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Abstract

This thesis aims to study the thermal, structural, optical, and anticorrosive properties of ternary
Ca0-K20-P20s and quaternary Al,03-K.0-CaO-P20s glass systems.

The analysis by differential scanning calorimetry (DSC) showed that the thermal stability of
our glasses increases with the increase of the contents of CaO and Al>O3 oxides. Measurements
of density, molar volume, and chemical durability confirmed these results.

Furthermore, the structural evolution of the studied glasses was followed by IR and Raman
vibrational spectroscopy. The study showed a strong cross-linking of the glassy network while
incorporating CaO and a more powerful Al2Os.

Similarly, UV-Vis-NIR spectroscopy revealed that Al>Os strengthens and enhances the
semiconducting character of the glasses.

On the other hand, the study of the corrosion inhibition of mild steel by glasses of the Al>Oz-
K20-CaO-P20s system showed that this system has excellent anticorrosive activity in a 3.5%
NaCl medium. The effect of composition and temperature on the anticorrosive activities was
explored by gravimetry, polarization curves, and electrochemical impedance spectroscopy

(EIS). The thermodynamic activation parameters were also calculated and discussed.

Keywords:

Phosphate glasses, IR and Raman spectroscopy, thermal and optical properties, chemical
durability, inhibitor, corrosion.
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Résumé

Cette investigation a pour but d'étudier les caractéristiques thermiques, structurelles, optiques
et anticorrosives des systemes de verre ternaires CaO-K>0O-P,Os et des systemes de verre
quaternaires Al203-K20-CaO-P20s.

La calorimétrie & balayage différentiel (DSC) a révélé que la stabilité thermique de nos verres
augmente avec la teneur en oxydes CaO et Al,Os. Les mesures de densité, de volume molaire
et de durabilité chimique ont toutes vérifié ces résultats.

De plus, la spectroscopie vibrationnelle IR et Raman a été utilisée pour suivre I'évolution
structurelle des verres examinés. Cette investigation a dévoilé une réticulation du réseau vitreux
tout en intégrant CaO et Al.O3z. De méme, la spectroscopie UV-Vis-PIR a permis de démontrer
que Al>Oz renforce et améliore les propriétés semi-conductrices des verres.

La recherche relative a I'inhibition de la corrosion de I'acier doux par les verres du systeme
Al;03-K>0-Ca0-P20s a, quant a elle, indiqué que ce systéme présentait une activité
anticorrosive remarquable dans un milieu & 3,5 % de NaCl. La gravimétrie, les courbes de
polarisation et la spectroscopie d'impédance électrochimique ont été utilisées pour étudier I'effet
de la composition et de la température sur les activités anticorrosives. Les parametres

d'activation thermodynamiques ont également été calculés et expliqués.

Mots clés :

Verres phosphatés, Spectroscopie IR et Raman, propriétés thermique et optiques, durabilité

chimique, inhibiteur, corrosion.
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Résumé général

Nos recherches actuelles visent & mieux comprendre les caractéristiques thermiques,
structurales, optiques et anticorrosives des matériaux vitreux dans les systémes CaO-K>0-P20s
et Al,03-Ca0-K,0-P.Os. Avant d'étre analysés, les échantillons de verre ont été fondus a des
températures allant de 800 a 1000°C.

D'une part, nous avons confirmé la nature amorphe des matériaux synthétisés en utilisant la
diffraction des rayons X (DRX) et la calorimétrie différentielle & balayage (DSC). Nos
recherches ont révélé que la température de transition vitreuse Tg augmente avec la teneur en
oxydes CaO et Al,Os. Ce résultat favorise la stabilisation thermique et la réticulation du réseau
vitreux. Ces faits ont ét¢ confirmés par la mesure de la densité volumique (p), du volume
molaire (Vm) et de la durabilité chimique dans trois solutions d'altération d'acidité variable. Nos
résultats indiquent que I'ajout d'oxydes, Al>Os, rétrécit le réseau vitreux, créant plus de chaines
enchevétrées et réticulées.

En outre, les résultats de I'étude suggerent que l'ajout d'ions calcium et aluminium a la
composition du verre entraine la dépolymeérisation des chaines de phosphate constituées de
métaphosphates et leur formation ultérieure en liaisons P-O-Ca et P-O-Al. Cette évolution
structurale augmente la température de transition vitreuse, ce qui est cohérent avec la formation
de liaisons P-O-Al. Le comportement du systéme quaternaire soutient également I'hypothese
selon laquelle Al>Os entre partiellement dans le réseau en formant AlOa.

D'autre part, la spectroscopie UV-Vis-PIR a révélé que I'ajout d'ions d'aluminium renforce la
résistance de la matrice vitreuse et améliore les propriétés semi-conductrices des verres. En
outre, le dernier axe de cette étude s'est concentré sur l'examen des caractéristiques
anticorrosives du verre APCK. Plus précisément, les effets de la concentration, de la
composition et de la température de I'inhibiteur sur le processus de corrosion ont été étudiés a
l'aide de la gravimétrie, des courbes de polarisation et des techniques de spectroscopie
d'impédance électrochimique, a la fois en présence et en absence de I'inhibiteur.

Les résultats montrent que tous les inhibiteurs étudiés sont des inhibiteurs mixtes (a
prédominance anodique) dont I'efficacité augmente avec la concentration et la composition des
inhibiteurs. Les valeurs maximales ont été obtenues pour l'inhibiteur APCKjis a une
concentration de 700 ppm. Les courbes de polarisation ont révélé que la densité de courant

diminue avec I'augmentation de la concentration et de la composition des oxydes Al>Os.



Les diagrammes d'impédance de Nyquist et ceux de Bode ont montré que le processus
électrochimique se produit par un transfert de charge sur une surface hétérogéne, ce qui est le
cas pour toutes les concentrations étudiées.

L'effet de la concentration sur I'activité inhibitrice de I'acier doux a été réalisé dans la gamme
de 25-55°C. Les résultats montrent que le pouvoir inhibiteur des verres testés en milieu 3,5%
NaCl pour une concentration de 700 ppm de l'inhibiteur APCK1s diminue avec la température.
Ce comportement peut étre expliqué par le fait que les processus cathodiques et anodiques sont
thermiquement activés (physisorption). Les paramétres thermodynamiques (Ea, AS?, et AH?)
pour l'activation du processus de corrosion ont été calculés a différentes températures en
absence et en présence de ’inhibiteur. Les signes positifs des enthalpies AH? reflétent la nature
endothermique du processus de dissolution de I'acier. En méme temps, les valeurs élevées et
négatives de I'entropie AS? impliquent une diminution du désordre au cours de la
transformation des réactifs en un complexe fer-verre activé.

Les isothermes d'adsorption de Langmuir, Temkin, Frumkin et EI Awady ont été étudiees a
partir des valeurs obtenues et des courbes de polarisation de I'inhibiteur APCK35 a 298 K et
pour les concentrations 100, 300, 500 et 700 ppm. L'adsorption des inhibiteurs sur la surface de
I'acier obéit a l'isotherme de Langmuir. La valeur négative de I'énergie libre standard
d'adsorption AG®ads obtenue indique la spontanéité du processus d'adsorption de nos inhibiteurs
sur la surface de I'acier et la stabilité de la double couche adsorbée sur la surface du métal. Le
mécanisme d'inhibition est basé sur une forte physisorption et chimisorption du systéme de
verre APCK.
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General introduction



General Introduction

This thesis was conducted at the Materials, Nanotechnologies, and Environment laboratory in
Mohammed V University in Rabat, where novel phosphate glasses were developed. The
research focused on the industrial applications of these glasses in the materials sector. Glasses
are commonly used in many aspects of daily life, from construction and transportation to food,
multimedia, and nuclear energy. Advancements in technology have expanded their use in high-
tech sectors like telecommunications and information transit. These glasses possess desirable
properties such as mechanical strength, chemical resistance, and great thermal stability. As a

result, the use of glass in various industries continues to grow in significance.

Phosphate glass materials are of keen interest in technological fields and are widely employed
in various domains, including bioactive glass candidates ¥, low temperature hermetic seals’
materials ", energy storage capacitors and optoelectronic devices °°, radioactive wastes’
hosts , solid electrolytes 617 host glasses for solid-state lasers 182!, etc. Moreover, a wide
range of phosphate glasses were fabricated, via mixing network glass formers viz. SiOz, P20s,
and intermediary/modifier oxides like Al>O3, K20, Na>O, Ca0, Fe.03, MgO, TiO2, Zn0O, and
others 222, However, their susceptibility to alteration phenomena limits their effective
utilization. Nevertheless, continuous efforts are being made to enhance their durability.
According to the literature, the introduction of glass stabilizers has been commonly perceived
to be the most appropriate mean 2. The most prominent oxides that can improve the chemical
durability of phosphate glasses are alkaline earths such as CaO, or alkali metal oxides such as

K-0, as well as intermediate oxides like Al,O3 2627,

Glasses carrying phosphorus and calcium in their composition form an interesting field of
research based on the development of useful biomaterials for bone regeneration 28, Numerous
in vitro and in vivo studies revealed good biocompatibility of glasses when used in hard and
soft tissue healing 2°. These glasses have valuable features explored as reinforcement phases
for composite biomaterials and drug delivery systems. Their potential use was as fibers in tissue
engineering, principally for any tissue with a medium to high anisotropy, such as muscles, and

as dental restoratives, etc. 3031,

However, the compositional variation that can be used for the binary glassy system CaO-P20s
is limited. This system is hard to process due to high thermal expansion coefficients and exhibits
excessive dissolution rates. Therefore, in order to develop more practical system, it is required
to improve the complexity and use of ternary systems 323, It was commonly perceived that
CaO has a stabilizing impact on phosphate glasses because the divalent ions can generate ionic

cross-links between the non-bridging oxygens of two distinct chains, so fortifying the glass

network and adjusting material solubility 343, While K-O was extensively used as a glass flux
2



General Introduction

to diminish the working temperature, it also plays an essential part in setting the thermal
expansion. Due to their network strengthening capabilities via their cross-linking action, Fe>Os
and TiOz has been claimed to have increased resistance to hydration . To put it another way,
TiOy affects the glass structure by forming Ti—O-P covalent link, which is thought to reinforce
the glass structure while also narrowing water diffusion at the glass/ solution interface, limiting
the pace of glass dissolution 3’. Also, joining Zinc, lead, and bismuth oxides with alkaline-earth
elements can be utilized to give relatively good durability values. But they do not regularly
match the specifications of phosphate glasses applications, so the most practical option is the

synthesis of glasses with Al,O3 .

Indeed, Al,O3 was found to be considerably improving the physical and chemical properties of
versatile glass systems by improving its aqueous durability 3*4°, and chemical stability %42,
Bunker et al. “3explained that through the substitution of alkali oxides by alkaline-earth oxides,
the durability of (50-X)M.0-XCa0O-50P20s (M = Li, and Na) glasses is noticeably boosted.
Peng et al. %% looked at the favorable way to boost the chemical durability of the glass, also,
the effects of Na2O, K20, Al2Os... etc., in M20O-MO-M20s3- P2Os glasses (M20 = Na20, K20,
and Ag20; MO = BaO or PbO; M-03 is either Fe>O3 or Al,O3), remarking that ionic cross-
linking within non-bridging oxygen (NBOSs) arranged by alkali and alkaline earth cations. So,
improving the bond strength of this ionic cross-link is supposed to enhance chemical durability.
While studying the properties of Al,Os in phosphate glass. Researchers **“° discovered that the
addition of Al2Os in glass may significantly improve the chemical property of phosphate glass
while also reinforcing the glass structure by forming P-O-Al #4. They demonstrated that the
modifier oxide affects the characteristics and structures of alumino-phosphate glasses through
their research. They also observed that the enhancement of alumina concentration in alumino-
phosphate glasses boosts durability 7.

In this study, we aim to investigate the structural, thermal, optical, and anticorrosive properties
of novel glass systems with various compositions. So, we started by analyzing the 50P20s-
xCaO-(50-x)K20 ternary glass system (with x= 0, 10, 20, 30, and 40 mol %). Then the upgraded
quaternary glass system xAl203-(50-x)P20s-10Ca0-40K20 (where x = 0, 10, 20, 30, and 40
mol%), where we kept the proportions of K>O and CaO constant.



Thesis plan

This thesis is split into four chapters; The first chapter is devoted to a brief history and general
concepts of glasses, structure, and physical properties, a bibliographic review of some Al.Og,
Ca0, and KO-based glass systems, and a synthetic reminder on corrosion and corrosion

prevention methods, specifically corrosion inhibitors.

The second chapter discusses the experimental methods of preparation, spectroscopic
techniques, physical measurements, characterization methods of the glassy phases, and all of
the apparatus utilized in this study. The electrochemical methods utilized to examine the
efficiency of the inhibitors and characterize the electrochemical behavior of the materials and
surface analysis techniques are also highlighted.

The third chapter included investigations using X-ray diffraction, Differential Scanning
Calorimetry (DSC), and Scanning Electron Microscopy (SEM) equipped with an EDX probe
to control the glassy state and follow the compositions of the samples. As a result, we could
identify the physical parameters of these glasses, such as the glass transition temperature,
density, and molar volume. The leaching tests of the glasses were performed, the dissolution
mechanisms were established, as well as the evolution of the chemical durability as a function
of time and pH of the solution. In this chapter, we also explored the vibrational analysis of
glassy materials using Fourier Transform Infrared Absorption Spectroscopy and Raman
Scattering Spectroscopy. The findings help us better understand the effects of CaO and Al>O3
in the network of the examined glasses on the structural alterations caused by their integration.
This research was required to assign vibration frequencies to the various structural entities and
their linkages in the glass network. Optical measurements were likewise performed using Ultra-
Violet-Visible-Proche Infrared spectroscopy (UV-Vis-PIR), and several optical characteristics

were determined.

The fourth and last chapter will investigate the anticorrosive properties of glasses based on
the Al203-Ca0-K>0-P20s system. The effect of inhibitor composition, concentration, and the
temperature was investigated. Gravimetry, polarization curves, and electrochemical impedance
spectroscopy were used to collect data. The inhibitor's adsorption phenomenon was
investigated, and various adsorption isotherms (Langmuir, Temkin, and Frumkin...) were tried.

SEM was used to examine the surface state, and the elemental analysis was performed by
4



combining it with a dispersive energy analysis (EDS) system.

Finally, a general conclusion gathers the most striking outcomes of this research endeavor,
bringing this manuscript to a close while highlighting certain perspectives opened by this study.



CHAPTER I: State of the literature



CHAPTER]
1.1. Glass review of literature

I.1.1. A brief history of Glass
Glass is one of the many archaic materials known and operated by humankind. Before people
comprehended making glasses, they had found naturally formed glasses, depicted in figure 1.1,
like obsidian, fulgurites, impactites, and tektites, and used these as arrowheads, knives, and
primitive jewelry. The detailed history of the first synthetic Glass is not known. However,
archaeologists found evidence confirming that around 3500 BC, ancient Egypt and
Mesopotamia discovered glass formation “¢. Evidence indicates the presence of glass articles in
coastal north Syria, Mesopotamia, and Ancient Egypt. Glass was first used in South Asia around
1730 BCE “. Also, they discovered glass evidence at Hastinapur and an archaeological site in
Takshashila, both in ancient India. The Romanian Empire and the Anglo-Saxon period created
glass artifacts for home, industrial, and religious settings usages. Glass development in China
began late. Back then, glasses were constructed of barium oxide (BaO) and lead. Lead-barium
glasses’ use became obsolete after the end of the Han Dynasty. However, glass now plays a

minor part in arts and crafts.

Figure I. 1. Obsidian (left) and fulgurite or lightning glass (right) images.

In the 14th century, the large-scale expansion of glass technology saw its beginning “.
Architecture had proved the use of glass by the 15th century. All glass-related activity will be
centered in Europe for the next 200 years. England had industrialized glass manufacturing by

the end of the 17th century. Around the same period, Ravenscroft invented lead glass, a
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mixture of silica, potash, and lead oxide. The development of this type of glass in the 18%
century enabled the building of long-range telescopes, which are still commonly used today due
to their radiation-shielding capabilities. In 1959 Pilkington Brothers pioneered glass sheets with
consistent thickness and highly flat surfaces making a tremendous transformation in the
architecture business. I. Angelini et al. gave a more detailed story about the evolution of vitreous
materials throughout history 4°.

Oxide glasses have caught the attention of academics and scientists in recent decades due to
their remarkable features, which are particularly valuable in various fields. They are readily
formed due to a lack of underlying crystalline structure. Glass is essential in multiple uses,
including electronics *°. This method also yields flat panel display glasses for television and
computer screens. Thus, this archaic material plays a variety of roles in various fields, including
photonics °!, biomedicine 2, radioactive waste storage >3, and many more, in addition to
traditional ones such as windows, architecture, lenses, containers, and so on. Glass, formerly
thought to be an optical, dielectric, or passivating material, is now being used to construct active
devices such as switches, memory, sensors, solar cells, catalysts, etc. >*. These extensive
applications highlight glass's ever-increasing relevance in our current technology culture and
industry.

Phosphate glasses have been used all around the world for over a century. They weren't found
near volcanoes in streams like amorphous silica materials. The history of phosphate glasses is

returned to the investigations of glass science's pioneer Otto Schotts (1851-1935) 5.

1.1.2. Definition of Glass
Over the years, various descriptions have been assumed and updated to highlight what glass is.
According to Zachariasen, Tamann, and Greaves, a glass-like material corresponds to a non-
crystallized solid state. Moreover, on the atomic scale, glasses are described by the lack of long-
range periodicity in their crystal structures 7. Also, the American Society for Testing
Materials (ASTM) defined glass as an inorganic product of fusion that has cooled to a rigid
condition without crystallization. Several materials, such as organic polymers and metal alloys,

also have non-crystalline structures, but not all are glasses 8

Nowadays, the most adopted definition is the one given by Zarzycki, which is that glass is a
non-crystalline material that displays the glassy transition phenomenon %°. Another explanation
given by Haase, Scholze, and Simon is to create an amorphous solid. The liquid must be cooled

quickly enough or have a too-high viscosity, preventing crystallization at the melting point and



CHAPTERI

allowing the liquid to remain in its liquid state. Consequently, a specific volume and enthalpy

discontinuity is seen at a characteristic temperature known as glass transition temperature Ty.

1.1.3. Glass Transition Phenomenon

Due to the complexity of the glass transition process, numerous theories have been put forth
based on different characteristics of the glasses. Since any glassy substance must have the glass
transition as a necessary property, and it depends on numerous factors, including heat capacity,
thermal conductivity, melting temperature, cooling pace, etc., these theories have largely fallen
short of expectations. Depending on the technique utilized for its measurement, a sizable
variance in the value of glass transition temperature (Tg) has also been noted. This is because
distinct degrees of freedom are arrested when a melt is quenched to form a glass, but these
degrees of freedom start to relax during heating. These degrees of freedom, which correlate to
various attributes, are employed. As a result of the varied rates at which these multiple degrees
of freedom are associated with the different characteristics used to calculate Tg relaxation,
various values of T4 are measured .

Experimentally, we can use DTA or DSC (thermal differential analysis) to determine the glass
transition temperature. The schematic thermogram of a glass sample's heat capacity Cp is shown
in figure 1.2 the temperature T4 (an endothermic phenomenon), we can also see the temperature
at which crystallization begins (Tx), the temperature at which it reaches its maximum (T,), and
the temperature at which it fuses (Tf) (endothermic phenomenon) . Ty is the intersection of
the baseline with the inflection tangent of the glass transition domain. Tx is the baseline
intersection with the crystallization peak's inflection tangent. Also, T, is the crystallization

peak's maximal point.

Temperature

Figure I. 2. Thermogram of the heat capacity (Cp) as a function of the temperature of a glass sample.
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1.1.4. Glass formation

While a long-range disordered atomic network is simple to understand, the idea of a material
undergoing a time-dependent glass transformation is more challenging to grasp. Using an
enthalpy (or volume) as a function of the temperature diagram, as displayed in figure 1.3.a, the
methodology of cooling a material from its molten condition takes a predictable course after
the melting point is reached (Tm). Which is called the melting temperature, where the Gibbs
free energy of the solid-state equals the Gibbs free energy of the liquid phase, as illustrated in
figure 1.3.b and mentioned in the following equation:

AG=GS-Gt=0°

The solidification process through a fantastic arrangement of atoms (or molecules) results in a
crystal lattice with a dramatic drop in enthalpy because the new crystalline configuration has
substantially lower internal energy than its liquid predecessor. Atoms align perfectly in an
organized manner in quest of the material’'s lowest energy state. Lowering the temperature while
exceeding the melting point creates the main driving force for solidification (G>0). The
supercooled liquid phenomenon is when a liquid remains in its state at temperatures below the
melting point when subjected to sufficient cooling rates. While dropping the temperature, the
viscosity of the fluid rises fast until the atoms lack the requisite mobility to rearrange into their
equilibrium condition (crystalline structure) and remain "frozen" in a metastable state, forming
aglass ®2. Glasses are thus solid structures distant from their equilibrium configuration, whereas

the molten state "freezes™ into a reliable system rather than crystallizing.

Figure 1.3.a depicts the time-dependent glass modification procedure as the temperature area
where enthalpy gently drops from its liquid-state level to that appropriate to the solid state,
rather than a sudden decrease, where the crystalline transformation would occur. With the
cooling rate, the treated liquid determines (along with other elements) the viscosity variation
and, thus, the frozen state instant is achievable. This process is time-dependent.

10
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(b)
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Figure I. 3. (a) Enthalpy plotted versus temperature diagram illustrating the different solidification paths of a standard glass

[16] and (b) Gibbs free energy graph of a material's solid and liquid phases as a function of temperature [15].

Hruby © characterized the tendency of a material to assemble glass by establishing a parameter

Kg, which includes the Tg, Tm, and crystallization temperature (Tc) as follows:

T. —T,
Ky= —2
Tm_Tc

If (Tc-Ty) is tremendous and (Tm-T¢) comes up short, nucleation and crystallization are strongly
inhibited, and the system's glass-forming tendency is high. T4 is described in terms of the

experimental time scale as the temperature at which a liquid achieves stable viscosity.

1.1.5. Classification of the preparation method of glasses
The most common glass-creation methods are melt-quench, sol-gel, and chemical vapor

deposition.

1.1.5.1. Melt-quenching technique.
The melt-quench technique was the first to be established for glass fabrication. The inorganic
raw materials are precisely weighed as per composition in the melt-quench process.
The well-mixed and dried components are placed in a premium alumina or platinum crucible
and melted in a temperature-controlled furnace. The raw components are then homogenized in

a mortar with a pestle or ball mill in an acetone medium.

11
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The homogenized molten is quenched in a mold. The melt-quench process is used to create the
glass in this approach. By annealing, the synthesized glasses at comparatively low temperatures
to the glass casting temperature, the residual internal tensions caused by the temperature
gradient during forming and subsequent cooling are considered withdrawn . The melt quench
technique yields more extensive materials than single-crystal or polycrystalline ceramics. It also
has the advantage of providing greater compositional flexibility than chemical vapor deposition
or the sol-gel process. This strategy has certain drawbacks as well. This approach, for example,
is inappropriate for creating ultra-pure glasses used in optical communication systems. This
procedure adds certain impurities from the crucible or furnace materials to the glass. Due to the
requirement for exceptionally high temperatures, glasses including refractory elements such as
SiOo, TiO2, Al203, and ZrO» are hard to manufacture with this process.

1.1.5.2. Glass by sol-gel method
Using the sol-gel process, raw components' colloidal solution (sol) is transformed into a
gelatinous product (gel). There is no need for melting or quenching in this process. Fine-grained
gel bulks made up of diverse organic compounds are annealed at a specific temperature before
being sintered at a higher temperature than the annealing temperature. Two processes are

currently happening during this procedure: hydrolysis and condensation .

1.1.5.3. Glass by a chemical vapor deposition method
In the early 1940s, the chemical vapor deposition (CVD) process for creating glasses was
invented. Following the production of the glass material, the original metal halide vapor is
thermally activated via homogenous oxidation or hydrolysis. An oxy-hydrogen flame or
oxygen plasma initiates the oxidation or hydrolysis reaction. The initial elements in this
technique are liquid at ambient temperature. They have a shallow boiling temperature compared
to alkaline halides, earth, transition metals, or rare-earth elements. Raw materials are purified
by distilling them repeatedly under their melting points. This approach helps produce ultra-high

purity glasses .

1.1.6. The theories of glass structure
Until the 20th century, Goldschmidt and Zachariasen revealed the conceptual underpinnings of
the science connecting the glass structure to its formation. So, the main theories have been
intensively revised and improved over time.

Starting with Goldschmidt, in 1926 %, formed a hypothesis revealing that most oxides with a

12
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radius ratio of R¢/Ro in the range of 0.2-0.4 will form a glass. (R¢ is the radius of the cation, and
Ro is the radius of the anion.). However, Goldschmidt’s theory was quickly superseded by

Zachariasen’s more comprehensive approach in 1932 *°,

Zachariasen's outlined rules to create glass are °’:
1. No more than two cations may be connected to an oxygen atom.
2. The number of cations coordinated is low: 3 or 4.
3. Oxygen polyhedral Share corners, no edges or faces.
4. At least three corners must be shared in 3D networks.

In general, all four rules should be satisfied for glass formation to occur. Low coordination
numbers and corner-sharing rules imply that glass formation is more likely with open, low-
density polyhedral structures. The Zachariasen-Warren network theory was created in 1933 to
enrich Zachariasen's rules. According to the theory, it must first produce tiny polyhedral
building blocks for an oxide or compound to transform into glass. There can only be one point
(a corner, not a face or an edge) at which a polyhedral unit can be joined to another. The short-
range order of glasses is interconnected to the idea of a 3-dimensional network made up of tiny
polyhedral building blocks. This theory includes other elements serving as anions in a network,
such as Fluorine and Sulphur, stating that they are the ones connecting neighboring polyhedral
blocks and, as a result, binding to no more than two cations, even though Oxygen is the most

prevalent anion in glasses (central atoms of the polyhedron).

According to the Zachariasen-Warren network theory, a polyhedron can have a maximum of
six corners, at least three of which must be connected to other polyhedral units. The tetrahedron
built-in silica glasses, as shown in figure 1.4.a, illustrate a building block. In Figure 1.4.b, the 3-
dimensional network of units is represented in two dimensions: the silicon atom in the block's
center and oxygen atoms at its corners . Figure 1.4.c disrupts the glassy matrix by adding

network modifiers such as Na,O .

13
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Figure |. 4. Basic building block found in silica glasses is shown in (a). Pure silica glassy network as at (b). The network is

broken up by adding modifiers, like Na,0, interrupting the network as at (c).

The theory of Zachariasen categories the significance of cations within the structure by:

- Network formers include Si, P, Ge, As, B, etc. They can create the glass network outlined
building blocks with a coordination number of 3 or 4 (SiO2, P.Os, GeO., As20s3, etc.).

- Network modifiers, instead of Network-formers, play a destructive role in the network by
breaking the bridges connecting the unit blocks to generate oxides and diminishing the
connection of the chains. Their coordination number is 6, e.g., Na2O, K20, CaO, Li20, etc. For

instance, the glass network shown in figure 11.4.c is illustrated after adding Na atoms.

- Intermediates are characterized by their ability to connect with the fundamental glass matrix
to maintain structural continuity. They cannot create glass independently, but they may be
capable of substituting some Network-former cations in the system. When having a
coordination number 4, these cations strengthen the network, even though they break it when
their coordination number is > 6, identically to the Network modifiers. E.g: Al203, ZrOz, TiOg,
PbO, ZnO, etc. .

An X-ray diffraction pattern illustrates how a crystal and a glass differ structurally. Bragg peaks
representing an organized distribution of atoms in the three directions of space will identify the
crystal. We may "resolve the structure,” that is, figure out where the atoms are about one another
inside the elementary lattice—by looking at the location and intensity of these peaks. The unit
cell, or the smallest organized structural entity holding all the atoms of a compound, is defined
as the smallest region of space in which an integer number Z of crystal units is inscribed. The
simple unit's infinite repetition introduces the concept of order at a long distance in the three
spatial directions.

The basic meaning of a diffraction halo, which is the loss of order at long distances but the

14
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existence of some order at short distances, is the loss of order at long distances in the case of a

glass, where the imprint of X-ray diffraction is presented (figure 1.5).

—— Crystal

—Glass

Normalized intensity

10 20 30 40 50 60 70 80
2 Theta (°)

Figure I. 5. Diffractogram of a glassy structure (black curve) and the corresponding crystallized compound (red curve).

1.1.7. Classification of glasses

1.1.7.1. Natural glasses

Glass variants were already present in nature before man. There are two kinds of natural glass:
glass with a mineral origin and glass from living things.

1.1.7.1.1. Mineral glasses
Since the Apollo missions, a new area of research devoted to the lunar ones has emerged in
addition to the geological glasses, which were the focus of most research concerning the glasses
of mineral origin.

1.1.7.1.2. Geological glasses
Geological glasses cover a wide composition range. The simplest is the almost pure SiO; of
fulgurites and Libyan Desert glass, produced by the melting of quartz sand by lightning and the
impact or explosion of extraterrestrial bodies, respectively. Tektites have also been produced
by extraterrestrial sources but have compositions similar to those of their igneous rock source.
By far, the most common glasses are produced by the cooling of magma. The best known are
the SiO2-rich obsidians, extensively used and traded over long distances in Prehistory because
of their outstanding properties resulting from their fully amorphous nature .

1.1.7.1.3. Lunar glasses
Since there is no water on the Moon, the magmas are viscous, which encourages glass creation.

Thus, many glassy rocks have evolved in the lunar soil from the primordial lunar rocks due to
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multiple collisions from meteorites and volcanic ash “*. This twofold metamorphosis could be
highlighted thanks to the lunar glass fragments that the Apollo expeditions brought back, which
were the subject of several laboratory studies.

1.1.7.1.4. Biochemical glasses
Glasses seen in nature are primarily made of silica. Diatomite shells and sponge and mollusk
skeletons are two examples of the silica that is thought to be dumped on the ocean floor each

year in quantities of several gigatons "2,

1.1.7.2. Artificial glasses
Even though a vast range of chemicals can form glasses, few have gained practical significance.
We separate several large groups based on their application field.
1.1.7.2.1. Oxide glasses
Oxide glass family applications receive the most responses *°. Nowadays, they count for more
than 90% of the glasses made. Due to the inexpensive cost of raw materials and the moderate
production temperature, this family naturally tends to dominate over time. Oxide glasses come

in a variety of varieties.

a. Single oxide glass system

+ SiO2: Because of their ubiquity in nature, silicates have been extensively researched.
They were viewed as a conventional network-forming oxide in both crystals and glasses
on account of silicon's great affinity for Oxygen, and the fact that the structural unit of
silica is tetrahedral, with silicon coordinated four times by Oxygen ([SiO4]* depicted in
figure 1.6). The tetrahedron serves as the fundamental unit. One mono silicate is cross-
connected with its neighbors to form a network. Silica glass is scientifically relevant
due to its outstanding resistance to chemical agents and low coefficient of expansion
(0.5x10°), providing exceptional thermal shock resistance.

Figure I. 6. Monosilicate structure [SiO4]*.

16



CHAPTERI

+ B»03: Boric anhydride is an easily vitrifiable oxide. Obtaining its crystallized form is
very difficult. The glass structure of B2Os is an incomplete stacking of boroxol rings
with trichlorinated boron (BOz). Due to its hygroscopic nature, B>Os is never utilized

alone in practice. It is part of the composition of many industrial glasses.

+ P,0s: The [PO4]* tetrahedron in figure 1.7 is the unit structure in all P2Os-based glasses,
and it is coupled to form a three-dimensional network, like mica glasses. Chain
structures are formed when alkali ions are incorporated into a three-dimensional
network. Compared to SiOz in vitreous form, P2Os in glassy form is extremely difficult

to obtain because P2Os is extraordinarily hygroscopic and volatile.

Figure I. 7. Phosphate tetrahedron unit [PO4]>.

b. Multi-formers glasses

Binary glasses SiO»-B20s, SiO2-GeO3, and SiO2-TiO2 have been synthesized via direct fusing
or vapor-phase hydrolysis ". These glasses were developed for optical conductors (photonics),
where hyper-pure glasses with refractive indexes similar to vitreous silica are required. Because
some glasses in the SiO»-TiO, family have a coefficient of expansion near zero, they can be
used to make rigid and thermally stable telescope mirrors. The structure of these glasses is still
entirely unknown; in particular, it is not clear whether mixed chains of the type Si-O-Ti-O-Si

form or micro-domains richer in one of the components form.

c. Glasses assembled from formers and other oxides

This category contains many visual oxide lenses. The addition of different oxides allows for
significant modification of the characteristics of the various glasses. Phosphate glasses are one

example 477,
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1.1.7.2.2. Fluoride glasses
The network’s highest natural frequency of molecular vibrations determines the spectral limit
of glass transparency on the infrared spectrum. This natural frequency is reduced as the ions
present get heavier and less charged. The field of glasses in which fluorine replaced Oxygen
has been investigated to generate infrared transmission optical fibers. A series of fluorinated
glasses with formers of zirconium fluoride ZrFa4, AlFs, GaFz, and InFs were produced and
examined in 1975 78,

1.1.7.2.3. Chalcogenide glasses
When group VI elements (S, Se, Te) are mixed with one or more group 1V (Ge, Si) or V (Sb,
As) elements or halogens, they produce glasses, the resulting glasses are called chalcogenides,
in the 1960s, these glasses were very successful when a transition between two states of low
and high electrical conduction was observed °.

1.1.7.2.4. Amorphous metals
Amorphous metals or metallic glasses generated by ultra-rapid quenching of liquid alloys have
long piqued scientific attention. Some of these are currently being made industrially, for
example, Ni-Fe-P-Al-B. Their structure is fundamentally disordered compact. They have

intriguing mechanical properties 881,

1.1.8. Glass systems

Throughout history, numerous types of glasses have been invented. The phrase glass system
was coined to identify and arrange them. Oxide glasses are the most frequently investigated
systems; they include several glass families, such as borate, silicate, germanate, and phosphate.
The backbone comprises B20s, SiO2, GeOz, P20s, etc. The network formers in chalcogenide
glasses are S, Se, and Te, which can be coupled with Ge, As, and Sb to produce amorphous
materials with fascinating optical characteristics ideal for several applications, such as IR
applications.

Fluoride glasses are popular among halide, and oxy-halide glasses have the most outstanding
exponent. These materials have been researched for transoceanic optical fiber waveguides and
many other things because of their transparency range, low optical losses, and durability . The
following section summarizes several oxide glasses' various structural characteristics and

qualities.
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1.1.8.1. Silica glass system

In recent years silica glass system has received incredible attention. Silica's applications span
from lenses to optical glass fibers. By introducing levels of network modifiers, and
intermediates and managing the number of impurities in the structure, the material qualities can
be adjusted to demonstrate high thermal shock resistance, purity, and mechanical strength.
Silica glass has outstanding optical transparency from ultraviolet to near-infrared areas and
chemical and thermal resistance 2, 8, On the other hand, notable downsides include its
excessive melting point and poor rare-earth solubility, particularly in comparison to
different oxide glasses, including the phosphate family &,

Tetrahedral 6-coordinated 4 oxygen atoms constitute amorphous silicate. 6-coordinated silicon
groups have likewise been identified in a handful of crystalline materials 8. Silicate systems
take the form of orthosilicate structural units, orthosilicate units, Si-O stretching vibrations of
tetrahedral silicate units, symmetric stretching vibrations of silicate tetrahedra, inter-tetrahedral
Si-O-Si bonds, and structural unit QZ,, (n = 0 to 4), where Qs; symbolizes the tetrahedral unit

and n is the number of bridging oxygens (BO) 8%

1.1.8.2. Borate glass system
Borate glasses are essential in various applications, including thin amorphous films for battery
applications, bioactive glasses for tissue engineering, nuclear waste disposal, photonic
applications, the invention of infinitely adjustable or shorter pulse lasers, optical fiber
amplifiers, and fiber lasers 8891,
Under ordinary circumstances, pure Borate glasses are challenging to create because they
contain no moisture . Water-free Borate glasses are made by melting orthoboric acid at a
pressure of 1 mm Hg over many hours. Structural investigations on pure borate glasses
indicated that the structure agrees perfectly with the Krogh-Moe description °3. Following
this, the significant component of B2Os3 glasses is boroxol rings. Krogh-Moe's study suggested
the existence of five distinct varieties of borate molecules in the glass structure.
The borate matrix includes the vibrations of isolated diborate (B4O7%) groups, breathing of O
atoms, loose diborate vibrations, chain or ring type meta- and pentaborate (BsOs’) groups,
symmetric breathing vibrations of six-member borate rings with one or two BO3 triangles
replaced by a (BOys) tetrahedral, symmetric breathing vibrations of boroxol rings, triborate
(B3Os), tetra-borate (BsO13%), ortho-borate (BOs*), pyroborate (B20s*) groups and linked

[BOs]* triangles with one free vertex %%,

1.1.8.3. Phosphate glass system
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Even though P20s is one of the classic glass-producing oxides, along with the ones stated above,
the nature of the glass, its applications, and research and development have been limited due to
its hygroscopic nature. It was only when the addition of at least 30% metal oxides was
discovered to considerably improve the durability of the glass that potential applications were
aggressively pursued %.

Phosphate glasses' properties are dictated by their structures, which are dictated mainly through
the chemistry, concentration, and coordination environments of metal oxides introduced to the

glasses and their impact on the ensuing phosphate chain length dispersion %7,

1.1.8.3.1. Phosphate glass structure
Phosphate-based glass relates to phosphorous glass former. The basic polyhedrons that make
up the structure of phosphate glasses have been revealed as tetrahedron blocks that can connect
to produce Pn units; phosphate anions containing n tetrahedra generate polymer-like chains or
rings. As in silicate glasses, the former glass cation is encircled by four oxygens (POs) .
Because of phosphorous' pentavalent (P*°), a tetrahedron with four bridging oxygens would
generate a positively charged block, which is avoided if one of the anions (Oxygens) forms a
double bond with the center atom, O = P 2101 As shown in figure 1.8, the essential block
constructing the network in phosphate glasses is linked to three nearby tetrahedra (3 bridging

oxygens).

Figure I. 8. PO, tetrahedra creates the phosphate glass network.

Q' notation is used to classify the phosphate glass tetrahedron. The phosphate atom is
represented by "Q," and "i" reflects the number of bridging oxygen atoms sharing the corner of
adjacent phosphate tetrahedra ranging from zero to three, as seen in figure 1.9 1%, well with Q*
unit with the highest predominant form of block in the amorphous P2Os.
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Figure I. 9. Q" building blocks in phosphate glasses.

The glass composition's cation ratio determines the prevalence of any specific Q species. If a
cation balances the charge on an oxygen atom, oxygen bridging cannot occur 1%, When
phosphorus pentoxide is heated without cation inputs, the Q* molecule is the leading phosphate
group, generating a strongly cross-linked phosphate system. The insertion of metal cations, such
that [M20] = [P20s] where M is any monovalent cation, such as Na*, K*, or Li*, results in non-
branched phosphate chains of potentially limitless length %4, Again, when the metaphosphate
composition (O/P = 3) is attained, most building blocks will be in the Q? configuration,
generating rather 2-dimensional chains or ring-shaped structures. Each extra MO (O/P >3)
produces terminated Q! species. Reducing the technically feasible chain length . Whenever
the concentration of MO is double that of P,Os, the terminating Q' species predominates.
Because this anion can only build one oxygen bridge, it is known as a chain terminator, creating
either phosphate dimers or pyrophosphates when it is the only species involved 1%, Whenever
the concentration of MO is at least three times greater than that of P.Os, the non-bridging Q°
blocks, also known as orthophosphate, take over, obtaining greater depolymerization values till
the glass can no longer be formed 10219,

Polymerization of phosphates occurs in the absence of a low concentration of metallic cations.
However, adding higher numbers of metal cations results in the inhibition of phosphate
polymerization. This occurs as the number of bridging oxygens available per phosphate anion
decreases %. Therefore, the system is called ultra-phosphate whenever the O/P ratio is <3.

When O/P =3 metaphosphate, and at higher ratios O/P >3, the glass is named polyphosphate.

1.1.8.3.2. Phosphate glass solubility
It should be noted that contamination with water is a problem when making phosphate glasses.
One of the most significant disadvantages of phosphate glasses is their propensity to hydrolyze

and dissolve quickly in agueous environments. Water is similar to alkali oxide as it reduces
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107 It should be noted that the inclusion of

polymerization by forming hydroxyl groups
intermediate oxides like B.Oz and Al.Oz has been observed to lower the glass's water solubility

198 The reaction of phosphate glasses with water molecules can take two forms:

The first, known as the Hydration reaction, occurs when an ion exchange places with a hydrogen

atom, producing a hydrated layer, as depicted in figure 1.10. a.

Next is network breakdown, in which the glass network is damaged, releasing phosphate chains

from the structure to enter the media 1%, as seen in figure 1.10.b.

Ty 9 P9
~0-P-0-P-ONa +H _'0&hee = g_p.O-p-OH + Na'
| i " Hydration | ) ||
0 o) 0 0
b 0 0° o)
Il | _ P — O breakage
~0-P-0-Pp-0~ + 0 PP Qbreakage 5]~ 0- P -0H
0 0 0"

Figure I. 10. Phosphate glasses' dissolution. (a) Hydration reaction (b) Network breakage.

The addition of oxide modifiers to the glass composition results in non-bridging oxygens, each
placed adjacent to an alkali ion, to maintain local charge neutrality. On the other hand, network
modifiers typically diffuse in the interstitial space of network chains, reducing the glass's free
volume ©2,

According to Bunker et al. *3, the Na-H ion exchange reaction determines the phosphate glass
dissolution kinetics, in which it dissolves evenly, and the composition of dissolution products
in the solution is identical to the bulk glass. In contrast, Liu et al. *'° proposed that phosphate
glass dissolving is controlled by phosphate glass network breakage, with the Na-H ion exchange
mechanism restricted to hydrating the glass surface and establishing the mechanism of
phosphate system fracture.

1.1.8.3.3. Phosphate glasses’ applications
Because of its advantageous physical features, such as tunable chemical durability in aqueous

environments, high thermal expansion coefficient, and moderate melting and handling
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temperatures, phosphate glasses have been investigated and exploited for several applications
43111 The qualities and applications of phosphate glasses differ greatly depending on their
composition.

Biodegradable phosphate glasses are operated for bone scaffold renewal, glass fibers for
antibacterial or trace element delivery systems, and muscle rejuvenation for hard and soft tissue
repair 12714 Phosphate glass fibers also strengthen biodegradable implants'®. Copper and
silver introduction to phosphate glasses has improved local infection treatment 116117,
Phosphate glass fibers containing Al.03 and Fe2O3 are employed as cell guides and reinforcing
materials for skeletal muscle regeneration. They have been shown to create myotubes through
which muscle fibers can grow 118119,

Because of their low absorption at specific frequencies, phosphate glasses possessing fluoride
and doped with rare earth ions have displayed considerable promise for optical and laser
applications 20124 Due to their inadequate melting temperature, low viscosity, and high
thermal expansion coefficients, phosphate glasses are also appealing as glass-metal seals 1%°.
The inability of some phosphate glasses to last was operated to generate a treatment for trace
element deficits in cattle and sheep 126-128,

Amorphous alkali aluminophosphate with glass transition temperatures beneath 400 °C has
been created for specialty hermetic seals because of their high thermal expansion coefficients
129 Incorporating alkali ions (e.g., K*, Li*, and Na*) in phosphate glass is impressive for ion
conduction applications. The structural properties of lithium iron phosphate glasses with nano-
crystalline phases make them appealing as cathode materials for rechargeable batteries 13013,
Because of their low optical dispersion and relatively high refractive indices, phosphate glasses
have good chemical endurance as host matrices for rare-earth ions and transition metal ions in
optical devices 129132133,

Phosphate glasses containing transition metals or rare-earth ions also have fascinating
semiconducting, magneto-optical, and magnetic transition features that can be applied to
construct and implement spin glasses, optical isolators, and optical switches ***%". Phosphate
glasses containing divalent iron cations exhibit an efficient transmittance in the visible range
(400700 nm). Nevertheless, they also have a significant Faraday effect due to charge transfer
transitions from O? to Fe?* in the near-ultraviolet to the blue range, which is suitable for

emission from blue laser diodes 1%,

1.1.9. Chemical durability of phosphate glasses
Glass is an inert material analogized to other materials; specific varieties of glass exhibit good

corrosion resistance.
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Researchers have always concentrated on glasses' aqueous dissolving behavior when discussing
the chemical durability of phosphate glasses. This has been a recurring theme while examining
their characteristics. It is still a long-standing concern that must be addressed throughout the
design of new compositions for any application. The origin of their dissolution ease is due to
the hygroscopic character of the phosphate units constituting the glass network, particularly to
protonated species. It is most likely related to the high stability of phosphate compounds in
solution *8, While most people seek the best chemical durability, there are some industries
where the dissolving rate of the glasses must be strictly controlled.

Nevertheless, it is crucial to acknowledge that all glass products are chemically reactive in
solution. Diverse reactions occur depending on the attack medium. Many researchers have

examined glass reactivity in acidic *°1%2 neutral 14224 and basic media 146-148,

1.1.9.1. Glass corrosion overviews
1.1.9.1.1. Corrosion methods
Interaction between a solid and a changing solution causes dissolution, breaking down into
several mechanical or chemical stages. Each process requires the same sequence of essential

reaction stages, which are as follows 142143

1- Reactive species transport from solution to the solid surface

2- Reagents adsorption on the surface

3- Chemical reaction on the surface between the reagents and the solid

4- Reaction product desorption

5- The evacuation of the products from the surface of the solid to the solution

Phases 1 and 5 represent species transport, and from 2 to 4 exhibit surface phenomena phases.
The first group relates to Fick's law which is a regulated diffusion process, viz, inter-diffusion
between protons in solution and ions in the glass. A t*2 law governs the evolution of the
concentration of solubilized mobile ions from the surface as a function of time t 1*. The second
category includes surface reaction processes that can be characterized using transition state
theory or the Grambnow model 8. It is worth noting that for most glasses, the kinetically
limiting step affecting the process's speed corresponds to surface reactions.

Surface reactions during corrosion produce surface layers, the production of which is related to
the nature of the dissolution 3. When directly related to the composition, all glass elements
flow through the solution simultaneously. It is said to be congruent. On the other hand, if there
is a selective transit of constituents of the glass into the changing solution via an ionic exchange

mechanism, this dissolution is widespread for silicate glasses (rigid network). Finally, it is non-
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congruent if the element ratios in the solution deviate from those in the glass.

These factors are closely related to the dissolution reaction stoichiometry. Also, the fate of the
corrosion products in the liquid phase (referred to as leachate) can lead to variations in
saturation concentrations, inducing precipitations and re-deposition, thus potentially modifying
the surface layer and, thus, the glass/solution interface. The media pH heads the modalities of

dissolution *°. Sodosilicate glass dissolving in an acidic solution occurs in two steps:

o Dealkalization by an alkali ion exchange from the glass with an H* proton from the
solution
o Glass matrix dissolution of a broken bond, such as by the action of a hydroxyl ion

generated during the dealkalization.

In a neutral or basic solution, hydrolysis occurs by the breakdown of network linkages caused
by the action of the hydroxyl ion OH".

1.1.9.1.2. Corrosion kinetics
The kinetics of a dissolving procedure in a secured system, controlled by its limiting step, is

represented as follows 142143;

Vi = ac_ k. <£> (Csi — Cya;
dt %4

Where:

Vi: the dissolution rate of the considered glass oxide i;

Ci and Cs;i: represent, respectively, the mass concentration and the saturation concentration of i;

S: solid/liquid contact surface;

V: the solution volume;

kri and ai: denote the constant and partial reaction order of i, respectively.

Throughout the surface reactions limitation case, ki and ai can be zero, resulting in linear

concentration fluctuations over time. This formulation can represent the species transport steps.

However, the kinetic constants correspond to mass transfer coefficients with essentially unitary

order, meaning transient exponential-like evolutions.

The previous relation integration, resulting in the variation of C; as a function of time for a

specific dissolution process:

Ci = kai. (SIV) .t et (AmifS) = kgi A"
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Where:

Am : i weight loss in solution ;
kci: Partial kinetic constant;

ni: Reaction order.

When we consider a congruent dissolution, we get:
(Am/S) = Yi (Ami/S) et K = ¥;(kci . fi)

With:

Am : Total mass loss of the material in solution ;
K: Overall kinetic constant;

fi: Mass fraction of i in the glass.

When considering selective dissolution, all processes must be included, and the experimentally

described normalized mass loss becomes:
(Am/S) = ki . tY2+ kp . th+ k3. T + ...+ kG .Y

Most glasses' corrosion kinetics may be described using only the first two terms. The first
represents a diffusional stage, whereas the second represents the disintegration of the glass
network itself. The terms listed below are associated with the remaining processes. The
constants ki are sensitive to the S/V ratio, namely the behavior of the concentrations of the glass
constituents in solution, and are systematically affected by pH and dissolving temperature.

To analyze the dissolution processes of glass most successfully experimentally, one must do

the following:

» The corrosion profiles correspond to the glass weight losses per unit area and the

dissolved species in the weathering solution with time.
» The pH development of the weathering solution.

» The nature and content of the eroded glass surface, all at various altering solution

temperatures.

This procedure provides access to the initial dissolution speed, the corrosion modes (congruent,
non-congruent, or selective), the dissolving mechanisms (hydration, hydrolysis), and the kinetic
processes involved (diffusion, activation of the dissolution Ea described by the relation:
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L V—Ea+B
"= RT

Where: V: initial dissolution rate; Ea: activation energy; R: ideal gas constant; T: temperature;

and B: constant.

1.1.9.1.3. Phosphate glasses corrosion mechanisms

a. Corrosion in neutral medium
Phosphate glass corrosion in a neutral environment was well explained previously in the

“1.1.9.3.2. Phosphate glass solubility” paragraph.

b. Corrosion in an acidic medium

Dissolution occurs faster in an acidic pH solution at a greater temperature than at room
temperature. Indeed, in the case of an acidic solution, dissolution increases while remaining
congruent. The increasing temperature of the changing solution promotes the dissolution of the
glasses. Also, it triggers hydrolysis reactions of the metaphosphate chains, resulting in the
precipitation of hydrogen phosphate groups on the glass's surface, akin to partial passivation
149_

The mechanism of glass degradation by an acid solution is the exchange of ions between the
aqueous solution and the glass surface, which is the dealkalization of the surface or leaching.
Figure 1.11 depicts this action in the example of a hydrochloric acid (HCI) solution attacking
glass *°. When Na* and OH" ions enter the solution, the POH group proton exchanges its
surface site with that of an alkaline ion and diffuses into the glass. The interdiffusion between
the glass cation and the proton thus controls the kinetics. The hydronium ion is the cation that

diffuses through the glass at low temperatures.

(0] (@) (0]
[ ]

— P O0—P—0—Na"12H,0 ——» —P—O—P— O +H;0"+Na'+OH"

Figure I. 11. Glass degradation mechanism in an acidic environment: glass leaching 151,

¢. Corrosion in basic medium

The degradation process governs the breakdown in this scenario. The glass is then totally
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hydrated and dissolved by breaking the surface bridges. This mechanism is prominent for pH

values greater than 10. Figure 1.12 depicts the reaction mechanism for phosphate glasses:

O 0O (|T (|T (|T 1‘)
_|1‘l3_0—f||’— +OH — \\P 6|;’||||||||8C)—1‘:’— —_— _1|3_ OH + O'_l|3_
o
L ] L J
Hydration Dissolution

Figure I. 12. Attack mechanism of glass by sodium hydroxide 132,

The mechanism demonstrates that breaking the P-O-P bond (polarized bond: P%* -- O%) by the
nucleophilic attack is critical in the depolymerization process. Hydroxide ions (OH") in the
solution cause P-O-P bond breakage, allowing new P-O- and P-OH bonds to form 2714, As a
result, the species are wiped off one by one. Assuming no protective layer forms on the glass

surface and no change in the solution, the reaction would be linear as a function of time.

1.1.9.2. The factors affecting glasses’ chemical durability

1.1.9.2.1. Solution attack effect on glass-specific surface area/volume
Under certain conditions, the amounts of various constituents released from a glass are
proportional to the surface area of the glass exposed . 25K,0-75SiO, glass attack
investigations in an aqueous medium with a pH= 6 and at a T= 40°C have revealed that
dissolved SiO, amount increases with the S/V ratio as a function of time #4153, This parameter
appears necessary for extended reaction periods because increasing this ratio from 0.5 to 1.5

enhances silica dissolution by a factor of three.

1.1.9.2.2. Glass composition influence

Glass' chemical durability is strongly reliant on its composition. If the solution pH in a glass
containing no modifiers does not exceed 7, the network attack does not occur. Alkali inclusion
in the glass's composition rapidly affects its chemical durability °*, not only due to mobile
cations entrance but also due to the presence of non-bridging Oxygen, which generates a
network that is more conducive to cation diffusion. Glass having a mixture of alkalis (Na2O and
K20) has been found to have a reduced corrosion rate than glass containing an equivalent
amount of Na,O or K,0 (mixed alkali effect) 148,

1.1.9.2.3. Effect of the solution's pH

As previously stated, the chemical durability of silicate glasses is incredibly reliant on the pH
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and type of the attacking solution. Indeed, phosphate glasses are especially vulnerable to

breakdown above pH 9 151155,

1.1.9.2.4. Temperature effect
According to Maclellan 1°¢, the dissolved species number of glass in the solution increases by
a factor of two for every 10°C increase. The Arrhenius equation can be used to express the

corrosion rate of glass as a function of time:

—Eq
A=B.erRT

Where:

A: The reaction-specific rate;
B: A constant;

R: The ideal gas constant;

T: The absolute temperature.

The activation energy is denoted by the symbol Ea. It is defined as the minimum energy required
for the reaction to occur. In the case of glasses of the K2O-CaO-SiO; system at temperatures

ranging from 10 to 250°C, this energy is 80 KJ/mol %,
1.1.10. Review several phosphate glass systems through literature analysis.

Researchers have investigated the effects of varying the composition within the CaO-K,O-
P2Os system to understand the influence of each component on the glass properties. By
adjusting the ratios of CaO, K>0, and P20s, researchers can control properties such as glass
transition temperature, thermal stability, mechanical strength, and degradation rate.

In addition to their bioactivity, CaO-K,0-P20Os glasses can also be tailored for specific
applications by incorporating other elements or oxides into the glass composition such as
Al203, which is so important in our investigations for its marvelous enhancing properties’
effect.

Ca0-K20-P20s glass system:

Here are a few researchers, who delivered interesting studies on this glass system:

1. F. Chen et al. focus on preparing and characterizing CaO-K>0-P20Os glasses with
different compositions. The authors investigate the effects of varying the CaO, KO,
and P2Os content on the thermal and structural properties of the glasses.

2. C. Vitale-Brovarone et al. examine the in vitro bioactivity of CaO-K>0-P,0s glasses by

evaluating their ability to form a hydroxyapatite-like layer when immersed in simulated
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body fluid. The researchers investigate the influence of composition on the glass's
bioactivity and discuss its potential for bone tissue engineering applications.

3. A. I Sorour et al. investigate the structural and dissolution behavior of CaO-K>0-P>0s
glasses with varying compositions. The authors analyze the effect of composition on
the glass structure and discuss the relationship between the glass properties and their

potential applications in tissue engineering.

Ca0-K20-P20s glass system modified with Bi2Os :

A study by Kaur et al. **" examined the potential use of a calcium and potassium phosphate
glass system, modified with bismuth, as a transparent window for shielding against gamma
and neutron radiation in nuclear reactors. The researchers found that glasses containing 0.2
and 0.3 weight fractions of Bi.Os provided better shielding against gamma and neutron
radiation. These glass compositions are also cost-effective, requiring less thickness to prepare
nuclear reactor shields. Adding Bi»O3 to CaO-K>0-P20s glasses improves the glass structure

and enhances its ability to protect against gamma rays and neutrons.

Ca0-K20-Na20-P20s glass system:
According to research conducted by Sayyed et al. 8% glasses with lower P,Os content are
better at shielding against radiation. Thus, the combination of 20 CaO-10 K20-30 Na20-40P20s
is the most effective radiation protection.
In addition, a study performed by Mariani et al. 1%° has revealed the following:
1. Substituting Na,O with K>O leads to minor variations in density and microhardness
values due to the heavier weight of K>O.
2. The low Tg4 value indicates that P,O5-Ca0O-Na.O-K>0 glass samples are not thermally
stable.
3. SEM micrographs of glass samples immersed in some solutions for 10 days indicate
that P20s-Ca0-Na20-K>0 glass systems are bioactive materials.
4. Ultrasonic velocity measurements show that including K>O results in non-bridging

oxygen ions that weaken the glass structure, reducing its rigidity and ultrasonic velocity.

K20-Na20-P20s glass system:
Faivre et al. ! researched the effects of adding CaO and Al>O3 to P.Os-Na,0-K20 glasses. They
found that if CaO is substituted by (Na.O + K20) or Al.O3 substitutes P.Os, it improves glass

density, decreases the coefficient of thermal expansion, raises the glass transition temperature,
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and decreases the water dissolution rate. These changes are due to the increasing modifier field

strength and network cross-linking.

RO-Na20-Al203-P20s glass system (R = Mg, Ca, Sr, Ba):

In a study conducted by Byun et al. ‘6%, the properties and structure of glasses containing (45-
X) RO-xNa20-2.5A1,03-52.5P,0s5 (where R = Mg, Ca, Sr, Ba, and 0 < x < 31 mol%) were
examined. The molar volume of glasses in the MgO series varied due to the formation of end
groups resulting from the substitution of Na* ions by Mg?* ions, affecting the density and
refractive index of the glasses. When Na2O was substituted for CaO, the properties of CaO-
containing glasses were mainly influenced by the low field strength of Na* ions, despite an
increase in the end groups of the glasses. For SrO™ and BaO-containing glasses, differences in
mass, field strength, and polarizability between Na* ions and alkaline earth ions explained the
variation in properties, despite slight differences in the structure of the glasses due to Na.O
substitution.

Na20-Al203-P20s glass system:

Based on the Raman spectra analysis of ternary sodium aluminophosphate glasses, it is clear
that glasses with Al2O3/P205<0.63 predominantly consist of (PO3)s™ chains and rings, and
various types of phosphate groups and AlOs tetrahedra. On the other hand, for glasses with
Al,03/P,0s >0.63, the glassy network primarily consists of AIPO4 groups 2.

Ag20-Al203-P20s glass system:

Researchers El-Damrawi et al. 1% studied the composition of glasses of different Al,Os, Ag.0,
and P20s percentages using 2’Al, 3P MAS-NMR, and FTIR spectroscopy. They compared
complex ternary phosphate glasses' structure with a simple binary silver phosphate. The study
revealed that aluminum is an intermediate ion, while silver is a powerful modifier. With a higher
concentration of Al.Os3, the average number of non-bridging oxygen atoms in the structure of
silver aluminophosphate glasses (SAP) reduces. The SAP glass system comprises aluminum
ions in the Al(6) and Al(4) coordination. The fraction of Al(6) increases with the concentration
of Al20s. In glasses containing more than 20 mol Al2O3, Al(6) is more significant than Al(4).

The glass can be transformed into a glass ceramic by heat treatment at 600°C for 4 hours.

NiO-BaO-Al203-P20s glass system:
The BaO-Al,03-P.Os glasses studied by Prasad et al. 84 had varying concentrations of NiO,

ranging from 0 to 1.0 mol%. The research found that the glasses' corrosion resistance was
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higher, and their formability significantly improved as the NiO concentration increased to 0.6
mol%. The studies on optical absorption, magnetic susceptibility, and IR spectra revealed that
nickel ions occupied tetrahedral and octahedral positions in the glass lattice. However, the latter
became dominant when the glass matrix's NiO concentration exceeded 0.6 mol%. Additionally,
dielectric property studies showed that the presence of nickel oxide in the glass network
significantly improved the glasses' insulation capability when the NiO concentration was less

than or equal to 0.6 mol%.

Li20-Al203-P20s glass system:

Pershina et al. 1%° studied how the amount of alumina affects various properties of glass, such
as the glass transition temperature (Tg), crystallization temperature, thermal stability, density,
and ionic conductivity. They found that T4 increases in all glass compositions when Al2O3 is
added instead of P,Os. The amount of alumina also affects the crystallization stability, with a
maximum effect at 6.25 mol% Al>Os. The changes in ionic conductivity and density are non-
linear and non-additive, reaching a maximum of 6.25 mol% Al>Os. IR spectroscopy showed
the breakdown of the phosphate network. At the same time, 3P NMR revealed significant
changes in the glass structure at x > 6.25 mol%, leading to extreme changes in molar volume

and maximum ionic conductivity.
1.2. Corrosion Overview

1.2.1. Definition of Corrosion

A metal's characteristics alter when it is exposed to corrosion because of an unintended yet
harmful reaction to the environment. It is permanent and ongoing for corrosion to occur.

It often comprises a series of electrochemical redox processes 1. This way, certain species are
reduced at cathodic sites (2H" + 2e~ - H>) while the metal is oxidized to a corrosion product at
anodic sites (like

M —-M?% + 2¢). Most corrosion processes have an electrochemical nature, making
electrochemical approaches practical research tools in the field of corrosion. More specifically,
electrochemical techniques can be used to evaluate the kinetics of electrochemical processes
(such as corrosion rates) in specific environments. They can also detect or alter the

environment's oxidizing power (or potential).

1.2.2. Importance of Corrosion
Metals and alloys are used widely in industry. The development of many new technologies
employs some uncommon and expensive metals. Furthermore, the increasing pollution of the

environment produces a more corrosive medium. Therefore, there is a much greater need for
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corrosion protection techniques.

Corrosion results in a tremendous financial loss, both directly and indirectly. For example, there
Is added cost in using protection methods, replacing corroded equipment, using other more
expensive resistant metals, as well as production and efficiency loss and industrial accidents
due to corrosion. Research is needed to understand the detailed corrosion mechanisms better

and, as a result, find more efficient corrosion control methods.

1.2.3. Prevention of Corrosion

Many methods can be applied to control and minimize a material's corrosion in a specific
environment. First, selecting the appropriate metal or alloy for a particular corrosive system is
the most common method. Judicious use of the proper materials for construction and good
design practices can maintain corrosion rates within tolerable limits.

Second, altering environmental conditions can produce marked changes in corrosion properties.
Typical changes in the medium that are often used are (1) lowering the temperature, (2)
decreasing velocity, (3) removing Oxygen or oxidizers, and (4) changing concentration.
Another method is the addition of substances called inhibitors to an environment. Further, a
protective coating on the material surface and cathodic and anodic protection are also used to

combat corrosion 167,

1.2.4. The origin of corrosion
Corrosion is caused by various chemical and physical interactions between the material and its
surroundings. The following factors contribute to material corrosion:
e the chemical composition and microstructure of the metal,
e the chemical composition of the surroundings,
e physical parameters (temperature, convection, ...),

e mechanical stresses (stresses, shocks, friction, etc...).

Thus, corrosion phenomena depend on the material and the surrounding environment 1,

1.2.5. Different types of corrosion
The combination of material/environment in contact constitutes an elementary corrosion
system, which evolves under well-defined physicochemical and mechanical conditions. As a
result, corrosion processes are affected by the material and the surrounding environment
(composition, bacteria, atmospheric pollution, climate, and current...). Corrosion can be

classified into several categories.
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1.2.5.1. Chemical corrosion (Dry corrosion)
Chemical corrosion can occur when a metal is attacked by another liquid metal (Hg), a molten
salt, or a non-aqueous solution (Al in CCly). It is commonly found in companies that produce
or use acids. This corrosion occurs in a non-electrolytic solution or because of gas action (Oo,
H>S, and CO.). Dry or high-temperature corrosion is used when the reagent is gaseous or occurs

at a high temperature °,

1.2.5.2. Biochemical corrosion (Microbial corrosion)
This form of corrosion, also known as bio-corrosion, encompasses all corrosion events in which
bacteria act directly or indirectly through their metabolism, either by accelerating an already
established process or by establishing conditions favorable to its development (e.g., CO2, HzS,

NH3 H2S04 production by specific species of bacteria) 1.

1.2.5.3. Electrochemical corrosion (Wet corrosion)
Corrosion in the aqueous phase involves at least four phenomena:
« metal oxidation at the anodic sites
« species reduction in solution at the cathodic sites
e ionic conduction via the electrolyte between the two sites for species transport

o electronic conduction within the metal for electron transfer between the two sites

Physical separation of the anodic and cathodic sites is possible. When a metal encounters an
aqueous solution, the corrosion phenomena become crucial. Wet corrosion is primarily
electrochemical. It is caused by an interfacial and irreversible redox interaction between the
metal and the agents in its surroundings (water, Oxygen, acids). The reaction is written as
follows:

ZM + nOx** — zM™ + nRed

Where:
M: The metal; M™*: The corresponding ion; Red: The reduced species; Ox**: The associated

oxidant.

This redox reaction is made up of two halves, anodic and cathodic. The anodic reaction

corresponds to metal dissolution:
M—M""+ne

The type of oxidizing species present in the solution influences the cathodic reaction. The most

prevalent cathodic phenomena are proton H* reduction in an acidic liquid and oxygen reduction
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in an aerated medium (neutral or basic). In the electrochemical reaction, two complementary
processes intervene :

o The electronic transfer that occurs at the electrode surface in the double layer (the zone

from which the species is reactive towards the metal, with a thickness of a nanometer order)

o The material transport of the redox species within the solution to the electrode surface can

occur via diffusion, convection, and migration °,

Metal consumption can be lowered over time by managing one of the phenomena outlined
above and adopting one of the following processes:

o The inclusion of molecules that trap oxidants and slow the cathodic process,

o the application of metal coatings that make ionic conduction more complex,

o the covering of metals with insulating coatings that slow electronic conduction.

1.2.6. Electrochemical corrosion mechanism
Metal corrosion, like iron, is created in an electrochemical cell, either in the form of a galvanic
cell or a concentration cell, according to the following processes (figure 1.13) :

HO=0H+H~
03 Slow diffusion
Anode reaction Cathode reaction

0,+2H0 + 4" ~P10H
2H 41/ 052 ~pH,0

4-
e JJ
Fe —p Fe +2e- J, e

L L L L L L

Anode Cathode

Figure I. 13. Corrosion in an aerated environment.

The oxidation process of iron occurs in the anodic behavior according to the following reaction:
Fe—Fe* + 2¢

Depending on the solution's composition, one of the following reactions happens in cathodic

behavior:

» The reaction occurs in an acidic media with a pH < 5 that is friendly to O, such as sulfuric

acid:
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2H* + 2 —>H)>
» The predominant reaction in weak acid solutions and the presence of Oz is:
O2+ 4H" + 4 >2H*+20H"

» However, in alkaline or neutral conditions (6.5 pH 8.5), including O2, we will notice the
following reaction:
20, + 2H2+ 4 >40OH

1.2.7. Corrosion forms
Metal corrosion can take numerous forms, defined primarily by the form that reveals itself on

the corroded surface.

1.2.7.1. Uniform corrosion
When the entire surface of the metal in contact with the solution is attacked similarly, uniform
corrosion develops. It causes the metal surface to dissolve uniformly in contact with the
aggressive substance 17°, This type of corrosion occurs in acidic or alkaline settings.

1.2.7.2. Localized corrosion

This effect arises when the material is placed in an environment that exhibits a selective
behavior toward it. This selectivity can have several origins both at the level of the material
(heterophase alloy, presence of inclusions, locally insufficient surface protection,
bimetallic material.) and the level of the environment (a local variation of the composition,

pH, or temperature.

1.2.7.3. Galvanic corrosion
In an aqueous environment, it is one of the most prominent types of corrosion. It occurs due to
the development of an electrochemical cell between two materials in which one of the
electrodes (the anode) is consumed to benefit the other (the cathode), which stays intact. This
reaction’s selectivity is due to heterogeneity emanating from the material, the medium, or the

physicochemical conditions at the interface 1"

1.2.7.4. Pitting corrosion
This is one of the types of corrosion caused by certain anions, particularly chloride ions, on
"passivate" metals (aluminum, chromium, cobalt, copper, stainless steel, steel in concrete, etc...)
that are covered by a passive oxide film.

This type of corrosion is particularly sneaky, as the attack is limited to pitting, is relatively
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localized, and can develop very quickly in depth. At the same time, the rest of the surface is
unaffected. The material can be pierced in a few days with no discernible weight loss to the

structure.

1.2.7.5. Selective corrosion
This mode of corrosion, as the name implies, occurs in the selective dissolution of one of the
alloy's elements if it is homogenous or one of the phases if the alloy is polyphase, resulting in
the production of a porous metallic structure. The best-known example is dezincification

(selective dissolving of zinc) in brass.

1.2.7.6. Intergranular corrosion
Intergranular corrosion is a selective attack on grain boundaries or their immediate
surroundings, with the remaining material unaffected. The alloy disintegrates, and all
mechanical qualities are lost. Impurities cause this type of corrosion in the joint, local
enrichment (or depletion) of one of the constituents, or the precipitation of phases and chemical

combinations during heat treatment (nitrides, carbides, etc.) 1’2,

1.2.7.7. Stress corrosion cracking
The corrosion is characterized by metal cracking caused by mechanical stress and an
electrochemical reaction. It is defined as a process of fracture formation that can lead to the
complete rupture of a part due to the combined action of mechanical stress and a corrosive

environment.

Corrosion fatigue is a similar process to stress corrosion. The distinction is that the stress is
cyclic (e.g., train wheels in service). Failure can occur even if the applied stress is significantly

lower than the predicted mechanical strength of the steel.

1.2.7.8. Erosion corrosion
This corrosion is usually caused by small amounts of stagnant electrolyte solution in gaps, under
deposits and joints, or in cavities or crevices, such as under nuts and rivet heads. Sand, dust,
scale, and corrosion products are all solid substances that can form zones where the liquid can
only be refreshed with effort. This phenomenon applies to all materials. This holds for joints
constructed of flexible, porous, or fibrous materials (wood, plastic, rubber, cement, fabrics,

etc.).

1.2.8. Thermodynamic aspect of corrosion

Any electrochemical contact is the site of oxidation and reduction reactions involving the
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present reducing and oxidizing species. The following equilibrium describes the reversible

reaction:
Ox+ne- —Red

Nernst's law governs the measurement of the electrode potential as well as the concentration of

Ox and Red species, which is written as:

[0x]

E, = E+ 1o
eq = 91Red]

nF

Where E° is the standard potential (V/ESH), R is the ideal gas constant (8.314 J.Kt.mol?), T
is the absolute temperature (in K), n is the number of electrons involved in the reaction, F is
the Faraday constant (96 500 C.mol™?), and [Ox] and [Red] are the activities of the Ox and Red

species, respectively.

1.2.9. Kinetic approach
From a kinetic standpoint, the speed of an electrochemical reaction corresponds to the transfer
of a particular number of electrons at the material/solution contact. Theoretically, the corrosion
rate can be calculated directly by measuring the current density and understanding the kinetics
of the anodic and cathodic reactions.
In practice, three major regimes can globally regulate the kinetics of the corrosion reaction.

1.2.9.1. Control through charge transfer processes
The case is confirmed when the interfacial reaction does not result in a significant change in
the concentration of redox species in the electrolyte (figure 1.15). The kinetics are unaffected

by the medium'’s agitation.

The Bulter-Volmer relation applied to corrosion allows the system's behavior to be described

using the equation.

x nF (1—)nF
I'=1,+1.=Io[exp (Wﬂ>—exp —r M)

Where:
u=E - Ecoris the overvoltage, « is the charge transfer coefficient.

1.2.9.2. Control through material transfer processes
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This behavior is most noticeable in aerated solutions. In such a medium, the flow of dissolved
Oxygen from the solution's heart does not entirely compensate for oxygen consumption at the
metal/electrolyte interface, and the reaction is therefore limited by matter transport. In this
procedure, the value of icorr is determined by the position of the diffusion "limit" bearing
(figure 1.14 and 1.15).

Al

M b M +ae

i
{

/

i
// E;orr ] ;E(V)

/ 20HL %0:+ HO+2¢

- o —

Figure . 14. Control of the electrochemical corrosion reaction through pure charge transfer.

Anodic reaction

A M™ + ne’
Icorr
l\'"rr E
* Cathodic reaction
Red Ox"* + ze '

Figure I. 15. Control of the electrochemical corrosion reaction through material transport processes (O, diffusion).

The corrosion current is related to the oxygen amount dissolved in the solution:

nFCOZCDOZ
Leorr = Liim = T 85103
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Where:

Dog: Diffusion coefficient (cm?/s);

8. Epaisseur de la couche de diffusion (cm) ;
n : nombre d'électrons mis en jeu ;

F: Constante de Faraday (= 96500 C.mol™Y).

1.2.9.3. Mixed control

In contrast to the case where one step of an electrochemical reaction controls the overall kinetics
and the system's response to the signal depends preferentially on the rate constant of this step,
the response of the system to the signal depends on several rate constants, and the phenomena
are much more complicated in the case of mixed Control. The corrosion current is obtained by
the following relation thanks to a diffusion adjustment.

1 1 1

I°F'L
With:
I: The measured current corresponding to the mixed process;
I*: The corrected diffusion current;

Ii: The diffusion steps current.
1.3. Corrosion inhibitors overview

Corrosion inhibitors have been used since the early nineteenth century. They were already being
used to protect metals in procedures like sulfuric acid baths, protection against hostile water,
acidified oil wells, and cooling systems at the time. Since the 1950s and 1960s, essential
breakthroughs in corrosion technology have been made, such as using electrochemistry to
evaluate inhibitors 173,

The use of chemical inhibitors to reduce the rate of corrosion processes is quite variable. They
have been regarded as the primary protection against rusting. Most of what is known has come
via trial-and-error research in the lab and the field. Even though the number of corrosion
inhibitor studies has expanded dramatically, barely 5% of the literature produced in the previous
decade discusses environment gentle inhibitors. In other words, the principles, equations, and
ideas that guide the development and usage of inhibitors are quite limited 174,

Metals stand out from other materials due to various desirable features such as exceptional

ductility, high tensile strength, resilience to high temperatures, good electrical conductivity,
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ease of processing, etc. Their downside is that they are unstable when exposed to air and water,
reducing their resistance to corrosion and wear. However, sufficient protection mechanisms are
utilized against this phenomenon to serve their role during their projected lifetime. Corrosion
inhibitors are required to control the deterioration of the material, its surface, or the aggressive

environment with which it comes into contact 173,
1.3.1. Definition

According to the National Association of Corrosion Engineers (NACE), an inhibitor is a
substance that stops corrosion when used at low concentrations 1176 and according to 1SO
8044, an inhibitor is a "chemical substance added to the corrosion system at a concentration
chosen for its effectiveness, and which causes a decrease in the corrosion rate without
significantly changing the concentration or significantly modifying the concentration of any
corrosive agent contained in the aggressive. This is an innovative method of combating
corrosion; the metal is not directly treated. Instead, the intervention is carried out through the
medium 77,

An inhibitor is effective if it meets several criteria. For that, it must: Reduce a metal's corrosion
rate without changing its physicochemical properties; Be stable at usage temperatures and in
the presence of other environmental elements, particularly oxidants; Be effective at low

concentrations; Yield with non-toxicity regulations; Be cost-effective 178,

1.3.2. Inhibitors’ properties and classification
There are different categories of inhibitors based on their nature:
¢ Organic inhibitors have a wide range of applications and are presently the most utilized
for environmental reasons '8!, These inhibitors are frequently obtained from
petroleum sector compounds. They are all made up of at least one heteroatom with a
high electron density and the ability to exchange electrons with metal, such as nitrogen,
Oxygen, phosphorus, or sulfur. These inhibitors' remarkable efficiency, even at low

concentrations, is their main feature.

¢ Inorganic inhibitors. Inhibitors that are inorganic or mineral and can be anions or
cations. The essential mineral inhibitors are chromates, molybdates, silicates, and

phosphates.

There are three possibilities depending on the electrochemical reaction to be inhibited:
e Cathodic, which slows down the reduction processes of Oxygen or the H™ proton in

water by reducing the diffusion or concentration of these species (figure 1.16) 182,
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Cations are the most likely to move to the cathode surface and precipitate as basic salts
or hydroxides, forming adherent, compact films. Cathodic inhibitors include zinc,

nickel, magnesium, alkaline phosphates, etc.

e Anodic inhibitors act on the anodic sites by decreasing the metal's oxidation reaction
rate, decreasing the current dissolution density of the metal, and increasing the corrosion
potential, forming a protective film based on insoluble corrosion products (figure 1.17)
182 Anodic inhibitors include orthophosphates, silicates, chromates, and others.

e Mixed, which simultaneously decreases the speed of both anodic and cathodic reactions
183184 Such an inhibitor consists of an oxidizing agent, like nitrates or chromates, and a

non-oxidizing ingredient that precipitates as orthophosphates or silicates.

————————————

e-

(M*, ne ) > (M*") | ne

Anodic zone

2H' +2e > H, Blocking of the

cathodic reaction

Cathodic zone

(a) (b)

Blocking of the
anodic reaction

(M*, nc ) = (M*) +ne

Anodic zone

2H +2e D H,

Cathodic zone

(b)

Figure I. 17. Representation of the anodic inhibition process (a) without inhibitor, (b) with inhibitor.
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1.3.3. Inhibitors’ mechanism and the principle of action
Corrosion inhibitors are linked to the corrosion system. They can function at the metal-corrosive
media interface through adsorption and surface blockage. Depending on the mode of action, the
inhibitor can either slow down the cathodic or anodic response or operate on both
simultaneously (kinetic effect). Furthermore, the corrosion rate reduces over time in areas

sensitive to corrosion by producing insoluble compounds that block the latter.

The adsorption of mineral compounds to the metal surface is the most common cause of

corrosion inhibition. The following examples highlight the phenomenon:

» The study of adsorption isotherms: Langmuir, Temkin, Frumkin, and EI Awady are the
adsorption isotherms discovered to describe the adsorption of inhibitors on the metal

surface.

» Scanning electron microscopy (SEM), photoelectron spectroscopy, and other techniques

are used to examine the surface.

Understanding the factors influencing the inhibitors' adsorption phenomenon is crucial to

apprehending these substances' inhibition mechanisms.

1.3.3.1. Type of adsorption
Adsorption is a fundamental surface phenomenon because any surface comprises atoms with
incomplete chemical connections. This surface fills this void by trapping atoms or molecules in
its proximity. Two types of adsorption processes can be identified based on the nature of the
forces involved:
1) Physical adsorption or Physisorption (weak bonds)
2) Chemical adsorption, also known as chemisorption (more stable bonds)
The chemical structure of the organic product, the type of electrolyte, and the nature and charge

of the metal all influence these two types of adsorptions 8°.

1.3.3.1.1. Physisorption
Physical adsorption is reversible and preserves the identity of the adsorbed molecules. The
electrostatic force between the molecules of the solute and the surface of the solid causes
physisorption; three types of bonds are distinguished: VVan der Waals bonds (always present),
polar bonds (depending on surface charges and the inhibitor), and hydrogen bonds (established
between a hydrogen bond donor and an acceptor, only N, O, P carrier of free doublet) . The
position of the metal's corrosion potential relative to its zero-charge potential defines its charge

(Eo). Adsorption of cations is favored when the corrosion potential of the metal is less than Eo.
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In contrast, the adsorption of anions is favored when the corrosion potential of the metal is more

significant than Eo.

1.3.3.1.2. Chemisorption

Chemisorption is an irreversible and metal-specific process. It is a slow, temperature-dependent
process with high activation energy. The merging of electrons between the polar region of the
molecule and the metal surface results in significantly more stable chemical bonds (covalent,
ionic, or metallic bonds) due to the high binding energies involved.

The inhibitor donates electrons to the metal atom on the surface. Most of the electrons come
from unpaired duplicates of inhibitor molecules that are distinguishable from the rest by their
high electronegativities, such as O, N, S, P, etc.

Chemical adsorption causes a significant shift in the electrical charge distribution of the
adsorbed molecules. The metal nature being shielded influences the electron transfer binding.
Indeed, electron transfer is standard in transition metals with unoccupied low-energy "d"

orbitals. These metals are referred to as "Lewis’s acids" or electron acceptors.

1.3.3.2. Concentration influence on the inhibitory effect
The laws of the adsorbed amount variation with inhibitor concentration are frequently
represented by one of the classical isotherms described by Langmuir 7, Temkin &, Frumkin
189 "and El Awady . These are utilized to learn more about the adsorption mechanisms. The
relationship between an interface covering rate by the adsorbed species and the species

concentration in solution is expressed by an adsorption isotherm.

> The Langmuir isotherm

The Langmuir isotherm model posits that the surface has several energetically similar sites.
Each of these sites can only adsorb one particle, and the adsorption energy is constant when the
interactions between the adsorbed particles are ignored. Adsorption rate (Vads) is proportional
to Cinn inhibitor concentration and the fraction of unoccupied adsorption sites (1-6) and is
expressed by equation 187

Vads = Kads (1-8) Cinn
0: The fraction of sites occupied by the inhibitor (0< 0<1); Kads: equilibrium constant of the
adsorption reaction.
The desorption rate Vges, on the other hand, is proportional to the fraction of sites occupied (0)
by adsorbed molecules and is described by the equation:

Ves = Kdes.0
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Kaes: equilibrium constant of the desorption reaction

The two velocities are equivalent at equilibrium, resulting in the Langmuir isotherm equation
191:
0  Kg
1-0 Ky
The formula gives the fraction of the occupied sites, often known as the surface coverage rate:
bC;
0 = inh
1+ bCyyp

Cinn = bCinp

b: is the adsorption coefficient.
After a rearrangement, we obtain the relation :
Cinh _ 1

The experimental plot of %Against Cinh is a straight line, showing that the inhibitor

adsorption on the metal surface obeys the Langmuir isotherm.

> The Frumkin isotherm
This kind of isotherm is determined statistically and considers interactions between adsorbed

molecules. It is demonstrated by the subsequent equation:

(1-6)
6

InC;,p = —InK_ ;; — 2a0
Where:

Kads: Adsorption-desorption Equilibrium constant;

a : A parameter related to the variation in free energy adsorption ;

0 : Surface coverage of the adsorbate (the fraction of the surface covered by adsorbed

molecules) ;
Cinn: Inhibitor concentration in solution.

This type of isotherm depends on molecular interactions in the adsorption layer and the degree
of surface heterogeneity. Generally speaking, the Frumkin isotherm can be considered as the

general case of Langmuir (when o = 0) and Temkin (when a>>0) °,
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> The Temkin isotherm
The adsorption-free energy of the adsorbate is a linear function of 6: rate constants are functions
of 0. There is attraction or repulsion between adsorbed species. The equation for this isotherm

is as follows :

_ anads n lnC,-nh
T 2a 2a

Where:

@ : Surface coverage of the adsorbate ;

Cinn: Inhibitor concentration in solution;

a: The Temkin isotherm constant that describes the molecular interaction in the adsorbed layer
and is a measure of the slope of the adsorption isotherm. Negative values of a indicate a

repulsive interaction in the adsorbed layer 8,

> The EI Awady isotherm

The characteristic equation of this model is given by the formula:

In = InK + yInC;,,

(1-90)
Where:

Cinn: Inhibitor concentration in solution;

0 : Surface coverage of the adsorbate ;

1
Kads: Adsorption-desorption Equilibrium constant, K 45 = K ;

y: is the number of water molecules replaced by the inhibitor molecule.
This model takes into account the number of active sites. There is multilayer adsorption if the
value is 1/y or less than unity. On the other hand, if the value is greater than unity, the inhibitor

occupies more than one active site 1%,

1.3.3.3. Temperature influence on the inhibitory effect
Temperature significantly impacts corrosion phenomena; the electrochemical corrosion rate
grows exponentially with temperature. The latter is one of the factors that can alter a material's
behavior in a corrosive environment. Furthermore, it can alter the metal-inhibitor interaction in
a given environment.

The rate of a chemical reaction often rises with temperature. The empirical law of Arrhenius is
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frequently used to describe the fluctuation of the corrosion rate.

Eq

leorr = Aexp <_ ﬁ)

Where: Ea is the activation energy, and A is a pre-exponential factor.

The activated complex theory leads to a more explicit manner of expressing the fluctuation of

the corrosion rate with temperature, which leads to:

, RT AS? AH®
Leorr = N_hexp( R )exp (_ RT)

N is Avogadro's number, h is Planck's constant, R is the ideal gas constant, and AHa® and 4Sa°
are the activation enthalpy and entropy, respectively.

However, in some circumstances, we can have the reverse effect since temperature impacts
other corrosion elements. According to some writers, the rise in an inhibitor's protective effect
with increasing temperature is related to a shift like adsorption. The inhibitor is physically
adsorbed at low temperatures, whereas chemisorption is preferred at high temperatures.
Radovico 1% categorized inhibitors into three groups based on temperature action, based on a
comparison of activation energies determined in their presence (Ea) or absence (E2):

For the inhibitors whose inhibition rate reduces as temperature rises. The activation energy Ea
obtained is greater than the activation energy E2 obtained in the absence of the inhibitor (Ea >
E?). Electrostatic bonds allow these inhibitors to adsorb on the substrate (physisorption). This
form of temperature-sensitive bonding prevents efficient corrosion resistance when the

temperature rises.

Inhibitors have a constant inhibition rate with temperature for which E.=E2. This category's

protective power does not alter with temperature; very few substances come into this group.

Inhibitors retain an inhibition rate that increases with increasing temperature as the value of Ea
decreases (E, < EQ). Strong chemical connections bind the inhibitor's organic molecules to the
metal surface (chemisorption). According to Gomma, inhibitors in this group are the most
effective. The investigation of the influence of temperature is critical because it can provide
information on the mode of action of the inhibitor (chemisorption or physisorption) as well as

the apparent energies of activation and inhibition of the corrosion process.

1.3.4. Corrosion inhibitors applications
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Inhibitors enclose various established applications; acidic media are typically employed in the
industry. In these settings, the selection of an inhibitor or an inhibiting formulation will be
determined by the corrosion system, namely the temperature, the flow rate, dissolved organic
or inorganic components, and others.

Organic compounds are the most employed inhibitors in acidic conditions. These inhibitors
initially work by adsorption on the surface of metals before interfering with the corrosion
reaction pathways to slow them down. In the adsorption method, the inhibitor forms a mono-
or multi-molecular layer with the metal that acts as an insulating barrier against the aggressive
species in the solution.

A wide range of organic compounds, including aromatic molecules and macromolecules with
linear or branched chains, are identified as inhibitors in an acidic solution; they adsorb on the
active sites of the metal surface without affecting the mechanism of partial electrochemical
reactions. They block the sites and reduce the pace of cathodic, anodic, or mixed corrosion in
proportion to the fraction of active sites obstructing the corrosion. In an acidic environment, the
suppression of corrosion of iron and its alloys by compounds has been intensively explored in
recent years 1%, It is common to put corrosion inhibitors on metals and alloys that encounter a
harsh environment. These investigations suggest that organic chemicals, particularly those
containing N, S, and O, have high inhibitory effectiveness. Unfortunately, most of these
substances are cheap and harmful to individuals and the environment. These inhibitors can
cause temporary or permanent damage to the neurological system and disturb our body's
biochemical processes and enzyme system 194, Because of raised environmental awareness,
more stringent environmental restrictions, and the need to develop environmentally friendly
processes, attention is now focused on creating non-toxic alternatives to currently employed
organic inhibitors. Natural plant products and several non-toxic inorganics and organic
chemicals with polar functionalities with nitrogen, Oxygen, sulfur, and phosphate in conjugated
system molecules % have been successfully used as corrosion inhibitors for numerous metals.
Efficient inhibitors in acid solutions have little or no effect in near-neutral solutions. This is due
to differences in the mechanism of the corrosion processes. In acid solutions, the inhibitor action
is caused by adsorption on oxide-free metal surfaces. In these media, the main cathodic process
is hydrogen evolution. On the other hand, in neutral aqueous solutions, the corrosion processes
result in the formation of insoluble surface products such as oxides, hydroxides, or salts. The
cathodic reaction is oxygen reduction. The inhibitors influence the oxide-covered surface by
increasing or maintaining the protective characteristics of the oxide or the surface compounds
in the aggressive solutions %, In many cases, inorganic compounds are used as inhibitors in

near-neutral solutions:
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> Ca?" and Mg?" ions are usually present in industrial waters. They produce local
alkalinity in the system and react with anions to form carbonate precipitates on the metal

surface. Corrosion attack is thus prevented.

> Ni%*, Co?*, Zn?*, and Fe?" are intentionally added to water to modify surface film
protective properties. They also tend to form insoluble hydroxides, especially in cathodic areas
and are more alkaline due to the hydroxyl ions produced by the reduction of Oxygen. In the
case of corrosion inhibition of zinc in 3% NaCl solution by the action of diluted cobalt chloride,
Leidheiser and Suzuki 1% attributed the inhibiting efficiency to introducing Co atoms into the
zinc surface oxide, which led to inhibition of cathodic oxygen reduction. On the other hand, the
inhibiting efficiency of Fe?* against corrosion of Cu-Ni alloys in water is attributed to the

forming of a Y'-FeOOH protective layer.

> Inorganic anions such as polyphosphates, phosphates, silicates, and borates contribute
to the formation and maintenance of protective films according to various mechanisms. Their
action limits the diffusion of dissolved Oxygen to the metal surface and therefore affects the
cathodic reaction and, in some cases, even the anodic reaction. For example, polyphosphates in
the presence of zinc or calcium can produce a thin amorphous salt film. This salt film restricts
the diffusion of dissolved Oxygen to the metal surface. The film is a poor electronic conductor,

so oxygen reduction does not occur on the film surface.

> Oxidizing inhibitors such as chromates and nitrites are commonly used to reduce the
corrosion rate of metals and alloys with active-passive anodic behavior. They function by
causing self-passivation of the metallic material because the oxide films on metals offer high
resistance to the diffusion of metal ions, and the anodic reaction of metal dissolution is
inhibited.

1.4. Conclusion

In order for a material to be regarded as glass, it has to fulfill two requirements, as opposed to
crystalline materials. First, the arrangement of its atomic network must lack any long-range
order or periodicity, and second, the material must experience a time-dependent glass
transformation process under a specific temperature range, which is unique to each glass.

The glass allows for recycling and the development of new applications. The glass business has
grown significantly. Depending on the application, the progress of technology varies
substantially. Many factors must be considered, including glazing, containers, optical fibers,
and coatings. Glass can be vitrified in various compositions, including ultraphosphates and

orthophosphates. Furthermore, because they take practically all oxides in their glassy network,
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they can provide the same potentialities as their crystalline counterparts but with simplified
shaping.

Nevertheless, the efficiency with which P,Os dissolves the oxides allows for producing glasses
with more complex compositions involving the development of mixed networks. The latter
acquires a cross-linking strengthened by the structural units of the oxides, significantly reducing
the corrosion by the water of these vitreous materials and having properties equivalent to those
of silicate glasses and a moderate melting temperature, distinguishing them from the latter, are
doomed to an inevitable industrial development in the years to come.

Extensive research has recently been conducted on using phosphate glasses as corrosion
inhibitors. The inhibitory efficiency of these glasses is determined by the glass's composition,
the aggressive solution, and the action method of these inhibitors. However, physical and
electrochemical characterization methods must be used to determine these inhibitors' effect,
mode of action, and inhibitory efficiency.
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11.1. Introduction

This section will discuss the elaboration strategies and the many analytical and characterization
methodologies employed in this thesis. We will discuss structural and microstructural
characterization approaches, including X-ray diffraction (XRD), optical microscopy (OM),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). The
theory of thermal analysis using differential scanning calorimetry (DSC), the experimental
methodology for density measurements, and chemical durability will next be presented. IR
absorption and Raman scattering spectroscopies, as well as UV-VIS-NIR electronic
spectroscopies, will be demonstrated. The gravimetric and electrochemical techniques used to

investigate the anticorrosive characteristics of materials will be thoroughly presented.
11.2. Phosphate based-glasses synthesis

All raw materials had a purity greater than 99%. The synthesis of phosphate glass systems is
carried out in a muffle furnace capable of reaching 1100°C. The reaction mixture is heated in a

porcelain crucible to the desired temperature.
11.3. Thermo-Physical Characterization

11.3.1. Density measurement
The determination of the density is done through the Archimedes principle. Any
material submerged in a fluid, whether wetted by it or crossing its free surface, experiences a
vertical force directed from bottom to top and opposed to the weight of the volume of fluid
displaced. Thus, the density can be estimated by measuring solid weight in the air and its mass

immersed in a fluid and applying the following relationship:

p m

Pliquid m — Mipmmersed

Where p is the density of the sample, piiquid the density of the liquid in which the bulk is placed
(In our case Diethyl Phthalate (1.120 g/cm?), m is the weight of the object measured in air and
Mimmersed the mass of the specimen once immersed.

The molar volume Vu of the glass samples can be calculated from the following relation:

Vy = —
" p

The density measurements were performed via a SHIMADZU AW?220 balance depicted in
figure 11.1, which can measure densities at + 0,002 g/cm?.
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Figure Il. 1. Experimental device of the Archimedes method.

11.3.2. Differential Scanning Calorimetry (DSC)
DSC is a technique used to determine the thermal properties of glassy materials. When heated,
this instrument detects changes in heat flow between a sample and a reference material. The
dual illustration and the reference are typically heated and cooled at a controlled linear pace. In
other words, the device contains two crucibles, the reference, and the sample to be analyzed.
These two crucibles are placed in a preheated oven to the desired temperature, usually at
10°C/min. These crucibles are linked to a thermocouple, which measures the temperature and
sends it to a computer. As we heat, the computer calculates the difference in temperature
between the sample crucible and the reference crucible and translates it into heat flux (figure
11.2). Thus, we use DSC to calculate the amount of additional heat that must be applied to the
reference crucible to achieve the same temperature as the sample crucible. This analysis is

performed in an inert atmosphere to avoid sample interactions with oxygen in the air.

Sample sample Reference
Crucible / Crucible

¥
@ —
I_II II_lI C]

| [ s
N

computer to monitor temperature
and regulate heat flow

Figure Il. 2. The elements characteristic of a typical DSC system.
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After the DSC measurement, the heat flow as a function of temperature is shown (figure 11.3).
It is essential to select which side of the spectrum represents exothermic processes and which
represents endothermic reactions.

The first endothermic peak shows the sample's glass transition behavior. The specimen evolves
into a viscous state with increasing chain mobility in this temperature range, resembling the
first steps of liquid-like behavior. Changes in the material's heat capacity characterize this shift
from a solid to a viscous-like state. While it occurs across a wide temperature range, it is often
referred to as occurring at a single mean temperature known as the "Glass transition
temperature” (Tg) %02,

Glass crystallization happens at greater temperatures. This exothermic reaction can be observed
as a highly energetic peak in the diffractogram. T,, often known as the “crystallization
temperature,” is the temperature at which the vitreous network crystallizes. The commencement
of crystallization is a third critical temperature that can be extrapolated from the DSC curve
noted as Tx, which is significant since it pertains to the network's thermal stability. When Tx-Tg
> 90 °C, the specimen is classified as an "excellent glass former,” but when Tx-T¢ <90 °C, the
specimen is classified as a "poor glass former" 1%,

The samples' glass transition temperature (Tg) is identified at the endothermic inflection point
of the curve. The crystallization point (Tp) is the temperature at which the exothermic peak

reaches its highest. Tx is intended to be the start of the exothermic peak.
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Figure Il. 3. A standard glass DSC thermogram.
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DSC thermograms were obtained in our studies using a SETRAM type 12 device. The
measurements were carried out on large chunks of glass weighing about 20 mg and heated to
600°C at a rate of 10°C/min.

11.4. Structural and Optical Characterization

11.4.1. X-Ray Diffraction analysis

For materials characterization, XRD is a must-have tool. It is a non-destructive technology
frequently utilized in phases' identification and structural characterization for various materials,
from crystalline to amorphous. Generally, the method is employed to gather data during
environmental temperature, but in-situ diffraction is a function of extrinsic restrictions like
temperature, pressure, stress, electric field, and environment. XRD is also significant for
interpreting solid-state transitions and material behavior. The principles of crystal XRD are
given in multiple solid-state physics books 19%:2%,

The XRD technique principle operates on the dispersion of X-rays by a crystal composed of a
reasonably defined pattern of atoms, ions, and molecules. Because the crystal matrix is made
up of parallel arrays of atoms that correspond to the parallel lines of the diffraction grating, the
inter-planar distance may be directly measured using the separations of the diffraction pattern's
bright fringes. Since these inter-planar intervals are identical to the wavelength of X-rays,
crystal planes act as diffraction gratings. Just at a specific angle does the interaction of X-rays
reflected by a set of parallel surfaces matching Bragg's requirement result in constructive

interference.

The condition for a diffraction peak to appear, first given analytically by W.L. Bragg, was
presented as the fulfillment of a simple equation linking the matrix distance of a particular set
of planes to the diffraction angle, recognized as the Bragg condition 2°*. The Bragg equation

201 can be defined as follows:
2dsinfd=n i

Where n is a natural number, A the X-ray wavelength, d is the distance between two planes, and
0 the diffraction angle.

Bragg condition is depicted in figure I1.4, including the incident and diffracted beams, the

diffraction angles, and the interplanar spacing.
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incident S diffracted
beam

Figure Il. 4. Diffraction of an X-ray beam fulfilling Bragg's condition.

XRD tests can be conducted, whether on single crystals or polycrystalline specimens. The Laue
technique, Weissenberg photograph methods, or, most typically, an automated four-circle
diffractometer are used to study the former type samples. The Debye-Scherrer photographic
technique or the powder diffractometer is used to check specimens 2°2, Powder diffraction is
operated for qualitative and quantitative phase identification, refining crystalline material
structure solutions, and assessing particle size and strain in materials. The powder can be an
aggregate of tiny grains with a single structure; each fine grain is instructed unsystematically.
Figure 11.5 depicts a typical block ray diagram of a powder diffractometer. In this method, a
powdered specimen is subjected to monochromatic X-ray radiation as a smeared layer, contact
flat pack or capillary. The diffracted beam intensity is recorded at various angles. The intensity
equivalent to constructive interference of the diffracted beam from the crystallographic plane
is perceived as a peak matching the Bragg angle in a crystalline material.

K-ray tube  Soller siits
line focus) \

_ \?Ie.\m — Polycrystalline layers
Diveroence siit and bulk material

Figure Il. 5. Diffraction of an X-ray beam fulfilling Bragg's condition.

While no firm peaks are seen in an X-ray study of a glassy structure, the amorphous phase

exhibits only distinctive halos, as shown in figure I11.6. Conversely, crystal phases in a glass
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network produce sharp peaks (sometimes a combination of sharp peaks and a halo structure that
becomes smaller as crystallization advances).

During our study, the X-ray spectra of the samples were collected at ambient temperature using
a Siemens D5000 diffractometer (figure 11.7). The copper Koy line (A Koz = 1,5406 A) was
chosen as the wavelength for the XR diffractograms recorded.

XR diagrams were taken step-by-step in an angular domain 260 (10°-60°) with a 20-
minute maximum companion time. The experiments were carried out on a sieved powder of
grain size <50um spread on a glass sample holder to prevent any fluctuation in the intensity of

the XRD peaks due to selecting the size or orientation phenomena.

350

Intensity (a. u.)

50
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Figure Il. 6. X-ray diffraction diagram of a vitreous glass system.

Figure Il. 7. SIEMENS D5000 type XR diffractometer.
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11.4.2. Fourier Transform InfraRed (FTIR)

The most frequent type of infrared spectroscopy is FTIR, which refers to "Fourier transform
infrared.” Infrared spectroscopies work on the idea that infrared (IR) radiation is absorbed
when it traverses a sample. The radiation emitted by the specimen is determined. Because
various molecules emit distinct spectra due to their unique structures, the diagram can be
utilized to identify and classify between molecules. The spectra are individual and almost
identical to people's fingerprints. For various purposes, FTIR is the favored technique of
infrared spectroscopy.

First and foremost, it does not damage the sample. Second, it is much speedier than prior
procedures. Third, it is far more sensitive and accurate. In an FTIR spectrometer (figure 11.8),
an infrared spectrum analyzes the radiation absorption caused by a molecule's bonds. Photons
varying from 700 nm to nearly 1 mm make up infrared light. Even though the energy of these
photons is insufficient to cause electronic transitions, they cause the molecules in the sample to
vibrate. Because each bond has a distinct unique vibrational frequency, IR photons of
characteristic energy are absorbed by a specific bond in the specimen. Not all vibrational
molecular motions absorb infrared light; the molecule's dipole moment must shift to be IR
active 203,

The beam splitter first divides the IR beam from the infrared source into two equal parts. One
of the beams is focused on a fixed mirror, while the other targets a moving mirror. The beam
splitter receives both reflected beams. The effect of the moving mirror causes constructive and
destructive interferences among the beams, resulting in an interferogram. Once both beams
have passed through the beam splitter, they are remerged and directed to the sample, where they
interact with it. Following that, a detector generates the interferogram for each wavelength. The

Fourier transform is performed on the interferogram to produce the sample's ultimate spectrum
204
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Figure Il. 8. Fourier Transform Infrared spectrophotometer's plan.

The position of these absorption bands depends mainly on the mass of the atoms and their
difference in electronegativity. Therefore, a given material has a group of characteristic

absorption bands to identify it.

mM

1k
9 = —(—)V/? avec p=—
T u (m+ M)

vo Is the oscillator vibration frequency, u identified as the oscillator reduced mass linking m to
M, and K is the stiffness constant.

Therefore, the infrared spectra measure the absorbance A, quantity dependent on the ratio
between the starting intensity 1, and the transmitted intensity I: (Beer-Lambert law) according

to the vibration frequency.
Iy
A=log (+—
I,
The variation in absorption caused by the sample can be expressed as a ratio:

1
T=-2L
Iy

Where T is the transmittance.

In the present study, all infrared experiments were carried out using a JASCO 4600 FTIR
Fourier transform spectrometer type A (figure 11.9) with a frequency range of 400 to 4000 cm”
! (medium infrared) with a resolution of 4 cm™. The samples to be analyzed are in the form of

powders or little bulks.
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Figure Il. 9. A JASCO 4600 FT/IR Fourier transform spectrometer type A.

11.4.3. Raman spectroscopy

Raman spectroscopy is a method for non-destructive chemical examination that delivers
extensive data on a chemical's structure, phase, and polymorphic, crystallinity, and molecular
interactions. It is dependent on light's interactions with chemical bonds in a material.

A monochromatic incoming frequency's radiation vo (usually from a laser) is dispersed
inelastically from various vibrational states of the specimen in Raman spectroscopy. Most of
the incident light is scattered elastically (Rayleigh scattering), with only a minor percentage (1
in 107 photons) at frequency vo-Avo (Or vo+Avo). Raman shift refers to a bit of variation in the
frequency of Raman or inelastically scattered light. This shift relates to the energy necessary to
cause a molecule to vibrate. The new vibration frequencies are the result of polarity shifts

caused by the excitatory wave's electric field, per the equation:
Pinduced = E v
With E oscillating at the frequency v; in such a way that:
E= Eocos (27 wit)

Raman activity will occur when the derivative of polarity related to the normal Q coordinate is
non-zero, i.e., only for movements that cause a change in the polarity of the molecule. In this
instance, we have:

(50) = (2),.. ®

; 5 (6.::)2
Raman 6‘Q
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The Raman effect involves two scattering processes (figure 11.10). The first is distinguished by
scattering from a lower vibrational level to a higher level (Stokes effect). In contrast, the second
is by spreading from a higher vibrational level to a lower one (anti-Stokes effect). The spectrum
frequencies measured are expressed as a wavenumber shift or Raman shift, which is defined as

the difference between the incident and scattered wavenumbers:
A= av-(mo-@i) =i

The frequency changes spectrum is unique to the sample and not to the source. As a result, the
Raman shifts Aw is linked to the molecular characteristics of the examined substance and
correlate to the molecule's vibration frequencies. The Boltzmann distribution describes the
intensity ratio between the Stokes and anti-Stokes lines: the Stokes lines are more intense than
the anti-Stokes lines because the low-energy vibrational modes are the most populated.

Raman spectroscopy is thus an extremely effective method for highlighting the several
elementary groups that comprise the structure of glasses. This approach will produce a strong

signal for strongly polarizable substances such as P-O bonds.

heng ho, haog hoo

L
AE = hfwgwmy) > 0

v 1A= ho,0) <0

Effet Stokes Effet anti-Stokes

Figure Il. 10. Schematic diagrams of Raman Stokes (left) and anti-Stokes (right) effects.

In the present study, the Raman spectra were recorded at room temperature using a Renishaw
RM1000 micro-Raman Spectrometer (figure 11.11) linked to a He-Ne laser (19mW) and the
632.8nm line. A 50x long working distance objective was utilized to focus the laser spot on the
sample surface. Raman spectra were captured at numerous locations on the sample and recorded
using a Peltier-cooled CCD camera. For all measurements, a grating of 1800 lines mm™ was
utilized, yielding a spectral resolution of 1 cm™. The spectra ranged from 200 to 1400 cm™.
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Figure Il. 11. A Renishaw RM1000 micro-Raman Spectrometer.

11.4.4. Ultraviolet-Visible-Near Infrared spectroscopy (UV-Vis-NIR)

UV-Visible spectroscopy provides qualitative information about the nature of the bonds in the
sample and quantitative information about the concentration of species absorbing in this
spectral region (via the Beer-Lambert law). This spectroscopy is extensively employed in
practical chemistry (after creating a calibration line and transferring an experimental
measurement) and chemical or biochemical analysis because it is non-destructive and rapid.
The UV-Visible electronic transitions in a molecule involve the most critical chemical energies
(about 13000 to 50000 cm™ or 160 to 665 kJ. mol™). The energies involved are of the same
order of magnitude as the molecules' binding energies, and these radiations can occasionally
trigger bond breakage. They cause electronic transitions between different energy levels of

molecules in general.

Ultraviolet-Visible-Near Infrared spectroscopy is a spectroscopic technique that uses photons
with wavelengths in the ultraviolet (100 nm - 400 nm), visible (400 nm - 750 nm), or near-
infrared (750 nm - 1400 nm) range. When exposed to this wavelength range of light, molecules,

ions, or complexes will likely experience one or more electronic transitions.

UV-Vis-NIR spectroscopy and Raman spectroscopy are both based on the interaction of an
electromagnetic wave with the vibrational modes of the matter under study. The energy
differential, AE, of an electromagnetic beam of frequency v absorbed and emitted by matter

follows the Planck-Einstein relation:
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h is Planck constant (h = 6,63.103* J.s.). In a vacuum, frequency v and wavelength A are related

by the speed of light (c=3.10% m.s?), as follows:

v=_cli
Where: AE =hc/ 4

According to this connection, the wavelength of absorbed radiation is typical of the energy
difference between two electronic levels. By measuring this difference, we can learn about the
electronic structure of the atomic structure and, thus, about the substance analyzed. The
transmission limit in the UV-Vis-NIR range is caused by the glass matrix's electronic order
transitions. The energy gap between the conduction band and the valence band of the glass
matrix corresponds to the energy of the least wavelength the glass transmits. Because the energy

of the radiation is more significant at shorter wavelengths, the glass is no longer transparent.

The optical spectra in our investigation were acquired using a JASCO V-670 spectrophotometer
and an integrating sphere (figure 11.12). This setup allows you to analyze absorption over a wide
spectral range, from 250 nm (ultraviolet) to 1800 nm (red) (visible). The sample is a few

millimeters thick polished glass.

Figure Il. 12. A JASCO V-670 spectrophotometer.
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11.5. Surface characterization

11.5.1. Scanning Electron Microscopy (SEM)
The scanning electron microscope (SEM) is a widespread piece of equipment for photographing
and analyzing the composition of diverse substances. Due to the depth of focus of the SEM
instruments, images have a three-dimensional effect up to a length scale of a few tens of
nanometers. Because of the remarkably bass wavelength of accelerated electrons, electron
microscopy delivers images of a sample at far better magnification, resolution, and depth of

focus than optical microscopy, which uses visible light.

SEM function relies on a beam of very intense electrons scanning the surface of a sample, and
the consequence of this interaction is displayed on a screen. Figure 11.13 depicts the course of

the electron beam from the source to the sample.

Electron gun

s Electron beam

°Anode

Magnetic Lens
> : TV scanner
Scanning coil :
Backscattered ﬁ

electron detector /)

Figure Il. 13. Scanning Electron Microscope (SEM) components.

In this technique, two interactions appear between the electron beam and the specimen. These
interactions can be elastic if the electron beam hits the sample and switches direction without
modifying energy (backscattered electrons) or inelastic if the electron beam strikes an orbiting
shell electron of the specimen, inducing secondary electron ejection, typical photon radiation
(x-ray and visible radiation), and different types of events from the specimen interaction
volume. Because the scattering intensity is Z (atomic number) dependent, backscattered
electrons allow element distribution investigation. On the other hand, secondary electrons are
liberated from a relatively limited volume in the surface region and can thus be utilized to
investigate the surface of objects. These interactions provide critical information about the
specimen, allowing the material's surface features and chemical makeup to be determined. The
equipment used for the thesis measurements is a JEOL JSM-IT 100 apparatus coupled to an X-

ray energy dispersive spectrometer depicted in figure 11.14.
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Figure Il. 14. A JEOL JSM-IT 100 scanning electron spectrophotometer.

11.5.2. Energy dispersive spectroscopy (EDS)

EDS (energy dispersive spectrometer) is an analytical technique that can be used with scanning
electron microscopy (SEM). When operated with this imaging instrument, EDS can give
elemental analysis in areas as small as a nanometer in diameter. The electron beam's interaction
with the sample generates X-rays that are characteristic of the elements present in the sample.
The analysis can determine the elemental composition of individual points or create an image
of the scanned area’s lateral distribution of elements.
The sensitivity of specific sensors to the flux and energy of photons emitted by the observed
sample is operated in this technique. This technique requires the following components :

e an excitation source (the primary electron beam created by the SEM)

e an X-ray detector

e aprocessor that allows pulse recording

« asystem for storing and interpreting the emitted data
Scanning electron microscopy was utilized to view and study the surface of the glasses (SEM).
Carbon was exploited to metalize the materials under investigation. This metallization prevents
a significant accumulation of charges on the surface of the samples (insulators) and reduces the
penetration depth of the beam, improving image quality. The tests were performed using a
JEOL JSM-IT 100 linked to an X-ray energy dispersive spectrometer (X-EDS) (figure 11.14).

11.6. Durability investigations

Compared to silicate glasses, the modification of glasses in aqueous solution has received
comparatively little attention until recently. The mechanisms leading to the dissolution of these

phosphate glasses are still being debated in the literature 8205206,
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In our study, we tracked the evolution of the solution's immersion time, mass loss, and pH based
on the glass composition (the balance used for these measurements is a SHIMADZU AW220
and a pH meter 1C3505). The measurements were taken on glassy samples cut into discs to
make calculating the outer area of the specimens studied easier. The specimen was taken from
the etching solution at the end of each experiment and wiped and cleaned three times with
distilled water to remove the surface solution. Leaching tests were carried out at room
temperature. To compute the dissolution rate, we utilized the following equation:

AW

DR = —
At

Where: AW: Weight loss (g); A: Sample surface (cm?); and t: Immersion time (min).

11.7. Analysis of the anticorrosive activity

11.7.1. Material and sample preparation
This study's material is mild steel with the chemical composition shown in Table 11.1. Before
the trials, the steel samples were pre-treated with granulometry abrasive paper (220, 400, 600,
800, 1200, and 1500), rinsed with distilled water, acetone, and washed with bi-distilled water,

and dried with a drier.

Table Il. 1. Mild steel chemical composition:

Element C Si Mn Cu S Fe
Composition (Weight %) 0.179 | 0,165 | 0.439 | 0,203 | 0.034 Balance

11.7.2. The Experimental media
The experimental medium used for anticorrosive tests is a 3,5% NaCl solution prepared by
dissolving a stoichiometric amount of sodium chloride in distilled water. Before each test, the
mild steel samples were polished with increasingly fine abrasive paper (grade 100-400-800-
1200) on a rotating disc using a polishing machine (figure 11.16), followed by rinsing with

distilled water and drying under an air stream.

11.7.3. The evaluation process of corrosion inhibiting efficiency

11.7.3.1. Gravimetric method
This method is simple to adopt and does not require large equipment. Its basic premise is based
on measuring the loss of weight (W) experienced by a sample (mild steel) of surface (S) during

a time t of immersion in a corrosive solution kept at a constant temperature.
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Weight loss measures were conducted during a 24-hour immersion at room temperature, with
and without adding our inhibitors at various doses. The mild steel samples are rectangular (2
cm x 1 cm x 1 cm) and immersed in 50 ml of 3.5M NaCl solution without and with various

tested inhibitors.

The following relationship gives the corrosion rate:

st

CR is the corrosion rate (mg.cm>h) of the coupon of sectional area (S, cm?) over time and W

is the weight loss.

The following formula is used to assess the inhibitory efficacy:

CR corr — CR Z#r
CR corr

ElI% = x 100

CReorr: The corrosion rate in the absence of inhibition; CRZ! : The corrosion rate in the

presence of inhibition.

The inhibitory effectiveness value reported is the average of three experiments conducted under

identical conditions for each concentration.

Figure Il. 15. Manual polishing machine with variable speed from 100 to 500 rpm.
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11.7.3.2. Electrochemical measurements

The assessment of inhibitory efficiency, as indicated by weight loss, does not provide an
understanding of corrosion mechanisms. On the other hand, Electrochemical measurements are
a more comprehensive technique since they investigate the foundation of the corrosion

phenomenon, the electrochemical process.

Electrochemical techniques allowed the study to be tackled from two perspectives. They are
monitoring the open circuit potential over time, a characteristic of the alteration of the interface
between a metal and its environment or using a high-speed cyclic voltameter. The quantitative
aspect (polarization curves at moderate scanning speed, impedance spectroscopy.) allows us to
access the reaction rate and the values of physical parameters representing the system's state
(double-layer capacitance, transfer resistance, film capacitance, etc.).

Electrochemical approaches such as Stationary Methods and Transient Methods were used to

evaluate the efficiency of corrosion inhibitors of materials.

11.7.3.2.1. Experimental arrangement
The electrochemical tests were performed via an Origalys potentiostat controlled by the
Origamaster corrosion analysis software in static condition with a corrosion cell that consists
of three electrodes. A saturated calomel reference electrode (SCE) will be a reference for all the
potentials indicated in this study, the auxiliary electrode is a platinum electrode, and the
working electrode is made of mild steel. A thermostat with water circulation allows for
maintaining the electrolyte at the desired temperature. Before each curve is plotted, the surface
of the working electrode is well-treated. The electrode is held before each measurement at its

corrosion-free potential. Measurements are made at 303K in a 3.5 M sodium chloride solution.

11.7.3.2.2. The evolution of Open Circuit Potential (OCP)
The open circuit potential is also referred to as spontaneous potential, dropout potential, or free
potential. It is the most immediately measurable electrochemical parameter. It is measured with
a reference potential, in this case, a saturated calomel electrode. Monitoring the free potential
as a time function helps understand a material's behavior in contact with a wet, corrosive
environment. It gives information on the preliminary transformations of the processes in
progress at the metal/electrolyte interface: corrosion passivation 2. Curves of various types are
typically discovered. Figure 11.17 depicts numerous scenarios of potential evolution throughout

time.
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Figure Il. 16. Diagrams of E(OCP) tracking as a function of time.

a) The potential is constant, and the interface does not change over time;

b) The potential only decreases, and the material becomes less and less noble by a continuous
attack of the metal;

c) The potential increases over time; this is the case of passivation, i.e., the formation of a
protective passivating layer;

d) The potential becomes more negative and then tends towards more positive values. This
is the case of an attack followed by passivation;

e) The metal-medium interface, which is stable for a certain period, can change abruptly.

11.7.3.2.3. Polarization plot

The method entails applying a predetermined voltage to the sample for the reference electrode
and measuring the resulting current density through the working electrode. The shape of the
polarization curves is determined by the physicochemical processes that cause corrosion. The
polarization curve at the corrosion potential can be thought of as a linear section. The curve's
exploitation takes into account its shape as well as the scale used for the plot: linear i=f(E)
(figure 11.18) or logarithmic log(i)= f (E) [18].

The acquired curve also reveals the metal's sensitivity to localized corrosion. The appearance
of pitting on the sample is reflected in the rising potential turn by a sudden increase in current.

Stern et al. established the value of Icorr for the first time in their original publications 2%,
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| Ecorr

Figure ll. 17. Intensity-potential plot.

Polarization measurements were performed to learn more about the kinetics of anodic and
cathodic reactions. The approach entails applying a fixed voltage to the sample concerning the
reference electrode and measuring the stationary current that forms after a set time in the
electrical circuit between the reference electrode and the working electrode (figure 11.14). Stern
was the first to calculate the value of lcorr 2%°. The point is reached by evaluating the anodic and
cathodic branches, which are assimilated to Tafel lines on the curve log(I)=Ff(E) (lcorr, Ecorr).
Tafel's extrapolation approach and polarization curve diagrams depict the anodic-cathodic

zones in determining the corrosion potential (Ecor) and corrosion current density (lcorr) 2%°.
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Figure Il. 18. Electrochemical parameters determination from Tafel's lines.
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The intensity-potential curves are acquired using a scanning speed of 1mV/S in kinetic-potential
mode. Because of this speed, we were able to place ourselves in quasi-stationary settings and
achieve good reproducibility of results. These curves are recorded in a potential interval
between must define the Tafel mV/ECS interval. The efficiency of an inhibitor can be
determined by knowing the corrosion current of the metal in a corrosive solution without an
inhibitor (icorr0) and with a known inhibitor's quantity (icorr). The following equation then defines
it:

i
E; (%) =

corr icorr(inh) x

lCDTT

100

icorr and icorr (iNh) represent the corrosion currents in the absence and presence of an inhibitor,
respectively.
11.7.3.2.4. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance is measured by evaluating the system's electrochemical
response to a disturbance, which is usually a low-amplitude alternative signal. An impedance
spectrum analysis aims to assign actual quantities to each stage detected on the Nyquist and
Bode diagrams. This can be approached by modeling the spectrum with an Electrical Equivalent
Circuit (EEC), which is made up of a few simple elements: The following are the most
frequently utilized elements:

e The impedance resistance R is exclusively modeled by its fundamental part ;

e The impedance capacitance ;

e The impedance inductance Zi=jLw

The interpretation of the diagrams using EEC must respect two essential conditions:

e All the elements of the circuit must have a precise physical meaning associated with the
physical properties of the system;

e The simulated spectrum from the EEC must be as close to the experimental spectrum as

possible, and the inaccuracy must not be systematic as a function of frequency.

In the framework of corrosion inhibitor research, impedance spectroscopy determines the
product's mode of action 2. In the case of inhibitor adsorption, the impedance spectrum in the
Nyquist plane is represented by a more or less flattened capacitive semi-loop, which may
exhibit a phase shift for the real axis. The inhomogeneity of the electrode surface causes this
phase shift. VVariations in the content or thickness of the layer that forms on the electrode surface

are attributed to this phase shift by other studies 2'%. The coefficient n accounts for surface
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inhomogeneities using a Constant Phase Element (CPE). The following equation represents

such an element:

Zepr = Q (i)™

With Q, an interfacial capacitance. In the ideal case, the coefficient (n=1) and the physical
model result in a planar capacitor.

Figure 11.20 depicts the illustration of EEC of the adsorption mechanism.

Rs
CPE
Rtc

Figure Il. 19. Proposed electrical equivalent circuit for the metal-electrolyte interface during inhibitor film adsorption.

This circuit is made up of a constant phase element (Qqc), which is utilized to account for the
previously specified inhomogeneities, an electrolyte resistance (Rs), and a charge transfer
resistance (Rct). The equation yields the value of the double-layer capacitance:

Cdc:Qdc (Comax)

With e=2xf (f represents the frequency at which the imaginary value reaches a maximum on

the Nyquist diagram).

On the impedance diagram, the gradual adsorption of the inhibiting entities onto the substrate
is represented by an increase in the capacitive loop. In other words, an increase in Re¢t and a
decrease in Cqc. Impedance measurements are often presented in the complex Nyquist plane.
The abscissa corresponds to the genuine part of the impedance and the ordinate to the imaginary
part (figure 11.21).

Impedance spectroscopy is utilized in corrosion inhibitor investigations to determine the
method of action of these inhibitors. The following equation is used to compute the corrosion
inhibition efficiency of mild steel using the charge transfer resistance:

E; (%) = Ri%.m)c x 100

i
tc

Where: R:.and R?. are the charge transfer resistance values with and without an inhibitor,
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respectively.

4

0 -’ RealZ

Figure Il. 20. Nyquist diagram.

11.8. Conclusion

This chapter thoroughly analyzes how different analytical tools were used to understand the
glass system in this thesis. A multidimensional understanding of glass properties, structure, and
behavior was achieved by combining various techniques like surface analysis, crystallography
investigations, thermal analysis, spectroscopic methods, optical investigation, and anticorrosive
properties analysis. This comprehensive analysis provides a strong basis for further research in

glass science and technology applications.
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Chapter III: Preparation and structural,

thermal, and optical characterization of
Ca0-K.0-P,0;5 and Al,0;-K;0-Ca0O-P,0s

glass systems
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I11.1. Glass Preparation

The 50P205-xCa0O-(50-x)K20 and xAl203-(50-x)P205-10Ca0-40K20 glass systems were
synthesized at room temperature using appropriate proportions of precursors, ammonium
dihydrogen phosphate (NHsH2PO4), calcium carbonate (CaCOs), potassium carbonate
(K2CO03), and aluminum oxide anhydrous extra pure (Al20O3) according to the following reaction

schemes:
X KoCOs+y CaCOs+ 2z NH4H;PO4 = [x K20, y Ca0, z P20s] +2z NH3+3z H,0 + (x+y) CO;

X KoCOs+ y CaCOs+ 2z NHsH,PO4+t ALO3 — [X K0, y Ca0, z P,Os, t A|203] +27z NH3+3z H,O
+ (x+y) CO;

The precursors were first weighed and mixed in a quartz mortar before being transferred to a
porcelain crucible to preheat overnight at 120°C. The combination was then annealed at 200 to
500°C to discharge NHs, H20O, and CO,. The temperature was then steadily increased to the
melting point of about 800-1000°C (figure 111.1). Finally, amorphous specimens were obtained

by quenching the molten product to room temperature in the air.

The resulting phosphate glasses of 50P,0s-xCa0O-(50-x)K20, where x=0, 10, 20, 30, and 40
mol% were labeled as PCKo, PCK10, PCK29, PCK30, and PCKao respectively. While APCK2s,
APCKs, APCK7s, APCKio, APCKi25, and APCKjs, for the compositions of xAl>0O3-(50-
X)P205-10Ca0-40K-0 glass system, where = 2.5, 5, 7.5, 10, 12.5, and 15 mol%. Table 111.1

details the synthesized specimens' glass composition and codes.
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Table lll. 1. Glass compositions and notations used.
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Figure lll. 1. Thermal treatment cycle adapted for the glasses' elaboration

>

Glass notation

Batch composition (%0)

Al2O3 P20s CaO K20

PCKao 0 50 0 50
PCKio 0 50 10 40
PCK20 0 50 20 30
PCKaso 0 50 30 20
PCKao 0 50 40 10
APCK:2s 25 47.5 10 40
APCKs 5 45 10 40
APCK7s 7.5 42.5 10 40
APCK1o 10 40 10 40
APCK125 12,5 37.5 10 40
APCK1s 15 35 10 40
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I11.2. Structural properties of the studied glasses

111.2.1. X-ray diffraction analysis
The X-ray diffractograms of the synthesized compositions of xAl203-(50-x)P20s-10Ca0-
40K20 (where = 2.5, 5, 7.5, 10, 12.5, and 15) and 50P,05-xCa0O-(50-x)K20 (where x=0, 10,
20, 30, and 40 mol%) are depicted in figures 111.2 and 111.3. They presented a broad hump
between 20° and 40° (26) without sharp peaks, showing an amorphous structural character for

all te glassy phosphate samples.

111.2.2. SEM-EDX analysis
Figures 111.4, 111.5, and 111.6 illustrate SEM images of PCKzo, APCK>5, and APCKjs systems.
The presence of a homogeneous amorphous surface can be seen. The registered EDX elemental
mapping scanned from two locations on the surface of d and in three separate sites on APCK3s
and APCKis show the fundamental composition similarities in the different regions of the

samples, demonstrating the continuous distribution of the elements.
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Figure Ill. 2. X-ray diffraction patterns for the five compositions studied of 50P,0s-xCaO-(50-x)K,0 glass system, with: (PCKg)

x=0mol%, (PCK10) x=10mol%, (PCKao) x=20mol%, (PCK35) x=30mol%, and (PCK45) x=40mol%.
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Figure Ill. 3. Diffractograms of the synthesized compositions of APCK,, where x = 2.5, 5, 7.5, 10, 12.5, and 15 mol%.
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Figure Ill. 4. SEM image and EDS of 50P,05-30Ca0-20K;0.
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Figure Ill. 5. SEM-EDX analysis of APCK>5 glass sample.
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111.2.3. FTIR and Raman spectroscopy analysis

111.2.3.1. 50P205-xCa0-(50-x)K20 ternary glass system
111.2.3.1.1. FTIR analysis

The FT-IR spectra of the glass samples are shown in figure 111.7. The diverse vibration bands
are identified based on the literature and listed in table 111.2 21321,

The remarked bands at 1260 cm™ are associated with the asymmetric stretching vibration
vas(PO2) of the bonds linking atoms of non-bridging oxygen (NBO) with phosphorus 4216217,
At the same time, the bands around 1180 cm™ are ascribed to the symmetric stretching vibration
vs(PO,) 28218 The presence of bands near 1090 cm™ is assigned to the asymmetric stretching
vibration vas(PO3). However, those near 1000 and 990 cm™ are attributed to chain end groups
29 The lines associated with asymmetric and symmetric stretching vibrations of P-O-P bridges
are observed at around 880 cm™ and 800-760 cm! 2930117.219.220 The pands located at 530 cm-

! correspond to the deformational modes of P-O- (PO4*) groups.

Transmission %
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Figure lll. 7. FTIR spectra of 50P,0s-xCaO-(50-x)K,0 glass system with: (PCKo) x=0mol%, (PCK10) x=10mol%, (PCK2s)

1 1 1 1
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x=20mol%, (PCK30) x=30mol%, and (PCKao) x=40mol%.

1
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111.2.3.1.2. Raman analysis

The Raman spectra of 50P.0s-xCa0-(50-x)K20 glasses (where x = 0, 10, 20, 30, and 40mol%)
are shown in figure 111.8. Seven peaks are visible in the spectra and listed in table 111.2: 1258,
1175, 1098, 990, 780, 680, and 555 cm™,

The bands located at 1258 and 11175 cm™ is attributed to the asymmetric and symmetric
vibration vas ((PO.) and vs(PO.)) of the non-bridging oxygen atoms (NBO), which are linked
to the phosphorus atoms (O-P-O) in metaphosphate chains (Q?) 771221224 While the bands
observed at 1098 cm™ and 990 cm™ are characteristic of the asymmetric vas(POs) and the
symmetric vibrations vs(PO3) of NBO on Q! tetrahedral 2. The bands sited at 780 and 680 cm"
! are associated with the asymmetric and symmetric stretching modes of oxygen bridged and
related to phosphorus atoms (P-O-P), where two tetrahedral are connected in the phosphate
chains 226-228, However, the band situated at 555 cm™ is correlated to the deformation modes of
P-O (PO4*) groups 2%,

~ v (PO)) § Vas(PO) 5(r0 ")

¢ v (PO) v¢(PO) v 0P |

>° * 1 v S(F’-O-P) ‘

‘ ‘ ‘ (Pcky)
+ | o *
(Pck

/5 * 10/
s i
g ; ¢ 1 ! ' (PCK0)
g i

i I I I I I i

1400 1200 1000 800 600 400 200
. -1

Raman shift (cm )

Figure Ill. 8. Raman spectra of 50P,05-xCa0-(50-x)K>0 glass system with: (PCKy) x=0mol%, (PCK10) x=10mol%, (PCKz0)
x=20mol%, (PCK30) x=30mol%, and (PCKao) x=40mol%.
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Table lll. 2. Frequencies and attributions of IR and Raman bands of PCKg, PCK10, PCK2, PCK30, and PCK4o compositions of
50P,05-xCa0-(50-x)K;0 glass system.

Samples PCKo PCKaio PCK2o PCKaso PCKao
Attributions
IR Raman IR Raman IR Raman IR Raman IR Raman

1260 1258 1260 1258 | 1260 1258 1260 1258 1265 vas(PO2)

1180 1175 1180 1175 | 1180 1175 1180 1175 1180 1175 vs(PO2)

. 1095 1098 1095 1098 | 1095 1098 1095 1098 1095 1098 vas(PO3)

Frequencies

in cm?! 1000 990 1000 990 1000 990 1000 990 1000 990 vs(PO3)
880 780 880 780 880 780 880 780 880 780 (POP)as

800 680 800 680 800 680 800 680 800 680 (POP)s

530 550 530 550 530 550 530 550 530 550 6(PO43')
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111.2.3.2. xAl203-(50-x)P205-10Ca0-40K20 quaternary glass system
111.2.3.2.1. FTIR analysis
The FTIR spectra of the synthesized APCKy (x = 2.5, 5, 7.5, 10, 12.5, and 15 mol %) glasses
with various compositions of alumina are presented in figure 111.9. Characteristic bands
associated with the addition of Al,Os are shown, which are consistent with designations for
phosphate materials 34362%_In figure 111.9, the APCKj glasses exhibited six IR bands (listed in
table 111.3). The peak at ~ 1259 cm™ is ascribed to the vibration of P=0 and the asymmetric
stretching vibration of PO,' vas (PO.)". This peak no longer appears in the spectra where the
compositions of Al,O3 exceed 10 mol %. The peak at ~ 1186 cm™ is owing to the symmetric
stretching of PO2' vs (PO)". The band's intensity reduces with increasing Al>Os content. The
band at 1079 cm™ is identified as the asymmetric stretching of PO3' vas (POs)". The band that
appears at ~ 1026 cm™ ! is due to the symmetric vibration of PO3 vs(PO3). However, the tiny
band at ~ 1042 cm™*, when alumina content reaches 5%, is due to the PO4 vibration. When the
Al>O3 proportion rises, the concentration of PO4 increases, which fortifies the glass structure.
The band at ~ 865 cm™ is assigned to the asymmetric stretching of POP' vas (POP)'. The peak
at ~ 740 cm™ is associated with POP' vs (POP)' symmetric stretching. The peak at ~ 520 cm™ is
associated with the P-O-P vibration in [PO4]. Moreover, within the range of 400-500 cm™ and
700- 800 cmt, bending vibrations of P-O-P units *® overlapped with the vibrations of [AlOg]
and [AlO4] structural units, respectively 39443 Making their distinction concerning the

vibrations given to the phosphate groups is difficult to discern.
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Figure lll. 9. IR spectra for the synthesized compositions of APCKx, where x = 2.5, 5, 7.5, 10, 12.5, and 15 mol %.

111.2.3.2.2. Raman analysis

The Raman spectrum of APCKy (x =2.5, 5, 7.5, 10, 12.5, and 15 mol %) glass system illustrated
in figure 111.10, were recorded in the frequency range from 200-1400 cm 1. Raman peaks occur
at ~1277 cmt, ~1158 cm?, ~1059 cm?, ~896 cm?, ~715 cm?, ~533 cm?, ~469 cm, and

~338 cm (listed in table 111.3). We have made the following band assignments for our spectra:

e ~1277 cm* attributed to PO, asymmetric stretching of non-bridging oxygen, in Q2 units

(vas (PO2), (Q));

e ~1158 cm™assigned to PO, symmetric stretching of non-bridging oxygen, in Q? units

(s (PO2), (Q?);

e ~1060 cm™ identified as the symmetric vibration PO3 groups of non-bridging oxygen

on Q! (vas (PO3), (QY);

e ~1023 cm™ lidentified as symmetric vibration POz groups of nonbridging oxygen on Q!

(vs (PO3), (QY);
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e ~896 cm*attributed to the asymmetric stretching vibration P-O-P of bridging oxygen
in PO4 tetrahedron in Q* groups (vas (P-O-P), (Q1)) 354445,

e ~715cm™ attributed to the symmetric stretching of the bridging oxygen in Q? units (vs
(P-O-P), (Q?)), overlapped with the vibrations of the AlO4structural units?;

e ~533 cm*identified as POP vibrations in POsand v(AIl-0), the vibrations involving the
Al-O bonds 232234,

e ~469 cm? bending vibration of PO2™ units, overlapped with the vibrations of AlOs

structural units 224,

e ~338 cm™ O—P-0O bending motions 2,

—_ <
o o
o << —_

\_/m - o © /8
> o e 9 &g
—_ o =

i) = o T = o
Q e} = “«© >
e = >
—_ 3+
> = =
| a
S—
[%2]
T N
l \

~~
o~
o
o
~
[3+
>

Transmission %

| | | | | |
1400 1200 1000 800 600 400 200

Raman shift (cm_ )

Figure Ill. 10. Raman spectra for the synthesized compositions of APCKx, where x = 2.5, 5, 7.5, 10, 12.5, and 15 mol %.
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111.2.3.2. Results and discussion

CaO inclusion into K>O-P,0s generates almost the disappearance of vs(PO2) vas(POs3) and the
reduction in the intensity of vs(POz). This phenomenon is because POs is considered a
phosphate chain ending group. Besides, the apparition of P-O-Ca bonds in the glass network,
when CaO substitutes K>O, causes the shrinkage of the NBO and the growth in the cross-
linking. The depolymerization of P-O-P bonds in the analyzed glassy samples is mainly due to
the rise of CaO content, causing a slight change in the spectra 26237, Furthermore, the existence
of pyrophosphate groups could be explained by the presence of two specific bands related to

the symmetric and asymmetric vibrations of the P-O-P Bridge %',

As Al>O3 content increases, the vibration of P=0, vas (PO2), and vs (PO2) reduce drastically and
shifted towards lower frequencies before they vanished and no longer appeared for x=15%
Al>O3, the principal peaks of phosphate have been diminished as alumina content grows. The

238 \which

latter band may be connected to the bridging of Al with oxygen atoms to form AlO4
plays a former role 22, So, some AlO; structural units penetrate the phosphate network as
formers, and the characteristic bands of phosphate glasses will be modified by the quantity of
these oxygens 2*2. The growth of Al.Os rather than P2Os increases the polymerization degree
of the P-O-P in APCKj glass system by creating stronger P-O-Al bonds. Which delivers a more

reticulated and stiff glass network.

111.3. Thermo-physical characterization of the studied glasses

111.3.1. Density (p) and molar volume (Vm)

The density is a useful tool for investigating changes in the structure of phosphate glasses. It is,
nevertheless, influenced by the compactness of the glassy structure. Glass network density (p)
and molar volume (V) is affected by a variety of parameters, including structure, coordination
number, cross-link density, and interstitial space dimensionality 23, The determination of
density values was at room temperature using Archimedes' principle.

The molar volume Vn, of the investigated glasses was calculated using their density and molar
mass M: Vimn=M/p

The density and molar volume values obtained are summarized in Table I111.4 and shown as a

function of composition in figures 111.11 and 111.12.

Table 111.4 and figures 111.11 and 111.12 show that the density of the glasses of both synthesized
systems increases continuously both when potassium is replaced by calcium (50P205-xCaO-

(50-x)K20) or P2Os is substituted by AlO3 (xAl203-(50-x)P205-10Ca0-40K20) while the
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molar volume decreases continuously.

Figure 111.11 graphically depicts the plots of Vi values. The latter increases as the CaO level
increases. This finding could be explained by replacing K-O, which has a low density (2.35
g/cm?®), with CaO, which has a high density (3.34 g/cm®). Similarly, this behavior may be
explained by differences in the atomic masses of Ca?* and K*. Also, in figure 111.12, the density
has increased with the incremental expansion of alumina content; this growth in density is
owing to the substitution of P20s (2.39 g/cm?) by Al,O3 (2.95 g/cm?), having a higher density.
Nevertheless, the molar volume delivered a delinquent behavior of dropping for both glass
systems. Whereas the cation exchange, the chain length is reduced.

Introducing CaO or Al>O3 to the glass system cross-links the glass network and contracts the
stacking of oxygen ions, creating new Ca-O-P and Al-O-P bonds that replace the old P-O-P
bounds. Consequently, this substitution reduces the molar volume, shrinks the glass network,

and increases the density 1+,

Table Ill. 4. Glass composition (mol %), density p (g/cm?3), molar volume Vm (cm3/mol), glass transition temperature T4 (°C),
crystallization temperature Ty (°C), and thermal stability T,-Ty (°C) of 50P,05-xCaO-(50-x)K>0 and xAl;03-(50-x)P,05-10CaO-

40K;0 glass system.

Glass Batch composition (%0)

[\ Vm Tg Tx Tx-Tg

notation
Al203 | P20s | CaO | K20 |[(g/cm®)| (cm®mol) | (°C) (°C) (°C)

PCKo 0 50 0 50 2.30 52.34 254 - ----
PCKio 0 50 10 40 2.43 50.54 300 - ----
PCK20 0 50 20 30 2.48 47.98 341 ---- ----
PCKso 0 50 30 20 2.49 46.26 386 - -—--
PCKao 0 50 40 10 2.57 43.17 471 o -—--

APCKz5 2.5 47.5 10 40 2490 | 45.486 | 342.84 | 437.46 | 94.62

APCKs 5 45 10 40 2.526 | 44.442 | 37542 | 44597 | 70.55

APCK7s 7.5 42.5 10 40 2533 | 43.925 | 377.98 | 446.89 | 68.91

APCK1o 10 40 10 40 2.549 | 43.257 | 418.72 - -

APCKis | 125 37.5 10 40 2551 | 42.831 426.3 542 115.7

APCKis 15 35 10 40 2593 | 41.752 | 443.48 | 546.68 | 103.2
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Figure lll. 11. Variation of density and molar volume of Potassium Phosphate glasses with CaO content.
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Figure lll. 12. Densities and molar volumes in the function of Al,O3 content of APCKx glasses.

111.3.2. Thermal analysis by Differential Scanning Calorimetry (DSC)
The glass transition temperature measures the temperature at which the system's viscosity

reaches a value of 102 poise. Its value is correlated to the rigidity of the network. It depends %n
1
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its degree of interconnectivity and the organization of atoms within the glassy network. It is
strongly linked to the density of covalent bonds to the length and number of bonds between
cations and anions (oxygen). It then depicts the free volume between the structural entities 244,
The values of T4 have a direct relationship with the strength and density of the bonds. A high
value of Tg corresponds to high connectivity of the glass network.

Figures 111.13 and 111.14 display the DSC thermal analysis curves of the 50P,0Os-xCaO-(50-
X)K20 and xAl>,03-(50-x)P20s-10Ca0-40K>0 glass systems. Table 111.4 contains the values of
the glass transition temperatures Tg and the onset crystallization temperature Tx. Figures 111.15
and I11.16 illustrate the differences in T4 as a function of CaO and Al.Os content.

In figure 111.13, T4 values vary from 254°C (x=0%) for potassium phosphate to 471°C
(x=40%). The substitution of KO by CaO resulted in a significant increase in Tg. In figure
111.14 Tg and Tx values show an improved trend. A steady ascent of 101°C is registered amongst
extreme compositions (x=2.5 and 15%). The line graphs show that Ty values increase
dramatically with CaO and Al.Oz composition, and, as a result, a significant change in the glass
structure.

In 50P205-xCa0-(50-x)K20 glass system, replacing Potassium with Calcium that has a higher
electronegativity (1eV), leads to create P-Ca-O new bonds with a better covalent character.
While replacing P.Os with Al,O3 in xAl03-(50-x)P20s-10Ca0-40K,0 glassy system, AIR*
delivered by alumina will contribute to the glass structure and improve its compactness 2%°.
Besides, the glass structure can be broken by Al2Oz, creating a new, more stable bond P-O-Al
as an alternative of P-O-P %3245 making the glass more rigid (this result agrees with the
evolution of density). Hence, the glass network evolves additional compactness as Al.O3
proportions grow, which conducts Ty and Ty higher values.

The thermal stability of the network is associated with Tx-Tg. We can classify the investigated
specimens into two categories; good glass former if Tx-T¢ > 90 °C and poor glass former if Tx-
Ty <90 °C 24, From table 111.4, we can notice that the synthesized glasses containing 2.5, 12.5,
and 15% of Al>Os have a greater Tx-Tg value. This represents a more stable glass-forming
power. Nevertheless, samples with 5 and 7.5% Al>O3 have lower thermal stability. In other
words, the different rearrangement of the glass entities when they are above T4 and heading to

lower crystallization temperatures causes a drop in the thermal stability factor.
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Figure Ill. 13. Differential Scanning Calorimetry (DSC) curve of the synthesized glassy sample of the system 50P,05-xCaO-(50-

x)K20 whereas x= 0, 10, 20, 30, 40mol %.
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Figure Ill. 14. DSC spectra for the synthesized compositions of APCKx, where x = 2.5, 5, 7.5, 10, 12.5, and 15 mol %.
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Figure lll. 15. Variation of glass transition temperature (Tg) composition versus glass composition for the system 50P,0s-

xCaO-(50-x)K20 (x= 0, 10, 20, 30, and 40mol %).
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Figure Ill. 16. Variation of glass transition temperature (Tg) composition versus glass composition for the APCKx system

94



CHAPTERIII

I11.4. Chemical durability

Phosphate glasses have low chemical durability, limiting their use. However, it has been
demonstrated that adding oxides considerably enhances their corrosion resistance and chemical
durability, making them analogous to silicate glasses like ZnO, Al2Os, and TiO., these oxides
generate M-O-P bonds that are relatively stable 224,

We once investigated the chemical durability of a PCK glassy system. However, the samples
spalled and dissociated after only 24 hours of immersion in the solutions. So, with the insertion
of Al>Og, the glass was upgraded to a quaternary system to enhance its efficiency.

In this section, we exhibit the dissolution of our boosted APCK quaternary glassy system under
diverse conditions in a closed and non-renewed environment. All leaching studies were carried
out in a sealed, unstirred setting. We immersed glass blocks in an aggressive solution so that all

specimen surfaces were in touch. Our trials were all carried out at room temperature.

111.4.1. Weight loss (WL) and pH variation of APCK glass system

The total weight loss is expressed by the following formula:
. Am
Weight loss = -~

Where m : mass loss of the glass sample (mg)
S : surface of the sample (cm?)

The chemical durability of the system APCK was determined by weight loss (WL)
measurements versus leaching time in deionized water, HCI, and NaOH solutions, as shown in
figures 111.17.a, 111.18.a, and 111.19.a, respectively. We have also investigated pH variations as
a function of immersion time for the system APCK; results are exhibited in the 111.17.b, 111.18.b,
and 111.19.b figures.

111.4.1.1. In HCI solution

During the vitreous samples’ immersion in HCI solution, we remarked a dramatic increase in
WL after the first 48 hours for the samples with alumina content ( 5mol%), while the sample
containing 7.5% Al>Oz grew drastically after 200 hours of immersion. Moreover, the sample

with 2.5% Al>Oz3 tended to crack and spall in the solution after approximately 75 hours.
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However, specimens with an AlOz content of 10 mol% faced a weak WL throughout the
experiment in an acidic solution. The pH grew during the first immersion time (less than 144h),

then stabilized towards a maximum value of pH=6 (figure 111.17).

111.4.1.2. In NaOH solution
Samples with Al,O3 content <7.5% express a continuous increase of WL throughout the entire
360 hours of immersion in NaOH solution (pH=12), while samples containing a percentage of
alumina >10% showed light WL during the experiment reaching a minimum value for the
specimen rich in Al203 (15 mol%). The values of pH decrease drastically for the samples as the

immersion time increases toward a minimum pH=9 (figure 111.18).

111.4.1.3. In bi-distilled water
WL for the samples with alumina <7.5% rose significantly for the first 70 hours, while APCK> 5
cracked and spalled in the solution after 75 hours of immersion. The samples containing
>10mol% of Al>Os faced a diminutive WL throughout the 350 hours of immersion in a neutral
solution. The dissolution of the six samples started with an increase in the pH in the first 50

hours, then a progressive decrease during the rest of the experiment (figure 111.19).

6.5
(a) pH3 (b)
6.0 = —n
" / \
r\fl_\ 55 .
E !
5}
%ﬁ l —e— APCKy 5 5.0
— APCKg T \‘/—"A_—'_"‘
% ——arckss | T
2 5
: APCK g 45 =
—ED 0.2 = —+—APCK|p 5 —EAPCKy 5
D —— APCK {5 APCK
3 4() = —A—APCK7 5
/:"' APCKpg
—Q—AI’CKH‘S
35 = —4—APCK)5
0.0 . r ' . 3.() e p—————————
0 50 100 150 200 250 300 350 0 100 200 300 400
Time (h) Time (h)

Figure lll. 17. Weight loss (a) and variation of the pH solution (b) as a function of time spent submersing the APCK glass

series in HCl solution.
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Figure Ill. 18. Weight loss (a) and variation in the pH solution (b) as a function of time spent submersing the APCK glass

series in NaOH solution.
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Figure lll. 19. Weight loss (a) and variation in the pH solution (b) as a function of time spent submersing the APCK glass

series in deionized water.

97



CHAPTERIII

111.4.2. Dissolution rate (DR) of APCK glass system

The dissolution rate is calculated by the following equation:

_Am

DR =—
st

Where t is the immersion time (min).

Figure 111.20 illustrates the investigations gathered on the effect of alumina proportions on the
log of dissolution rate (DR) values of glasses immersed in various solutions: deionized water
(pH=7), HCI solution (pH=3), and NaOH solution (pH=12).

The DR values continue to diminish steadily in neutral and acidic solutions. Still, APCK2s
samples spalled in water and dissociated after 72 hours of immersion. Moreover, the DR values
of the other specimens shrink progressively throughout the experiment. On the other hand, in
the basic solution, the DR of the six vitreous samples decreases progressively to a minimum
value after 336 hours of immersion.

The vast field of dissolution rates studied for phosphate glasses can be described based on the
glass composition. The addition of modifier ions to phosphate glasses, such as K>O, Na2O,
MgO, BaO, (...), is known to affect their chemical durability strongly 246, Thus, Minami and
Mackenzi 247 were the first to study the effect of alumina on glasses generally, discovering that
the association of Al>Os presented to serve slight water durability, extensive acid durability,
and indistinguishably basic durability. Moreover, the work by Bunker et al. ¥ described the
tiniest details of the effect of aqueous solution on phosphate glasses. They informed that while
exposing phosphate glasses to water, there is a propensity for a hydration operation to occur at
the glass's surface, dominating the beginning of the dissolution reactions, While Liu et al. 11°
suggested that the hydration reaction only initiates the network breakage, which is to say that
the hydrolysis reaction is the effective dominant reaction. So, in figure 111.19, the dissolution
process is initiated by a growth of pH, which can be hydration of the surface of the glass. A
decrease in pH values due to the water molecule's diffusion in the glass system causes the OH"
ions to be consumed and phosphoric acid to be generated 1324824 In figure 111.18, the rise of
pH in an acidic solution was associated with the extraction of cations by ionic exchange
mechanisms, between hydrogen and mobile ions of the glass network, at the start of the glass
corrosion, leading to the accumulation of OH" ions in the solution. Besides, the experiment
intensifies the entrance of H2O into the samples and, thereby, the corrosion by hydrolysis 24°.

In a NaOH solution, in figure 9, we assume that depletion of OH™ ions during glass dissolution
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improves the chain hydrolysis, while discharging the proton H* toward the solution, chain
hydrolysis stimulates the decrease of the pH °’.

Introducing Al2O3 into the xAl,03-(50-X)P20s-10Ca0-40K20 system interrupts P-O-P links
and creates a novel P-O-Al system. This increases the glass density (p) (figure 111.11) while
turning the glass structure more compact and improving the aqueous durability as well as the
chemical stability of the glasses. Trivalent cations such as AI** are effective cross-linking agent
that makes glasses' structure durable to agueous attack and then resistant to hydrolysis 2.
Generally, the shrinkage in WL with the expansion of Al,Os content is allotted to the

replacement of P-O-P bonds easily hydrolyzable by P-O-Al bonds that are more hydration
resistant.

Lu DR

Ln DR

_.
p
-
-
.
-

Figure Ill. 20. Composition's dependency of DR for xAl,03-(50-x)P20s-10Ca0-40K0 glasses (APCK) (with
x=2.5,5,7.5,10,12.5,15) after immersion in HCl solution (pH=3), in deionized water (pH=7), and NaOH solution (pH=12) after

388 hours of immersion.
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I11.5. Optical properties

The UV-visible spectral region is of particular importance in this section. It aims to calculate
the optical constants, extinction coefficient, absorption coefficient, and gap energy.

The interaction of photons with glass is globally translated by an important material property:
the absorption coefficient, which reflects the ratio of optical power absorbed per unit thickness
of the material. The absorption coefficient varies with wavelength.

Optical spectra were recorded with a Jasco V covering the UV-Visible and IR range operating

between 200 and 2000 nm at room temperature.

111.5.1. Absorbance and transmittance spectra
Generally, the xAl>03-(50-x)P20s-10Ca0-40K,0 glass system, where x=2.5,5,7.5,10,12.5,15
mol% is characterized by its transparency. Figures 111.21 exhibit the UV transmittance and

absorbance spectra of our investigated glass samples in the wavelength range 190-800 nm.

The UV-visible absorption showed one band around 248-260 nm whose intensity increases
with the increase of the Al>Os content, shifting towards higher wavelengths. This band could
be due to a charge transfer between the oxygen and the aluminum ion. Also, this type of band

could be characteristic of amorphous materials containing impurities of transition metals.

Furthermore, changes in the glass structures might underlie the bands displacement. In other

words, as the amount of Al2O3 increases, so does the stiffness of the glass system.
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Figure lll. 21. Transmittance and absorbance spectra of 50P,0s-xCaO-(50-x)K,0 glass system, (x=2.5,5,7.5,10,12.5,15 mol%).

111.5.2. Absorption (a) and extinction (K) coefficients
Using the absorbance values obtained experimentally, we calculated the absorption coefficients

and extinction k of the glasses studied employing the following relations :

1 100\ , _ . _a
a=zn(2);A=-log(T); K=5
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With d: the thickness of the sample; T: transmittance; A: absorbance.

Figures 111.22 show the absorption and extinction coefficients variation with wavelength for the
samples investigated. The absorption and extinction coefficients increase as the wavelength
grows. This research demonstrates that the glassy network becomes mildly absorbing,
particularly at long wavelengths (UV-visible). Furthermore, the extinction coefficient
demonstrates that long-wavelength rays lose a tiny amount of energy when it passes through
the glasses. The energy loss, however, becomes minimal when the concentration of Al2Os

increases.

We noticed that as the aluminum content increases in our synthesized system, the absorption

and extinction factors increase, making our glasses more light absorbent.
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Figure lll. 22. Variation of the absorption and extinction coefficient as a function of the wavelength for glasses of

composition 50P;05-xCaO-(50-x)K0.
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111.5.3. Optical gap
Using the law of Tauc 2°1, the absorption coefficient has enabled calculating the optical gap
energy of various glassy materials. This law is expressed in several ways depending on whether

the electronic transitions are done directly or indirectly.
(ahﬂ)l/z = A(hd — E,) indirect gap
(ah9)* = A(h9 — E,) directgap
As shown in figures 111.23 and 111.24, the indirect and direct optical gap values of the studied
samples, were obtained by extrapolating the linear part of the curves (ah9)"? and (ah9)? versus

(h9) for zero absorption. Table I11.5 groups the direct and indirect optical gap values of the

different vitreous samples.

The analysis of these figures shows that the optical gap energy decreases as the aluminum
concentration increases. This indicates an improvement of the semiconductor character of our

glasses.

Table Ill. 5. The indirect and direct E, values of the APCKx studied glasses.

Samples APCK2s5 | APCKs | APCK7s | APCKi | APCKi2s | APCKis
Eg indirect 3.73 3.44 3.37 3.27 3.20 3.13
Eg direct 3.93 3.76 3.67 3.62 3.50 341
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Figure lll. 24. Determination of the indirect optical gap energy of APCKx system.
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111.6. Conclusion

The preparation parameters for the glasses were given in this chapter, as well as the thermos-
physical, chemical, and the vibrational and optical spectroscopic investigation of the two

systems of glasses analyzed was presented.

The effect of composition on spectra evolution was thoroughly investigated to determine the
structural role of the CaO and Al>O3 oxides. When calcium oxide displaces potassium oxide,
phosphate chains are depolymerized by the association of CaO into P-O-Ca bonds. However,
integrating Al2O3 content in APCK glasses systems breaks the PO bond and forms fresh P-O-
Al links. This increases the strength of the glass structure. Chemical durability is also connected
with an increase in Al2O3z content in the APCK system, which replaces easily hydrolyzable P-
O-P bonds with more hydration-resistant P-O-Al bonds. A similar result was obtained using
optical spectroscopy. Consequently, the results of the experiments on transmittance,
reflectance, and the evolution of the various optical constants reveal that the AI** cations
reinforce the glassy matrix and increase the semiconductor character by generating stronger

bonds.

Thermophysical studies demonstrate that the glass transition temperature Tg rises with
increasing CaO and Al,O3 content due to the cross-linking of the glass matrix by the generation
of Ca-O-P and AI-O-P bonds. Increased CaO and Al.O3 content increased density and
decreased molar volume, confirming that the glass matrix becomes more compact.
Additionally, investigations of the dissolution phenomena of glasses as a function of immersion
time in three different acidity media indicated that the decrease in dissolution rate DR with
increasing Al>Oz content is due to the replacement of easily hydrolyzable P-O-P bonds with

more resistant P-O-Al bonds.

The results acquired in this chapter will be compared to those of the anticorrosive characteristics

we shall investigate in the subsequent Chapter.

106



Chapter IV: Corrosion inhibition analysis
of mild steel in 3.5% sodium chloride
medium by Al;O;-K,0-CaO-P,0s glass

system
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IV.1. Introduction

Materials science includes a required field of study known as corrosion inhibition. This field
aims to develop methods and techniques to mitigate or lessen the negative effect of corrosion
on various metallic components and structures. One such material that is commonly affected

by corrosion in harsh environments, such as those rich in chloride, is mild steel.

Phosphate glass has gained significant attention in corrosion research due to its potential to
inhibit the corrosion of mild steel in a 3.5% NaCl solution. This inorganic material possesses
several properties, making it a promising corrosion inhibitor for mild steel. This research study
investigates the effectiveness of APCK phosphate glass as a corrosion inhibitor when applied

to mild steel surfaces submerged in a 3.5% NaCl solution.
IV.2. Gravimetric study

Gravimetric tests were performed in 50 ml beakers. A thermostat bath was used to maintain the
desired temperature. The mild steel samples are rectangular. Before each test, they undergo
surface polishing with abrasive paper, rinsing with distilled water, degreasing with ethanol,
rinsing with distilled water, and finally, drying. The mild steel samples were immersed
vertically for 24h in 3.5% NaCl solution in the absence and presence of the inhibitors analyzed.
We studied the inhibitory efficiency of the glassy composition APCK s of the 50P,0Os-xCaO-
(50-x)K20 at different inhibitor concentrations for an immersion time of 24h. The following
are the experimental conditions :

e The concentration range of the inhibitor varies from 100, 300, 500, and 700 ppm.

e 3.5% sodium chloride solution is the corrosive medium.

e The temperature is 25°C.

Table 1.1 summarizes the corrosion rate (W), inhibition efficiency (IE%), and recovery rate
(6) calculated by gravimetric analysis for various concentrations of APCKjs in 3.5% NaCl

medium at 25°C.
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Table IV. 1. Corrosion rate and inhibitory efficiency obtained for mild steel by gravimetry for 15A1,03-35P,05-10Ca0-40K;0

glasses in 3.5% NaCl medium at 25°C.

C (ppm) | CR (mg.cm2.h?) | IE (%) 0
Blank 0 0.523 0 0
100 0.313 40.15 0.4015
300 0.229 56.21 0,5621
APCKis
500 0.135 74.19 0.7419
700 0.092 82.41 0.8241
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Figure IV. 1. Evolution of corrosion rate and inhibitor efficiency for mild steel for different concentrations of APCK1s inhibitor

in 3.5% NaCl solution at 25°C
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The examination of the results of table IV.1 and figure IV.1 show that the studied glass
composition presents satisfactory anticorrosive properties of the mild steel in 3.5% NaCl
medium. It is documented that the corrosion rate (CR) drops with the expansion in the inhibitor
concentration and reaches a maximum value of about 82.41 % for the 700ppm concentration.
When the concentration of the inhibitor increases, the recovery rate also increases and,
therefore, the inhibitor's efficiency.

The overall gravimetric measurements indicate that the increase in the inhibitory efficiency of
the APCKis glassy sample with concentration results from the strong interaction of this
inhibitor with the metal surface. Clearly, the inhibitor adsorbs more on the metal surface. It
shields the active sites on the surface, which generates the formation of a barrier layer between
the mild steel and the corrosive medium that diminishes the reactivity of the metal. We
hypothesize that the constituents of our glasses can adsorb to the steel surface in NaCl medium
via electrostatic interaction between the cations of the glassy network and the chloride ions
adsorbed on the surface 2°22%3, Furthermore, chemical bond formation between the glassy phase
and the metallic surface is caused by the electron donor effect of free doublets of inhibitory
molecules such as O and P doublets.

Gravimetric determination of inhibitory efficiency has the benefit of being simple to implement,
but it needs to provide knowledge of the mechanisms involved in the corrosion process.
Electrochemical techniques (polarization curves, electrochemical impedance spectroscopy,
etc.) remain an important tool because they allow for a better understanding of corrosion

phenomena.
IV.3. Electrochemical process

Before examining the behavior of mild steel immersed in an inhibited medium, the
electrochemical behavior of the metal/medium contact must be understood. Electrochemical
tests were carried out in the presence and absence of inhibitor at various concentrations. The
applied voltage varies continuously in the potentiostatic approach. Before beginning the

measurements, the potential of the working electrode is maintained for 30 minutes i=f (E).

IV.3.1. The examination by the stationary electrochemical method
The electrochemical method operated to characterize the metal/electrolyte interface is
established by plotting logarithmic polarization curves, which allows us to calculate the

corrosion current density from the experimentally acquired curve Log i = f(E).

110



CHAPTER IV

1VV.3.1.1. The effect of the inhibitor concentration addition
IV.3.1.1.1. Open circuit potential (OCP) evolution

Open circuit potential values, while not providing direct information on corrosion kinetics, do
provide qualitative thermodynamic information. Tracking the variation of the working
electrode’s free potential as a function of time is essential for delineating corrosion domains and
inhibition processes and identifying optimal inhibition concentrations.

The electrochemical tests were performed on a mild steel plate. The evolution of the free
potential as a function of the immersion period in the absence and presence of different 4
concentrations of APCKs at 25 °C after 1/2h of immersion (when the potential reaches its
stabilization) is presented in figure IV.2.
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Figure IV. 2. Evolution of the free potential as a function of time of mild steel in the absence and presence of 100, 300, 500,

and 700 ppm of APCK1s at T=25 °C after 30 min of immersion.

As shown in figure 1V.2, we state that the values of the E potential in all cases (in the absence
or presence of APCKis) start to decrease in the first few minutes. This potential stabilizes after
30 minutes of immersion. The addition of different concentrations of APCKs shifts the free
potential to less negative values compared to the blank and without changing the shape of the
E= f (t) curve. These results suggest that the addition of the glass provides an inhibition effect

of the mild steel in a 3.5% NacCl solution.
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IV.3.1.1.2. Polarization curves

The applied potential in the potentiostatic technique varies continuously from -800 mV/ECS to
0 mV/ECS. The working electrode's potential is stabilized for 30 min before proceeding with
the measurements of the corrosion current as a function of the potential lcon=f (E). Figure 1V.3
and Table 1V.2 shows the polarization data of mild steel in 3,5% NaCl medium in the absence
and presence of the glassy inhibitor at different concentrations at 25°C. The shape of the curves
is Log i= f(E) as a function of the concentrations of APCKs.

Figure 1V.3 displays two parts in the polarization curves observed:

- a cathodic activation region in which the oxygen reduction reaction controls the cathodic
process.

- an anodic activation domain, almost presumably owing to steel dissolution.

In our findings, the anodic activation domain therefore comprises two potential domains. A first
active range corresponds to steel dissolution according to the reaction:
Fe - Fe?* +2¢

The electrons produced by the active dissolution of steel are consumed to maintain electron
balance by the oxygen dissolved in the medium according to cathodic reactions. Depending on
the active dissolution reaction of the steel, the hydrated Fe?* ions are formed and released into
solution. Anodic polarization increases the rate of active dissolution to a potential of -245 mV,
which marks the start of the transpassivation potential. Beyond this point, the anodic current
density increases steadily.

In the second transpassive dissolution range, occurring at potentials equal to or greater than Er,
there is a notable increase in current, indicative of transpassive dissolution of the steel. This
phenomenon signifies the onset of pitting corrosion, characterizing the corrosion mode within
this range as pitting. The potential marking the beginning of transpassivation serves as a critical

parameter in understanding a probable transition to pitting corrosion 2>,

However, with 100ppm of the inhibitor in the corrosive solution, an abrupt change of the slope
of the polarization curve is observed in -500 mV/ECS. Such anodic slope change would be
related to changes in the metal dissolution mechanism, in which the formation of iron

intermediary species with the oxygen or with the ions of the medium would play a main role.

In the other hand, the cathodic curves show a wide range of linearity, corresponds to the limiting
current density of the oxygen reduction on the surface of the mild steel occurs according to pure
activation Kkinetics, indicating that the reaction is under Tafelian electron transfer control.

Anodic reaction and cathodic reaction are given in the following equations 2°-2%8 :
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2H20 + Oz + 46" - 4 OH"

2H20+2e” - 20H + H»

According to the literature 2>°2% the classification of inhibitors is based on the difference in
the corrosion potential (AEcorr = Ecorr with inhibitor - Ecorr without inhibitor). If this
difference exceeds 85 mV, the inhibitor is classified as either cathodic or anodic. Conversely,
if the difference is less than 85 mV, the inhibitor is classified as a mixture inhibitor.

In our study, variations in AEcorr were observed in the 3.5% NaCl solution. For instances where
AEcorr exceeded 85 mV, a slight shift in the corrosion potential ranging from 91.1-113.7 mV
occurred at inhibitor concentrations of 500 and 700 ppm, respectively. Conversely, when
AEcorr was less than 85 mV, a minor shift in the corrosion potential ranging from 33.4-80.5
mV was observed at inhibitor concentrations of 100 and 300 ppm, respectively.

Furthermore, each additional concentration delineates the type of inhibitor at play. The addition
of 500 and 700 ppm indicates that APCKs glass functions as an anodic inhibitor, as evidenced
by the curve shifting towards the positive side (anodic). Similarly, the inclusion of 100 and 300
ppm suggests our glass acts as a mixed inhibitor with dominant anodic effectiveness, supported
by the polarization curve's shift towards the positive side (anodic). Moreover, the greater change
in the anodic Tafel slope compared to the cathodic Tafel slope indicates that the inhibitor's
effect is more pronounced in controlling the anodic reaction.

Table IV.2 presents intriguing observations regarding the behavior of Ba and Bc values as the
concentration of APCKjs increases from 100 to 700 ppm. Initially, both Ba and Bc values
decrease with rising inhibitor concentration, indicative of the inhibitor's effectiveness in
reducing corrosion rates. However, at a concentration of 700 ppm, a reversal occurs, with a
and Bc values increasing. This unexpected shift may be attributed to the rapid breakdown of the
protective layer formed during the cathodic reaction 261262,

In the absence of the inhibitor, the current density is recorded at 219 uA/cm?2 Upon the addition
of the inhibitor, a significant reduction in current density is observed. Specifically, with the
introduction of 100 ppm of APCKis, the current density decreases to 538.7 pA/cm?,
highlighting the inhibitor's efficacy. This reduction in current density becomes even more
pronounced with higher inhibitor concentrations, plummeting to 32 pA/cm? at 700 ppm. These
phenomena underscore the inhibitory effect of APCKs, primarily attributed to its adsorption

onto the metal surfaces 2%,
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Figure IV. 3. Polarization curves of mild steel in 3.5% NaCl medium obtained at 25°C without and with the addition of

different concentrations of the inhibitor APCK;s.

Table IV. 2. Electrochemical parameters, inhibitory efficiency, and recovery rate obtained from polarization curves of

mild steel in 3.5% NaCl solution before and after the addition of APCK1s with different concentrations.

Concentrations -Ecorr icorr -Be Ba E(%)
(ppm) (mV/SCE) (LA/cm?) (mV/dec) (mV/dec)
Blank 572.1 219 263.2 122.9 -
100 538.7 126 77.6 95.9 42.47
300 491.6 100 40.2 60.6 54.34
500 484.0 60 30.8 55.2 72.6
700 458.4 42 50.1 65.3 80.82

IV.3.1.1.3. Electrochemical spectroscopy analysis

Electrochemical impedance spectroscopy assesses an electrode's response to a sinusoidal

modulation of potential with minimal amplitude across various frequencies. This method, when

combined with stationary I=f(E) curves, offers a more thorough exploration of inhibitor

mechanisms.

In Figure IV.4 and Table 1V.3, Nyquist diagrams and electrochemical impedance parameters,

respectively, depict observations from mild steel immersed in 3.5% NaCl solution at 25°C, both

in the absence and presence of 100, 300, 500, and 700 ppm of the APCKis glassy inhibitolrl.4
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These analyses were conducted after 30 minutes of immersion at the natural corrosion potential.
Figure 1V.4 reveals impedance diagrams with non-ideal semicircles, attributed to frequency
dispersion of interfacial impedance arising from electrode surface heterogeneity 2632%4, Such
heterogeneity, stemming from factors like roughness, contaminants, dislocations, inhibitor
adsorption, and porous layer formation, can lead to deviations from perfect semicircular
behavior 265266,

In the absence and presence of the inhibitor, graphs in 3.5% NaCl solution exhibit single
capacitive loops notably distorted from the real axis. This distortion often indicates a charge
transport mechanism on an inhomogeneous surface.

Upon introducing inhibitors into the corrosive solution, the size of distorted half-circles alters.
These impedance diagrams feature loops whose size (Rct diameter) increases with inhibitor
concentration, suggesting enhanced protective properties. This observation underscores the

influence of phosphate glasses on processes at the steel/NaCl corrosive media interface.
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Figure IV. 4. Impedance diagram of mild steel obtained in 3.5% NaCl containing four different concentrations (100-300-500-

700ppm) of APCK1s glass composition.
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Table IV. 3. Electrochemical parameters obtained by S.I.E. of mild steel in 3.5% NaCl medium without and with APCK 15

different concentrations.

Concentrations R, Ry 10°Q Ca Eq e
(ppm) Q.cm’) @cm) | (@'s"em?) " (UFecm?) | (%)
Blank 10.56 985.4 1199 0.7 1420 ---

100 12.26 1512 1613 0.8 1088 34
300 12.35 1834 149.1 0.7 625.9 46
500 7.78 3104 586.9 0.8 484.2 68
700 12.09 3869 136.2 0.8 109.7 75
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Figure IV. 5. Bode diagram for mild steel in 3.5% NaCl medium in the absence and presence of APCK1s different

concentrations.

In the Bode diagram (Figure 1V.5), a single time constant is evident. This observation suggests
a unified response in the system. The phase shift (n) depicted in Figure 1V.6 is frequently
attributed in literature to surface inhomogeneities on the electrode. These irregularities arise

from processes such as corrosion product formation or metal oxidation, leading to alterations
116



CHAPTER IV

in the active electrode surface, as illustrated in Figure 1V.7.

Various publications offer alternative explanations for this phase shift, attributing it to factors
such as impurities or dislocations 6”28 inhibitor adsorption, development of porous layers,
and changes in the thickness or composition of surface films or coatings on the electrode. These

diverse perspectives highlight the complexity of factors influencing electrochemical behavior
269-271
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Figure IV. 6. Phase shift n observed at the spectrum reference point: (a) ideal case, in theory (uniformly accessible surface)

and (b) spectrum obtained in most practical cases.

Corrosion products Steel Oxidation

~ e

Figure IV. 7.Inhomogeneities on the steel surface, observed after inmersion of the electrode in the electrolyte.

The surface inhomogeneities are accounted for by a constant phase element (CPE) through the

coefficient n. Such an element is described by the following equation 257

Zepe = Q (i)™
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Where Q is a proportionality coefficient, w is the angular frequency (in rad s/1) and i2 = -1 is
an imaginary number and n is related to the phase shift 2721, For integers of n = 1, 0, -1 the
CPE is reduced to a planar capacitor (C), a resistance (R), and an inductor (L), respectively.
The impedance data were fitted using the equivalent circuit shown in figure 1V.8, where Rs
characterizes the solution resistance and R is the charge transfer resistance (Rct values are
determined from the difference at the minimum and maximum frequencies on the real axis
(diameter of the semicircle) 22,

The CPE and Q elements were converted to a pure capacitance (C) using the following equation

272.

C = (QR, ™MV

Rs
CPE
VAA

Rtc

Figure IV. 8. Model of equivalent electrical circuit of the steel/NaCl interface and glassy inhibitors.

The model in figure IV.8 provided an excellent parametric match to the experimental
impedance spectra for all samples. Figure 1V.9 displays the actual and simulated fitted spectra
for the steel contact of 700 ppm of APCK3s in a 3.5% NaCl solution via Z view program.

Similar curves were generated for the remaining samples.
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Figure IV. 9. A simulated fitted spectra for the steel contact of 700 ppm of APCK1s in a 3.5% NaCl solution via Z view

program.
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The impedance spectra contain a single capacitive loop, indicating that the inhibitor is absorbed
by creating a protective film on the surface.

Table 1V.4 summarizes the values of the various parameters obtained by S.1.E. and from the
parametric fitting using CPE utilizing Z-view application. The corrosion-inhibiting efficiency
of the steel is computed from Rt using the following formula:

Rinh —R
IE(%) = M
R
Where Rt and R%" are respectively the values of the charge transfer resistances of the steel

after immersion without and with addition of the inhibitor.

Table 1V.3 shows that the increased concentration of the inhibitor to a solution of the value of
the charge transfer resistance (R¢t) and inhibitor efficiency (IE%) will remarkably increase and
the value of the capacity will decrease.

Ret value without inhibitor is 985.7 Q.cm? whereas, maximum value occurs when adding the
APCK 5 concentration of 700ppm, which is 3869 Q.cm? and the inhibitor efficiency increased
to 75%. Also, table IV.3 shows that the addition of the inhibitor concentration decreased
capacity double layer, indicating that the relationship between R and Cq is inversely
proportional. This is a phenomenon that occurs due to a decrease in local dielectric constant or
increasing the density of electric double layer.

The addition at a concentration of 700 ppm is an effective concentration of APCK1s adsorbed
on the surface of the mild steel in a 3.5% NaCl solution. This follows the potentiodynamic
polarization test, which states that adding the 700ppm of the glassy inhibitor resulted in the
highest inhibition efficiency.

1V.3.1.2. The effect of inhibitor’s various compositions addition
IV.3.1.2.1. Open circuit potential evolution

Figure 1V.10 depicts the evolution of the free potential over the immersion period, both in the
absence and presence of APCKy with different compositions (x=0, 5, 10, 15 mol%), at 25°C,
after 30 minutes of immersion. Notably, the Ecor potential shows a declining trend in all
scenarios within the initial minutes, eventually stabilizing after the 30-minute mark.

Interestingly, the introduction of varying compositions of our synthesized glass causes a slight
shift in the free potential towards negative values compared to the blank scenario. However,

this alteration doesn't affect the overall shape of the E= f (t) curve. These observations suggest
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that the inclusion of glass inhibits the corrosion of mild steel in a 3.5% NaCl solution.

This shift in free potential indicates a protective effect on the metal surface, likely due to the

presence of inhibitor chemicals or compounds. Such protection serves to retard the corrosion

rate by delaying the dissolution reaction of iron.
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Figure IV. 10. The free potential as a function of the immersion period in the absence and presence of APCKx different

composition (x=0, 5, 10, 15mol%) at 25 oC after 1/2h of immersion.

IV.3.1.2.2. Polarization curves

Under consistent operating conditions as previously outlined, polarization curves were

generated for various compositions of APCKy (x=0, 5, 10, 15mol%) in a 3.5% NaCl medium,

as depicted in Figure 1V.11. Analysis of the obtained polarization curves reveals a striking

similarity in the shape of the log i= f(E) curves across all APCK inhibitors, indicating uniform

inhibitory activity within the NaCl medium. Moreover, the inclusion of vitreous APCK

compounds leads to a noticeable reduction in corrosion current densities, with higher inhibitor

levels exacerbating this decline.
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Further examination of Table V.4 demonstrates the significant impact of adding various
inhibitors on polarization curves, manifesting in reduced corrosion current densities (icorr) as
the concentration of the inhibitors increases. Notably, the inhibitory effectiveness of the
materials correlates positively with the molar fraction of alumina, with the APCK1s sample

exhibiting the highest efficiency at 75%.

Analysis of the variation in corrosion potential (Ecorr) values across the series reveals a mixed
inhibitory behavior, with additional shifts observed in corrosion potential for APCKio and
APCK 15 compositions, indicative of their anodic inhibitory action. This is corroborated by a
more pronounced modification in the anodic Tafel slope compared to the cathodic area,

underscoring the inhibitors' efficiency in controlling the anodic reaction.

The inhibitory mechanism exhibited by the utilized glasses primarily involves the adsorption
of polyphosphate compounds onto the steel surface, facilitating the formation of a robust
protective layer. Comprising potassium, calcium, aluminum, phosphorus, and oxygen, these
phosphate chains play a crucial role in adsorption, effectively shielding the metal surface. By
impeding active anodic and cathodic sites and reducing heat transfer, they expedite the growth
of a protective layer. This physical barrier impedes the diffusion of corrosive species,

accelerating the coverage rate of the metal surface and bolstering its corrosion resistance 273274
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Figure IV. 11. The polarization curves of mild steel at 25 °C in 3.5% NaCl medium with and without different levels of APCKx.

Table IV. 4. Electrochemical parameters obtained from polarization curves of mild steel in 3.5% NaCl solution before and

after the addition of different compositions of APCKx.

Compositions -Ecorr e
E(%) 0
BLANK 572.1 219
APCK, =
514.2 160 26.95 0.27
PCK,,
APCK, 506.2 127 42.01 0.42
APCK, 463 50 77.17 0.77
APCK . 458.4 42 80.82 0.81

IV.3.1.2.3. Electrochemical spectroscopy analysis

Figure 1V.12 and Table IV.5 present Nyquist diagrams and electrochemical impedance
parameters, respectively, obtained from mild steel immersed in a 3.5% NaCl solution at 25°C.

These measurements were conducted in the absence and presence of different compositions of
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APCK(y glassy inhibitor (APCKo, APCKs, APCKji0, and APCK3s) at a concentration of 700
ppm, following a 30-minute immersion period at the natural corrosion potential.

The Nyquist diagrams in Figure 1V.12 show unideal semicircles indicating frequency
dispersion of interfacial impedance due to electrode surface heterogeneity caused by roughness
and contaminants 232%, This results in a single capacitive loop that is notably deformed,
suggesting inhibitor adsorption and surface protection.

Table 1VV.5 summarizes the electrochemical impedance parameters obtained through S.1.E. and
parametric fitting using CPE via the Z-view application. The corrosion-inhibiting efficiency of
the steel is assessed through the charge transfer resistance (Rct). The table illustrates that
increasing the inhibitor concentration leads to a significant increase in R¢t and inhibitor
efficiency (IE%) while decreasing the capacity of the double layer (Ca). Specifically, the
addition of APCK35 (700 ppm) results in a maximum Rt value of 3869 Q.cm?, corresponding
to an inhibitor efficiency of 75%. Concurrently, Cq decreases, indicating an inverse relationship
between R¢t and Cq attributed to changes in local dielectric constant or electric double-layer
density.

The presence of APCKx compositions alters the structure of the electric double layer through
inhibitor adsorption at the metal-solution interface. This is evidenced by the increase in Rct
values and decrease in Cgq values with increasing inhibitor concentration. Notably, the
maximum Cgq value of 109.7 uF/cm? is observed with APCKis (700 ppm), indicating its
effectiveness in adsorbing onto the mild steel surface in a 3.5% NaCl solution.

These findings align with potentiodynamic polarization tests, highlighting APCK s (700 ppm)

as the most effective composition of the glassy inhibitor in inhibiting corrosion of mild steel.
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Figure IV. 12. Impedance diagrams of mild steel at 25 °C in 3.5% NaCl medium with and without different levels of APCKx.

Table IV. 5. Electrochemical parameters obtained from Impedance diagrams of mild steel in 3.5% NaCl solution before and

after the addition of different compositions of APCKx.

106Q Ca

Compositions R, Ry L | Ese
) ) (Q s cm n (UF cm

(mol%o) Qcm?) | (Q.cm) , , (%)

) )
Blank 10.56 985.4 1199 0.6 1420
APCK, 13.92 1263 484.4 0.6 1393.8 22
APCK, 12.01 1512 286.9 0.6 808.8 35
APCK 11.11 3339 166.19 | 0.7 | 348.13 71
APCK 12.18 3869 136.2 08 | 109.7 75

1V.3.2. The temperature effect

The stability of a corrosion inhibitor within harsh environments hinges greatly on its capacity

to endure operating temperatures. Temperature stands as a pivotal factor, exerting significant

influence on material behavior amidst corrosive surroundings. As temperatures elevate, the
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performance of inhibitors can undergo alterations, thereby affecting substrate behavior within
aggressive environments 2”>27®, The corrosion resistance of steel may diminish as inhibitors
desorb, leading to the rapid dissolution of inorganic compounds or complexes with
temperature escalation. While extensive research has delved into corrosion inhibition in acidic
mediums, investigations into chloride solutions remain limited, fostering a keen interest in

exploring the potential of phosphate glasses as inhibitors for mild steel in 3.5% NacCl solutions.

Our comprehensive study has successfully examined the APCK s glass system (700 ppm),
aiming to deepen our understanding of its corrosion-inhibiting properties. Focusing on the
impact of temperature on corrosion rate and inhibition efficiency, particularly following a 30-
minute immersion within a temperature range of 30 to 60°C, our research has yielded pivotal
insights. We have established a robust correlation between temperature and corrosion
inhibition, allowing us to discern the type of adsorption the inhibitor exhibits on the metal
surface—whether chemisorption or physisorption—and to elucidate the thermodynamic
activation parameters, including activation energy Ex, activation enthalpy AHz°, and activation

entropy AS,° of the corrosion process.

These findings not only shed light on the efficacy of the APCKs glass system as a corrosion
inhibitor but also hold promise for informing the development of more efficient and

sustainable corrosion prevention methodologies.

1VV.3.2.1. The temperature effect on OCP

The OCP curves for mild steel in 3.5% NaCl solution at various temperatures with and without
the APCK s (700ppm) inhibitor are present in figures 1V.13 and 1V.14. The response of OCPs
in immersion tests reflects the characteristics of the naturally formed oxides 2’’. The mild steel's
corrosion potential (Ecorr) gradually shifts to a negative direction with prolonged immersion
time under each temperature condition due to the corrosion layer's instability, reaching stability
around 1800 seconds.

This phenomenon indicates that the corrosion of mild steel in 3.5% NaCl solution is controlled
by activation reaction 28, With the increase in temperature, the OCP of mild steel shifted
negatively, indicating the initiation of corrosion processes 2’° and the gradual degradation of
corrosion resistance. The corrosion rate is determined by the diffusion of oxygen to the
corroding surface, and the definitive factor is the concentration of dissolved oxygen in the

electrolyte.
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The OCP curves for mild steel in 3.5% NaCl solution at various temperatures with the APCK s
(700ppm) inhibitor.
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Figure IV. 13. The OCP curves for mild steel in 3.5% NaCl solution at various temperatures without the APCK35 (700ppm)

inhibitor.
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Figure IV. 14. The OCP curves for mild steel in 3.5% NaCl solution at various temperatures with the APCK;5 (700ppm)

inhibitor.
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1VV.3.2.2. Examining the Influence of Temperature on Polarization Curves

The impact of temperature on the polarization curves of mild steel in a 3.5% NaCl solution was
thoroughly analyzed in this study. The analysis was conducted in two parts, first without any
additives and then with the optimal concentration of 700 ppm of the APCKjs glass system
(figures 1V.15 and 1V.16). For the remaining samples, the polarization curves had similar
shapes for all concentrations.

The results of the inhibitory efficiencies (IE%) and electrochemical parameters of the corrosion
of mild steel in 3.5% NaCl before and after adding 700 ppm of APCKjs at different
temperatures were presented in Table 1V.6.

As depicted in Figure 5, both anodic and cathodic reactions exhibit enhancement with the rise
in temperature from 25 to 55°C. This observation suggests a heightened corrosion rate for mild
steel under elevated temperatures. Analyzing the data presented in Table 3 reveals a notable
shift in the Ecorr of steel towards negative values, from —572.1 to —662.77 mV/SCE for blank
solutions and from —458.4 to —538.24 mV/SCE for solutions containing the inhibitor.
Correspondingly, icorr experiences an increase from 219 to 452 pA/cm? for blank solutions and
from 42 to 208 pA/cm? for inhibitor-containing solutions, indicating a direct correlation
between temperature and mild steel corrosion rate 2%,

Furthermore, both a2 and Bc demonstrate a decrease with rising temperature, albeit with a more
pronounced effect on Bc compared to fa. This suggests that the cathode reaction predominantly
governs the corrosion process. Specifically, the corrosion rate is influenced by the oxygen
absorption reaction at the cathode and the active dissolution of the anode. These trends may be
attributed to specific interactions between the inhibitor and the iron surface. As temperature
increases, inorganic inhibitors tend to desorb, supporting the notion that the APCKjs inhibitor
is indeed adsorbed onto the mild steel surface.

These findings resonate with previous studies by Zhou et al. 2281282 \wherein it was observed
that the corrosion rate of steel increased with rising temperatures, reinforcing the impact of

temperature on corrosion Kinetics.
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Table IV. 6. Electrochemical parameters obtained from polarization diagrams of mild steel in 3.5% NaCl solution before and

after the addition of APCK;s5 (700ppm) at different temperatures.

Temperature | Inhibitor -Ecorr Icorr Ba -Pe E(%) 0
(°C) (mV/SCE) | (WA/cm?) | (mV/dec) | (mV/dec)
25 Blank 572.1 219 122.9 263.2
In 458.4 42 60.73 41.36 80.82 81
35 Blank 591 225 119.9 208
In 469.2 69.01 60.6 39.6 69.33 | 0.69
45 Blank 637.03 236 98.6 186
In 488.92 89.02 36.8 25.2 62.28 | 0.62
55 Blank 662.77 452 88.4 139.8
In 538.24 207.92 24.1 20.83 54 0.54
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Figure IV. 15. The polarization curves for mild steel in 3.5% NaCl solution at various temperatures without the APCK ;5

(700ppm) inhibitor.
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Figure IV. 16. The polarization curves for mild steel in 3.5% NaCl solution at various temperatures with the APCK 15 (700ppm)

inhibitor.

At 25°C, APCK s at a concentration of 700 ppm demonstrates remarkable inhibitory efficiency,
reaching an impressive 81%. However, as the temperature rises, the efficacy of the inhibitor
diminishes due to desorption, indicating that the studied inhibitor primarily operates through
physical adsorption onto the metal surface. Temperature exerts a significant influence on
corrosion phenomena, with corrosion rates typically escalating alongside temperature
increments. These temperature-induced changes affect inhibitor action 22, as noted by Putilova
etal. 28, who propose that the protective power of inhibitors increases with rising temperatures,
potentially due to shifts in adsorption mechanisms. Specifically, they suggest that at lower
temperatures, inhibitors are primarily physically adsorbed, while at higher temperatures,
chemisorption becomes favored. Our findings, in line with Radovici's classification, suggest
that the inhibitor studied adheres to the surface through electrostatic bonds, indicative of
physisorption onto the electrode surface 1.,
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1V.3.3. Thermodynamic parameters estimation

IVV.3.3.1. Determination of the activation parameters

Thermodynamics can aid in comprehending how inhibitors interact with steel surfaces. This
also enables the analysis of the stability of the glass film present on mild steel surfaces and

determination of activation parameters for corrosion processes.

The activation parameters of the corrosion process were calculated at different temperatures in
the absence and presence of inhibitors. Corrosion reactions are usually regarded as Arrhenius

processes and the rate icorr can be expressed by the relation:

, E,
Leorr = Aexp <_ ﬁ)
. Eq
Log Icorr= LogA — 5303 RT

Where:

icorr: Corrosion current density,
A: Arrhenius constant,

Ea: Activation energy,

R: Molar gas constant,

T: Absolute temperature (K).

: 1
The regression between log icrr and T was calculated by computer, and the parameters were

calculated and given in table 1V.7 Arrhenius plots of log icorr and % for the blank and different

concentrations of APCKs in chloride medium are shown in figure 1V.17. The slope of the line

Ea

2.303R

: : . 1 .

IS and the intercept of the line extrapolated (; =0) gives log A.

The regression analysis, conducted computationally between the logarithm of the corrosion
current density (log icorr) and the inverse of the absolute temperature yielded parameters detailed
in Table IV.7. Arrhenius plots depicted in Figure 1V.17 unmistakably illustrate the direct
relationship between these variables, irrespective of APCK 15 concentration. The linear equation

In icorr = T (1000/T) accurately captures this relationship.

Table V.7 showcases the activation energies (Ea) obtained with and without the presence of

700 ppm APCKjs inhibitor. It's observed that in the inhibitor's presence, Ea values are notably
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higher compared to its absence. This elevation in activation energy stems from the alteration in
the corrosion process mechanism induced by phosphate glass molecules, which effectively
curtail steel dissolution in the corrosive milieu. Additionally, the presence of APCKis
intensifies the energy barrier for the corrosion reaction, consequently lowering the corrosion

rate 285-287

The heightened activation energy often signals the formation of an adsorption-protecting layer
via a physical mechanism. This layer, facilitated by the inhibitor, serves as evidence of its
inhibitory action, further corroborating the role of APCK3s in mitigating corrosion effects on

steel surfaces.

An additional formula exists for the Arrhenius equation, which permits the calculation of both

the enthalpy of activation (AHQ) and the entropy of activation (AS?) through this equation:

. RT (ASZ) (AHZ)
i =—ex ex
corr Nh p R p RT
h is Planck constant, and N is Avogadro’s number.
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Figure IV. 17. Arrhenius lines of corrosion current density of mild steel in 3.5% NaCl medium in the absence and presence of

APCK15 (700ppm).
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Analyzing the graph depicted as In(icon/T) versus (1000/T) in Figure 1V.18 enables the
determination of AH? from the slope (—AH? /R) and AS? from the intercept [In(R/Nh) +
(AS2/R)]. The presence of the APCK inhibitor manifests in superior enthalpy values, indicative
of heightened protective effects. Notably, the positive values of AH? suggest the endothermic
nature of iron dissolution, indicating a deceleration of iron dissolution in the inhibitor's
presence. The elevated values of both Ea and AHS imply the formation of a stable APCK layer.
Furthermore, the parallel variations observed in activation energy and enthalpy validate the
thermodynamic correlation between E. and AHQ 2%, This alignment underscores the
thermodynamic stability conferred by the inhibitor, reinforcing its effectiveness in retarding

corrosion processes on iron surfaces.
E,_AH? = RT

The negative and high entropy AS? values imply that the activated complex in the rate-
determining step signifies association, not dissociation. Therefore, it can be concluded that there
is a decrease in disorder when the reactants transform into the activated iron-glass compound

complex 2892%,
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Figure IV. 18. The association between In (icorr/T) and inverse temperature for mild steel in a 3.5% NaCl solution is being

studied with and without the addition of 700ppm of APCKs.
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Table IV. 7. Activation parameters of the corrosion process of mild steel in 3.5% NaCl medium in the absence and presence

of 700ppm of the inhibitor APCKjs.

E, (KJ.mol?) ASS (J.molt. K™Y AH? (KJ.mol™)
Blanc 40.85 -95.65 17.73
APCK35 109.81 -10.0030 47.68

1VV.3.3.2 Thermodynamic adsorption isotherms

Understanding the behavior of inhibitor molecules and their interaction with the metal surface
is crucial, and adsorption isotherms provide invaluable insights into this process. These
isotherms, derived from data obtained through polarization measurements, offer essential

information for characterizing inhibitor adsorption 2%,

Adsorption isotherms illustrate the amount of substance adsorbed onto a surface as the inhibitor
concentration in a solution increases. To discern the type of isotherm, the coverage rate of the
inhibitor, APCKis, on the metal surface is calculated using data from polarization
measurements. This calculation allows for a comprehensive understanding of the adsorption
process and provides insights into the effectiveness of the inhibitor in protecting the metal
surface from corrosion. The specific equation is as follow:

icorr — linh

0 =

lCOTT

Our experimental data analysis involved using three adsorption isotherms: Langmuir, Frumkin,
Temkin, and the El-Awady thermodynamic/kinetic model 1892922% Through this, we could

determine the most suitable isotherm for describing the adsorption process of phosphate glass.

.. C; 1
Langmuir isotherm: ';‘h =+ + Cinn

- InK InC;
Temkin isotherm : @ = ——ads 4 Tinh

2a 2a
o : (1-6)
Frumkin isotherm : In(Ci,p T) = —InK,4s — 200
0 1
El Awady isotherm: lnm = InK + y InC;,;,, where K,4s = K

Where:
b: Adsorption coefficient ;

a : Interaction constant between adsorbed particles ;
133



CHAPTER IV

Kads: Adsorption-desorption Equilibrium constant;
a : A parameter related to the variation in free anergy adsorption ;

Cinn: Inhibitor concentration in solution.

Figures 1V.19 show the plots of Langmuir, Frumkin, Temkin, and EI Awady isotherms.
Additionally, table 1V.8 includes the adsorption parameters that were retrieved from

polarization data of APCKs for 100, 300, 500, and 700ppm concentrations.

In order to determine the adsorption nature and strength of glass on steel surface, we calculated

Gibbs free energy AG°ags from Kags by the following equation:

1 AG®

ads

555 PCRr )

Kais =

where R is gas constant and T is absolute temperature and the constant value of 55.5 is the

concentration of water in solution in mol. L.

0.008 0.9
n
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Figure IV. 19. Langmuir (A), Temkin (B), Frumkin (C) and El Awady (D) adsorption isotherms of mild steel in 3.5% NaCl in the

presence of APCK;s at different concentrations at 298 K.

Table IV. 8. Thermodynamic parameters for adsorption of APCK;s inhibitor on steel at 298 K.

Isotherms R? Log Kags | AG2(KJ/mol) a a 1ly
Langmiur 0.9556 9.79 -25.87
Temkin 0.9147 3.80 -31.66 --- 2.21 -
El Awady 0.8816 2.85 -26.22 - -—- 0.93
Frumkin 0.2075 2.70 -25.35 0.30 -—- ---

Upon analyzing the fitting processes of the data, it was discerned that one of the four models
effectively described the adsorption process. The model exhibiting the highest R? value was
deemed the most suitable. From the results presented in Table IV.19, it was concluded that the

Langmuir isotherm model best represented the adsorption of APCK1s on iron under the given
conditions. The obtained slope while connecting C‘T““ versus C;,n Yielded a nearly linear
correlation coefficient (R? > 0.9), indicating a strong fit with the Langmuir model (R? = 0.9556).
The higher Kads value signifies the robust adsorption ability of APCK s glass, thereby enhancing

inhibition efficiency. Moreover, the negative values of AG°as indicate the substantial

adsorption of the inhibitor onto the steel surface, indicative of superior performance. Typically,
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AG°®,s values around -20 kJ/mol or less negative are associated with physical adsorption
(electrostatic interaction), while values around -40 kJ/mol or more negative are linked to
chemisorption 2%, The obtained value of AG°ags =~ -32 kJ/mol suggests that APCK 15 adsorption

on the iron surface is of a mixed type, encompassing both physisorption and chemisorption 2.

1VV.4. Conclusion

To sum up, the Al203-K>0-CaO-P20s quaternary system glasses have displayed highly
promising results in preventing corrosion on mild steel in a 3.5% NaCl medium. By analyzing
various glass compositions, we have observed that the inhibitory properties were impacted by
concentration and temperature. To explore these effects, this investigation utilized gravimetry,
polarization curves, and electrochemical impedance spectroscopy (EIS). These findings open
up exciting possibilities for further research and development of these glasses for potential

industrial application.
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Summary

Our current research seeks to enhance the understanding of the thermal, structural, optical, and
anticorrosive characteristics of vitreous materials in the CaO-K>0-P,0s and Al,03-CaO-K;0-
P20s systems. To prepare the glass samples for analysis, they were melted at temperatures
ranging from 800 to 1000°C.

On the one hand, we confirmed the amorphous nature of the synthesized materials using X-ray
Diffraction (XRD) and Differential Scanning Calorimetry (DSC). Our research revealed that
the glass transition temperature T increases as the oxides CaO and Al2Os content increase. This
result promotes thermal stabilization and cross-linking of the glass network. The facts were
backed by measuring the volume density (p), the molar volume (Vm), and the chemical
durability in three alteration solutions with varying acidity. Our findings indicate that adding
the oxides, Al.O3 narrows the vitreous network, creating more entangled and cross-linked
chains.

Furthermore, the study's findings suggest that adding calcium and aluminum ions to the vitreous
composition leads to the depolymerization of phosphate chains made from metaphosphates and
their subsequent formation into P-O-Ca and P-O-Al bonds. This structural evolution increases
the glass transition temperature, which is consistent with the formation of P-O-Al bonds. The
behavior of the quaternary system also supports the hypothesis that Al>Os partially enters the
forming network in AlOa4.

On the other hand, UV-Vis-NIR spectroscopy has revealed that adding aluminum ions enhances
the vitreous matrix's strength and improves the glasses' semiconductor properties. Additionally,
the final axis of this investigation focused on examining the anticorrosive characteristics of
APCK glass. Specifically, the effects of inhibitor concentration, composition, and temperature
on the corrosion process were explored using gravimetry, polarization curves, and
electrochemical impedance spectroscopy techniques, both in the presence and absence of the
inhibitor.

The results show that all the inhibitors studied are mixed inhibitors (with anodic predominance)
whose effectiveness increases with the concentration and composition of the inhibitors. The
maximum values were obtained for the inhibitor APCK1s concentration at 700 ppm. The

polarization curves revealed that the current density decreases with increasing concentration
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and composition of the oxides Al>Os. The Nyquist impedance diagrams and those of Bode have
shown that the electrochemical process occurs by a charge transfer on a heterogeneous surface,
which is for all the concentrations studied.

The effect of the concentration on the inhibitory activity of the mild steel was carried out in the
range of 25-55°C. The results show that the inhibitory power of the glasses tested in 3.5% NaCl
medium for a concentration of 700 ppm of the APCK3s inhibitor decreases with temperature.
This behavior can be explained by the fact that the cathode and anode processes are thermally
activated (physisorption). The thermodynamic parameters (Ea, AS?, and AH? for activating the
corrosion process were calculated at different temperatures in the absence and the presence of
an inhibitor. The positive signs of the enthalpies AH? reflect the endothermic nature of the
dissolution process of the steel. At the same time, the high and negative values of the
entropy AS2 imply a decrease in the disorder during the transformation of the reactants into an
activated iron-vitreous compound-complex.

The adsorption isotherms of Langmuir, Temkin, Frumkin, and EI Awady were studied from the
values obtained from the polarization curves for the APCK3s inhibitor at 298 K and for the
concentrations 100, 300, 500, and 700 ppm. The inhibitors' adsorption on the steel surface obeys
the isotherm of Langmuir. The negative value of the standard free adsorption energy AG°ags
obtained indicates the spontaneity of our inhibitors' adsorption process on the steel surface and
the stability of the adsorbed double layer on the metal surface. The mechanism of inhibition is

based on strong physisorption and chemisorption of the APCK glass system.
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