the 200 µm tries for which a 26.3 ± 2.4 µm thickness is obtained once dry. This likely 

means that either evaporation is not complete for this too high wet thicknesses, or that the coating 

contains defects. Figure III. 5 presents the optical observations of the 120 µm and 200 µm coatings 

that are representative of the whole coating’s surface. This confirms the presence of numerous 

defects, likely due to air bubbles in the formulation. When comparing the pure and diluted 

formulations applied with a 120 µm wet thickness, we notice that adding water to the resin seems to 

increase the number of defects while slightly reducing their size. The diameter of the visible craters 
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is between 5 and 20 µm for the diluted formulation whilst it reaches 30 to 35 µm in the pure 

formulation. This difference is likely due to a decrease in the formulation’s viscosity. Increasing the 

applied wet thickness however hinders the air removal and coatings obtained from 200 µm of 

formulation show less but bigger defects with diameters ranging from 15 to 60 µm roughly.  

Pure – 

120 µm wet 

   

Diluted – 

120 µm wet 

   

Diluted – 

200 µm wet 

   

Figure III. 5: Microscopy observations of (a,b) pure and (c,d,e,f) diluted epoxy coatings applied by bar 
coating on top of steel Qpanels with (a,b,c,d) 120 µm and (e,f) 200 µm wet thickness 
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For this 200 µm-wet thickness of diluted formulation, it also appears that the substrate is uncovered 

at the center of some defects that look brighter. However, observations of a sample cross-section 

presented in Figure III. 6 showed that although the coating layer thickness is not constant, the 

substrate is always coated.  

   

Figure III. 6: Observation of a 200 µm wet epoxy sample cross-section 

Since the increase in wet thickness led to bigger defects, a 120 µm wet thickness is used in the next 

bar-coating experiments.  

ii. Evaporation time 

Solvent evaporation plays an important role in the formation of organic films and requires 

appropriate conditions. An insufficient evaporation time could indeed freeze the coating layer 

entrapping incorporated air. Optimization has been done with the diluted formulation. Figure III. 7 

presents pictures representative of the coatings cured after 2 and 12h evaporation duration at room 

temperature. Even if a slight decrease in the defects’ size is apparently observed when increasing the 

evaporation time, no clear improvement in the coating’s final appearance was observed. The final 

coating still presents defects and therefore this could not constitute a solution. 

  

Figure III. 7: Appearance of epoxy coatings formed and cured at 60°C after (a) 2h and (b) 12h solvent 
evaporation at RT (bar coating, 120 µm wet) 

iii. Influence of the mixing technique 

Our assumptions are that a more efficient mixing technique could lead to the formation of smaller 

bubbles that could more easily leave the formulation. We here compared three ways to stir: 

manually, using a blade stirrer or a high-performance Ultra-Turrax disperser. The mixing time is 

fixed at 5 min and the stirring speed is visually determined in order to avoid the formation of a 



 Chapter III - Obtaining homogeneous coatings loaded with silica nanocontainers 

 146  

vortex. As a reference, the formulation is manually stirred and visually homogeneous during 

application. Appearance of the coatings is presented in Figure III. 8. 

 

Stirring Observations 

Manual 

  

Stirrer with 

blades 

- 

600 rpm 

  

Ultra-turrax 

- 

4.5 krpm 

  

Figure III. 8: Appearance of epoxy coatings for three mixing techniques, applied by bar coating with a 
120 µm wet thickness 

 The first conclusion is that none of the considered techniques allows to form defect-free coatings. 

In order to compare these three methods and magnetic stirring seen in the first section, the size of 

defects was evaluated on zones that we assumed to be representative of the whole coatings. Image 

analysis is carried out with the software imageJ on at least 100 defects, measuring the rings’ 

diameters. Since only a part of the samples is analyzed, the defects quantity is only qualitatively 

assessed; results are presented in Table III. 4.  
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We observed that manual stirring leads to the formation of defects with various sizes that cover the 

whole surface. The use of a more efficient dispersing tool significantly reduces both the diameter 

and number of formed voids. If the sizes are comparable, the best results concerning the density of 

defects were obtained using the Ultra-Turrax dispersing tool. Interestingly, a perfectly clear coating 

is observed on the edges of the coated area (likely to be thinner than at the center of the substrate). 

Table III. 4: Size and qualitative assessment of the number of defects present in epoxy coatings 
depending on the mixing technique, from microscope observations 

 
Defects’ mean size 

(µm) 

Defects’ min. size 

(µm) 

Defects’ max. size 

(µm) 
Quantity of defects 

Magnetic 10 ± 4 3 28 ++ 

Manual 19 ± 6 9 42 +++ 

Blades 13 ± 5 4 29 ++ 

Ultra-Turrax 15 ± 4 5 21 + 

Ultra-turrax and stirrer with blades are the most controlled techniques and show comparable 

results, they were then further considered for optimization. Since mixing was not enough to get rid 

of the air, degassing was used. 

iv. Optimization of the degassing step 

After around 30 min under vacuum in a desiccator, the solution became too viscous to be handled. 

Moreover, it does not allow to control the pressure in the vessel. We therefore used a mounting 

machine that allows to set a controlled 100 mbar pressure. Tests have shown that after 1h in these 

conditions the formulation became too thick to be correctly applied. We therefore set the maximum 

time to 45 min and compared formulations stirred with either a high-performance stirring device or 

a blade stirrer. The appearance of the obtained coatings is presented in Figure III. 9 and shows an 

important reduction of the number of defects in the coating layer in both cases. While almost no 

defects were detected for the formulation processed with the ultra-turrax disperser, dots with 

diameters ranging from 8 to 25 µm are noticeable for the formulation stirred with blades. This 

vacuum technique however avoids the formation of the smaller voids observed before. 
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Figure III. 9: Appearance of coatings formed from a formulation stirred with (a & b) an Ultra-turrax 
or (c & d) a stirrer with blades after a 45 min degassing in a mounting-machine 

An alternative solution to degas liquids, already used for industrial applications is sonication. 

Cavitation generates bubbles in the processed liquid. The dissolved gas diffuse to these bubbles that 

then migrate to the surface8. The main advantages of sonication, compared to the application of 

vacuum, are that it should require a shorter period of time to be efficient and also enhance the 

dispersion of the silica NCs. However, sonication induces local heating that could threaten the 

formulation’s pot life or trigger cross-linking. Figure III. 10 shows the appearance of coatings 

obtained after 60s and 90s-processing (in a pulse regime with 10s sonication and 10s pause), with 

an amplitude fixed at 20%. As one can see, the cured coatings are free of defects for a short 

sonication time, while 90s sonication leads to a thicker formulation that does not cure properly. On 

this second type of coatings, holes are observed with a diameter of 100 ± 36 µm. 
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Figure III. 10: Appearance of epoxy coatings made from a formulation degassed using (a & b) 60s and 
(c & d) 90s of sonication 

From these results, the sonication of the formulation enables the formation of coatings free of 

defects, although the use of ultrasounds proposed is limited to short durations. 

III.2.1.2. Addition of silica nanocontainers 

 i. Replacement of water by the Si NCs suspension 

Addition of the nanocontainers was carried out following the previous protocol. The first attempt 

consisted in mixing the three components of the formulation, replacing water by the silica 

containers dispersion. The aim is here to see how stirring could disperse the Si NCs in the 

formulation. Degassing is carried out with a mounting machine in the conditions of the previous 

section. Right after application, grains are visible in the wet film, attributed to aggregates that are 

due to the silica capsules. Observations of the coatings after curing are presented in Figure III. 11. 

Despite homogeneous areas on the layer’s edges, aggregates are visible in the epoxy layer, the largest 

exceeding 200 µm. Pinholes are also evidenced. 
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Figure III. 11: Observations of epoxy films loaded with silica NCs after Ultra-Turrax dispersion and 
vacuum degassing. Grains are visible in the epoxy layer. 

These aggregates were not observed with pure water. They are therefore likely due to reactions 

between the silica containers and either one or the other component of the varnish. Indeed, the 

amine component could react at room temperature and lead to the dissolution/precipitation of 

silica9. Reactions with epoxy have also been observed but require heating10. Another possibility is 

that the silica containers induced the introduction of air, and notably CO2, in the system as proposed 

by Eckstein and Dreyfuss11. Carbon dioxide can react with some amines and lead to the observed 

defects. However, our knowledge about the components’ chemistry does not allow to conclude on 

this. The addition of the silica suspension to either one or the other component prior to the addition 

of the second one should give an insight on this. 

ii. Order of addition 

If silica capsules can react preferentially with one or the other component, the order of mixing 

should have an influence on the aggregation that occurred during the mixing step. Due to the white 

color of both the resin and the capsules suspension, any heterogeneity of the formulation is hardly 

detectable to the naked eye before application. For these experiments, the silica suspension (S) is 

added to either the base (B) or the hardener (H) and stirred using the Ultra-Turrax tool in the same 

conditions as before (4.5 krpm, 5 min). The third component is then added and the mixing step 

repeated. Pictures of the two options are presented in Figure III. 12. While no clear difference was 

noticed when the suspension is added to the hardener first, both the number and size of the clusters 

decrease when the suspension is added to the base in a first step. This reinforces the idea that 

interactions occur preferentially between the silica and the polyamide hardener. Some aggregates 

are however still visible in the coatings that therefore need further improvement. 
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B+S 

then H 

   

H+S 

then B 

  

Figure III. 12: Effect of the order of addition of the silica NCs suspension with addition of the 
suspension (S)  first to (a & b) Base (B) and (c & d) Hardener (H) 

iii. Use of a sonication probe 

When sonication is used in order to complement high-speed dispersion and replace vacuum 

degassing, the obtained coating are free of clusters as shown in Figure III. 13. Interestingly, although 

sonication was effective to get rid of bubbles with only water added to the formulation, pinholes are 

observed in the epoxy coatings when the suspension is present. The main assumptions to explain 

these defects are that the silica containers can entrap air, or that the residual surfactants molecules 

stabilize gas bubbles in the formulation. However, as previously, an increase in the sonication time 

made impossible the application of the formulation by bar coating.  

 

Figure III. 13: Presence of defects in the silica NCs-loaded epoxy coating after US degassing 
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 The incorporation and dispersion of the Si NCs suspension into the epoxy formulation therefore 

seems to be enhanced by the use of ultrasounds, able to avoid the formation of clusters in the epoxy 

layer. However, bubbles are visible in the coatings in which the suspension has been added. 

III.2.1.3. Conclusion on the use of epoxy 

Obtaining a clear epoxy layer was possible using a process involving high performance dispersion 

and ultrasonic degassing. The waterborne formulation is transparent, and adding 20 wt.% water to 

the original formulation was successful with only differences in the coatings’ dry thickness. 

Added water was next replaced by the suspension of Si NCs, applying the same process. High 

performance mixing was not sufficient to obtain a correct physical aspect and led to the formation 

of aggregates, likely due to interactions between the nanoreservoirs and the paint’s components. 

Sonication visually enabled a suitable dispersion of the capsules but could not, however, prevent the 

formation of small defects (pinholes) in the organic layer. Further improvements, required to form 

suitable coatings, would probably require the purification of the suspension in order to remove the 

residual surfactants. If the observed defects are however due to the incorporation of air, vacuum 

treatment or mixing under inert conditions should be considered, but are not realistic in the case of 

industrial applications.  

III.2.2. Polyurethane coating 

Polyurethane was considered as a second possible host matrix. It was studied the same way as the 

epoxy one and applied by bar coating onto steel Qpanels. In a second step, we then adapted the 

protocol for an application by spray onto AA2024-T3 substrates 

III.2.2.1. Low carbon steel: bar-coating 

Unlike for the epoxy resin, the water amount to add to the formulation is fixed to 20.1% of the total 

formulation by the manufacturer. After assessing the volume solid of the formulation, the coating 

application has been studied using the same approach as for the previous experiment. 

i. Polyurethane formulation 

The polyurethane formulation containing water was applied on top of steel Qpanels with wet 

thicknesses of either 60 or 120 µm. For this, the formulation is stirred using an Ultra-Turrax 

disperser (4.5 krpm, 5 min) and degassed either in a desiccator under vacuum or with an ultrasound 

probe (20%, 1 min, 10s pulses with 10s pauses). After curing, the polyurethane layer is perfectly clear 

and free of any visible defect, as shown in Figure III. 14, whether the wet thickness applied is 60 µm 

(a) or 120 µm (b & c), and whatever the degassing technique used. 
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Figure III. 14: Observations of neat PU coatings applied by bar coating with a (a) 60 µm and 
(b) 120 µm wet thickness degassed (a & b) in a desiccator or (c) by sonication 

Thickness measurements performed on three samples for each system are recorded in Figure III. 

15, and allowed to determine a volume solid of 17.9 ± 2.50% and 20.8 ± 1.51% for wet thicknesses of 

60 µm and 120 µm respectively. Measurements showed a homogeneous thickness all over the coated 

area. Due to the absence of significant differences between the coatings, a 120 µm wet thickness was 

chosen for the next optimization and characterization steps. 
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Figure III. 15: (a) Thickness of pure PU layers after curing and (b) corresponding volume solid, for 60 
and 120 µm wet thickness 

ii. Addition of silica containers to the formulation 

The addition of the silica NCs suspension instead of water was tried either adding the suspension to 

the PU’s base or to the mixture of base and hardener. Adding the suspension to the hardener led to 

the immediate formation of a precipitate, probably due to the reaction of the diisocyanate with the 

silica surface’s silanol groups. Reactions between silanol and PU through hydrogen bonding12,13 or 

leading to the formation of covalent bonds between silanols and isocyanates14 have indeed been 

reported. Even after 10 min of stirring, lumps were seen in the solution. This order of addition was 

then discarded. No heterogeneity was detected for the other cases.  

However, after application, grains are seen already in the wet film, and observable to the naked eye 

after curing. The number of aggregates is more important when the capsules are first added to the 

polyol dispersion, as represented in Figure III. 16. 
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Figure III. 16: Observations of defects in PU coatings loaded with Si NCs, the suspension being added 
(a) to the blend of base and hardener and (b) first in the base before addition of the hardener 

The composition of clusters and apparently defect-free zones have been analyzed using µ-XRF. 

Images and performed measurements are shown in Figure III. 17 and Table III. 5 respectively. 

Although differences are seen from a cluster region to another as evidenced here, a 1.5 to 3.5 higher 

amount of silicon is detected in the visible aggregates compared to the clear areas next to it. These 

Si-rich areas are therefore likely formed from the reaction of the silica capsules. The difference 

observed before depending on the order of addition let us think that a better dispersion of the 

capsules could prevent the formation of such defects. 

Table III. 5: Elemental composition of the previously determined spots, determined by 
µ-XRF (in wt.%) 

 1 2 3 4 

Fe 90.21 96.98 96.13 97.75 

Si 9.5 2.7 3.57 1.96 

Mn 0.25 0.28 0.26 0.25 

Cr 0.04 0.04 0.04 0.04 

 

  

Figure III. 17: Observations of clusters in a PU-Si coating and spots analyzed by µ-XRF 

In order to enhance the capsules dispersion, ultrasounds were used like in the previous section 

(1 min, 20% amplitude, 10s pulses with 10 pauses). However, unlike the epoxy resin, the 

polyurethane formulation was applicable even after longer sonication steps (at least 2 min). An 
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example of coating’s appearance and the associated cross-section are given in Figure III. 18. 

Microscopic observations highlighted the homogeneity of coatings loaded with Si NCs dispersed this 

way, as well as a good apparent adhesion of the PU layer on the substrate. Moreover, the surface of 

the coating is apparently flat. Defects are seen in the mounting resin as well as in the PU layer and 

are due to the sample preparation. Image analysis as well as gauge thickness measurements gave a 

dry thickness of 26 ± 2 µm, similar to those obtained with the neat PU formulation. 

   

Figure III. 18: (a) Appearance and (b) cross-section of a PU-Si coating, after US processing of the 
formulation 

III.2.2.2. AA2024-T3 Aluminum alloy: Spray 

i. Formulation dilution  

Since bar coating is limited to wide enough surfaces with a limited length, spraying was also 

considered as a technique that could be scaled-up. The same PU formulation without NCs as for bar 

coating was first used, using a 0.7 mm nozzle opening. In order to visually obtain a total coverage of 

the sample surface, a minimum 4-second spraying time was required. An example of a PU layer 

obtained after curing is presented in Figure III. 19. An important part of the sample (circled in red) 

is highly inhomogeneous in terms of thickness. In this area, bubbles are seen (b). An increase of the 

spraying duration from 4 to 6s increased the number of bubbles (c) and therefore we limited this 

value to 4s. 
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Figure III. 19: Appearance of AA samples after (a & b) 4s and (c) 6s-spraying of a 10/5/4 (B/H/W) PU 
formulation 

Thickness measurements presented in Figure III. 20 corroborated these observations with 

important thickness variations in both cases, and an absence of reproducibility between samples of 

the same batch. Since the formulation used is quite viscous, this thickness inhomogeneity is 

probably due to a non-uniform deposition and to the effect of the pressure (the thicker part being 

due to the formulation “pushed” by the flow). The dilution of the formulation enabled a better 

distribution of the formulation after application, and led to uniform coatings free of voids with dry 

thicknesses of 65 ± 14 µm. On the other hand, a change in the applied pressure from 0.8 to 1.2 bar 

(measured with water) did not induce any change in the final appearance and homogeneity of the 

coatings. Below this range, random sputtering of droplets was observed, while above 1.2 bar the 

formulation was wavy and pushed off the substrate. Thereafter, the pressure was then set at 1 bar. 
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Figure III. 20: (a) Thickness of PU coatings sprayed on AA2024-T3 samples depending on the 
spraying time and formulation and (b) influence of the pressure applied 

ii. Incorporation of the silica capsules suspension 

The addition of the suspension is realized the same way as before. However, although the neat PU 

coatings were homogeneous, the addition of the NCs suspension instead of water has a detrimental 

effect on the mixture. This induces splatters and the appearance of clusters in the silica 
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nanocapsules-loaded polyurethane (PU-Si) layer, as shown in Figure III. 21 (a & b). This issue was 

overcome by increasing the nozzle opening (from 0.7 to 1.02 mm). This increase allows a better 

spray that led to the coatings shown in  Figure III. 21 (c & d). Using a different nozzle also has an 

impact on the sprayed quantity, but since the coatings are homogeneous in thickness and structure, 

we did no adapt the other parameters (spraying time and pressure). The coatings’ thickness was 

therefore increased: the measured dry thicknesses are plotted in Figure III. 22 and range from 70 to 

90 µm. No difference are observed between the polymer only (PU) and the matrix loaded with either 

empty nanocontainers (PU-Si) or MBT-loaded nanocontainers (PU-Si(MBT)). The blue chart box in 

Figure III. 22 corresponds to coatings for which the SiNCs suspension has been diluted twice before 

addition. This shows that there is an upper limit for the quantity of capsules we can add (limited by 

the formulation’s stability and viscosity). 

 

Figure III. 21: PU-Si coatings on AA substrate obtained with (a & b) 0.7 mm and (c & d) 1.02 mm nozzle 
openings 
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Figure III. 22: Thickness of sprayed PU, PU-Si and PU-Si(MBT) coatings on top of AA2024-T3 
substrates 
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III.3. Polyurethane coatings analysis 

Since we could not form a homogeneous and viable layer using the epoxy matrix loaded with Si NCs, 

the next steps of the work focused on the polyurethane resin. Before looking at the corrosion 

resistance of the composite coating, we tried to determine its capsules content, and so the related 

inhibitor amount that the coating can contain. This parameter is indeed the first one to take into 

account when speaking of corrosion inhibition. In the following steps, the capsules dispersion was 

assessed by µ-XRF 

III.3.1. Amount of added capsules and inhibitor 

The incorporated amount of capsules is estimated from dry content measurements, making the 

assumption that during the curing step the resin and suspension have the same behavior mixed than 

taken separately. With the previous weight ratio (10/5/8 in base/hardener/water respectively), the 

polyurethane’s dry content is 40.8% ± 1.2%, measured by weight loss measurements, while its 

density is 1.02. Its volume solid is assumed to be 20.8%, determined from the bar coating thickness 

measurements. The silica nanocontainers suspension’s dry content is 3.48% (measured after 

evaporation at 60°C).  We can then estimate that the amount of silica capsules in the system is: 

𝑤𝑡. %𝑐𝑎𝑝𝑠 =
𝑚𝑁𝐶𝑠

𝑚𝑐𝑜𝑎𝑡𝑖𝑛𝑔

=  
𝑚𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 × 𝐷𝐶𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛

𝑚𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 × 𝐷𝐶𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
+  𝑚𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛  × 𝐷𝐶𝑃𝑈

 

=
8 × 0.0348

8 × 0.0348 + 15 × 0.408
= 4.35% 

With wt.%caps the silica capsules content, mNCs the weight of nanocapsules, mcoating the weight of the coating 

layer, msuspension and DCsuspension  the weight and dry content respectively for the suspension added to the 

formulation, and mformulation and DCPU the weight and dry content respectively of the polyurethane formulation 

If we assume the best-case scenario, all the water, ethanol that is formed and solvents evaporate 

during the curing step. In theory, the residual suspension should hence contain 3.60% of MBT and 

have a dry content of 1.53%. Yet, experimentally the suspension’s dry content we measured is 3.48%. 

This difference has to be taken into account when calculating the content in MBT of the dry 

suspension, and so we have: 

 𝐦𝐌𝐁𝐓 𝐭𝐡 =  𝐦𝐌𝐁𝐓 𝐞𝐱𝐩 (III.1) 

yet  𝐦𝐌𝐁𝐓 = 𝐦𝐜𝐚𝐩𝐬  ×  %𝐌𝐁𝐓 𝐢𝐧 𝐜𝐚𝐩𝐬 = 𝐃𝐂𝐬𝐮𝐬𝐩  × 𝐦𝐬𝐮𝐬𝐩  ×  %𝐌𝐁𝐓 𝐢𝐧 𝐜𝐚𝐩 (III.2) 

 

Where mcaps is the weight of the NCs  

             %MBT in caps is the weight percent of MBT in the dried capsules 

             DCsusp is the suspension dry content 
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And therefore, replacing (III.2) in (III.1): 

(%𝑀𝐵𝑇𝑖𝑛 𝑐𝑎𝑝𝑠)
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

=  
(%𝑀𝐵𝑇 𝑖𝑛 𝑐𝑎𝑝)

𝑡ℎ
× (𝐷𝐶𝑠𝑢𝑠𝑝)

𝑡ℎ
 

(𝐷𝐶𝑠𝑢𝑠𝑝)
𝑒𝑥𝑝

 = 3.60 ×  
1.53

3.48
= 1.58%  

the amount of MBT in the final coating can therefore be approximated as: 

%𝑀𝐵𝑇𝑖𝑛𝑃𝑈 = %𝑐𝑎𝑝𝑠𝑖𝑛𝑃𝑈  × %𝑀𝐵𝑇𝑖𝑛 𝑐𝑎𝑝𝑠 = 0.0435 × 0.0158 = 6.9. 10−2 % 

meaning that [𝑴𝑩𝑻]𝒊𝒏 𝑷𝑼 =  𝟔𝟗𝟎𝒑𝒑𝒎. 

In order to estimate the maximum MBT concentration in a surrounding solution, we can roughly 

link the PU coating’s thickness to its weight. This allows to determine the maximum concentration 

of MBT that is released by the system for an exposed area A: 

𝑚𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 𝑚𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ×  𝐷𝐶𝑃𝑈  

=  𝑉𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛  ×  𝑑𝑃𝑈  ×  𝐷𝐶𝑃𝑈   = (
𝑉𝑐𝑜𝑎𝑡𝑖𝑛𝑔

%𝑆𝑃𝑈
) ×  𝑑𝑃𝑈  × 𝐷𝐶𝑃𝑈  

With 𝑉𝑐𝑜𝑎𝑡𝑖𝑛𝑔 =  𝐴 × 𝑡 

Therefore we have: 

𝑚𝑐𝑜𝑎𝑡𝑖𝑛𝑔 =  
(1.02 × 0.408)

0.208
 × 𝐴. 𝑡 = 2.00 𝑚𝑔. 𝑐𝑚−2. µ𝑚−1 

With t the coating’s thickness in µm  

A the considered area in cm2 

And so 𝒎𝒄𝒂𝒑𝒔 = 𝟖. 𝟕𝟎. 𝟏𝟎−𝟐 𝒎𝒈. 𝒄𝒎−𝟐. µ𝒎−𝟏 and 𝒎𝑴𝑩𝑻 = 𝟏. 𝟑𝟖. 𝟏𝟎−𝟑 𝒎𝒈. 𝒄𝒎−𝟐. µ𝒎−𝟏. 

Although this section only aims at describing the coating, it seems that a non-negligible amount of 

capsules and inhibitor can be incorporated in the PU layer. However, the loaded amount of MBT is 

not sufficient to suppose that the system is efficient. An active protection indeed requires a 

homogeneous dispersion of the NCs over the covered surface as well as a release of the inhibitor in 

the defect or through the defective PU matrix. 

III.3.2. Evaluation of the silica-loaded coatings 

III.3.2.1. FTIR 

Infrared spectroscopy is used in order to assess the potential effect of the addition of silica NCs in 

the PU on its structure. Figure III. 23 shows the FTIR spectra of the PU, PU-Si and PU-Si(MBT) 

coating.  
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The absence of band in the 2280-2260 cm-1 region highlights the absence of residual isocyanate, 

whether capsules were added to the formulation or not. Almost no difference is seen in the spectra, 

meaning that the addition of silica capsules do not have a crucial effect on the polymer network’s 

structure. Bands at 3350 cm-1 and 1235 cm-1 are attributed to N-H stretching and C-N stretching 

respectively, and are seen as expected for the three coatings. Asymmetric Si-O-S vibrations appear 

in the region between 1075 and 1125 cm-1 for both PU-Si and PU-Si(MBT) coatings15. 

However, the spectrum of the PU coating presents a large band at 1568 cm-1 that is shifted to 

1529 cm-1 upon addition of the silica NCs. This peak is attributed to N-H bending vibrations as well 

as C-N stretching, in the urethane bond. This region being especially sensitive to H-bonding16, this 

slight shift could hence be due to interactions between the capsules’ silanol groups and the PU’s 

urethane groups. 
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Figure III. 23: FTIR spectra of the neat PU and Si-loaded PU coatings 

Despite this little difference in the FTIR spectra in presence of silica containers, the chemical 

structure of the PU layer is not significantly affected by the incorporation of capsules. 

III.3.2.2. µ-XRF  

In order to assess the homogeneous dispersion of the capsules at a lower scale than before, scanning 

electron microscopy was first considered. Micro x-ray fluorescence (µ-XRF) spectroscopy 

measurements were performed while other tests were conducted in order to try to assess the 

dispersion within the coating’s thickness.  
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i. Cured formulation 

The sensitivity of the equipment enables the detection of elements from sodium to uranium. 

Therefore, when analyzing the Si NCs-loaded PU itself (cured in a vial), as shown in Figure III. 24, 

only silicon and bromine are identified. The presence of bromine is due to the residual surfactant 

molecules (DTAB), while the detected silicon is due to both the incorporated nanocontainers and 

silica-based pigments of the formulation.  

 

Figure III. 24: µ-XRF analysis of the cured Si-loaded PU resin 

µ-XRF hence allows to compare the silicon content on several spots of the coatings, what gives a 

good insight of the distribution. It is however not possible to determine if the Si NCs are likely to 

stay at the coating’s surface or at the metal/coating interface. 

ii. Steel bar-coated Qpanels 

Measurements have been performed on bar coated steel substrates for similar PU coating’s 

thicknesses of ca. 25 µm in order to be able to compare the measured amounts. The values presented 

in Table III. 6 are mean values obtained from a 3 x 3 mm² analyzed area. These results highlight the 

presence of 0.14% of silicon in the unloaded polyurethane formulation and a tiny amount in the steel 

substrate (0.03%). The increase in the silicon signal, from 0.14% in the pure PU to 3.8 and 4.1%, in 

the PU-Si and PU-Si(MBT) coating respectively is significant and due to the incorporated silica 

nanocontainers. Moreover, the measured amounts are comparable in both cases. Sulphur was also 

detected, only when MBT is present in the suspension, and with a measured amount compatible 

with the ratio MBT/Si. 

  

Si Br 

95.70 3.89 
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Table III. 6:  Thickness and composition of PU coatings determined by µ-XRF in the absence (PU) and 
presence of Si NCs, without (PU-Si) and with a payload (PU-Si(MBT) respectively), in wt% 

 
Thickness 

(µm) 
Fe Si Mn P Br Cr S 

Qpanel - 99.51 - 0.33 0.09 0.01 - 0.03 

PU 15.9 ± 1.8 99.51 0.14 0.32 - - 0.04 - 

PU-Si 15.2 ± 1.6 95.42 4.11 0.32 0.07 0.04 0.04 0.00 

PU-Si(MBT) 16.0 ± 1.9 95.61 3.87 0.33 0.06 0.03 0.04 0.05 
 

In order to assess the capsule distribution, a µ-XRF mapping of a random part of a PU-Si coating’s 

surface is shown in Figure III. 25. Although the probe is 25 µm wide, therefore not compatible with 

the capsules’ size, the color map does evidence the absence of cluster or silicon-rich areas. A correct 

dispersion has hence been obtained over the covered area, validating our process for bar coating 

application. 

 

Figure III. 25: µ-XRF assessment of the silicon capsules distribution in a PU-Si coating made on top of 
a steel substrate. 

iii. AA2024-T3 spray-coated samples 

Analyses were performed on spray coated AA2024-T3 substrates. An observation of the analyzed 

sample is presented in Figure III. 26, the red crosses being the 6 analyzed spots, with their elemental 

composition given in weight percent in Table III. 7. The coating’s thickness is 40 ± 2 µm. µ-XRF 

performed in our conditions gives the elemental composition of the coating layer and the underlying 

substrate. However, a screening effect clearly occurs, what distorts the quantification, as proved by 

an apparent copper content above 18% that does not make sense. Aluminum emission being less 
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energetic than that of copper (aluminum has a K spectral line energy of 1.486 keV, compared to 

the 8.046 keV of copper), its content measurement is more influenced. This is corroborated by 

measurements performed in a scratched area (spots 5 and 6), for which the measured elemental 

composition does agree with the one of AA2024-T3. Concerning the silicon content measurements, 

the measured amount is similar at the randomly chosen locations but quantification is not usable 

because of the screening phenomenon.  

 

Figure III. 26:  Observation of a PU-Si sample analyzed by µ-XRF 

Table III. 7: Elemental composition (in wt.%) of a PU-Si covered AA2024-T3 sample, from µ-XRF 
measurements 

# Al Si Mg Mn Fe Cu Zn Cr Ni 

1 76.49 0.68 0.25 2.68 0.25 18.84 0.61 0.18 0.02 

2 77.02 0.73 0.20 2.53 0.22 18.46 0.63 0.16 0.03 

3 75.22 0.75 0.09 2.47 0.22 20.39 0.68 0.16 0.01 

4 73.59 0.81 0.16 2.32 0.31 21.99 0.65 0.15 0.03 

5 93.74 0.01 1.27 0.66 0.09 4.03 0.14 0.05 0.01 

6 93.57 0.01 1.37 0.68 0.10 4.08 0.13 0.05 0.01 
 

This screening effect is moreover highly dependent on the organic layer’s thickness. Measurements 

performed on an 80 ± 5 µm-thick PU-Si coating (around twice as thick as the previous one) are 

recorded in Table III. 8 and indeed show an even lower aluminum amount, while the silicon, 

manganese, copper and zinc relative amounts are highly overestimated. µ-XRF then allows to 

compare the silicon local concentration for samples with comparable thicknesses but requires 

identical thicknesses to accurately compare measurements. Here also, after removal of the coating, 

the chemical composition expected for AA2024-T3 is measured. 
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Table III. 8: Elemental composition (in wt.%) measured by µ-XRF of a 80 µm PU-Si layer sprayed on 
top of an A2024-T3 substrate 

 

 

III.3.2.3. SEM observations 

The silica dispersion being assessed at a larger scale, scanning electron microscopy was employed 

to detect silica containers and potentially observe small aggregates, or areas free of capsules. All 

observations are carried out at 10 kV. Figure III. 27.a and b show surface observations for which 

some sort of relief whose sizes roughly correspond to the nanocontainers’ are seen. In order to get 

more information, sputtering of argon ions was performed in order to remove around 150 nm of the 

coating. Figure III. 27.c shows a sputtered area. interestingly, holes appeared in place of the 

capsules. This tends to prove that the capsules are inserted within the host matrix but that only weak 

interactions exist between the resin and the silica shells. The removal of the organic binder hence 

leads to debonding of the capsules from the matrix. This highlights the absence of aggregation, that 

can sometimes be observed for not functionalized silica particles17. The magnification used here is 

however not sufficient to assess the wettability of the capsules by the matrix, that can cause the 

formation of voids surrounding the particles18. 

Concerning the dispersion, Figure III. 27a. and b. are representative of a NCs-rich and a NCs-poor 

area respectively. Although an important difference in the capsules concentration is seen, most of 

the observed surface has been filled with Si NCs. The entire covered surface should therefore be 

protected. 

   

Figure III. 27: SEM observations of the surface of a sprayed PU-Si coating (a,b) before and (c) after 
removal of 150 nm of coating by Ar-sputtering 

 

However, even though the encapsulated compound is present in the whole coating, such disparities 

could be detrimental to the system’s properties. Indeed, the local concentration in Si NCs could 

exceed the critical pigment volume concentration, leading to an insufficient quantity of binder and 

 Al Si P Ti Mn Fe Cu Zn Br Zr 

PU-Si 6.06 26.78 0.29 0.09 5.25 1.29 57.71 1.90 0.32 0.32 
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a loss in the coating’s barrier properties19. An in-depth analysis of the organic layer would moreover 

be useful in order to complement these observations. However, the evaluation of the Si NCs 

dispersion in the coating’s depth by observation of a cross-section was not successful.  

III.3.2.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Tof-SIMS consists in sputtering the coating’s surface with primary ions (Bi3+ in our case) and then 

analyze the secondary ions that are ejected from the sample. The spatial resolution of this technique 

is not suited to the detection of the nanocapsules themselves, but ToF-SIMS can nonetheless give 

an insight on the presence of capsules beneath the coating’s surface. 

Figure III. 28 is a depth profile of a sprayed PU-Si coating. The analyzed area is 200 x 200 µm², and 

sputtering of Argon cluster is performed between two consecutive measurements in order to remove 

an estimated 1 nm.s-1. A progressive increase in the silicon-containing ions is observed during the 

first 100s, corresponding to the ionization of the superficial PU layer. Once this has been done, only 

small fluctuations are observed in the signal of SiO2
-, SiHO3

- and Si2HO5
- secondary ions. Over the 

estimated 300 nm analyzed, the silicon, and so the capsules, mean concentration is then quite 

constant.  

 

Figure III. 28: Depth profile of a PU-Si coating 
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A mapping of the surface after sputtering is shown in Figure III. 29 in order to assess not only the 

mean value but also the spatial repartition of silicon. The colored scale correspond to the intensity 

of the emitted Si+ ion. Silicon is detected on the whole analyzed area. Some differences are however 

observed, leading to the same conclusions that for the sample’s surface, with the existence of richer 

areas. Since the silica distribution seems random, we can assume that a correct dispersion has been 

obtained in the evaluated volume. 

 

 

Figure III. 29: TOF-SIMs surface mapping of a PU-Si coating sprayed on AA2024-T3 after 
Ar-sputtering. 

As seen in this section, the PU coatings loaded with silica capsules have the same composition as the 

reference coating. Moreover, a homogeneous silica content has been measured over the substrate 

by mean of µ-XRF. At a lower scale, SEM evidenced some areas that are richer in silica 

nanocontainers, but a 3D random dispersion of the nanocontainers should prevent the formation of 

silica-free zones. 
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Conclusions and outlook 

In this section, we reported the development and systematic optimization of the process used to 

incorporate silica nanocontainers in a paint formulation. Either epoxy or  polyurethane matrices 

were considered, both being waterborne commercial simplified formulations that should be 

dilutable with water. The addition of the nanocontainers consists in adding the suspension in a 

liquid form, using industrially applicable technologies. The main results of this work are that: 

- The dilution of the epoxy formulation led to its destabilization and formation of defects 

in the polymer layer; 

- The use of a sonication probe to complement high-performance dispersion was efficient 

to degas the formulation and obtain homogeneous coatings when only water is added, 

and aggregate-free coatings when the Si NCs are incorporated. However, due to either 

the presence of residual surfactant molecules or the presence of entrapped air, bubbles 

remained in the NCs-loaded epoxy coatings. It was hence decided not to further develop 

the epoxy system; 

- The application of the same protocol to the polyurethane waterborne formulation led to 

defect-free coatings whether the suspension was loaded in the formulation or not; 

- The application of the PU formulation was successful both by bar coating on steel 

substrates and by spray on AA2024-T3 substrates; 

- Due to an important evaporation after curing, 25 µm-thick coatings were obtained by bar 

coating, while the thickness is increased up to 80 µm when spraying is employed.  

We estimated that, with respect to the ratio used, the capsules weight content in the Si NCs-loaded 

PU coatings is around 4.3%. Moreover, assuming the best-case scenario, the system with 

MBT-loaded capsules should contain 1.4.10-3 mg of MBT per covered cm2 and per µm of thickness, 

equivalent to a concentration of 14 g.L-1 in the polymer layer. These values will be compared to the 

inhibitor’s efficiency in the next chapter.  

It was shown that the addition of the dispersion did not imply significant changes in the polymer’s 

structures; while the dispersion of the nanocontainers was evaluated by µ-XRF, SEM observation 

and ToF-SIMS. It was evidenced that, despite some local disparities, no important capsules clusters 

were detected and that the whole coating’s surface is loaded with nanocapsules. 

 

Outlooks 

The presented protocol has been optimized fixing several parameters, amongst which the quantity 

of suspension (and therefore capsules) added. Tries with different quantities of suspension might 

evidence the existence of an optimal quantity in order to enhance dispersion. Since the maximum 

amount of water that can be added to the formulation is limited, concentration of the suspension 

should be considered in case that the coatings’ response is not high enough. 
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Sputtering evidenced that capsules can be detached from the host matrix, meaning that only weak 

bonds exist between the silica shells and the PU matrix, and might also highlight a detrimental 

interface. The assessment of these interfaces and potential improvements could be carried out. An 

option is the use of a formulation with a higher volume solid in order to potentially avoid the 

formation of voids at the capsules’ surfaces. Secondly, in order to increase the matrix/NCs 

compatibility and enable a good dispersion and cohesive interfaces, surface modification is usually 

achieved20 and should be considered, taking into account the nature of both the containers and the 

host matrix. 

It has to be reminded that the formulation used are simplified paint and therefore are not optimized 

for application. Longer-term outlook include the use of a higher-viscosity polymer in order to enable 

the coating of non-planar geometries. The addition of the silica suspensions in a sol-gel layer should 

also be investigated since the similar chemistry should enhance the capsules incorporation. 
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Introduction 

The incorporation of the nanoreservoirs into the polyurethane matrix led to homogeneous and 

visually defect-free coatings after optimization of the deposition procedure. The aim of this chapter 

is to assess the corrosion protection brought by the developed system using open circuit potential 

monitoring and Electrochemical Impedance Spectroscopy (EIS) 

As a first step, we looked at the effect of inhibitors on corrosion processes on both steel and 

aluminum alloy when placed in a chlorinated medium. Since it was successfully encapsulated, 

2-mercaptobenzothiazole was employed, before looking at potential alternatives, namely sodium 

molybdate for steel and cerium dibutylphosphate for aluminum alloys. Existing interplays between 

the silica suspension and metallic substrate was also investigated. 

In a second step, the PU coatings loaded with silica nanocontainers were studied. Both bar-coated 

steel and sprayed AA samples were analyzed. The three systems presented in chapter III allowed to 

assess the impact of the addition of nanocapsules into the matrix, and the importance of the 

encapsulated MBT. 

IV.1. Materials and methods 

IV.1.1. Materials 

IV.1.1.1. Chemicals 

The list of the chemicals used for the preparation of the electrolytes and inhibitor solutions are given 

in the appendices section (see Appendix 2). Since it was not commercially available, cerium 

dibutylphosphate was synthesized according to a procedure described by Scholes1. 

IV.1.1.2. Metal samples 

The two kinds of substrates used for the electrochemical study are AA2024-T3 aluminum alloy and 

carbon steel (either S355 or SAE 1008/1010).  

The embedded aluminum alloys coupons are those presented in Section III.1.1.2. For uncoated 

embedded substrates, the samples are grinded (P4000 SiC abrasive paper), placed in ethanol in an 

ultrasound bath for 3 min, then rinsed with deionized water and dried with air. For some 

experiments, non-embedded substrates have been used. In this case, 2 mm-thick AA2024-T3 plates 

have been cut, grinded (P1200 abrasive paper) and placed for 3 min in ethanol in an ultrasound 

bath. 
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The steel substrates used for the inhibitors’ effect study are 

made of S355. A plate is cut in order to get a 15 mm-large 

square cross section that is then embedded in a cold-mounted 

epoxy resin. A copper cable is wielded on the backside of the 

plate as presented in Figure IV. 1 for electrical measurements. 

These coupons are then grinded (P1200 abrasive paper), 

placed in ethanol in an ultrasound bath for 3 min, then rinsed 

with deionized water and dried using air. 

In order to get a reproducible surface preparation for bar coated steel samples, SAE 1008/1010 steel 

Qpanels are used. Before immersion, Qpanels are rinsed with ethanol and deionized water. 

IV.1.2. Electrochemical measurements 

IV.1.2.1. Set-ups 

Depending on the samples used, three setups are employed in order to perform electrochemical 

measurements. 

i. Stirred cell 

A conventional 3-electrode electrochemical cell was used where a glass vessel is filled with 250 mL 

of electrolyte under magnetic stirring (300 rpm). The analyzed metal is placed vertically and 

constitutes the working electrode (WE), while a saturated calomel electrode (SCE) is used as a 

reference and a platinum grid as the counter-electrode (CE).  

The measurements are performed with a PGSTAT302N (Metrohm Autolab®) 

potentiostat/galvanostat controlled with GPES and FRA softwares for stationary and impedance 

measurements respectively. 

ii. Opto-EIS setup 

This setup is a home-made three-electrode electrochemical cell built at TU Delft2. It is composed of 

a Ag/AgCl reference electrode, a 6.6 mm-diameter graphite rod as counter electrode and the 

measured sample as a working electrode. The sample is clamped vertically in the electrochemical 

cell with a copper block. The exposed area, through a hole made on one side of the cell is an 

8 mm-diameter disc, and an electrolyte volume of 100 mL is required. The three-electrode 

electrochemical cell is placed in a Faraday cage in order to avoid external interferences.  

Electrochemical measurements were performed with a PGSTAT302 (Metrohm Autolab®) 

potentiostat/galvanostat controlled with NOVA v1.11.1 software. 

Figure IV. 1: Scheme of a S355 steel 
sample prepared for inhibitor testing 
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iii. Paint test cell 

A Gamry PTC1 paint test cell is used. For coated Qpanels, the cell is placed on a homogeneous area 

and clamped while a limed part of the substrate is connected to the potentiostat. The exposed area 

is then defined by an O-ring, whose internal diameter and cross section are  40.87 mm and 3.53 mm 

respectively. The assumed exposed area is then 15.5 cm². For Sprayed coatings, a setup presented 

in Figure IV. 2 is used. The sample is screwed on a support, and electrically connected to a banana 

plug. The paint cell is then placed on top and the considered area is the AA’s cross section, i.e. 

3.14 cm². 

 

 

Figure IV. 2: (a) bottom view, (b) face cross section, and (c) top view of the electrochemical cell used 
for EIS measurements 

 

For coated samples, a 6.6 mm-diameter graphite rod is employed as counter and pseudo-reference 

electrode. This two-electrode cell is used in order to avoid any interferences from a classic reference 

electrode when working with high frequencies or low currents. For the uncoated samples used with 

this setup as a reference, the graphite electrode is replaced with a SCE as a reference and a platinum 

grid as a counter electrode.  

Before immersion, the samples are placed at 40°C under vacuum for 3h, then cooled down under 

vacuum for 3h in order to get rid of any moisture before the measurements. The electrochemical cell 

is placed in a Faraday cage in order to avoid external interferences. 

Electrochemical measurements were performed with a PGSTAT302N (Metrohm Autolab®) 

potentiostat/galvanostat controlled with GPES and FRA softwares for classic electrochemical and 

electrochemical impedance measurements respectively. 

iv. Use 

Table IV. 1 records the different types of substrates employed in this section, as well as the purpose 

of the experiments carried out with each system. All electrochemical measurements have been 

carried out in NaCl 0.05M as the electrolyte. 
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Table IV. 1: Electrochemical setups used and their purpose   

Set-up 
Substrate 

Purpose 
Nature Area Orientation 

Stirred vessel Embedded S355 
2.25 cm2 

square 
Vertical 

Inhibitors 

evaluation 

Opto-EIS 

setup 

AA2024-T3 0.50 cm2 disc Vertical 
Inhibitors 

evaluation 

Bare Qpanels 0.50 cm2 disc Vertical 
Suspension 

interactions 

Scratched PU 0.50 cm2 disc Vertical Coating evaluation 

Gamry Paint-

Cell 

Embedded AA2024-T3 disc 3.14 cm2 disc Horizontal Coating evaluation 

Bar-coated intact PU 13.07 cm2 disc Horizontal Coating evaluation 

IV.1.2.2. Procedures and data analysis 

i. Inhibition assessment by linear polarization measurements 

Linear Polarization Resistance (LPR) measurements are performed after 0.5, 1, 2, 4, 6, 10, 16, and 

24h of immersion in an electrolyte made of 0.05M NaCl to which is added a certain amount of 

inhibitor. The Open Circuit Potential (OCP) is recorded between LPR measurements. The 

parameters used for LPR measurement are: ± 20 mV around the metal’s OCP, 1.95 mV steps, 

2 mV.s-1 sweep. The polarization resistance Rp is then calculated using: 𝑅𝑝 =
∆𝐸

∆𝑖
. 

ii. Impedance measurements for coated substrates 

Electrochemical Impedance Spectroscopy (EIS) measurements are performed from 105 to 10-2 Hz, 

with an amplitude of 15 mV RMS over the measured OCP. The number of points per decade could 

vary from 8 to 12 and is specified when results are presented. During an EIS experiment, the 

system’s OCP is recorded between two measurements.  

Analysis of the impedance plots was then carried out with the software ZView 3.5b, using the 

appropriate Equivalent Electrical Circuits (EEC).  

iii. Water uptake assessment 

Since free films could not be obtained, a gravimetric analysis of the applied coatings over immersion 

was not possible. However, water uptake of an organic coating can be measured by EIS, using the 

equation developed by Brasher and Kingsbury3. The coating can be assimilated to a dielectric whose 
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capacitance Ccoat is defined by (IV.1), and it is therefore assumed that changes in the coating’s 

capacitance are proportional to changes in permittivity if geometrical quantities are constant. 

 𝐂𝐜𝐨𝐚𝐭 =
𝐀. 𝛆𝟎. 𝛆𝐫

𝐝
 (IV.1) 

With A the coating’s area,  

d its thickness,  

εr its relative permittivity, 

ε0 the vacuum permittivity (8.854.10-12 F⋅m−1).  
 

A polymer’s relative permittivity being lower than 10 while the permittivity of water is 80.2 at 20°C, 

the system’s permittivity increases as water progresses into the coating. Brasher and Kingsbury3 

then proposed that the water uptake (in vol.%) can be calculated by:  

 𝐗𝐕 = 𝟏𝟎𝟎.
𝒍𝒐𝒈 (

𝐂𝐭
𝐂𝟎

)

𝒍𝒐𝒈 (𝛆𝐰)
  (IV.2) 

Where Ct is the film capacitance at time t, 

 C0 the dry film’s capacitance, 

 εw the permittivity of water. 
 

The coating’s capacitance can then be calculated from a fixed frequency measurement in the high 

frequency domain4. Indeed, in this domain, the total impedance of the system is governed by the 

coating’s capacitance5,6. The capacitance Ct can therefore be calculated7 using (IV. 3), while the dry 

film’s capacitance C0 is extrapolated8 from the initial linear part of the capacitance time evolution 

Ct=f(t). 

 𝐂𝐭 =
−𝐙′′

𝟐𝛑𝐟( (𝐙′)² + (𝐙′′)𝟐)
 (IV.3) 

Where Z’ and Z’’ are the real and imaginary part of the impedance respectively. 

However, if these relations are widely used for paints immersed in salt solutions9,10, they are based 

on assumptions, amongst which two are hardly measurable: 

- The swelling of the paint can be ignored; 

- The distribution of water within the paint is random and uniform. 

In reality, the swelling of the polymer can be quite important in our case, whilst the incorporation 

of the silica containers can lead to a non-uniform water ingress. An absolute water uptake value 

therefore cannot be obtained11, but a comparison between our systems can give insights on the 

impact of the capsules incorporation on the film’s properties. 

In order to evaluate the coatings’ water uptake, quick measurements are repeated every one minute 

in the high frequency domain, from 105 to 103 Hz, with an amplitude of 15 mV RMS over the 

measured OCP.  
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IV.2. Considered inhibitors 

Due to the encapsulation process and results presented in Chapter II, an oil-soluble inhibitor, 

namely 2-mercaptobenzothiazole (MBT), was encapsulated. Before looking at the performances of 

the composite coatings, we assessed the effect of MBT and our ability to detect it during corrosion 

for the substrates we focused on. 

IV.2.1. Protection of structural steel  

The results presented in this section (IV.2.1.) were obtained using an electrochemical cell under 

magnetic stirring. 

IV.2.1.1. MBT 

MBT is only slightly soluble in neutral aqueous solutions. Therefore, the maximum obtained 

concentration in order to have a clear solution was 25 ppm, equivalent to a molar concentration of 

1.5.10-4 M. This has also been observed by Lamaka12 for instance that reported a saturation 

concentration below 0.05 g/L for MBT in pure water. 

Figure IV. 3 shows the evolution of the steel’s OCP over around 24h immersion in presence or not 

of MBT. In the solution free of inhibitor, a slight shoulder is observed in the first few hours with an 

equilibrium around -650 mV/SCE reached after 5h. In presence of 25 ppm of MBT the OCP 

stabilization occurs in around 2.5h and the OCP value is 50 mV higher than in the NaCl solution. 

This slight shift is in good agreement with studies carried out in acidic media13,14 and tends to show 

that MBT is predominantly an anodic inhibitor. 
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Figure IV. 3: Evolution of S355’s OCP in 0.05M NaCl with and without 2-MBT 

EIS measurements have been performed for both systems over immersion. The results are presented 

in Figure IV. 4. The impedance values for both systems cannot directly be compared since the 
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temperature is not well controlled. However, the behavior of the two systems is clearly different. The 

EIS spectra show an apparent simple RC behavior (one loop), with a continuous decrease in the 

impedance of the bare S355 substrate over the 24h of immersion. The low-frequency (LF) modulus 

(0.1 Hz) is almost half-reduced (from 700 to 400 ohm.cm²) after 24h of immersion. On the other 

hand, the addition of the inhibitor to the electrolyte leads to EIS spectra showing a RC behavior and 

an inductive response in LF, which is characteristic of adsorbed species at the metal’s surface. A 

slight increase in the system’s impedance is observed during the first few hours, followed by a 

decrease initiated after around 5h of immersion.   
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Figure IV. 4: Evolution with time of EIS spectra with (a,b) Nyquist plots, (c,d) moduli and (e,f) phase 
angle for the bare S355 substrate in (a,c,e,) absence and (b,d,f) presence of 25 ppm of MBT. Spectra 

are taken with 10 pts/decade, the 0.1 Hz measurement is circled in the Nyquist plots 

 

From these experiments, it seems that MBT has only a limited efficiency on steel in neutral 

conditions and at the apparent maximum concentration obtained. However, differences in the OCP 

values and in the impedance behavior during the first times of immersion have been evidenced and 

show an inhibiting effect, preferentially anodic as seen elsewhere 14,15. This effect is attributed to 

chemical adsorption through the heteroatoms of MBT (N and S), for the protonated form of the 

inhibitor16. 

IV.2.1.2. Sodium molybdate (Na2MoO4) 

Since MBT shows limited results, the efficiency of Na2MoO4 as a non-toxic inhibitor has been 

assessed for potential use with S355 structural steel. Figure IV. 5 shows the evolution of the system’s 

OCP and polarization resistance (from LPR) over 24h of immersion in an electrolyte containing 

sodium molybdate amounts ranging from 50 to 1000 ppm (2.1.10-4 to 4.13.10-3 M). For a 

concentration as low as 50 ppm, there is a clear increase in the open circuit potential of around 

100 mV after 24h of immersion. An increase in the Na2MoO4 concentration moreover leads to an 

increase in OCP. This shows that sodium molybdate is an anodic inhibitor for S355 steel as expected 

from results on other mild steels17,18. LPR measurements highlight this inhibition with a clear 

increase in the initial polarization resistance in presence of Na2MoO4. However the conferred 

protection in this case is a short-term one since Rp rapidly decreases. Molybdate acts by forming a 

protective film at the steel surface due to its polycondensation19. A threshold concentration of 

MoO4
2- is therefore continuously required to overcome the destruction or dissolution of this 

protective film20, potentially sped up by the stirring of the electrolyte. 
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Figure IV. 5: OCP and Rp (measured by LPR) of S355 steel immersed in 0.05M NaCl with different 
amounts of sodium molybdate 

Analysis of the impedance behavior of the same system was carried out. Three relevant spectra are 

presented in Figure IV. 6 and show a single time-constant. The impedance spectra have therefore 

been fitted using the Randles electrical equivalent circuit (EEC) presented in Figure IV. 7. This EEC 

is composed of a resistance Rs related to the solution and equipment’s resistances, in series with a 

charge transfer resistance Rct that can be assimilated to the system’s polarization resistance Rp. The 

capacitance in parallel with Rp is the double layer capacitance Cdl linked to the substrate/electrolyte 

interface. The fitting of the impedance measurements allows to plot the evolution of Rp as a function 

of the immersion time shown in Figure IV. 7, and corroborate the LPR results, showing a short-term 

protection brought by sodium molybdate. 
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Figure IV. 6: EIS spectra of S355 immersed in 0.05M NaCl (a) without inhibitor and with (b) 150 ppm 
and (c) 1000 ppm of Na2MoO4. Spectra contain 10 pts/decade; the measurement taken at 0.1Hz is 

circled 
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Figure IV. 7: (a) EEC used to fit the EIS spectra and (b) calculated Rp for S355 immersed in 0.05M 
NaCl without different amounts of Na2MoO4 corrosion inhibitor 

Sodium molybdate has an effect on corrosion processes during the first few hours of immersion in 

these conditions, that were arbitrarily chosen. Shams El Din20 showed that this loss of protection 

(and decrease in OCP) depends on both the concentration in inhibitor and the presence of aggressive 

species in the medium. This decrease in resistance is likely due to the consumption of inhibitor, 

whose concentration goes below a threshold value. This is however relevant for immersion, whereas 

a far lower amount should be enough to provide long-term corrosion protection in atmospheric 

corrosion conditions. Moreover, sodium molybdate is non-toxic21, what makes it a relevant choice. 

Nonetheless, this compound is highly soluble in water (up to 650 g.L-1 at 25°C22), what makes it 

unsuitable for encapsulation in the silica nanocontainers. MBT was then used in the next sections, 

keeping in mind that the application on steel could necessitate to replace the smart containers used. 

IV.2.2. Protection of AA2024-T3  

The results presented in this section (IV.2.1.) were obtained using the opto-EIS setup. 

IV.2.2.1. MBT  

Since MBT was successfully encapsulated in Si nanocontainers that were incorporated in the 

polyurethane coating, we first assessed its effects on bare aluminum in order to later identify its 

potential effect when integrated in the polymer layer. The evolution of the AA2024’s open circuit 

potential in the presence of MBT is compared to the reference OCP in Figure IV. 8. As one can see, 

the measured OCP of bare AA2024-T3 is quite noisy, due to rapid processes occurring at the metal’s 

surface. The OCP value is oscillating around -500 mV vs Ag/AgCl for around 15h, then slowly 

collapses to reach a value around -700 mV vs Ag/AgCl. These values are in good accordance to those 

found in the literature23, although only few studies report the monitoring of the OCP for immersion 

b 
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duration longer than a few hours. This behavior has nonetheless been reported before for AA2024-

T3 immersed in low concentration NaCl electrolytes24,25. The plateau observed for the first hours of 

immersion shows fluctuations due to the high surface activity. This is linked to the formation and 

passivation of metastable pits.  The subsequent decrease corresponds to the following attack of the 

surface after breakdown of the oxide film. A very different behavior is observed when the electrolyte 

contains MBT:  an initial drop of the system’s OCP is measured, followed by an increase up to a 

potential plateau around -550 mV that only slightly decreases with increasing immersion time. This 

would mean that corrosion is prevented, what is in good agreement with the ability of MBT to bond 

with copper26, stabilizing the MBT adsorbed layer and competing with the adsorption of 

chlorides27,28. An OCP value above -650 mV, higher than in the absence of MBT, is observed for 

durations up to 65h. 
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Figure IV. 8: OCP of AA2024-T3 in 0.05M NaCl without and with 25 ppm of MBT 

Plots of the EIS measurements performed are shown in Figure IV. 9 for bare substrates immersed 

in an electrolyte with and without MBT. The Nyquist plot obtained for NaCl only (a) presents two 

capacitive loops that can be attributed to the charge transfer reactions for the higher frequencies, 

and to corrosion processes at lower frequencies as described by Queiroz29 in low concentration 

electrolytes. The LF response goes from a capacitive response for short immersion times to a 

diffusive one, as evidenced for pitting29,30. This second process is not seen in the presence of MBT: 

the addition of MBT to the electrolyte leads to a clear capacitive loop with an inductive loop at lower 

frequencies. A possible physical meaning of this inductive loop is the adsorption of a molecule on 

the metal, and could highlight the action of MBT. Indeed, although inductive behaviors have been 

reported fort short immersion durations and associated to anodic dissolution due to aggressive 

species31 or to pitting propagation32, this phenomenon is still observed after 67h of immersion.  
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Figure IV. 9: Evolution of EIS spectra for bare AA2024-T3 immersed in (a,c,e) 0.05M NaCl and 
(b,d,f) 0.05M NaCl with 25 ppm of MBT. Spectra contain 8pts/decade, circled points correspond to 

measurements taken at (a) 0.1Hz and (b) 1Hz 

If we discard the low frequency processes and only consider the medium frequency time constant 

that is present with and without MBT, the systems can be fitted using the Randles circuit, as shown 

in Figure IV. 7.a. The charge transfer resistances can then be compared. The fitting results, 

presented in Figure IV. 10, show a resistance around three times higher at the beginning of 
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immersion in the presence of MBT. This resistance drops as soon as the immersion starts, and 

reaches a pretty stable value around 4000 ohm.cm². This value is similar to the one obtained 

without inhibiting specie after 2-3h of immersion. This short-term protection is probably due to a 

low concentration in inhibitor species. Obtaining a solution that is more concentrated in MBT must 

however be achievable using a different preparation process. Although our electrolyte was 

apparently saturated at around 25 mg.L-1, Abdolah Zadeh et al.33 and Zheludkevich et al.34 showed 

results for ca. 160 and 300 mg.L-1 respectively. With these concentrations, they reported a resistance 

10 times higher in presence of MBT than in 0.05M NaCl after 48h33  and 300h34 respectively.   
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Figure IV. 10: Evolution of the charge transfer resistance of bare AA2024-T3 in 0.05M NaCl without 
and with 25 ppm of MBT, calculated from the EIS spectra fit 

 

IV.2.2.2. Cerium dibutylphosphate Ce(dbp)3 

Despite being an effective corrosion inhibitor for AA2024-T3, MBT presents an aquatic toxicity and 

could raise concern for human health. If this inhibitor was selected for the demonstration of the 

NC2M system, alternatives have to be kept in mind. Amongst the existing ecofriendly inhibitors, 

cerium dibutylphosphate seems to be a very promising candidate24,25. This compound is soluble in 

water but requires a long dissolution time35, what can enable long-term protection but makes it 

tricky to encapsulate. In order to have an idea of the efficiency of Ce(dbp)3 compared to MBT, the 

same concentration than the one used for MBT was employed. An electrolyte solution containing 

0.05M NaCl and 1.5.10-4 M Ce(dbp)3 (equivalent to 110 mg.L-1) was prepared for these experiments. 

The OCP of bare AA2024-T3 in this electrolyte is presented in Figure IV. 11. This potential decreases 

from -550 to around -700 mV vs Ag/AgCl in a few hours, compared to the 15h observed in the 

absence of inhibitor. This could be an insight of inhibition due to cerium cations that precipitate on 

the cathodic sites, hindering the oxygen reduction36. At the beginning of immersion, an oscillating 

signal was measured and could be due to the cathodic precipitation of cerium competing with the 
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anodic adsorption of dibutylphosphate anions. Indeed, Ho et al.24, in a 0.01M NaCl electrolyte and 

Garcia et al.25 using 1 mM Ce(dbp)3 reported a clear initial decrease in the OCP followed by an 

increase before describing the same behavior as reported here.  

0 10 20 30 40 50 60 70
-0.90

-0.85

-0.80

-0.75

-0.70

-0.65

-0.60

-0.55

-0.50

-0.45  Ce(dbp)3

 Ref
O

C
P

 (
V

 v
s
 A

g
/A

g
C

l)

t (h)
 

Figure IV. 11: OCP of bare AA2024-T3 immersed in a 0.05M NaCl electrolyte without and with 110 ppm 
of Ce(dbp)3 

 

EIS spectra obtained over the 65h of immersion are presented in Figure IV. 12. The Nyquist plots 

present a single capacitive loop for immersion time up to 5h. After 5h, a second phenomenon 

appears at lower frequencies, and could be related to a diffusion process. The total impedance value, 

taken in the low frequency domain, is around 5.105 ohm.cm² at first, more than an order of 

magnitude higher than in the absence of inhibitor.  
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Figure IV. 12: Evolution of the impedance of AA2024-T3 in 0.05M NaCl + 110ppm Ce(dbp)3 over 
immersion time. 8pts/decade are measured, measurements taken at 0.1Hz are circled. 

As for bare S355 and MBT, the spectra have been fitted using a Randles EEC in order to compare 

the systems’ charge transfer resistances. Results plotted in Figure IV. 13 show a different behavior 

than with MBT or no inhibitor: during the first few hours, there is a slight increase in the resistance, 

followed by a decrease and stabilization between 105 and 2.105 ohm.cm², what is approximately 20 

times higher than the alloy alone. 
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Figure IV. 13: Evolution of the charge transfer resistance Rct for AA2024-T3 immersed in 0.05M NaCl 
+ 110ppm of Ce(dbp)3, calculated from EIS data. 
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From the electrochemical study presented here, we can say that MBT and Ce(dbp)3 both have an 

inhibiting role in the tested conditions. The effect of Ce(dbp)3 is more remarkable since the total 

impedance and charge transfer resistance are more than 10 times higher than for MBT, what lasts 

for a few hours compared to at least 60h in the case of Ce(dbp)3. However, although the same molar 

concentration of MBT and Ce(dbp)3 is used, Ce(dbp)3 dissociates into water to form 

dibutylphosphate and cerium (III)35, both acting as inhibitors25, what can reinforce its efficiency. In-

situ observations of the AA’s surface at the initial stage and after 24h and 38h of immersion at OCP 

are recorded in Figure IV. 14. Without any inhibitor, the alloy’s surface is clearly attacked after 24 

hours of immersion in the chloride solution, while with the two inhibitors, no visible corrosion 

products are observed after 38h of immersion. This confirms that the low impedance increase and 

the presence of an inductive loop in the impedance spectra obtained with MBT are related to a 

protection of the AA substrate.  

 t0 24h 38h 

NaCl 

   

NaCl + MBT 

   

NaCl + Ce(dbp)3 

   

Figure IV. 14: Appearance of AA2024-T3 substrate’s surface, immersed in 0.05M NaCl, NaCl with 
25 ppm of MBT and NaCl with 25 ppm of Ce(dbp)3 after 0, 24 and 38h of immersion. Scale bars 

represent 4 mm 

IV.2.2.3. Conclusions on the inhibitors to use 

An electrochemical study has been carried out in order to assess the activity of MBT with the 

considered substrates in a neutral medium. MBT showed limited results with structural steel, 

mainly increasing its open circuit potential. The differences seen in the impedance behavior of the 

bare metal in presence of MBT (mainly stabilization of the total resistance) however highlight the 
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existence of interactions between the inhibitor and the steel’s surface. On the other hand, MBT 

seems to be a good corrosion inhibitor for concentrations as low as 25 ppm for AA2024-T3.  

MBT was used because its action should be detectable, and that its encapsulation was successful. 

However, its use could be hindered by the molecule’s toxicity, low solubility and limited efficiency 

in neutral medium on S355. For these reasons, alternatives have been looked at, and we showed that 

sodium molybdate and cerium dibutylphosphate are good candidates for steel and aluminum 

protection respectively. 
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IV.3. Interactions of the silica capsules with the metallic substrates 

Before being trapped in the polymeric network, the metallic substrate is in direct contact with the 

suspension. Moreover, when a defect is created locally in the polymer layer, a realistic scenario in 

the case of nanocontainers is that the shell is not broken but that the nanocontainers themselves are 

released from the coating in the electrolyte. It is hence of great interest to evaluate the interaction 

between the nanocontainers and the substrate. A destructive interaction could for example lead to 

the destruction of containers or to a non-random dispersion within the matrix. We therefore 

evaluated the effect of a 10 vol.% silica suspension addition in the electrolyte by monitoring the open 

circuit potential and performing regular EIS measurements. Due to the opacity of the solution, 

in situ observations of the surface of the substrate were not possible. 

IV.3.1. Effect on the corrosion behavior of steel 

Evolution of the OCP of the steel substrate immersed in the electrolyte containing the Si NCs 

suspension is presented in Figure IV. 15. and compared to the reference without NCs. In the sodium 

chloride electrolyte, the reference OCP decreases from -370 mV vs Ag/AgCl to  600 mV vs Ag/AgCl 

in around 3h, corresponding to the dissolution of the metal and the progressive formation of 

corrosion products37,38. In presence of the capsules, this drop in OCP is very rapid from around -

420 mV to -650 mV vs Ag/AgCl in 20s. This highlights an effect of the silica suspension that could 

catalyze the metallic dissolution and formation of corrosion products. The OCP then slightly shifts 

towards more positive values, and reaches a steady-state value at around -610 mV vs Ag/AgCl. This 

slight ennoblement of the OCP seems to suggest that the composition of the corrosion products is 

changed due to the presence of the silica capsules in solution. 
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Figure IV. 15: Evolution of steel’s OCP immersed in 0.05M NaCl with and without addition of 10% Si 
NCs suspension 

The impedance plots are shown in Figure IV. 16. The Nyquist diagram presents a single capacitive 

loop whose diameter increases with the immersion time. This is associated with an increase in the 
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system’s total impedance with a 0.01 Hz modulus increasing from roughly 1600 to 2600 ohm.cm² 

over 6h of immersion and then stabilizes. This phenomenon is probably due to the reaction of the 

silica onto the metal’s surface and coincides with the evolution of the OCP. Adsorption of the silica 

capsules onto the steel’s surface during the growth of a corrosion products film could explain the 

low frequency inductive behavior seen on the Nyquist plots. This is supported by the affinity of silica 

with iron (III) species39,40, allowing the capsules to hence bond with the metal’s surface or iron 

oxides, protecting it. The substrate’s resistance therefore increases over time. 
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Figure IV. 16: Nyquist and Bode diagrams of a steel Qpanel immersed in an electrolyte containing 
10 vol.% silica capsules suspension, measured using 8 pts/decade. Measurements taken at 0.1 Hz are 

circled 

Observations of the substrate before and after immersion are shown in Figure IV. 17. After a gentle 

rinsing using deionized water, a sticky-looking layer remains on the steel’s surface, whose color 

evidences corrosion products mixed with silica. The NCs are likely incorporated within the corrosion 

products and confer somehow protection. From the previous results, this layer has likely been 

formed during the first 5 to 6h of immersion. Since the substrate is vertically placed, this layer is not 

due to sedimenting of the suspension but to the mentioned interactions. Interestingly, this layer 

crackled upon drying and scaled off, as seen in picture c, what allowed to see that the substrate 

beneath this layer is barely damaged.  
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Figure IV. 17: Observations of a steel Qpanel (a) before, (b) after immersion in an electrolyte 
containing silica nanocontainers, and (c) after drying 

As seen in II.2.2.4., in a 50 mM neutral electrolyte, the zeta potential of the capsules is barely 

affected and remains around -20 mV. Therefore, aggregation is limited and the suspension is stable. 

The formation of this layer is hence only due to electrostatic forces and to the affinity of silica with 

the metallic cations. 

Concerning our application, these interactions are not likely to exist in the polymer. Upon defect, 

however, if capsules come loose, they could be attracted by the metal’s surface and potentially 

deliver their payload there. This should be kept in mind for detection purposes since the identified 

sensor’s fluorescence is triggered by complexation with iron (III) ions41. 

IV.3.2. Effect on the corrosion behavior of AA2024-T3 

The same protocol has been set up for the study with the AA, except that we studied the silica 

suspension (Si) as well as the MBT-loaded silica NCs suspension (Si(MBT)). We then proceeded the 

same way, monitoring the system’s OCP for 20h as shown in Figure IV. 18. The alloy’s OCP in NaCl 

0.05M is assumed to be constant around -500 mV vs Ag/AgCl during this period. As one can see, 

when the electrolyte contains the Si suspension, an important drop from -500 to -850 mV vs 

Ag/AgCl occurs during the first hour of immersion, followed by an increase up to -550 mV after 7h 

roughly. This drop could be due to preferential adsorption of the silica particles on the intermetallics 

supporting the cathodic activity. This leads to a strong cathodic shift of the potential. The 

subsequent increase is then to be linked with the increasing coverage of the metal’s surface. 

This drop could be due to the preferential adsorption of silica particles on the native passive film 

formed on AA2024. This is supported by the electrical negative charge of the silica particles, while 

the point of zero charge of alumina is around 942. Therefore, the film is positively charged in the 

electrolyte (pH 5.5). The partial and localized coverage of the surface by the silica capsules may favor 

the adsorption of chlorides on the unprotected part, what seems to increase the localized 

degradation of the passive film at the beginning of the immersion. After an hour of immersion, a 

progressive ennoblement of the OCP is observed, due to the formation of a more protective film 

probably composed of a mixture of silica and alumina. A second drop is then observed before the 

OCP increases again. This drop observed after 7h of immersion suggests a rupture of the protective 

film probably due to the  adsorption of chloride anions or to the presence of internal stresses43. A 
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competition occurs between the destruction of the protective film and its formation, that finally 

leads to the reinforcement of the protective film after 12h of immersion. It seems that the 

incorporation of silica particles on the aluminum-based passive film thoroughly changed the 

aluminum reactivity in this saline solution. 

With the Si(MBT) suspension, the system behaves differently: the OCP first slightly decreases and 

stabilizes at around -600 mV vs Ag/AgCl. This shape is comparable with the one we previously 

obtained with MBT or Ce(dbp)3 dissolved in the electrolyte solution. Therefore, it seems that the 

MBT is able to counterbalance the drawbacks due to the adsorption and incorporation of silica into 

the aluminum-based passive film. 
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Figure IV. 18: Evolution of AA2024-T3’s OCP in presence of 10 vol.% of “empty” (Si) or MBT-loaded 
(Si(MBT)) silica nanocontainers dispersion 

The same behaviors are seen by EIS. The impedance plots are presented in Figure IV. 19. The 

formation of a silica-based layer is assessed for the Si suspension by the changes in the system’s total 

impedance that first increases for up to 7h where it reaches its higher value. It then decreases before 

increasing again. This is in good agreement with the OCP evolution and the formation of a silica 

layer on top of the electrode that interacts with the reactivity of the aluminum alloy. When MBT is 

present in the solution, it dominates the system’s evolution: as for experiments carried out in section 

IV.2.2.1., a large capacitive loop is observed in the first stages of immersion. This is associated with 

a high modulus at low frequencies around 105 ohm.cm² at 0.01 Hz. This is more than one order of 

magnitude higher than the values obtained in the absence of MBT in the suspension. This total 

impedance then continuously decreases over immersion.  
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Figure IV. 19: (a,b) Nyquist and (c,d,e,f) Bode diagrams of AA2024-T3 immersed in 0.05M NaCl with 
10 vol.% of (a,c,e) Si or (b,d,f) Si(MBT); Spectra acquired with 8pts/decade. Measurements taken at 

0.1 Hz are circled 

As for the experiments conducted with steel, a sticky layer is formed on the metal’s surface. This 

white layer, once dried, crackles the same way and was analyzed by SEM-EDS in order to determine 

its composition. Figure IV. 20.a. shows a representative area of the layer formed with visible scales 

formed by the cracks. Elemental EDX mapping confirmed that this layer is mainly composed of 
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silicon oxide. Similar results have been obtained whether MBT was present or not. More 

importantly, Figure IV. 20.b. shows a part of the layer formed by the Si(MBT) suspension where a 

scale fell down upon drying. SEM observations underline the fact that the film formed during the 

immersion is thicker than the passive film normally formed on AA2024 in saline solution. Elemental 

analysis highlights the presence of sulfur on the AA’s surface beneath the silica layer. Sulphur being 

likely due to the adsorption of inhibitor, it confirms that MBT quickly adsorbs on the AA’s surface, 

before the silica layer is formed. 

 

 

 

Figure IV. 20: EDS analysis of the silica layer deposited on AA2024-T3 after 24h immersion in 0.05M 
NaCl + 10 vol.% of Si(MBT) suspension 

It has to be noticed that these results were obtained for 10 vol.% suspension added to a 0.05M NaCl 

solution, what involves changes in the suspension’s ZP although the suspension’s stability was 

demonstrated in these conditions. However, the formation of a silica layer was also reported when 

the Si NCs suspension is diluted in pure water. This layer however looked less opaque and thick, 

meaning that chlorides probably play a role in the layer formation. This was not further investigated. 

a 

b 
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As for steel, the silica nanocontainers have an affinity for AA2024-T3 that could be beneficial in case 

of loose Si NCs when the coating is damaged, and should be kept in mind for corrosion detection. 

Moreover, the clear difference between the behaviors of the silica and MBT-loaded silica containers 

highlights the effect of the free inhibitor. The not-encapsulated part of MBT could interact with the 

metal’s surface, and can therefore interfere with the polymer during the formulation step.  
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IV.4. Inhibition properties of the coatings 

The results of this section have been carried out employing a Gamry® paint test cell PTC1. 

In this section, the efficiency of the MBT that is released will be discussed. As we evidenced, MBT 

has an inhibiting effect at low concentration (25 ppm). The thickness of bar-coated steel substrates 

is ca. 20 µm while the thickness of sprayed AA is ca. 80 µm. The exposed area is 15.5 cm² in both 

cases. According to the estimation presented in section III.3.1., the maximum amount of MBT in the 

immersed volume is hence at most 1.38.10-3 x 15.5 x 20 = 0.43 mg for bar-coated systems and 1.7 mg 

for sprayed samples. Locally, the MBT concentration is therefore above the solubility limit we saw 

in pure neutral water, what should enable protection of the substrate by MBT. 

IV.4.1. On steel  

IV.4.1.1. Intact coatings  

i. Performances 

Electrochemical impedance spectroscopy has been performed over 60h of immersion in order to 

assess the impact of the incorporation of silica capsules in the polyurethane coating. Three systems 

have been compared: neat polyurethane (PU), PU with Si NCs incorporated (PU-Si) and PU with 

MBT-loaded Si NCs incorporated (PU-Si(MBT)). Nyquist diagrams obtained for these three systems 

are presented in Figure IV. 21. At first glance, the Nyquist diagram of the PU system shows a single 

capacitive loop of around 2.108 ohm.cm². The slight fluctuations of the spectra with time can be 

related with the temperature that is not controlled and/or the swelling of the coating. For the 

coatings containing NCs, the Nyquist plots show a capacitive loop, with a second phenomenon at 

low frequencies for PU-Si and, to a lower degree, for PU-Si(MBT). This second phenomenon could 

be related to a diffusional process. Impedance values decrease with time for both NC-loaded 

coatings. It can be seen that impedance values of the PU coating are more than 100 times higher 

than those of the coatings loaded with Si NCs, what may mean that the incorporation of NCs leads 

to the formation of porous coatings, because the interface between the NCs and the polymer matrix 

is not optimal.  
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Figure IV. 21: Nyquist diagrams of steel Qpanels coated with (a) PU, (b) PU-Si and (c) PU-Si(MBT) 
systems. 12 pts/decade have been recorded, the circled values are taken at (a) 0.1 Hz and (b,c,) 1 Hz 

Concerning the Bode diagrams shown in Figure IV. 22, the PU coating presents impedance modulus 

values around 2.108 ohm.cm² and relatively constant for 60h.  An apparent one time-constant 

behavior can be observed but two time-constants were needed to fit properly the impedance spectra 

of the PU coating onto steel. These two time-constants can be attributed to the PU coating (Rcoat, 

Ccoat) in the high frequency (HF) domain and to the charge transfer (Rct) in parallel to the double 

layer (Cdl) in the lower frequency (LF) domain (Model a, Figure IV. 23).     

The PU-Si coating shows much lower low-frequency modulus values (3 to 2.106 ohm.cm²) and 

several time-constants, with especially a well-defined diffusion time-constant in the LF domain. It 

confirms that the incorporation of the silica NCs leads to a drastic decrease of the PU coating’s 

barrier properties. Despite the apparent homogeneity of the coating, this highlights preferential 

water ingress paths created by the incorporation of the nanocontainers. Another assumption that 
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was not investigated during this study could be associated to the formation of defects of crosslinking, 

caused by the capsules surface’s silanol groups that could interact with the PU network formation. 

Moreover, corrosion spots were visually observed beneath the PU-Si coating after 60h of immersion. 

EIS spectra were first fitted using model b from Figure IV. 23, accounting for the PU-Si coating 

(Rcoat, Ccoat), the faradic impedance and double layer capacitance (Rct, Cdl) and diffusion. Then, after 

5h, another time-constant was seen so the model c (Figure IV. 23) was considered in order to take 

into account corrosion products (Cox, Rox) formed onto the steel substrate. 

For the PU-Si(MBT) coating, the low frequency impedance modulus evolves from 107 to 

5.106 ohm.cm² during immersion. These values are lower than those observed with the PU coating 

but are higher than that of the PU-Si coating. Moreover, no clear diffusion process can be detected. 

The spectra present an apparent one time-constant behavior but like for the PU coating, two time-

constants were needed to fit the EIS curves (model b, Figure IV. 23).  
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Figure IV. 22: Bode diagrams obtained for steel Qpanels coated with (a) PU, (b) PU-Si and (c) PU-
Si(MBT) systems 

The different equivalent circuits (EECs) are presented in Figure IV. 23. Capacitors were replaced by 

Constant Phase Elements (CPE) because of the inhomogeneous physical properties of the coatings. 
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These models allowed to extract fitted parameters, especially the coating’s resistance Rcoat and the 

charge transfer resistance Rct.  

      

 

Figure IV. 23: Equivalent circuits used for the impedance plots of coated substrates with (a) 2 time 
constants (b) 2 time constants and diffusion (c) 3 time constants and diffusion 

From the spectra fitting, the coating’s resistance Rcoat and charge transfer resistance Rct have been 

plotted versus the immersion time in Figure IV. 24. Rcoat is associated with the resistivity of the 

solution that fills the coating’s porosity. It is therefore not surprising to find lower Rcoat values for 

the PU-Si(MBT) than for the PU-Si coating, since MBT can be hydrolyzed when water penetrates 

(pKa = 6.9544). The most interesting result is the 10 times higher Rct values for the PU-Si(MBT) than 

for the PU-Si coating. This can be related to the very local release of MBT and to the inhibition effect 

of MBT onto the steel’s surface45. 
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Figure IV. 24: Evolution of (a) the coating’s resistance and (b) the charge transfer resistance for PU, 
PU-Si and PU-Si(MBT) systems, calculated from the adequate electrical equivalents circuits 

ii. Water uptake assessment 

The decrease in the PU coating’s barrier properties upon addition of Si NCs could be due to an 

increase in the coating’s porosity that could enable a higher and quicker water uptake from the 

polymer layer. The Brasher and Kingsbury equation has been applied to our systems in order to 

Rs Ccoat

Rcoat Cdl

Rct

Element Freedom Value Error Error %

Rs Free(+) 0 N/A N/A

Ccoat-T Free(+) 0 N/A N/A

Ccoat-P Fixed(X) 1 N/A N/A

Rcoat Free(+) 0 N/A N/A

Cdl-T Free(+) 0 N/A N/A

Cdl-P Fixed(X) 1 N/A N/A

Rct Free(+) 0 N/A N/A

Data File:

Circuit Model File: C:\Users\ploiso01\Desktop\PhD Airbus-LaS

IE\2. Experimental\3. Analysis\1. Electr

ochimie\Modèle 2 RC parallel with CPE.md

l

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Ccoat

Rcoat Cdl

Rct Cdiff

Element Freedom Value Error Error %

Rs Fixed(X) 100 N/A N/A

Ccoat-T Free(+) 3,528E-08 N/A N/A

Ccoat-P Free(+) 0,86432 N/A N/A

Rcoat Free(+) 9724 N/A N/A

Cdl-T Free(+) 4,3033E-07 N/A N/A

Cdl-P Free(+) 0,49424 N/A N/A

Rct Free(+) 2,2478E05 N/A N/A

Cdiff-T Free(+) 0 N/A N/A

Cdiff-P Free(+) 1 N/A N/A

Data File:

Circuit Model File: C:\Users\ploiso01\Desktop\PhD Airbus-LaS

IE\2. Experimental\3. Analysis\1. Electr

ochimie\Model 2 RC + diff.mdl

Mode: Run Simulation / Selected Points (0 - 0)

Maximum Iterations: 1000

Optimization Iterations: 1000

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs Ccoat

Rcoat Cox

Rox Cdl

Rct Cdiff

Element Freedom Value Error Error %

Rs Fixed(X) 100 N/A N/A

Ccoat-T Free(+) 3,8972E-08 N/A N/A

Ccoat-P Free(+) 0,8572 N/A N/A

Rcoat Free(+) 19189 N/A N/A

Cox-T Free(+) 3,1945E-07 N/A N/A

Cox-P Free(+) 0,55405 N/A N/A

Rox Free(+) 1,9779E05 N/A N/A

Cdl-T Free(+) 6,8738E-05 N/A N/A

Cdl-P Free(+) 0,63823 N/A N/A

Rct Fixed(X) 0 N/A N/A

Cdiff-T Fixed(X) 0 N/A N/A

Cdiff-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File: C:\Users\ploiso01\Desktop\PhD Airbus-LaS

IE\2. Experimental\3. Analysis\1. Electr

ochimie\Model 3 RC + diff.mdl

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 1000

Optimization Iterations: 1000

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

c) 

a) b) 
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compare their evolution. Since not all requirements are fulfilled to use this formula in the proper 

conditions, the absolute calculated value cannot be relevant and has to be handled carefully. 

Calculated water uptake (in volumetric percent) is plotted in Figure IV. 25 as a function of τ=√t/d, 

with t the immersion time and d the coating’s thickness. Using τ instead of the immersion time 

allows taking into account the thickness of the coatings that are 14.8 ± 2.7 µm, 16.1 ± 1.3 µm and 

15.4 ± 1.6 µm for PU, PU-Si and PU-Si(MBT) coatings respectively. We can assume that in the first 

stages of water ingress, the PU coating respects Brasher and Kingsbury’s conditions and so a rapid 

water uptake is seen, followed by a plateau around 7.5 vol%. This is compatible with a water uptake 

of 9.4% reported by Rezaei et al.46 for 250 µm-thick PU coatings.  On the other hand, the PU-Si and 

PU-Si(MBT) systems have a similar behavior, with a comparable “apparent” water uptake two times 

as high as the neat PU coating’s one. This confirms the probable increased porosity due to the 

addition of the nanocontainers.  
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Figure IV. 25: Apparent water uptake of unloaded and Si NCs-loaded PU coatings applied by bar 
coating on top of steel Qpanels 

This detrimental effect of the incorporation of Si NCs explains why such low resistances were 

observed for loaded coatings. Since the water uptake occurs at once as soon as the coating is soaked, 

the porosity cannot be due to the dissolution of silica containers we observed for alkaline media and 

duration longer than 24h. The preferential ionic paths formed by the silica nanocapsules are then 

due to the creation of heterogeneity at the PU / Si interface either because chemicals nature are not 

compatible or because of undetected aggregates.  
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IV.4.1.2. Artificially damaged coatings 

It has been evidenced that the Si NCs can deliver their payload in an alkaline environment in chapter 

II. Moreover, we underlined in the previous section that PU-Si(MBT) coatings allow an increase of 

the system’s Rct that could be due to an inhibition effect. It hence seems interesting to study the 

coating’s behavior in presence of an artificial defect. 

It is possible that MBT cannot diffuse in the PU network, what could explain the absence of 

protection. An optical monitoring of the three previous systems was performed on samples with an 

artificial defect. The same scratch parameters have been used to create the defects but different 

defect lengths were finally obtained, because the tip did not reach the substrate’s surface all over the 

scratch. However, the scratch width was about 200 µm for all 16 µm thick coatings. As one can see 

for each system on Figure IV. 26, the coating is severely damaged around the scratch, whether silica 

containers have been added to the PU or not. This affected region tends to show that the coating’s 

cohesion is quite poor since a superficial part of the PU is torn off, while the surface is still covered. 

The addition of the silica capsules suspension to the polymeric matrix hence did not lead to a 

significant lack of adhesion of the coating. Reflection was enough to assume that the metal substrate 

was reached, although remains of the scratched coating were still present in some areas of the defect. 

Even if the exposed area is not exactly the same, the aim of this part is to qualitatively assess 

MBT-linked inhibition. 

Sample 
name 

Added 
suspension 

Observation 

PU - 

 

PU-Si 
Empty silica 

capsules 

 

PU-
Si(MBT) 

MBT-loaded 
silica 

capsules 
 

Figure IV. 26: Artificial defects made in PU coatings before opto-EIS measurements 
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Figure IV. 27: Observation of the exposed area during EIS analysis 

During immersion, the open circuit potential is monitored between two impedance spectroscopy 

measurements. No difference in the evolution of the OCP was seen between the different samples. 

From this data, the action of the MBT cannot be detected as it could be expected if MBT was released 

from the coating and directly adsorbed on the metal’s surface.  
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Figure IV. 28: EIS results from opto-EIS analysis for PU coatings 

From the results presented in Figure IV. 28 and Figure IV. 27, the exposed area was corroded soon 

after immersion for all the coatings and no differences were observed in the EIS spectra. This 

absence of protection and the apparent same corrosion rate for the three samples mean that the 

PU-Si(MBT) system is not efficient in these tested conditions. Raman analysis was performed after 

the EIS analysis on the PU-Si(MBT) coating in order to eventually detect traces of MBT in the 

corrosion product but it was not successful. 
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This could be because a higher concentration of MBT is needed in order to form a film14 or because 

the encapsulated MBT was not able to reach the substrate’s surface, either because it remained 

trapped in the Si NCs and/or PU coating, or because of the too important volume of the cell. 

IV.4.2. On AA2024-T3 

IV.4.2.1. Reference polyurethane coating (PU) 

Impedance results for an 82.1 ± 2.8 µm sprayed PU coating are given in Figure IV. 29 as a reference 

measurement. As soon as 2.6h after the immersion started, the system does not behave as a pure 

capacitor, as seen on the modulus diagram showing a horizontal plateau at low frequencies instead 

of a -1 slope line. The  total impedance value of the system is between 5.107 and 108 ohm.cm². This 

is a few orders of magnitude lower than what we would expect for an 80 µm-thick PU coating47. 

Another strange phenomenon is that over immersion the total impedance increases. This behavior, 

observed for the pure polymer, has been reported before for organic coating in immersion and could 

be due to further cross-linking, possibly due to reactions with oxygen in water48. Chemical analysis 

was not further carried out. 
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Figure IV. 29: Nyquist and Bode plots for sprayed PU coatings applied on top of AA2024-T3. Spectra 
have been obtained with 12 pts/decade. The circled value on the Nyquist plot is the 1 Hz measurement 

IV.4.2.2. PU coating loaded with “empty” Si NCs (PU-Si)  

The evolution of the impedance for a 72 ± 5.6 µm-thick PU-Si coating is given is Figure IV. 30.  The 

first measurement carried out after 2.5h immersion shows a different behavior than the pure 

polymer with a roughly 10 times lower total impedance. A depressed loop is observed for high and 

medium frequencies, containing two time constants as seen on the Bode diagram, while an apparent 

diffusion phenomenon occurs at low frequencies. The main loop can be attributed to both the 

coating’s response at high frequencies and local corrosion processes under the coating.  

Unlike for neat PU, a clear decrease in the system’s impedance in then observed with increasing 

immersion time, associated with the appearance of two time constants at medium and high 

frequencies. The time constant observed between 10 and 100 Hz is due to corrosion occurring 

underneath the polymer layer. This was observed between 1 and 10 Hz for uncoated AA2024-T3 (see 

section IV.2.2).  
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Figure IV. 30: Nyquist and Bode plots for sprayed PU coating loaded with silica nanocapsules, 
applied on top of AA2024-T3. Spectra have been obtained with 12 pts/decade. The circled value on the 

Nyquist plot is each time the 10 Hz measurement 

The low initial impedance and its quick decrease highlight the negative effect of the incorporation 

of capsules into the polymer matrix. Clearly, even though the Si NCs are well dispersed, local defects 

or agglomerates are created, likely due to interfaces between the silica capsules and the surrounding 

matrix. These defects can be due to the chemical reaction between the capsules’ surfaces, mainly 

through their silanol groups, and diisocyanate monomers as discussed in section III.2.2. This 
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reaction could then provoke a lack of diisocyanate and in fine a non-stoichiometric ratio between 

the formulation’s base and hardener. Another possibility is however that the amount of capsules 

added is above the polymer’s critical pigment volume concentration. Mirmohseni et al.49 indeed 

showed an improvement in the barrier properties of a polyurethane matrix filled with up to 1% silica 

capsules. However, when more capsules were embedded into the coating, this led to the 

deterioration of the PU’s barrier properties. Nonetheless, they used a bimodal dispersion of Si NCs 

with particles’ size exceeding 1 µm, and added as a powder to the waterborne PU, what cannot be 

compared with our system.  

IV.4.2.3. PU coating loaded with MBT-loaded Si NCs (PU-Si(MBT))  

After having assessed the impact of the addition of silica containers on the matrix’s barrier 

properties, the same experiments were performed with MBT-loaded Si NCs. The EIS results 

presented in Figure IV. 31 have been obtained for a 74.6 ± 3.3 µm-thick coating. As one can see, the 

first measurement shows an impedance similar to that of the PU-Si system. The Nyquist plot allows 

to identify a depressed capacitive loop while a diffusion phenomenon is seen at low frequencies, as 

for PU-Si. However a major difference is seen when the inhibitor is present in the solution since no 

loss of properties is observed. On the contrary, an increase in the total impedance of the system is 

observed over immersion after 60h. 
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Figure IV. 31: Nyquist and Bode plots for sprayed PU coating loaded with Si(MBT) nanocapsules, 
applied on top of AA2024-T3. 12 pts/decade were taken. The circled value on the Nyquist plot is each 

time the 1 Hz measurement 

These observations tend to show that MBT can be released from the system. However, this does not 

compensate for the deterioration engendered by the incorporation of capsules. 

IV.4.2.4. Comparison of the performances of the three systems 

i. Total resistance of the composite systems 

In order to graphically compare the systems’ evolution, the depressed semi-circle was fitted to 

extract the resistive behavior, plotted in Figure IV. 32. As one can see, the system’s total resistance 

is almost divided by ten when the silica capsules are incorporated to the PU matrix. However, only 

small fluctuations are observed in the case when MBT is encapsulated in the nanocontainers over 

60h immersion. On the other hand, a decrease in the coating’s resistance clearly occurs in the 

absence of MBT during the first 30h.  
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Figure IV. 32: Evolution of the low frequencies modulus for PU, PU-Si and PU-Si(MBT) coatings over 
immersion in 0.05M NaCl 

ii. Attempt of water uptake monitoring 

As for bar coated samples, an approximate water uptake has been calculated for sprayed PU systems 

using Brasher-Kingsbury equation, as plotted in Figure IV. 34. Despite not being performed in 

acceptable conditions to get a correct water uptake value, it allows to compare the coatings’ behavior 

and corroborates the previous results: the loaded PU coatings show a very important increase in 

permittivity, was leads to apparent water uptake values above 25% while the pure PU system is 

around 13%. Interestingly, differences are also observed between the two coatings containing silica 

nanocontainers. When the MBT-loaded Si NCs suspension is added to the matrix, higher water 

uptakes are measured and could be due to free MBT molecules that also create preferential water 

ingress paths. 

iii. Coating appearance and properties 

After immersion, important differences were observed in the aspect of the samples. The PU samples 

after immersion did not show any delamination, blistering or corrosion, while both PU-Si and PU-

Si(MBT) systems looked bubbly with important blistering, as shown in Figure IV. 33.a. Interestingly, 

this leads to a loss of adhesion of the PU coating and made possible the removal of the PU layer. 

Figure IV. 33.b. and c. are pictures of the AA’s surface after immersion and removal of the coating. 

An important degradation and pits are observed on the whole substrate’s surface for the PU coating 

after immersion, while nothing was noticeable after removal of the PU-Si(MBT) layer. 

It has to be noticed that bar coated samples never show this kind of blistering, that is then probably 

dependent on the coating’s thickness. 
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Figure IV. 33: Appearance of (a) Si NCs-loaded PU coating after immersion, and AA’s surface after 
removal of the (b) PU-Si and (c) PU-Si(MBT) coating. Scratches in picture c were made during the 

coating removal. Contrasts have been enhanced in order to reveal defects 

These observations are in good agreement with the EIS analyses: corrosion processes occurring led 

to the system’s resistance decrease, and appearance of a clear time constant in the medium 

frequencies domain for the PU-Si system. The MBT inhibitor placed in the Si NCs suspension is able 

to reach the substrate’s surface and protect it from corrosion. 

As for 20 µm-thick bar-coated coatings on steel substrate, we tried to evaluate an approximate water 

uptake for sprayed PU systems using Brasher-Kingsbury equation. Results are plotted in Figure IV. 

34. The loaded PU coatings show a very important apparent water uptake with values above 25% 

while the pure PU system one is around 13%. The absorption process is clearly not Fickian and the 

water uptake value seems not acceptable. Apparently, the Brasher and Kingsbury relation can not 

be used since some of the initial assumptions from their approach are not full-filled. This is another 

indication to say that the coating contains too many porosities to be considered as a barrier coating, 

or that swelling is an important factor that should be considered and measured. 
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Figure IV. 34: Apparent water uptake calculated using Brasher-Kinsgsbury equation for PU, PU-Si 
and PU-Si(MBT) systems 
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iv. proposed mechanism 

From the previous analyses and observations, a degradation mechanism has been proposed and is 

sketched in Figure IV. 35. Due to the PU coating’s intrinsic properties, water quickly progresses 

through the organic layer. 

Incorporation of the nanocontainers leads to the formation of defects that weaken the interface 

between the silica capsules and the polymer matrix (a & d). These defects constitute preferential 

pathways for the electrolyte that fasten the degradation of  the coating and provoke the swelling of 

the polymer by increasing the amount of water that penetrates (b & e). This leads to further swelling, 

creating blisters and allowing the electrolyte to reach the substrate’s surface. Corrosion then occurs 

in the absence of inhibitors (c) whilst when MBT is encapsulated it can be released and partially 

protect the aluminum alloy (f). 

 

Figure IV. 35: Degradation mechanism of the (a,b,c) PU-Si and (d,e,f) PU-Si(MBT)  developed coatings  

Despite an ability to release the encapsulated MBT, the designed coating is therefore highly limited 

by its porosity and must be improved.  
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IV.5. Conclusion on the system’s performances 

We have seen in this section that the encapsulated inhibitor (2-mercaptobenzothiazole) is highly 

effective on AA2024-T3 in a 0.05M NaCl aqueous medium. However, it showed only a short-term 

effect and low protection when used on steel in the same conditions. Potential alternative inhibitors 

were then considered: sodium molybdate greatly improved mild steel’s resistance in the first times 

of immersion, while cerium dibutylphosphate was very efficient on AA2024-T3 since no corrosion 

products were observed after 2 days of immersion. 

The performances of the coatings were assessed by EIS, what highlighted a poor barrier property for 

the pure polyurethane coating, due to its experimental nature. The incorporation of empty silica 

nanocontainers within the polymer matrix moreover induced defects, what led to an even lower 

intrinsic resistance of the coating. This is likely due to either a chemical incompatibility between the 

silica capsules and the polyurethane matrix, to cross-linking defects induced by the addition of silica, 

or to an amount of Si NCs above the polymer’s critical pigment volume concentration. However, the 

encapsulation of MBT in the silica nanocapsules has a positive effect. Indeed, the coating’s barrier 

properties kept on decreasing upon immersion in the absence of MBT while a stable resistance of 

the system is observed when the inhibitor is in the coating. This was notably highlighted by the 

corrosion-free surface of the metallic substrate after immersion only for the MBT-loaded coating. 

Despite an apparent smart release of the encapsulated inhibitor, the deterioration of the coating 

properties observed when the nanocontainers are incorporated makes the built system unusable as 

it is. Several paths of improvement should therefore be considered. Firstly, no attention was paid to 

the cross-linking of the polyurethane network. The addition of silica capsules, containing reactive 

groups such as silanol, likely implies changes in the polymeric network. The ratio between the base, 

hardener and suspension should therefore be optimized. It would however require to use a high-

performance PU. In order to limit the defects created by the incorporation of capsules, the 

purification of the suspension should also be considered in order to get rid of non-encapsulated 

MBT and residual surfactants. Moreover, a study concerning the quantity of capsules (and inhibitor) 

added to the formulation (limited by the dilution induced) should be carried out. 
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Conclusions 

The present study takes part in the project “New Corrosion Monitoring Material” (NC2M) that aims 

at developing an innovative protection for steel and aluminum pieces in aerospace structures. The 

developed technology is based on the encapsulation of active compounds into nanocapsules through 

a sonication-assisted miniemulsion process. These formed containers are then to be integrated in 

an aerospace primer in order to provide specific functions to the coating. This work focused on the 

formation of nanocontainers able to release their payload in a corrosive environment and, for that, 

pH-sensitive particles were designed. Concerning the coating’s functionalities, corrosion protection 

associated with a preemptive detection of the corrosion initiation are desired. The anticorrosive 

properties are brought by the encapsulation of corrosion inhibitors, while the use of colored agents 

or fluorescing species is considered for the detection of corrosion. This work however focused on 

corrosion protection, although the system was designed in order to be easily adapted.  

Container synthesis 

Encapsulation through an emulsion process requires the payload to first be dissolved in the 

dispersed phase. Therefore, two types of containers have been designed in order to enable the 

encapsulation of hydrophilic or hydrophobic chemicals. 

We reported the synthesis of silica particles, from the interfacial polymerization of 

tetraethyl orthosilicate (TEOS) as a silica precursor. Silica containers were formed through an oil-

in-water miniemulsion. They enabled the encapsulation of molecules that are soluble in organic 

solvents and with a low solubility in pure water. This was achieved with 2-mercaptobenzothiazole 

(2-MBT), a corrosion inhibitor. We successfully formed spherical hollow particles with a mean 

diameter between 180 and 200 nm and a polydispersity index lower than 0.3, evidencing a 

monomodal size distribution. The stability of the suspension was studied and no evolution of its 

properties were observed after at least 7 days in acidic and neutral media. However, for alkaline 

media (pH > 8), it was proved that the suspension was destabilized, and a swelling of the capsules 

was observed, followed by dissolution of the silica shells. This led to a rapid release of the 

encapsulated molecules. An optimization of the capsules’ size was tried, by changing the emulsion’s 

composition or formation parameters and the maximum mean size we obtained was 265 nm, using 

a different ratio between the two phases’ volumes and adjusting the surfactant concentration. The 

so-formed silica capsules were therefore suitable for corrosion-triggered effects since local 

alkalization occurs during corrosion. 

For the encapsulation of water-soluble compounds, a process based on previous works and using an 

oil-in-water emulsion was considered in order to form polyurea particles whose shell can be 

hydrolyzed in alkaline media. The involved reaction is the interfacial polymerization between 

toluene 2,4-diisocyanate and diaminobutane, in presence of a surfactant. This surfactant, however 
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also participates in the reaction. Due to its unavailability, substitution experiments were carried out 

but could not lead to pH-sensitive capsules. Moreover, the monomers involved in this procedure 

were used as a first step but present toxicity issues. It was then decided not to further investigate 

this type of containers. 

Incorporation of the capsules and coating formation 

In order to form the designed smart-coating, water-based epoxy and polyurethane formulations 

were considered. These formulations can be diluted in water, what enabled the addition of the 

capsules suspension as a liquid to the formulation. This reduced the number of steps of the full 

process, despite limiting the amount of suspension that can be added to the formulation. The 

formulation was applied on low carbon steel and AA2024-T3, according to ArianeGroup’s 

specifications. 

The optimization of the mixing and application procedures led to an apparent dispersion of the silica 

nanocontainers using an ultra-turrax high-performance disperser combined with a sonication 

system. However, we could not obtain defect-free epoxy coatings when the silica suspension was 

added. Further improvements would necessitate either an optimization of the formulation or a 

purification of the silica suspension in order to remove the residual surfactant molecules. The epoxy 

system was therefore set aside. On the other hand, polyurethane coatings without any aggregates or 

observable voids were formed. This was achieved using either bar-coating or spraying that are two 

industrially applicable techniques. Due to an important evaporation after curing, 25 µm thick 

coatings were obtained by bar coating while the thickness was increased up to 80 µm when spraying 

was employed.  

The analysis of the formed coatings highlighted a homogeneous dispersion of the silica over the 

covered area while no significant changes in the polymer structure were observed.  

Coatings characterization 

Coatings made of pure PU, PU with empty containers and PU with MBT-loaded nanocontainers 

were analyzed by EIS in a chlorinated medium. Bar-coated steel substrates and spray-coated 

AA2024-T3 samples have been used. Since the neat PU coating showed very poor properties, no 

attention was paid to the coating performances. 

This work showed that addition of the silica suspension to the polymer matrix induced defects. The 

total resistance of the system was indeed more than one order of magnitude lower in the case of 

Si-loaded PU. The presence of MBT in the suspension however showed a little improvement in the 

charge transfer resistance of the system when applied on steel. Concerning the coated AA2024-T3, 

a continuous decrease in the coating’s total resistance was observed over immersion for the PU in 
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which empty capsules have been incorporated. However, the initial resistance of the coating remains 

constant in the presence of MBT. 

It was therefore assumed that the incorporation of the designed silica nanocapsules enables a release 

of the encapsulated agent when the coating is defective and could then enhance its protection. 

However, the presence of silica capsules in the PU formulation induces the creation of defects. This 

was attributed to either an impact on the PU cross-linking (probably because of the capsules’ 

reactivity), a wettability issue between the silica shell and the polyurethane matrix or a combination 

of both. 

Alternative inhibitors were also considered, and it was shown that sodium molybdate and cerium 

dibutylphosphate were efficient inhibitors for the low carbon steel and aluminum alloy that were 

used respectively. 

Conclusion for the NC2M project  

The first objective of the NC2M project is to obtain a stable emulsion that could be used for corrosion 

protection and detection. The synthesis of silica nanocapsules has been achieved and is suitable for 

this purpose. Organic inhibitors such as MBT and potentially FD1, a fluorescent dye, are amongst 

the usable compounds. 

On the other hand, encapsulation of water-soluble compound was not successful as explained 

before. An alternative encapsulation protocol therefore has to be developed in order to encapsulate 

compounds such as inhibitor salts (e.g. sodium molybdate) or colored agents for detection (e.g. 

phenolphthalein). 

As defined in the NC2M specifications, an efficient process has been developed for the addition of a 

nanocontainers suspension to a water-based formulation. The homogeneity of the coatings was put 

forward. Moreover, thanks to the technology used, mixing and application steps can be scaled-up 

for industrial applications. 

The developed coating is able to release the encapsulated molecule upon a water ingress, related to 

defects and a corrosive environment. Despite a positive effect of the encapsulated molecule, the 

addition of the nanocapsules however induces an important loss of barrier properties. The NC2M, 

in its current state, is therefore not applicable. Nonetheless, the possibility to use this system, once 

improved, has been highlighted for corrosion protection.  

Suggestions for improvement 

In the present work, we highlighted important breakthroughs towards the building of an efficient 

smart coating for corrosion protection, that could be adapted to detection. The objective was to 

develop a complete composite coating. Many steps and techniques were involved and have been 
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described and, therefore, some parameters were probably not as thoroughly studied as they could 

be. In our opinion, improvements of the NC2M coatings and outlooks for a more efficient coating 

concern the containers formation as well as an optimization of the paint formulation. 

Development of nanocapsules  

Process optimization 

The silica nanocapsules suspension presented in this work was directly added to the formulation. 

This considerably simplifies the process for the coating formation. However, we saw that this limits 

the coating’s final properties. Two main issues were identified and should be overcome. 

Firstly, the maximal volume of water that can be added limits the amount of capsules embedded in 

the polymer matrix. Indeed, the addition of a too important quantity of water destabilizes the paint 

formulation and leads to a decrease in its viscosity that can be a problem for its application. Since 

we want to avoid the handling of nanoscale powder, the  concentration of the suspension should be 

considered, controlling the surfactant concentration1. Ultrafiltration could be a mean to get a slurry 

of silica capsules that should be redispersible. 

Secondly, the suspension being used as-synthesized, the ammonium bromide surfactant is still 

present in the suspension when it is added to the formulation. This is also true for potential residual 

alkoxysilane monomers. We suggested that the presence of DTAB could be a reason to explain the 

difficulty we encountered in order to form a defect-free coating. Therefore, purification of the 

suspension should be carried out, perhaps using ultrafiltration as well, or dialysis. 

Scale-up of the process should also be kept in mind, although it must be considered after 

optimization of the purification and concentration steps. 

Composition of the emulsion 

A preemptive detection of corrosion is amongst the main objectives of the NC2M coating. To this 

end, FD1 has been selected as a fluorescent molecule that could enable the detection of a local 

acidification due to corrosion. In the case of steel, complexation of FD1 with ferric ions also triggers 

fluorescence2. The encapsulation of FD1 was proven successful using the designed silica 

nanocapsules and led to a patent in the framework of the project NC2M3. The next step should 

therefore be the encapsulation of FD1 in order to assess the possibility to detect corrosion at its early 

stages. 

The main issue concerning the miniemulsion process we employed is the toxicity of the dispersed 

phase. Hexadecane and toluene are indeed toxic and CMR respectively, and should hence be 

banished from such applications. A change of solvent however would likely imply a change of 

surfactant as well since its adsorption depends on the solvents’ polarity4. 
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A change in surfactant could also be of great interest in order to tune the size of the dispersion. As 

we saw in chapter II, the nature and concentration of the surfactant were the most efficient 

parameters we considered. A study of the encapsulation efficiency of bigger silica particles could 

then allow to determine an optimal size of the capsules for the release of a high amount of payload. 

A last thing that was not considered in this work but can probably enhance the system’s performance 

is the functionalization of the silica capsules’ surface. We evidenced probable problems of cohesion 

between the capsules’ shell and the polymer matrix. Functionalization of the particles’ surface could 

hence be an interesting way to improve the incorporation of the capsules. Grafting could be achieved 

using the silanol groups that compose the particles’ surface. This requires chemistry skills, and could 

be done depending on the host matrix in order to favor the silica / polymer interactions and enhance 

the wettability of silica by the paint. 

Characterization 

Concerning the characterization of the suspension of silica nanocapsules, the presented results 

could be completed by a study of the capsules’ behavior depending on the temperature or under UV. 

This could indeed be a matter of importance for the final formulation. 

Moreover, silica is supposed to be porous, what was however not assessed for our system. Drying is 

not a priority but could however give more information on the capsules’ structure, enabling 

adsorption measurements for instance, 

Encapsulation of water-soluble molecules 

As explained in this manuscript, encapsulation of both hydrophilic and hydrophobic molecules is 

mandatory in order to enable a staggering choice of payloads. Since the synthesis of polyurea 

particles was not successful and implied toxic chemicals, a new procedure should be developed. As 

shown in the first chapter, an incredible number of processes and natures of particles can be found. 

In order to form an emulsion as green as possible, layer-by-layer adsorption and complexation of 

polyelectrolytes (possibly from natural resources) seem to be the most promising techniques. 

Coating enhancement 

Since the properties of the polyurethane formulation itself were quite poor, we suggest that it should 

be changed. Using of a model polymer may be mandatory at first in order to get a better 

understanding of the suspension’s reactivity. Otherwise, the use of a commercial paint instead of a 

simplified one is required. 

In the case that the studied polyurethane matrix is kept, an optimization of the ratio between the 

base, hardener and suspension should be performed. Indeed, the reactivity of the silica 

nanocontainers with the formulation’s component was only qualitatively assessed and could be 
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thoroughly examined. The relative quantity of the base and hardener could then be adjusted in order 

to avoid cross-linking issues. 

Changes in the formulation are obviously closely linked to the results obtained for the suspension. 

Therefore, the next systems to build and analyze would be coatings in which are incorporated 

suspensions: 

- With different sizes; 

- With functionalized silica shells; 

- After partial evaporation of the aqueous phase; 

- Containing FD1. 

Moreover, as initially planned, the encapsulation of FD1 within silica nanocapsules would enable 

the formation of coatings containing both an inhibitor and a sensing molecule. First trials were 

performed for the NC2M project, monitoring filiform corrosion by fluorescence. The capsules were 

applied by brush as a suspension directly on top of the metal prior to the application of an organic 

layer. A deactivation of the filiform corrosion active head was evidenced when the filament reached 

an inhibitor-containing area (results to be published by Loïc Exbrayat).  We can even think of the 

combination of several inhibitors in order to get a synergistic effect, as sometimes evidenced5. 

The next steps of the study are naturally ageing studies, starting by ageing in atmospheric 

conditions, and the study of the system’s stability versus UVs or temperature changes since 

variations can be observed in operational conditions. 

In parallel of the proposed improvements, it would be very interesting to try adding the prepared 

silica suspension to a sol-gel formulation. Since the same chemistry is used for sol-gels and for the 

prepared capsules, the compatibility should not be troublesome. Moreover, very promising results 

have been observed for sol-gels, explaining that they are currently investigated6–8.  

 

  



 General conclusions & Outlook 

 228  

References 

1. Sato, T. & Kohnosu, S. Effect of surfactant concentration on the stability of aqueous titanium dioxide 
suspensions. Journal of Colloid and Interface Science 143, 434–439 (1991). 

2. Augustyniak, A., Tsavalas, J. & Ming, W. Early Detection of Steel Corrosion via “Turn-On” Fluorescence in 
Smart Epoxy Coatings. ACS Applied Materials & Interfaces 1, 2618–2623 (2009). 

3. Rameau, B. et al. nanocapsules for early stage corrosion detection. FR 17403538, 20/04/2017 (2017). 

4. Nourafkan, E. Evaluation of adsorption of nonionic surfactants blend at water/oil interfaces. Journal of 
Dispersion Science and Technology 39, 665–675 (2018). 

5. Abdolah Zadeh, M., Tedim, J., Zheludkevich, M., van der Zwaag, S. & Garcia, S. J. Synergetic active 
corrosion protection of AA2024-T3 by 2D- anionic and 3D-cationic nanocontainers loaded with Ce and 
mercaptobenzothiazole. Corrosion Science 135, 35–45 (2018). 

6. Thai, T. T., Druart, M.-E., Paint, Y., Trinh, A. T. & Olivier, M.-G. Influence of the sol-gel mesoporosity on 
the corrosion protection given by an epoxy primer applied on aluminum alloy 2024 –T3. Progress in 
Organic Coatings 121, 53–63 (2018). 

7. Maia, F. et al. Corrosion protection of AA2024 by sol–gel coatings modified with MBT-loaded polyurea 
microcapsules. Chemical Engineering Journal 283, 1108–1117 (2016). 

8. Blohowiak, K. Y., Osborne, J. H. & Seebergh, J. E. Development and Implementation of Sol-Gel Coatings 
for Aerospace Applications. in (2009). doi:10.4271/2009-01-3208. 



 

 

 

 

 

 

 

 Appendices 

Appendices 

  



 Appendices 

 230  

Appendix 1: UV-vis calibration data for MBT 

In order to determine the concentration of MBT for the release study, two calibration curves are 

plotted, either in neutral or in alkaline (pH = 12) media. For each set, 9 standard solutions from 1 to 

35 ppm are prepared. For both conditions, 3 peaks are detected in the UV-vis spectra shown in 

Figure 1.a & c. Therefore, 3 calibrations curves can be plotted, given in Figure 1.b and d. In order to 

limit interferences that could be due to the environment, a mean value calculated from the three 

peaks is used each time. Calibration data are presented in Table 1. 
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Figure 1: UV-vis spectra of the MBT solutions prepared in (a) pure water and (c) 20 mM NaOH and 
(b & d) respective calibration curves 
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Table 1: UV-vis calibration data for MBT in the range 0-30 ppm 

Medium Wavelength (nm) 
Slope 

(Abs/[MBT]) 

Standard 

deviation 
R² 

Neutral 

230 0.0872 4.85.10-4 0.99972 

258 0.0315 5.02-10-5 0.99998 

320 0.145 1.62.10-3 0.99913 

Alkaline 

232 0.123 4.62.10-4 0.99989 

252 0.0560 1.99.10-4 0.99989 

309 0.110 1.28.10-3 0.99892 

 

Appendix 2: List of chemicals used 

The lists of the chemicals used for the preparation of silica and polyurea capsules are given in 

Table 2 and  

Table 3 respectively. All chemicals have been used as received, taking into account the given purity. 

Table 2: List of the chemicals used for the preparation of silica capsules 

Name CAS  Supplier Purity 

Tetraethyl orthosilicate (TEOS) 78-10-4 Acros Organics 98% 

Hexadecane (anhydrous) 544-76-3 Sigma-Aldrich ≥99% 

Toluene 108-88-3 Carlo-Erba ACS 

Dodecyl trimethylammonium bromide (DTAB) 1119-94-4 Sigma ≥98% 

Tetradecyl trimethylammonium bromide (TTAB) 1119-97-7 Sigma-Aldrich 98% 

hexadecyl trimethylammonium bromide (HTAB) 57-09-0 Sigma-Aldrich ≥98% 

Octadecyl trimethyl ammonium bromide (OTAB) 1120-02-1 Sigma-Aldrich 98% 
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Table 3: List of the chemicals used for the preparation of PUa microcapsules 

Name CAS number Supplier Purity 

Cyclohexane 110-82-7 Carlo-Erba ACS reagent 

2,4-toluene diisocyanate (TDI) 584-84-9 Sigma ≥98% 

1,4-diaminobutane (DAB) 110-60-1 Aldrich 99% 

Ethanol 64-17-5 Carlo-Erba ≥99.9% 

Sodium dodecyl sulfate (SDS) 151-21-3 Sigma-Aldrich ≥98.5% 

Dialysis tubing membrane 14kDa, 33mm N/A Sigma-Aldrich N/A 

 

Concerning the surfactant, Lubrizol® 5625 and Lubrizol® 5620B were supplied by Lubrizol while 

Span® 80, Tween® 80 and Span® 85 were produced by Croda. Pure water (18.2 MΩ at 25°C) is used 

throughout all experiments. 

Appendix 3: Summary of the process optimization attempts for 

silica nanocontainers 

Table 4 records the size, polydispersity index and observations made for optimization of the 

mini-emulsion process presented in Section II. 
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Table 4: Summary of the emulsion process optimization experiments carried out 

Checked 

parameter 
Parameter value 

Mean size 

Average (nm) 

PdI Observations 

Ref Si 
US 60% 

DTAB (C12) 8 mM 

188.7 ± 3.6 0.190 ± 0.022  

164.4 ± 9.9 0.158 ± 0.037  

Ref Si(MBT) 
US 60% 

DTAB (C12) 8 mM 

187.6 ± 10.7 0.173 ± 0.024  

190.3 ± 10.7 0.204 ± 0.044  

Sonication 

20% 149.3 ± 3.9 0.120 ± 0.027  

42% 164.4 ± 9.9 0.158 ± 0.037  

70% 188.7 ± 3.6 0.190 ± 0.022  

Pulse 5s 184.3 ± 12.4 0.158 ± 0.085  

Mechanical 

Stirring 

3 krpm 5 min Instable 

7 krpm 5 min Instable 

10 krpm 5 min 398.8 ± 39.7 0.296 ± 0.184 Sedimenting 

10 krpm 5 min less DTAB 435.9 ± 54.8 0.260 ± 0.211 Sedimenting 

15 krpm 5min 364.6 ± 6.5 0.209 ± 0.041 Sedimenting 

15 krpm 5 min less DTAB 343.5 ± 20.6 0.234 ± 0.102 2 clear peaks 

10 krpm 3 min cat HCl 477.6 ± 37.4 0.252 ± 0.052 2 clear peaks 

7 krpm 10 min 327.3 ± 23.7 0.067 ± 0.013 Sedimenting 

7 krpm 10 min large tool 370.5 ± 7.8 0.032 ± 0.004 Sedimenting 

7 krpm 15min Instable 

8 krpm 5min Instable 

Surfactant 

C14 220.7 ± 27.1 0.332 ± 0.113  

C16 375.7 ± 44.9 0.192 ± 0.034  

C18 Flocculation 

C12 2 mM 210.7 ± 8.5 0.121 ± 0.027  

C12 16 mM 165.3 ± 1.7 0.210 ± 0.028  

C12 24 mM 150.7 ± 6.2 0.250 ± 0.070  

Emulsion 

Composition 

No HD Instable 

Less HD 176.1 ± 14.0 0.115 ± 0.048  

Less TEOS 349.3 ± 23.0 0.304 ± 0.050  

x2 194.7 ± 9.0 0.136 ± 0.038  

Vdisp x2 207.7 ± 2.0 0.093 ± 0.009  

Vdisp x4 Gelation 

Vdisp x2 less DTAB 265.0 ± 7.0 0.079 ± 0.020  
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