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Resumen 
 
 

Los cementos óseos basados en polimetilmetacrilato (PMMA) se han utilizado 

ampliamente en los últimos 30 años para aplicaciones en medicina. Sin embargo, la 

utilización de estos cementos está relacionada con una serie de problemas, debidos por 

ejemplo a la presencia de monómero de PMMA no reaccionado que puede tener efectos 

tóxicos en el organismo del huésped, y al calor producido por la exotermia de la reacción de 

curado del polímero in situ. Lo cementos de ionómero de vidrio (GIC) se forman a partir de 

una mezcla de un ácido polimérico, generalmente ácido poliacrílico (PAA), con polvo de 

vidrio de alúminosilicato, degradable por ataque ácido, en una solución aquosa. Es 

importante notar que, por el hecho de ser una reacción de salificación antes que una 

polimerización, la exotermia asociada a la reacción es muy baja. Además estos materiales 

pueden formar una unión adhesiva entre el hueso y los metales que normalmente se emplean 

en cirugía ortopédica [1]. 

Otra característica remarcable de los cementos de ionómero de vidrio es que pueden 

manifestar un comportamiento bioactivo en el sentido en que pueden liberar iones 

osteoconductivos. Así pues, desde cuando fueron introducidos por Wilson en los años 

sesenta, estos materiales han sido indicados como una alternativa válida a los cementos 

basados en PMMA para aplicaciones en ortopedia y, además, como alternativa a las 

amalgamas de mercurio normalmente utilizadas en odontología. 

Se han producido dos series de vidrio substituyendo progresivamente calcio por 

magnesio y variando a la vez la fracción molar de silicio, mientras que el contenido de sodio 

se ha mantenido constante a lo largo de las dos series. Para caracterizar los vidrios se han 

utilizado diferentes técnicas cuales difracción de rayos X, análisis térmica y análisis del 

tamaño de partícula. Utilizando los conceptos del modelo del vidrio como polímero 

inorgánico se ha evaluado la influencia de la sustitución progresiva de calcio por magnesio 

sobre la network connectivity (NC) a través de técnicas de caracterización como 

espectroscopia FTIR, RAMAN y MAS-NMR. 

Por fin, para caracterizar las propiedades mecánicas de los cementos formados, han 

sido medidas la resisencia a compressión y el módulo elastico. 

A pesar de que las teorías convencionales sobre la estructura de los vidrios reporten 
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el magnesio como un elemento modificador de red, los resultados de este trabajo sugerien 

que el magnesio actua más como un óxido intermedio, entrando en la red del vidrio antes que 

destruiendola. 

  El objetivo de este trabajo es demostrar que la sustitución de calcio por magnesio 

puede resultar en la posibilidad de formar un nuevo cemento de ionómero de vidrio sin 

alúmina y con propiedades mecánicas comparables con las de los cementos óseos 

tradicionales. 
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Abstract 

Polymethylmethacrylate (PMMA) bone cements have been widely used in the last 

30 years for medical applications. Nevertheless, the use of these cements is associated with a 

series of problems due to the systemic toxicity of the unreacted PMMA monomer and the 

exothermic curing reaction of the cement in situ.  

 Glass-ionomer cements (GIC), are formed by mixing a polymeric acid, usually 

poly(acrylic acid), with an acid degradable alumino-silicate glass. Being the setting reaction 

a salification rather than a polymerisation, there is not or very low exotherm associated with 

the reaction. Furthermore these materials have been shown to form an adhesive bond 

between bone and metals [1]. They also are potentially bioactive thanks to the ability to 

release osteoconductive ions. So, since they were introduced by Wilson in the late 1960’s 

[4], these materials have been indicated as a valid alternative to the PMMA cements for 

orthopaedic applications and to the mercury based amalgams for their use in dentistry. 

Two series of glasses were produced, substituting progressively calcium for 

magnesium, keeping constant the sodium content and varying the silica mole fraction along 

the two series. X-ray diffraction, thermal analysis and particle size analysis were carried out 

to characterise the glass. Then, using the concepts of the inorganic polymer model, the 

influence on network connectivity (NC) of the MgO substitution in the glass was evaluated 

through FTIR spectroscopy, RAMAN spectroscopy and finally MAS-NMR spectroscopy. 

Finally, to characterise the mechanical properties of the cements, compressive strength and 

Young’s modulus have been measured. 

  Though conventional glass theories report magnesium as a network modifier 

element, the results of this work suggest that the magnesium acts like an intermediate oxide 

entering the network of the glass, rather than disrupting it.  

  The aim of this work is to show that the substitution of calcium for magnesium can 

result in the possibility of forming a new, alumina free polyalkenoate cement.  
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1 Introduction 

PMMA was used for the first time in a medical experiment in the late 1930’s to 

cover skull defects in monkeys. Then, during World War II, was found that the pilots injured 

by the fragments of aircraft canopy, did not suffer adverse reaction due to the presence of 

these fragments in their bodies. Finally, in 1958, Sir John Charnley was the first researcher 

who succeeded in berthing a femoral head prosthesis using a mixture of PMMA 

polymerizing in situ [2].   

At present, PMMA cements, due to their excellent primary fixation and good load 

distribution between implant and bone, are the best material for anchoring prosthesis to the 

surrounding bone. Furthermore they are extensively used also for dental applications.  

The major problem associated with the PMMA cements is the heat produced during 

polymerisation. The high temperatures reached have a negative effect on cells and on the 

extra cellular matrix and an excessive heat can lead to the necrosis of the tissues adjacent to 

the implant. Moreover, the unreacted monomer has been correlated with alterations in 

cardiovascular function observed during cemented arthoplasty [3]. 

Ceramics and glasses have been widely used in the medical industry mainly as 

external devices, such as diagnostic instruments. Nevertheless, they are always more often 

used as implants to repair, or to substitute defective parts of the body, usually hard tissues 

such as bones or teeth. Ceramics used as implant materials have to exhibit some fundamental 

properties: primarily they have to avoid any cytotoxic response once they have been 

implanted, and then possibly have to show a bioactive behaviour, i.e., they have to develop a 

stable interface between the implant and the connective tissue and finally the graft should 

match the mechanical properties of the replaced tissue as much as possible. In particular, 

some ceramics, such as Bioglass® or sintered hydroxyapatite, spontaneously bond to living 

bone. 

Ceramics for implant are used mostly as replacements for hips, teeth, knees, to treat 

periodontal diseases as well as for maxillofacial reconstruction or as bone fillers after a 

tumour surgery [6]. 

Bioactive glasses have received considerable attention as bone graft substitutes in 
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the treatment of body defects. The first successful bioactive glass composition was presented 

by Hench and co-workers in 1971 and was called 45S5 Bioglass®. This material, once 

implanted into the body, undergoes a series of reactions that finally result in a chemical bond 

of the implant to the bone [7]. 

Among bioceramics materials, we can include glass-ionomer cements (GIC). The 

first glass-ionomer cement was developed in the late 1960’s by Alan Wilson and Brian Kent 

at the Laboratory of the Government Chemist in London. As the word says, these cements 

are formed by a mixture of glass powder, an ionic polymer of a carboxylic acid and an 

aqueous solution. The original composition was a solution at 45% of poly(acrylic acid) 

(PAA) and a calcium-fluoro alumino silicate glass [8]. Since then, a large number of GIC 

compositions have been investigated, for example the utilisation of alternative polymers.  

Apart from the well consolidated application in dentistry, these materials, due to their good 

biocompatibility, have been used also as artificial ear ossicles, for fixation of cochlear 

implants and as artificial bone substitutes for cranial-facial reconstruction [9-11]. 

 Unfortunately most of these cements are based on alumino-silicate glasses and this, 

concerning the orthopaedic application, restrict their use. In fact, besides aluminium being a 

neuro-toxin, has been showed by Hill that the aluminium released from the setting cement 

can inhibit mineralisation of osteoids and remineralisation of previously demineralised bones 

[5].  

 In this thesis we will investigate the feasibility of a new cement, using an alumina 

free and low sodium content glass and PAA. The design and characterisation of the glass will 

be carried out using the concept of network connectivity. This parameter in fact, as suggested 

by Hill and Rawlings [12-13], can predict the degradation rate of the glass as well as its 

bioactivity and therefore also its reactivity in terms of cement formation.   

In order to understand well the composition-property relationships of the selected 

bioactive glasses, the design has been made on a molar percent basis rather than on a weight 

percent basis, as is the usual case with bioactive glasses.  

Different characterisation techniques will be performed on the glasses, in particular 

we expect to get interesting information on the local structure of the glasses from the nuclear 

magnetic resonance spectroscopy (NMR). This technique has been applied on these systems 

since the 1980’s [14] and with the increasing strength of modern magnet, improved 
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amplifiers and better pulse sequences, it has become a powerful tool to characterise silicate 

systems.  

 

1.1 Outline of thesis  
 

The first part of the this work will be a review of the literature necessary to 

understand the aim of the project. So it will include general information about biomaterials, 

about bone structure as well as bone cements and about teeth and dental restoration science. 

Then we will present some concepts of glass theory and in particular about glass 

polyalkenoate cements. 

 The second part will be about the experimental procedures and the characterisation 

techniques used such as DSC, XRD, MAS-NMR, FTIR, RAMAN and compressive strength 

tests. Then  the results of the characterisation of  glasses and of cements will be presented 

and discussed. Finally, the last part will include the conclusions and recommendations for 

further work. 

 

1.2 Biomaterials  
 

We can define the term “biomaterial” as a synthetic material that is in contact with 

the human tissue and that does not cause a toxic response within the body as a consequence 

of its presence. The use of  non-biological materials as surgical implants is not new and 

especially the substitution of bone parts in the human body have been reported for centuries 

[15]. However, only in the course of the 20th century have biomaterials acquired an 

important role in medicine, due to the introduction of sterilisation techniques, developed by 

Lister in the 1860’s. Before, surgical interventions were generally unsuccessful as a result of 

infections [16]. 

 With the development of new and always more biocompatible materials, medicine 

has been able to improve life for people who, because of accidents, birth defects or any kind 

of other health problems, have a body malfunction. 

 Any biomaterials must have some key properties in order to be used in contact with 
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human tissues, and, apart from the specifications for its particular application, it has to be 

non-carcinogenic, must have a good resistance to corrosion and to wear, and finally the 

products of corrosion must be less toxic as possible. Of course the tailoring of a biomaterial 

depends on its application so that different requirements may lead sometimes to very 

different and maybe opposite properties. In tissue engineering for example scaffolds need to 

be biodegradable so that the new tissue produced by cells can replace gradually the polymer 

or the bioglass of the scaffold. On the other hand, for example in the case of an 

osteosynthesis plate, we need a stable material, which is wear resistant and does not degrade 

too quickly. Generally we can divide the requirements for biomaterials as follow:  

 

• Biocompatibility: the material must not induce a negative response in the host’s 

body, but rather favour good tissue-implant integration, especially at the interface 

between the implant and the tissue. However there is almost always an initial 

inflammatory reaction when the material is implanted. If the inflammation remains 

for a long time it can cause tissue necrosis and this has to be avoided. 

• Sterilisability: the material has to be sterilisable. The common techniques include 

ethylene oxide sterilisation, gamma rays and autoclaving. One technique is 

preferred rather than another according to the type of material that is being treated. 

For example, it is not possible to use autoclaving with most of polymers because 

they can depolymerise. Therefore in this case is more desirable to use a gamma-rays 

sterilisation. 

• formability: this is related to the possibility to shape the material for a particular 

function in an easy and economical way. It depends on the ability of the material to 

be shaped to suit a particular requirement. Furthermore the material must be able to 

be shaped economically using engineering fabrication processes. For example the 

wide use of coronary artery stents, is also due to the efficiency of the fabrication 

process that, through an heat treatment and cold working of the material, enables to 

have a product with high durability. 

According to their behaviour once implanted into the body, we can divide 

biomaterials into three different categories: 

• biocompatible materials: when the concentration of the substances they release is 
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non-toxic, so they almost do not cause any inflammation reaction and they are not 

rejected by the surrounding tissues.  

• bioactive materials: they are generally associated with a positive reaction of the 

tissue. The reaction at the interface between the implant and the tissue is very 

important, so, for example, the formation of new bone at the implant-tissue 

interface is a parameter that can characterise a bioactive material. 

• resorbable materials: they are hydrolytically and enzymatically degradable and 

they can completely disappear after implantation, avoiding the necessity of a second 

surgery, e.g., biodegradable sutures made with poly(lactic acid) or poly(glycolic 

acid).  

 

 As has been mentioned, the properties required for biomaterials are related to the 

specific application of the implant, so for example if bone need to be replaced or its fracture 

need to be fixed, beside the mechanical properties, the material has to be biocompatible and 

show good chemical adhesion to the tissue surrounding the implant. Also, depending on the 

application it is sometimes useful a material that can be degraded at the same rate that the 

new tissue is formed. In this latter case we have to be careful that the rate of degradation 

doesn’t exceed the rate of bone formation in order to have satisfactory mechanical properties 

to ensure a gradual transfer of the stresses. 

 So for example, to use a material that can promote bone regeneration and is able to 

degrade is useful as we do not need to remove the implant after the first surgery, with all the 

associated economical and health benefits. At the present it is very common to use metals 

and their alloys to fix internal bone fractures, but they are much stiffer than the bone and this 

can cause some problems as the load does not transfer on the bone and the bone hence 

resorbs itself. Furthermore, after bone healing, these materials need to be removed with a 

second surgerical procedure. 
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1.3 Biocompatibility  

 
 The function of a biomaterial, alone or jointly with other biomaterials in a medical 

device,  is to assist in the health of people. So, medically devices are closely regulated by the 

state and international bodies. It is worth noting that the Food and Drug Administration does 

not regulate the biomaterial itself, but the medical application for the specified material, i.e., 

it regulates the use of the biomaterial “as used”. 

 It is important to consider that when we look at the requirements that a biomaterial 

has to comply, these depend on the specific application of the medical device, as the same 

material can be used for more than one biomedical application. That is why the particular use 

of the biomaterial regulates the specific requirements for the material itself. 

 It is common when we want to describe a biomaterial to speak of biocompatibility. 

A definition of biocompatibility could be that the material does not cause any negative tissue 

reaction. This is a oversimplified definition but if we want to be more specific we can define 

biocompatibility as the ability of the material  to perform with an appropriate host response 

for a specific application [17]. This definition helps to define if the material can be harmful 

to the host and if it is the best material for that particular application. Moreover it relates the 

biological requirements of the material with its specific use and it implies that has to be 

known the tissue reaction. 

 Four types of response implant-tissue can be identified: 

• Toxic: the material implanted in the host releases products that can kill the cells of 

the surrounding tissues or  irritate them. 

• Nearly biological inert: as a protective mechanism, the fibroblast cells form a 

fibrous capsule around the material in order to isolate the implant from the host. 

• Bioactive: the implant promotes the formation of a bond between the tissue and the 

material. This mechanism allows to have a perfect integration of the implant in the 

host, avoiding the relative motion between the two interfaces. 

• Bioresorbable: the implant degrades gradually with the time and is replaced by the 

regeneration of new tissue.  

 This last behaviour is the more difficult to achieve and to control as it is necessary 

to design the implant in order to have a degradation rate that matches as much as possible the 
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formation rate of the new tissue. 

 Usually, when biomaterials need to be characterised, we look at the chemical, 

physical, morphological, toxicological and mechanical properties. Moreover, in order to 

predict the biological response of a biomaterial, the following factors need to be considered:   

  

• Additives, contaminants, residues. 

• Leachable substances. 

• Degradation products. 

• Properties of the final product. 

 

 These substances often can have a low molecular weight and can diffuse from the 

material and potentially coat its surface changing the chemistry of the surface, developing 

thus a biological interaction with the host tissue, different from the expected one. Also these 

low molecular weight products can interact with the surrounding tissues leading eventually 

to inflammation reactions. So it is necessary, when we want to test a biomaterial, to do some 

long term in vivo studies to determine these possible effects. 

 Another aspect to consider is the sterilisability. The most common techniques of 

sterilisation include radiation, ethylene oxide and steam sterilisation. It is important to 

choose accurately the technique depending on the material we want to treat. For example 

radiation can degrade polymers but ethylene oxide, on the other hand, can leave some 

residual components on the material that result in an adverse reaction on the in vitro toxicity 

test.  

 Regarding the in vitro tests, the most common type of biocompatibility assay is the 

use of a cell culture to determine cytotoxicity, cell proliferation and adhesion. Once a 

biomaterial has been identified as non-toxic in an in vitro test,  it must be submitted to in vivo 

tests. However sometimes a low in vitro level of toxicity does not preclude from a clinical 

application, e.g., the glutaraldehyde-fixed porcine valves are widely used as prosthetic heart 

valves, despite the fact that residual glutaraldehyde can result in a negative effect on the in 

vitro test. The in vivo tests are done to evaluate if the biomaterial responds to the 

requirements of safety and functionability under condition of clinical use, focusing on the 

final product.The most common in vivo tests for biocompatibility are listed below [18-19] 
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• Sensitisation. 

• Systemic toxicity. 

• Genotoxicity. 

• Hemocompatibility. 

• Chronic toxicity. 

• Carcinogenicity. 

• Reproductive and developmental toxicity. 

• Biodegradability. 

• Immune response. 

 To sum up, it is important to remember that a biomaterial needs to be tested in its 

“end-use”, where both the manufacturing process and the sterilisation techniques have been 

considered. 

 

1.4 Tissue response to implant 
 

 The first response to any injury in a tissue is an inflammation reaction. To stop the 

blood leakage, the capillaries contract, then they become covered with leukocytes, 

erythrocytes and platelets. The combination of the blood, leukocytes and dead tissue forms 

the exudate, that in time turns in pus. Also the local lymphatics are damaged by the injury 

but then, the liquid leaking from the capillaries will provide fibrinogen and this will plug the 

damaged lymphatics. This series of reaction will result in a redness and swelling of the 

damaged area. Furthermore, in case of a large wound or in presence of bacteria, the tissue 

can be destroyed by collagenase, an enzyme released from granulocytes. 

 In this process the pH can drop to values around 5.2, resulting in a severe 

inflammation and thus in a necrotic abscess, that eventually can becomes chronic. Therefore, 

if the inflammation turns into chronic, macrophages, phagocytic cells, arrive to remove 

bacteria and also can evolve into histiocytes which can regenerate collagen. This new 

collagen is used to form a fibrous capsule around the foreign material. 

 he healing process for a bone fracture rather than being a simple repair, is a 

regenerative process. When the bone fractures, due to the haemorrhage, a blood clot is 
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formed and the fibroblasts migrate towards the fracture site. Then they form a collagen 

fibrous matrix called callus and the osteoblasts start to calcify the callus into trabeculae. 

After that, the chondroblasts are involved in the formation of the cartilage. Furthermore, at 

the same time the callus calcify, there is a similar repair process also in the marrow cavity.  

 

1.5 Bioactivity 
 

By definition, a bioactive material is “one that elicits a specific biological response, 

at the interface of the material resulting in the formation of a bond between the tissue and the 

implant” [20]. When a material is implanted in a living tissue there is always a response from 

the host tissue. Depending on the material, we can have different tissue responses. So, for a 

nearly inert material usually a fibrous capsule forms around the implant. Then if a material is 

porous, the tissue can grow inside the implant and forms what is called “biological fixation” 

in contrast with the less adequate “morphological fixation”. Finally we can distinguish a 

third class of biological response, i.e., when the implant is designed to degrade gradually 

being replaced from the growing tissue around it. It is fundamental to tailor accurately the 

composition in order to have a material with a controlled degradation rate and that can match 

the growing rate of the surrounding tissue. Materials that display that behaviour are for 

example resorbable sutures or tri-calcium phosphate ceramics.  

 When a bioactive material is implanted, the biochemical reactions that occur at the 

interface between the tissue and the implant can initiate what is commonly called “bioactive 

fixation”. So a bioactive material has a behaviour that is between a resorbable and an inert 

implant and is capable to create an environment that can stimulate the creation of a perfect 

bond between the living tissue and the inert material of the prosthesis.  
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Fig. 1.1 Bioactivity spectrum for various bioceramic implants [21]. 

 
 

  The Fig. 1.1 above shows the bioactivity and the time dependence of the 

formation of interfacial bone bonding for various bioceramics [21]. 

 Hench introduced an index to measure the bioactivity of a material , however in 

1994 a new classification of biomaterials has been proposed. Following this latter 

hypothesis there are two types of bioactive materials as listed below: 

• Class A:  when a material induces both an intracellular and extra cellular response at 

its interface. These materials can bond not only with bone but even with soft tissues 

and finally they are osteoproductive, i.e., according to Wilson definition [22], the 

surface of the implant is colonized by osteogenic stem cells. 

• Class B: these materials are defined as osteoconductive and they display only an 

extra cellular response at their interface. 

Of the commercial bioactive materials, just few bioglasses show an osteoproductive 

behaviour, whilst for example the 45S5 Bioglass® has a double response as it is both 

osteoproductive and osteoinductive. 
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1.6 Bioceramics 
 

Thousand of years ago, humans discovered a new class of materials, made by firing 

clay and transforming this into ceramic. This discovery was fundamental in the 

transformation of the society from a nomadic style of life toward an agricultural society. 

Nowadays we are assisting a new revolution, as in the last twenty years, the development of 

glass-ceramics suitable for application as biomaterials has opened new possibilities in 

medicine. Actually glass-ceramics have been widely used as health devices but their use as 

implants inside the body is relatively new. With these materials, called bioceramics, we can 

tailor the composition in order to get different properties [23]. The main use of these is to 

repair bones, joints or teeth. There are also some other applications such as for tumour 

treatments or to replace some parts of heart valves. Bioceramics can be used as we said like 

implants or prosthesis, or as fillers, for example if we need a temporary support while the 

tissue regenerates and recovers its functions. Moreover, these materials can be used as 

coatings, and so it is possible to design a composite material and combine the properties of 

stiffness of a metal, for example titanium, and the bioactivity for example of a bioglass®, 

enhancing thus both biochemical and mechanical properties. 

 These materials can be used in different phases, like polycrystalline 

(alumina/hydroxyapatite), monocrystalline (sapphire), glass (bioactive glasses), glass-

ceramics, depending on the properties we require for the material and on its application. 

 Ceramics are widely used as biomaterials as they seem to avoid any toxic response 

with the tissue they are in contact with, and if we are able to design accurately the material 

changing the composition, we can have an implant that is capable to form a bond at the 

interface between the tissue and the implant. So the aim is to get a controllable rate of 

degradation of the material that at the same time should enhance the regeneration of the 

surrounding tissue. With bioactive materials, such as bioglasses or hydroxyapatite, the 

adhesion of the tissue to the implant is related to the tissue response at the implant interface 

and to its reactivity. So if we can achieve a specific response of the tissue to the material, we 

have what is called bioactive material.  
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1.7 Bioactive glass 
 

In 1969 Prof. Hench from the University of Florida, discovered that some 

compositions of glass can bond chemically with bone. These glasses have been called 

bioactive glasses and have been used mostly as a reconstructive material for damaged hard 

tissues such as bone.  The advantage of this material is that it is possible to design the glass 

for example in order to get a controlled rate of degradation and bonding to the tissue. The 

rapid reaction at the surface leads to a fast bonding with the living tissue, but, due to the 

mostly two-dimensional structure of the glass network, the mechanical properties are 

relatively low. It is important to note that small changes in the composition can lead to very 

different properties and this gives the opportunity to use a bioglass in contact with different 

tissues, as we can adjust a range of properties depending on the implantation site of the 

prosthesis. 

When a bioactive glass is immersed in an aqueous solution, like the body fluid, SBF 

(simulated body fluid) or TBS (tris buffer solution), it is possible to distinguish three main 

processes: 

• Leaching and formation of silanols: the glass network releases alkali or alkaline 

earth elements exchanging cations with H+ or H3O+ cations proceeding from the 

solution. These modifying ions leads to high values of the interfacial pH, usually 

more than 7.4.   

• Dissolution of the glass network: –Si-O-Si-O-Si- bonds break through the action of 

hydroxyl ions. Breakdown of the silica network releases locally silic-acid 

[Si(OH)4]. If we have more than 60% of silica, the dissolution rate decreases as this 

increases the number of bridging oxygens in the structure of the glass. The hydrated 

silica (SiOH) formed on the glass surface by these reactions undergoes 

rearrangement by polycondensation of neighbouring silanols, resulting in a silica 

rich gel layer. 

• Precipitation: calcium and phosphate ions released from the glass together with 

those from solution form a calcium-phosphate rich layer (CaP) on the surface. This 

phosphate is initially amorphous, then crystallises to an hydroxycarbonate apatite 

(HCA) structure by incorporating carbonate anions from solution within the 
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amorphous CaP phase. The mechanism of nucleation and growth of HCA appears 

to be the same in vivo and in vitro and is accelerated by the presence of hydrated 

silica. 

 

 

Fig. 1.2 Reaction stages of a bioactive glass [6]. 
 

 

These stages that occur on the material do not depend on the presence of the tissue 

and they are observed in distilled water as well as SBF or tris-buffer solution. An additional 

series of reactions is needed to get a bond with the tissue: 

 

• Absorption of biological moieties  in the SiO2-HCA layer. 

• Action of macrophages. 

• Attachment of stem cells. 

• Differentiation of stem cells. 

• Generation of matrix. 

• Mineralisation of matrix. 

 

It is fundamental to have a good mechanical resistance of the interface between the 

tissue and the implant. Hench introduced an index to measure the bioactivity, referred as the 

rate of development of the bond between the implant and the surrounding tissue. This index 

is given by Ib = (100/t0,5bb), where t0,5bb is the time to have more than 50% of the implant 

surface bonded to the bone and Ib is an index indicated in Fig. 1.3.  
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It is worth noting however that the model proposed by Hench has some restrictions. 

For example the first stage of the reaction of a bioglass with the liquid solution relies on the 

rapid exchange of the Na+ ions released from the glass with the protons of the solution. 

However bioglasses have been produced without sodium. Furthermore this index is not 

predictive of the influence of the silica mole fraction on the reactivity of the glass. Hence  it 

will be useful to consider also the network connectivity parameter, based on the inorganic 

polymer model for glasses, to describe the behaviour of a bioactive glass. This latter model 

will be presented in the next section. 

 
Fig. 1.3 Compositional dependence of bone bonding and soft tissue bonding of bioactive glasses and glass ceramics. All compositions in 
region A have a constant 6 wt% of P2O5 . Region E (soft tissue boding) is inside the dashed line where Ib >8 (45S5 Bioglass®,  Ceravital®) 
[6]. 
 

 The closer the glass composition is to the boundary of bioactivity, the slower is the 

bonding rate. The dashed lines in the ternary diagram above delimitates the region where it is 

possible to have a bond between the implant and soft tissues. Usually, the thickness of the 

bonding zone is proportional to this index and, as the thickness of this zone increases, the 

failure strength decreases. Another interesting property of that glasses is that it seems that if 

they break once they have been implanted and the broken surfaces stay in contact, they may 

self-repair fusing themselves through their apatite surface layers. 
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2 Bone 

  

 Glass-ionomer cements have been successfully applied in dentistry as well in 

orthopaedic and maxillofacial surgery. It is worth then reviewing the information about bone 

function, its structure and about bone replacement materials.  

 

2.1 Bone function and structure 
 

In order to design well performing implants it is fundamental to know the 

relationship between then structure and the properties of the different tissues that are in 

contact with the material.  

The main function of human skeleton is to protect organs and to support the weight 

of the body. Also teeth has to carry out a force, the load of mastication. But whilst teeth 

perform in direct contact with what we eat/drink, bones operate inside the body.  

Apart from this function, bones are also a deposit for calcium and phosphorus and 

finally they have a fundamental role as the marrow inside them is responsible for the blood 

cell formation.  

If we look at the mechanical properties of  bones, we see that they are significantly 

different depending on the humidity, direction of load (i.e. if the force applied is compressive 

or tensile), rate of loading and finally on the direction of load respect to the microstructure of 

the bone. That is due to the non-homogeneous structure of the bone that actually we can 

consider as a composite material. In fact, if we examine microscopically a bone section, this 

is clearly seen to be a composite material made of collagen and hydroxyapatite. The 

arrangement of the osteons along the principal axis of the bone make the effect of anisotropy 

quite significant. Bones have a composition that is dependent on many factors such as age, 

sex, species, but we can say that  roughly about 70% of the weight consists of mineralised 

part and the remaining part is formed by organic matrix and water. Then, about 70-90% of 

the non-mineralised part consists of protein and collagen, whilst the mineralised components 
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are calcium phosphates, the most important of which is natural hydroxyapatite, 

Ca10(PO4)6(OH)2. The hydroxyapatite crystals are arranged along the collagen fibrils [16]. 

Natural hydroxyapatite is different from the synthetic one and is deficient in calcium 

between 5% and 10%. Bone apatite contains fluorine, sodium, chlorine and magnesium and 

does not display a perfect crystallographic order.  

Fig. 2.1 is a sketch of a long bone. In this scheme we can see the diaphysis and the 

epiphysis at each end. At the extremity of the epiphsysis there is the articular cartilage  that 

forms the surface of the articulation. The diaphysis is a hollow part and the central space 

contains the bone marrow. The periosteum covers the entire surface of the mature long bone, 

excluding the cartilage surface. Within this membrane are located the osteogenic cells 

responsible for the remodelling of the growing bone. 

 

 

 

         Fig. 2.1 Schematic representation of a long bone (i). 
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The Fig. 2.2. below shows the composite nature of the bone structure. 

 

 

 

Fig. 2.2 Microscopic representation of a bone (ii). 

 
The bone has a double architecture,  the compact phase and the trabecular bone:  

• The compact bone (cortical bone): it is a dense tissue where the empty space is 

occupied by blood vessels and osteocytes. The basic units of this structure are the 

Haversian systems, or osteons, with a mean diameter of 200μm. In the centre of the 

osteons there is a blood capillary (Haversian canal) that allows blood to circulate. 

These canals then are connected by transverse channels called Volkmann’s canals. 

The Haversian canals run along the axis of the bone and they are surrounded by 

lamellae made of collagen fibrillis. These collagen lamellae are arranged nearly 

circular in the osteons systems. 

•  The porous phase (trabecular): it is where the ratio between pores and the hard 

tissue is large. This phase is known as cancellous bone and is a network of 

trabeculae filled by bone marrow. This spongy structure resembles honeycombs 

and its main function is to produce blood cells.  
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2.2 Bone remodelling 
 

The most remarkable fact about bone is that it is a living tissue and that the 

mechanical stresses can modulate the growth and resorption of the bone itself. Galileo 

Galilei first noticed the relationship between the mass and shape of a bone and the load 

applied to it. Then, in 1892 Julius Wolff in his monograph on bone remodelling, proposed 

the idea that living bone can change its external and internal shape in response to the stresses 

acting on it (Wolff’s law). Many empirical rules have been proposed about the 

phenomenology of this process: 

 

• Remodelling of bone is stimulated by flexural stress. 

• The process is stimulated by dynamics loads rather than static loads. 

• By contrast, in the dental field, it is accepted that static forces can move teeth in the 

jawbone.  

 

It has been demonstrated that the lack of stress can cause the bone density to 

decrease as the bone tissue tends to resorb.  For example severe osteoporosis can result from 

the implantation of two metal plates on a damaged bone as the load is completely transferred 

to the two prosthesis. Other examples that support this theory are the long spaceflights. Ii is 

known that zero gravity causes bone loss, while for example hyper gravity strengthens 

bones. However, it is worth pointing out that remodelling of haversian bone influences the 

mass and the shape of bones but not its quality, i.e., Young’s modulus, tensile strength and 

composition. On the other hand, it has been pointed out that this rule is not valid for all the 

skeletal bones, otherwise low-loaded bones, like auditory ossicles, would resorb [16]. 

Another theory about bone remodelling is the electrical hypothesis. Fukada in 1957 

discovered piezoelectricity in bones and later, in 1970, Murray and Becker observed that 

under the influence of an electric field, the organelles of protein synthesizing osteogenic cells 

are activated [26].  So mechanical stresses appear to cause an electric polarisation and an 

applied electric field on the other hand should cause a strain. However, this hypothesis, even 

supported by some observations, has not been completely accepted, mostly because it is not 

clear if bones are piezoelectric at the low frequencies characteristic of normal bone loading. 
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Beacuse of the osteogenic and the osteoclastic processes, bone constantly undergoes 

regeneration and remodelling. These processes depend on many factors, the most important 

of which is the type and the direction of the load applied. Osteoblasts are involved in the 

formation and the mineralisation process of the bone matrix, and are present in the periosteal 

membrane, surrounding the medium and long bones, and in the endosteal membrane which 

envelop the inner wall of the medullar canals in the bones. These cells are converted then 

into osteocytes as they keep the bone as a living tissue. Osteoclasts cells are responsible for 

the bone resorption. The process consists of the demineralisation of the bone with acid and 

dissolution of the collagen with enzymes. Bone remodelling occurs in small packets of cells 

called basic multicellular units (BMUs) [26]. The signal that starts the remodelling 

apparently is related to the mechanical stress that is able to modify the local bone structure.  

We can resume briefly the stages of bone remodelling as follow [26]: 

 

• Resorptive phase: osteoclasts derived from bone marrow monocytes resorb the 

mineralised bone matrix. 

• Reversal phase: osteoblasts migrate into the resorption lacunae and disclose the 

former osteoclastic activity. 

• Formative phase: osteoblasts deposit new bone matrix which is initially not 

mineralised and is called osteoid. 

• Resting phase: once embedded in osteoids, the osteoblasts mature into terminally 

differentiated osteocytes.  

 

Once the process has finished, the bone surface is covered by a layer of protective 

bone cells called lining cells. The new bone is calcified and the remodelling process is 

completed. 
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Fig. 2.3 Schematic representation of bone remodelling (iii). 
 

Concerning the mechanical properties of the bone, it is known that the ultimate 

tensile strength and strain in compression are greater than in the tension mode, whilst the 

Young’s modulus has an opposite trend. These differences in the mechanical properties, as 

has been mentioned, depend on the fact that the bone is actually a composite material so the 

values of the mechanical parameters are influenced by load conditions. As an average value, 

we can say that the modulus of elasticity for a long bone in an adult human is around 17 GPa 

in the longitudinal direction. The tensile strength has an estimated value of 130 MPa and the 

compressive strength is roughly about 160 MPa.  

 

2.3 Bone replacement materials 
 

 Due to their high strength and toughness, engineering alloys such as stainless steel, 

titanium alloys and cobalt-chromium alloys have been extensively used in orthopaedics as 

bone replacement materials and at present they still are the preferred materials in the 

treatment of muscle-skeletal diseases even if they are known to release metallic ions in the 

body that can possibly have a negative effect on the tissues surrounding the implant [16].  

 During the last 30 years, ceramics, glasses and glass-ceramics have  gradually been 

applied as viable biomaterials for tissue replacement. As a result of their composition based 

on the ions commonly found in the human body such as Ca2+, K+, Mg2+, Na+, bioceramics 

are strongly biocompatible. However, the low strength and toughness of these materials have 
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limited their use in clinical application so that metals are still predominant in orthopaedic 

surgery. 

 Polymers such as poly(methyl methacrylate) (PMMA) and ultra high molecular 

weight polyethylene (UHMWPE) have been successfully applied coupled with other 

materials in bone surgery, such as in hip replacement. Other polymers have been found to be 

biocompatible or even biodegradable and they are commonly used as grafts or scaffolds in 

medicine. However, one of the major problems with synthetic prosthesis is that they are 

usually stiffer than the human bone. As has been already mentioned, this can result in a loss 

of bone mass as the load is transferred to the stiffer material. In order to outmatch this 

problem Bonfield introduced the concept of analogue biomaterials [28].  

Reconstructive surgery often requires the utilisation of autografts or allografts.  In 

orthopaedic medicine, bone grafts can be sourced from a patient’s own bone in order to fill a        

space and produce osteogenic response in a bone defect. This method is generally known as 

autograft and works very well, however, due to the donor site morbidity associated with 

autograft, other methods such as bone allograft and synthetic graft materials are often used as 

alternatives. 

An allograft, or allogenic transplant refers to when transplanted cells, tissues or 

organs are sourced from a genetically identical member of the same species. In contrast, a 

transplant from another species is called a xenograft. 

When for some reasons a bone replacement is needed, orthopaedic surgery has 

many options: autologous or allogenic bone, demineralised bone matrix, calcium phosphate 

based bone grafts. The choice of the graft depends of course on graft requirements, its 

availability and its cost. Moreover, the supply of autologous bone grafts is limited and in 

patients that have been operated many times, they may have no more useful iliac crest bone 

for an autograft. In addition, if there is a massive segmental bone loss, autologous grafts may 

be not enough for the operation required.  So, it’s important to have various options 

available. 

Recently, glass-ionomer cements have found application such as bone replacement 

materials, reconstruction of the posterior wall of the outer ear canal, artificial ossicles for 

total middle ear replacement, fillers for facial and skull defects, adhesives for fixation of 

fracture fragments and to stick electrodes in cochlear surgery.  

Unfortunately the use of these materials is limited as a result of their relatively poor 
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mechanical properties, even though for non load bearing applications, they represent an 

excellent in situ bonding agent. They usually can be placed in the form of bulk precast 

implants, then fixed in situ by the surgeon with unreacted cement, or they can be in granular 

form, typically used in oral surgery to fill cavities or for the reconstruction of the alveolar 

ridge in edentulous patients.  
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3 Dental restoration 

 

 Dentistry is a discipline that studies the diseases of teeth and of the adjacent tissues. 

As every surgery for dental diseases requires the use of a restorative material, it is important 

to design the implant in order to get a successful restorative treatment. Unfortunately the oral 

environment is very variable and the tissues that have to be healed are mostly composite in 

nature so it is difficult to predict exactly which properties we want from the implant. The 

material generally has to display outstanding properties due to the highly aggressive 

environment of the mouth. Normally, the temperature in the mouth varies between 32º and 

37º C, but the consumption of very cold or hot drinks/food can enlarge the temperature range 

from 0º up to 70º C. Also the pH is very variable and can ranges from 2 up to 11. Finally, 

mechanical stresses are very high and the load forces due to mastication can reach 170 MPa. 

 The understanding of the relationship between the structure and the properties of a 

tissue is fundamental to design a proper implant which will be substituted to the damaged 

tissue. Hence it is worth having a review on the structure of natural tooth and on the 

commonly used materials for dental restoration. 

 

 
                 



Pàg. 26  Memoria                                                        

 
 

                                                                                                                                         
              

3.1 Natural tooth structure 
 

 Fig. 3.1 shows the cross section of a human molar tooth. 

 

 

Fig.3.1 Cross section of a molar tooth (iv). 
 

 There are two types of teeth, deciduous or primary and permanent and the latter has 

much of an interest. The Fig. 3.1 above shows the layers of the tooth and its internal 

structure, as well as the surrounding soft and hard tissues. The crown is the visible part of the 

tooth above the gum. Then a second region is called neck and it is at the border between the 

crown and the underlying root. Finally the root is the region of the tooth that is inside the 

bone. 

 The enamel acts like an hard wear resistant ceramic coating for the crown and 

protects the dentine. This tissue comprises 98% of large hydroxyapatite crystals, 

Ca5(PO4)3OH, and is the hardest substance in the human body. The hardness of this material 

comes from its structure, made up of a tightly packed rows apatite crystals within a protein 

matrix structure. The crystals are perpendicular to the surface of the tooth and this orientation 

results in the transfer of the stresses to the tougher dentin layer. 
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 The dentine is the principal component of the tooth. Its structure is more similar to 

that of compact bone and it is tougher in terms of mechanical behaviour. In contrast to 

enamel, it contains only 70% of apatite and the remaining is basically collagen. This 

different composition makes the enamel more elastic and compressible. Moreover, whilst 

mature enamel is not considered as a living tissue, dentine is a living tissue as it contains 

canals that connect its structure with the nerve of the tooth within the pulp. That makes this 

part of the tooth sensitive. The dentine is covered with cementum, a hard layer onto which 

the peridontal membrane attaches. This membrane allows the root to be attached to the bone 

of the jaw. This bonding allows transfer the compressive strength acting on the tooth into 

tensile stress acting on the jawbone. It contains elastic fibres that enable the relative motion 

between the tooth and its alveola and also absorb part of the energy arising from the load 

applied during mastication. 

 The hollow central part of the tooth is filled with the pulp, a soft tissue made of 

randomly orientated collagen fibers that contains blood vessels, nerves and small lymph 

vessels to permit white blood cells to reach this zone in order to combat bacteria. The root 

canal connects the pulp with the surrounding tissue through an opening in the cementum.  

 Some of the properties of teeth are given in the following table and as can be 

expected, the compression strength is higher for enamel as well the thermal expansion and 

conductivity. 

 

Tissue 
Density 

(g/cm3) 

Modulus of 

elasticity 

(GPa) 

Compressive 

strength 

(MPa) 

Coefficient 

of thermal 

expansion 

(ºC-1) 

Thermal 

conductivity

(W/mK) 

Enamel 2.2 48 241 11.4*10-6 0.82 

Dentin 1.9 13.8 138 8.3*10-6 0.59 
Tab. 3.2 Physical properties of teeth [30]. 
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3.2 Dental restorative materials 
 

 The constant chemical and bacterial attack to which teeth are submitted and the 

high stress due to mastication, make teeth a highly stressed material that can frequently 

develop defects resulting in a failure of the tooth.       

 Fundamental is the prevention of some avoidable defects, such as caries, but, if a 

disease attacks the tooth, so dentistry has to intervene in order to arrest the deterioration. 

Dental restorative materials can be broadly classified in: 

 

• Ceramics: inorganic salts, crystalline ceramics, non crystalline ceramics. 

• Polymers: rigid polymers, composite polymers and resins. 

• Metals: alloys, intermetallic compound 

 

3.2.1 Inorganic salts 

 

 Also known as dental cements, the inorganic salts are usually a mixture of powder 

and liquid. The powder is usually a base, a proton acceptor, whilst the liquid is an acid, or 

proton donor.  

 Schematically we can represent the reaction as: 

 
                XO          +              H2A                                          XA   +    H2O 

                Proton acceptor                        Proton donor                                                                      Gel salt 

 

 When powder and liquid are mixed, the reaction starts and a viscous paste is 

formed, which then hardens and a proper cement is formed. Usually not all the powder reacts 

with the liquid leading to a heterogeneous structure of unreacted powder embedded into the 

set cement matrix. The explanation regarding the reaction is oversimplified, however, more 

details will follow later in the chapter about glass-ionomer cements. 

 With two types of powder, zinc oxide and alumino silicate glass, are possible five 

main types of reaction [31]: 
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Fig. 3.2 Schematic representation for possible dental cements. 
 

As a dental restorative material, these cement are used basically for: 

 

• Cementing of crowns, bridges, adhesive for orthopaedic brackets. 

• Lining cavities. 

• Filling root canals. 

• Fissure sealing. 

 

3.2.2 Crystalline and non-crystalline ceramics 

 

 Crystalline ceramics like alumina based restorative materials, are generally used in 

conjunction with a metal or a polymer. For example dental porcelain is essentially a glass, 

non crystalline, and has to be reinforced in order to avoid catastrophic failure of the implant. 

Therefore, coupling a brittle ceramic material with a tougher one, the desired mechanical 

properties can be achieved. 

3.2.3 Polymers 

 Polymers like polycarbonate are used for provisional crowns, whilst vinyl-

compounds like poly(methyl methacrylate) are suitable for dentature bases and bridges. This 
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second class of polymers can be heated or self cured, but the latter are less interesting as they 

have lower mechanical properties and high content of residual monomer. The heat cured 

polymers can be processed by heating usually at 72º C. Finally acrylic materials can be light 

cured (tungsten halogen lamps are used with a wavelength of 500 nm) by free radical 

addition polymerisation. 

 Polymers can be used also in composite dental materials. The fillers are usually 

silicate particles based on different oxides like barium, strontium, aluminium. These fine 

dispersed particles increase the strength of the composite, help to reduce the polymerisation 

shrinkage and are generally radiopaque. The setting of the polymer is due to the reaction 

between a tertiary amine and bisphenol A-glycidyl methacrylate.  

Many dental composite can be mixed with fluoride releasing fillers, in order to have 

an anticariogenic effect of the fluoride. 

 However these composite are not a good solution in terms of mechanical 

properties. In fact these fillers do not react with the resin matrix and are easily pulled out 

from the matrix leading to a porous composite. In the Tab. 3.3 below the advantages and the 

disadvantages of composite resins are resumed: 

 

Advantages of composite resins Disadvantages of composite resins 

Wide range of shades No chemical bond to the natural tooth 

Suitable for pigmentation Possible shrinking from the interface 

Excellent level of aesthetic Micro leakage and poor marginal seal 

Good compressive strength (250 MPa) Possible pulpal irritation 

Good thermal conductivity  

Radiopaque element can be incorporate  
Tab. 3.3 Advantages and disadvantages of composite resins. 

 
 

3.2.4 Alloys 

  
 Alloys have been widely applied in dental medicine since the early 1900’s as 

crowns, bridges and implants. Two types are commonly used for porcelain-fused-to-metal 

(PFM) implants, noble alloys (palladium, platinum and gold alloys) and base alloys. These 



Structure-properties relationships in bioactive glasses for PAA based polyalkenate cements Pàg. 31 

 

materials have to display good resistance to corrosion, good mechanical properties and  have 

to match the thermal properties of the porcelain which they are coupled with. 

 Nickel based alloys are used less due to the allergenic effects of Nickel. The more 

popular alloyes are the chromium-cobalt alloys, used mostly for bridges and denture.  

 Titanium alloys on the other hand are used more for dental implants, as the high 

casting temperature and the rapid oxidation make them not suitable for porcelain fused to 

metal (PFM) impants. They are often coated with a bioactive glass in order to stimulate the 

formation of a bond between the implant and the jawbone. The development of a stable 

interphase between the material and the tissue is fundamental to achieve a good fixation of 

the implant and to avoid problems of infection as some bacteria can proliferate at the 

interphase if not well sealed. 

 Gold, palladium and platinum are also used in PFM: 

 

• High gold alloys: good bonding to porcelain resulting from the chemical bond with 

the oxide film forming on the surface of the alloy and from the mechanical bond to 

the small irregularities on the metal surface. Due to the relatively low melting 

temperature, compared with the ceramic, they may undergo creeping during 

porcelain firing. 

• Gold-palladium alloys: good creep resistance and cheaper than high gold alloys. 

 

3.2.5 Intermetallic compounds 

 

 The most common intermetallic compound in dentistry is dental amalgam. Due to 

its low cost, easiness of manipulation and long clinical service, it has been widely used as 

tooth filling material for over 150 years. Amalgams are used mainly in the restoration of the 

occlusal surface of posteriors teeth and of the proximal surface.   

Even if the presence of mercury in this alloy has been pointed out from someone as 

a possible contaminant, especially for children and pregnant women, if properly used, it is 

believed to have an acceptable level of toxicity [32].  

To prepare the amalgam, the solid alloy is mixed with mercury. A plastic paste is 
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formed and once it has been pushed into the tooth cavity, it sets quickly. Strength increases 

with time and amalgam reaches its maximum strength after one day. 

 The composition is about 65% of silver, not more than 29% of tin, 6% of copper 

and 3% of mercury. The setting reaction of the current amalgams can be represented as 

follow: 

                             Ag3Sn  +  Hg                                  Ag2Hg3   +  Sn7Hg  +  Ag3Sn 

                    γ      +  Hg                                      γ1         +      γ2      +     γ (unreacted)     

 

 Recently, amalgams have been prepared with high copper content: 

 

                            Sn7Hg   +    AgCu                                Cu6Sn5       +   Ag2Hg3 

                                 γ2      +    AgCu                         η prime phase   +        γ1       

  

 where γ2 is a weak phase whose absence results in a more resistant amalgam to 

corrosion, creep and with better mechanical properties. 

 As we mentioned above, the research is going in the direction of avoiding the use of 

mercury alloys. Gallium alloys have been proposed as gallium, with the introduction of small 

quantities of tin and indium, can be handled at room temperature like mercury. Moreover, 

palladium has been introduced in such alloys to improve the corrosion resistance. 

3.2.5.1 Properties of amalgams 

 

 Dental amalgam is a material with relatively low mechanical properties and brittle in 

nature. High copper amalgams have generally higher fracture toughness compared with the 

traditional ones. Also it has been shown that compressive strength is proportional to mercury 

content. 

Alloy type rather than aging time seems to affect creep resistance and high copper 

systems seem to reach a plateau as the temperature increases, whilst for traditional 

amalgams, the creep exponent change dramatically with temperature. Concerning the fatigue 

resistance, it has been observed that the path of fatigue cracks is intergranular in the γ1 phase. 

Furthermore an intergranular failure mechanism has been observed at the amalgam margins 

which suggest a combination of creep and fatigue. Zinc has been shown to improve the 
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marginal resistance for both low and high copper amalgam [33]. However it is not clear how 

zinc affects this marginal resistance in the long time service. In fact zinc seems to disappear 

from the amalgam as a result of corrosion [34]. Some mechanical properties of dental 

amalgams are listed in the Tab. 3.4 below: 

 

Mechanical property Value 

Compressive strength (7 days aging) 200-400 MPa 

Fracture toughness 0.955-1.602 MPa*m1/2 

Young’s modulus 11-20 GPa 

Tensile strength (7days aging) 42-58 MPa 

Tab.3.4 Mechanical properties of amalgams [35]. 
  

 Corrosion in dental amalgams originates from electrochemical reactions between 

the oral environment and the tooth filling. Generally high copper amalgams are more 

resistant to corrosion and fracture than the low copper ones. Mercury has been shown to be 

released into the digestive system both in the form of ions and in the oral air in vapour form 

due to corrosion via chlorination of the γ2 phase. Even if it has been demonstrated that levels 

of mercury due to amalgams are not harmful for the safety of patients, a doubt persists on the 

safety of this material.  

 The contact between a dental amalgam filling and a noble alloy crown can result in 

the formation of a galvanic currents that eventually can promote the corrosion process.  

 Another cause of degradation is the mechanical stress applied during mastication on 

the amalgam. These forces can produce a local abrasion resulting in a loss of material that 

finally lead to a micro fracture of the surface and eventually to the failure of the filling [36].  
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Fig. 3.5 Interaction of the amalgam filling and the oral environment [36]. 
 

 

 

3.2.5.2 Problems of dental amalgams 

 

 Despite all these problems, dental amalgams are still widely used in dentistry due to 

their long clinical life, low cost and easiness of manipulation. However, as these fillings are 

not adhesive, in order to prepare the space for retaining the filling, dentist has to remove 

healthy material from the tooth which can result in a weakening of the tooth itself, leading to 

very poor mechanical properties, compared to those required to resist the normal loading of a 

tooth. Apart from this and the already mentioned problems, other aspects make amalgams a 

not completely adequate material for dental restoration. Due to their poor aesthetic 

appearance, they cannot be used for the restoration of proximal surface and tip of the anterior 

teeth. Finally, often the seal between the tooth and the filling is not perfect and the 

infiltration of bacteria at this interface can cause secondary caries and irritation of the pulp. 

 Many solutions have been proposed to avoid these problems but they result in a 

lengthening and complication of the restorative process.  
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3.2.6 Zinc polyalkenoate cements  

 

 In 1968 Smith [37] developed the first polyalkenoate cement. The development of 

this family of materials led to the introduction of the first dental adhesive cement. These 

materials, based on the former zinc phosphate cements, are formed by an acid-base reaction 

between an aqueous solution of poly(acrylic acid) and zinc oxide. During the reaction the 

acid attacks the zinc oxide, leaching metal cations that then react with the polymer chains 

and crosslinks them. Zinc is not pure as to lower its reactivity it is sintered with magnesium 

oxide. 

  In comparision with the zinc phosphate cements, zinc polyalkenoate cements are 

more water stable, though they still show a tendency in taking up water and thus undergo 

dissolution. Furthermore orthophosphoric acid used in the zinc phosphate cements has been 

replaced with poly(acrylic acid) due to its large number of chelating groups, resulting in the 

formation of more stable crosslinks with the Zn2+ and Mg2+ cations. 

 The final structure of the cement results in residual zinc oxide particles embedded 

in the polyacrylate matrix. 

 Apart from the commented partial hydrostability, these cements are essentially 

opaque, so their use has been limited to adhesives and lining materials for posterior teeth. 
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4 Glass 

 

The information about the two oldest pieces of glass so far recorded are few and 

unclear. Both pieces were discovered in Babylonia, one at Eridu and the other at Eshnunna. 

The piece of Eridu is a block of opaque glass, roughly pyramid in shape, clearly full of 

bubbles but still a pure glass. The Eshnunna glass is a rod of faint blue-green colour, the 

shape suggests that it was moulded rather than cut and it contains few bubble which are 

small. Both glasses have been dated between 2300 and 2200 B.C. [38]  

Glass made its appearance accidentally as part of the loot which the Pharaohs of the 

18th Dynasty began bringing back from Syria and the Lebanon after Tuthmosis III’s capture 

in the 15th century B.C. The list of the items and their place of origin were inscribed on the 

walls of the temple of Amon Ra, where Tuthmosis deposited his loot. An array of gifts is 

depicted on a wall relief in the temple. It is not pictured, but merely recorded that from the 

Phoenician coast came a “green stone every costly stone of the country, and many stones of 

‘sparkle’ ”. The latter is a mysterious hieroglyph referring to a costly stone and a glittering, 

molten stone... 

 This sparkling molten stone may have been a transparent glass, and of a type 

peculiar to Phoenicia, for there are other references to glass as it was known in those days, 

namely, the blocks and pieces of “artificial lapis lazuli from Babylon”, which the chiefs of 

Assur and Shinar sent to Tuthmosis III as an indication of their good will [39]. 

 In nature substances rarely exists in their vitreous state. One example of natural 

glass is obsidian, which forms when molten lava reaches the Earth’s crust and is cooled very 

quickly. Also, glasses can be formed in nature, both on the Earth as on other planets, due to 

the impact of meteors and they are called tectites. Finally some rare biological processes can 

lead to the formation of a glass as in the case of the skeleton of monoharpis (a deep water 

sponge) that consists of a rod of vitreous silica. 

 Glasses are not easy to designate with a definition, they are non-crystalline solids 

proceeding from the fusion of an inorganic material followed by the super cooling of the 

formed liquid. According to this definition we can think that many substances can solidify in 
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this form.  

 However, freezing a molten liquid is not the only method to obtain a glass as there 

are two more possible routes: 

 

• By disrupting the order of a crystalline phase through a mechanical or radiation 

action. 

• By condensing a vapour phase on a sufficiently cold substrate in order to maintain 

the disordered character of the gaseous state. 

 

So it was necessary to give a more specific definition of a glass. Tamann postulated 

the existence of a vitreous state and since then the word glass assumed the meaning of a non-

crystalline solid exhibiting the phenomenon of glass transition. This definition excludes non-

crystalline solids that are just amorphous and is not restrictied in terms of the method of glass 

production. 

 

4.1 Vitrification and the glass transition temperature 
 

 The classical way to obtain a glass is to cool down the melted liquid quickly enough 

so that crystallisation does not have time to occur. The process of solidification without 

crystallisation is called vitrification. On the other hand, if the liquid formed on heating is 

kept slightly below its freezing point (Tf), it will crystallise as the crystalline phase is more 

thermodynamically stable than the glassy state.  

Fig. 4.1 shows the evolution of the vitirfication process with respect to the variation in the 

specific volume. 
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Fig. 4.1 Glass ransition temperature (v).  t
  

 As the temperature decreases, there is a reduction in the specific volume till the 

freezing point which is equivalent to the melting point for the inverse process of heating. At 

Tf  there are two possible ways to continue the process: 

 

• Crystallisation occurs and a discontinuity of ΔVf  appears in the curve. 

• Crystallisation is avoided and liquid passes to a super cooled state. 

 

 In this latter case the liquid behaves as the freezing point wouldn’t be present. If we 

are in the first case, after the crystallisation has terminated, the slope of the curve becomes 

smaller as the solids contracts again. On the contrary, if the liquid transforms into a glass, 

below Tf there is no evidence of change in the coefficient of contraction of the super cooled 

liquid compared with the original liquid. Then after the glass transition temperature, Tg , the 

slope of the curve becomes similar to that of the crystalline solid. This temperature marks the 

transition of the supercooled liquid to a glassy state. The glass transition temperature, unlike 

Tf  that is fixed, is a function of the cooling rate so that, for a constant pressure, as the cooling 

rate increases, the Tg slightly shifts to higher values of temperature. For this reason it is better 

to speak of a transition interval rather than a transition temperature, where the limits of the 

interval are identified by the highest and slowest cooling rate used to determine Tg [40]. 
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4.2 Theories of glass formation 
 

 All the theories and attempts made to explain the formation or non-formation of a 

glass, can be broadly divided into two main approaches, structural, based on structural 

considerations such as geometry, bond forces, etc, and kinetic. A definitive model has not 

been proposed yet, but depending on what one is looking for in a glass, there is a tendency to 

use one theory rather than another. So, for the purpose of this project some of the structural 

theories will be discussed, leaving out the kinetic aspect of glass formation. 

 

 

4.2.1 Goldschmidt’s criterion (1926) 

 

 The criterion proposed by Goldschmidt refers to the ratio of the ionic radii rA/rO of 

the cation and oxygen, for simple oxides with formula AmOn. This criterion implies a 

tetrahedral coordination. In fact to vitrify the oxides should have a ratio between 0.2 and 0.4 

and, according to the considerations of crystal chemistry for ionic structures, this ratio is 

correlated to the coordination number of four for the central cation. 

 

 

4.2.2 Zachariasen’s rules (1932) 

 

 The criterion proposed by Goldschmidt was not satisfactory as not all compounds 

that satisfy the previous rule can produce a glass. For example, BeO has a radii-ratio 

included in the Goldschmidt’s interval but still does not vitrify. Zachariasen postulated that, 

as crystals and glasses have similar mechanical properties, the interatomic force has to be 

similar. 

  Then the diffuse X-ray diffraction pattern (fig.4.2) is a sign that, even if glasses like 

crystals have an extended three dimensional network, the structure is not as symmetric and 

periodic as for crystals. The disorder of the glass network causes a diffused distribution of 

bond forces. That results upon heating in a gradual rupture of the bonds and is directly 
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related to the progressive decrease of the viscosity. 

 

 

Fig. 4.2 X-ray diffraction patterns for vitreous silica (above) and crystobalite [41]. 
 

 Furthermore, this internal disorder is responsible for the higher internal energy of 

the glass with respect to the corresponding crystal phase and as the internal energy of a 

material is dependent on its structure, a material with less internal energy will be more stable 

and weill have a more periodic structure. Therefore, if we think at the polyhedric 

arrangement of the ions and cations, the relative orientation of the polyhedra in a glass will 

not be constant along the network. 

  For example, if  we consider the SiO2 polyhedra, both in the crystal and glassy 

state, they will be joined by corners, but in the glassy state the orientation varies. Fig. 4.3  

below shows schematically this argument. 
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Fig. 4.3 Two dimensional representation of the structure of an ideal crystalline compound and the correspondent glass (vi). 

 

 
 

 Following these findings, Zachariasen argued that to form a glass, an oxide 

compound needs to satisfy these rules: 

 

• The number of atoms surrounding the cation has to be small. 

• No oxygen may be linked to more than two cations. 

• The polyhedra must be bonded at corners. 

• For a three-dimensional network, at least three corners of each polyhedron have to 

be shared with another polyhedron. 

 

Nevertheless, oxides of the formula A2O and AO do not satisfy these rules and 

therefore cannot form a glass. This latter rule is supported by the fact that none of the oxides 

of the I and II element group can form a glass.  

 Generally most of glasses are a mixture of different oxides that do not fall into the 

category of glass formers proposed by Zachariasen. So, he slightly modified his criteria and 

finally he argued that to form a complex-oxide glass, the system must satisfy these rules: 

• The mixture has to contain a sufficient proportion of cations which are surrounded 
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by oxygen triangles or tetrahedra. 

• These tetrahedra have only corners in common. 

• Some oxygens do not form a bond with other cations as are just linked to two 

cations. 

 

The cations which are able, bonding with an oxygen, to form the glass network, 

have been termed network formers. On the other hand, an oxide that does not participate in 

the formation of the network but rather tends to disrupt it, like alkali metals and alkaline 

earth oxides, has been called network modifier. Alkaline earth oxides are not able themselves 

to form a glass and when they are added to the glass, they form non-bridging oxygens 

breaking the oxygen link between two adjacent tetrahedra. If for example we consider a 

modifier oxide like Na2O, the Si-O-Si bond is broken and the two negative oxygen charges 

are charge balanced with the two Na+ cations, maintaining the electroneutrality of the 

system. Fig. 4.4 below represents the effect of the addition of Na+ disrupting the network of 

the primitive SiO2. 

 

 
Fig. 4.4 Two dimensional representation of a soda-silica glass [42]. 
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 There are two types of oxygens in a disrupted structure, as represented in the Fig. 

4.4: 

• Bridging oxygens (BO): an oxygen is bonded to two silica. 

• Non-bridging oxygens (NBO): an oxygen is bonded to one silica. 

 

 If a divalent cation is introduced as network modifier, its charge is sufficient to 

compensate the two negative charges of the non-bridging oxygens.  

 In glass technology, the consequence of adding a network modifier oxide is to 

reduce the melting temperature, glass transition temperature and viscosity. Also, the glass 

becomes more susceptible to undergo acid attack as a result of the exchange between the 

protons of the acid and the cations of the glass. 

 Finally, another type of oxides can be defined, the as called intermediate oxides. 

They can replace network formers in the glass but cannot form an extended glass network on 

its own. 

 

4.2.3 Dietzel’s rule  

 

 After Zachariasen, others scientists have applied the principles of crystal chemistry 

to define the role of oxides in the formation of a glass. In 1942 Dietzel suggested the 

measurement of the strength of a cation-oxygen bond as a parameter to determine the effect 

of cations on the behaviour of the glass. So it is possible to classify cations in oxide 

substances according to their field strength. This quantity is calculated through the ratio z/a 2 , 

where z is the valence of the cation and a is the distance between the cation and the oxygen 

[43]. The Tab. 4.5 below, adapted from Dietzel, lists some parameters that have been used to 

divide network formers oxides, network modifiers and intermediate oxides [44]: 
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Tab. 4.5 Classification of the oxides [42]. (Adapted from Dietzel) 
 

4.3 Amorphous phase separation 
 

 As a result of the immiscibility of two or more different phases, certain glasses can 

form an heterogeneous structure consisting of distinct non-crystalline phases. It is important 

to know if the glass undergoes amorphous phase separation (APS) because it usually leads to 

different chemical and physical properties of the glass. In our work, this is a point of 

fundamental importance in terms of glass design for the preparation of the glass-ionomer 

cement.  

APS has been observed in ionomer glasses [45] and, as has been mentioned above, 

the phases that separate in the melt have different properties. So, the different amount of 

phase separation and composition of the formed phases will results in a different 

susceptibility of the glass to acid attack, leading to non controllable behaviour during the 

setting reaction of the cement. 
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4.3.1 Metastable phase separation 

 

 Depending if the phase separation occurs above the liquidus or below it, it is 

possible to define two types of phase separation, respectively the stable immiscibility and the 

metastable phase separation. These two phases then can be formed either by a nucleation 

process or by spinodal decomposition. In a binary system the coexistence curve determines 

the field corresponding to the two liquids as a function of the temperature. The proportion of 

the two phases can be determined by the lever rule. 

 

 

Fig. 4.6 Miscibility gap: M1 and M2 correspond to the two liquids of composition c1 and c2 respectively. 
 

 Tc is the critical temperature and for higher values of the temperature the curve of 

the free energy G, must be concave  upwards in order not to have a reduction in G as the two 

phases separate. The change in free energy is related both to enthalpy and entropy by the 

well known equation: 

ΔGm = ΔHm - TΔSm 

 

The entropy term will favour always the mixing for any temperature and 

composition of the binary system. The enthalpy factor can be also negative and in this case, 

as the ΔGm will be negative as well, the mixing is favoured as a result of the total reduction 

of the free energy. If on the other hand ΔGm is positive, the phase separation will occur for  

the composition that has a negative free energy. 



Structure-properties relationships in bioactive glasses for PAA based polyalkenate cements Pàg. 47 

 

4.4 Inorganic polymer model 
 

 Following the approach of Hollyday and Ray [46], an inorganic polymer can be 

defined as a substance of high molecular weight where chains are a sequence of atoms other 

than carbon linked together mainly by covalent bonds. Ray argued that the conventional way 

to describe a glass as a two dimensional structure with atoms as being the same size, was 

misleading as this representation does not allow to visualise the contribution of all the atoms 

in the network of the glass. By extending the ideas of Zachariasen and applying the concept 

of the inorganic polymer, glasses can be thus regarded as inorganic polymers consisting of 

[Si-O-Si] chains cross linked by so called bridging oxygens. Stevels, who first introduced 

this model, proposed some parameters: 

 

• R: the ratio between the number of oxygen atoms and the silicon atoms. 

• X: the average number of non-bridging oxygens in the structural unit. 

• Y: the average number of bridging oxygens. 

• Z: the average number of all oxygens in the tetrahedron. 

 

These parameters are related through the following equations: 

 

Z = X + Y 

R = X + 0.5*Y 

 

The two parameters X and Y are equivalent respectively to the crosslink density and 

network connectivity concepts that will be discussed in the following section. Another 

equation, proposed for polymers by Gibbs and di Marzio [47] and proceeding from Stevels’s 

model, can be used to study important properties of the glasses: 

Tx/T0 = 1/(1-K*x) 

 

where x is the crosslink density, Tx is the transition temperature for the cross linked 

polymer, To is the transition temperature for a linear polymer and K is a constant. 

 Utilising this approach it is thus possible to explain some properties of the glasses 
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such as surface reactivity, solubility, expansion coefficient and susceptibility of undergoing 

amorphous phase separation. 

 Network connectivity is a fundamental parameter for understanding the bioactive 

behaviour of some glasses and is directly related to the representation of the glass network as 

an inorganic polymer. The value of the network connectivity is directly related to some 

properties of the glass. For example a low NC results in a high solubility and reactivity of the 

glass. Such a perspective is a useful tool to relate the structure and properties to the glass 

composition used in the preparation of the glass-ionomer cements. For example, it has been 

observed that the setting time for the cement is proportional to the susceptibility of the glass 

to be attacked by acid. So, the greater the network connectivity (resulting from an high 

number of bridging oxygens in the network of the glass), the more cross linked the glass will 

be and hence its susceptibility to acid attack will be lower. 

 

4.5 Glass network connectivity 
 

 The degradation mechanism for bioglasses proposed by Hench although widely 

accepted, cannot explain well enough the reactivity of these glasses as a function of their 

composition. An alternative way to describe this phenomenon was necessary in order to state 

a design criterion for the glasses used in this work as a base for the preparation of the glass 

polyalkenoate cements.  

Glass properties can be studied, following the previously introduced inorganic 

polymer model, in terms of  network connectivity or crosslink density. 

Network connectivity is defined as the average number of bonds between each 

tetrahedral unit in the glass structure, whilst the crosslink density is the average number of 

additional bonds for elements other than oxygen which enter into the glass network [48]. In 

general, as a glass pass from a continuous cross linked network to a linear structure, its 

reactivity change significantly. This transition occurs at a network connectivity of 2.0, or 

equally at a crosslink density of 0. Thus a network connectivity of 2.0 corresponds to a linear 

polymer chain and is easily degradable, whilst a glass with a network connectivity of 4, like 

pure silica glass, will be more durable and resistant to acid attack. 
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 The formulae for the network connectivity and crosslink density are presented 

below: 

 

 
 

 
 If we add metal cations of a modifier oxide to a pure silica glass, the result is a 

disruption of the network of the glass with the consequent reduction of the network 

connectivity. On the other hand, the addiction of a network former oxide like silica would 

increase the value of the network connectivity as well as the durability of the glass. In 

general we can say that a glass with a NC below 2 has a great propensity to be degraded. 

As shown in the Fig. 4.7 below, a calcium silicate glass with the same mole 

fraction of SiO2 and CaO would have a linear structure with the corresponding value of NC 

of 2.0. 

 
Fig. 4.7 Schematic diagram for a calcium silicate glass [48]. 

 Although the model of the network connectivity is quite useful, we have to be 

careful, as the calculation of the NC is an average value and assumes that the glass is 

homogeneous in nature. Also, the theory assumes that when bridging oxygen has been 

replaced by two non-bridging oxygens, the bond is completely broken. However, 

depending on the type of  modifier cation introduced into the glass network, this effect can 

vary. For example soda has a more disrupting effect on the network compared to calcium 

and this is evident if we look at the glass transition temperature, which is significantly 
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lower for a glass with soda rather than calcium and inversely proportional to the soda 

content [49].  

 In calculating the network connectivity of a glass, it is necessary to make some 

structural assumption. However, in general we can say that, based on Fourier Transform 

Infrared (FTIR), Raman Spectroscopy and Nuclear Magnetic Resonance (NMR), silicon 

atoms exists as a Si4+ ions surrounded by four oxygen at 

oms in the usual tetrahedral unit. 
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5 Glass polyalkenoate cements  

 

 The first glass-ionomer cement was developed in the late 1960’s by Dr. Alan 

Wilson and his group of the Laboratory of the Government Chemist in London. Most of 

the actual glasses used for the alumino-silicate poly(alkenoic acid) cements (ASPA), are 

based on the calcium-aluminosilicate glass system first reported by Wilson and Kent [50] 

and contain calcium oxide or fluoride, alumina and silica. The first ASPA cement had poor 

setting and aesthetic characteristics. However in 1972 it was found that the addition of the 

(+) isomer of tartaric acid could improve the manipulation of the setting cement and the 

setting rate would be sharpened. 

 It is worth noting that the term “glass ionomer”, introduced by Kent, is 

misleading as the polymer used is not really a ionomer but rather a poly(carboxylic acid). 

Anyway, for simplicity, as the term glass ionomer is the most common, we will keep using 

this term. 

 The most common glasses used for ionomer cements are: 

 

• SiO2-Al2O3-CaO. 

• SiO2-Al2O3-CaF2. 

• SiO2-Al2O3-CaO-CaF2. 

• SiO2-Al2O3-CaF2-AlPO4. 

• SiO2-Al2O3-CaO-CaF2-Na3AlF-AlPO4. 

 

The presence of fluorides lowers the melting temperature, increases the strength 

of the cement, improves the manipulation properties and finally has a cariostatic influence. 
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5.1 Setting reaction 
  

 The setting reaction is an acid-base reaction between the poly(acrylic acid), proton 

donor, and the alumino silicate glass, proton acceptor. The acid degrades the glass network 

and leaches metal cations such as Al3+, Ca2+, Na, etc. These cations are chelated by the 

carboxylate groups of the polymer and ultimately they crosslink the polymer network 

forming a rigid polysalt matrix. This reaction is shown schematically in Fig. 5.1.  

 

 

Fig.5.1 Schematic setting reaction for a glass-ionomer cement [51]. 
 

 Is worth noting here that many silicate glasses are resistant to acid attack due to 

the high covalent character of the -Si-O-Si-O- bond, but by increasing the ionic character 

of the silicate, then it can become susceptible to the acid attack. Silicates that are attacked 

by acids include island silicates, some chain silicates and alumino silicates, where the ratio 

Al:Si is high enough, such as the glasses normally used for glass ionomer cements. In fact, 

the reactivity of alumino silicate glasses depend on this ratio and that has significant effects 

on the cement formation and on its setting time. 

The reaction take places in four phases:  

 
• Decomposition of the powder: the surface of the glass particles are attacked by the 

acid and the metal cations are released into the solution leading to the formation 

of silic acid and polymerisation to a silica gel layer. 

•  Gelation: as the concentration of the cations increases, the pH of the aqueous 

phase begins to rise resulting in a further ionisation of the carboxylic acid. At a 
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certain point a gel is formed, through a weak ionic crosslinking and the formation 

of hydrogens bonds.  According to some literature [4], a model has been proposed 

for the gelation of glass ionomer: due to the increasing ionisation, the carboxylate 

groups of the polymer chains become charged and repel each other starting to 

uncoil and to assume a more linear configuration. This conformation generates an 

increase in the viscosity of the aqueous solution and promotes the metal cations to 

interact with the carboxylate groups. However the polycarboxylic acid used in 

these cements does not behave like an ionomer (as every monomer unit is 

potentially ionizable, they are polyelectrolytes rather then ionomers). 

Furthermore, whilst in a dilute solution ionisation may result in chain uncoiling, 

very concentrated solutions of PAA are used, where the ionisation process could 

result in a relative shelding of the carboxylate groups, reducing dramatically the 

probability of uncoil the chain. So we can argue that the conversion of carboxylate 

groups to ionic bridges is governed by the diffusion of the metal cations and this 

seems to have the main effect on the gelation reaction of the cement [35]. 

• Hardening: the formation of crosslinks in the polymer chains due to the released 

metal cations results in the setting of the cement. The final material contains 

unreacted glass particles embedded in the cross linked polysalt matrix. 

• Maturation: The reaction continues after the setting and the strength of the bonds 

increases. Although a great proportion of the strength is reached after 24 hours, it 

continues to increase, along with the Young’s modulus, for several months, due to 

the diffusion of cations towards acid sites [53]. 

 

5.2 The role of tartaric acid 
 

The addition of  (+) tartaric acid has been found to have a considerable effect on 

the working time and on the setting characteristics of the cement. The setting time and the 

hardening are always sharpened and the setting time is usually increased, allowing a better 

and easier manipulation of the cement. In presence of this complex, the metal cations are 

extracted preferably from the tartaric acid, as a result of its stronger acidity with respect to 

poly(acrylic acid), from the network of the glass, and once released they react with tartaric 
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acid to form a tartrate, resulting in a slowdown of the formation of the polysalt matrix. 

Similar effects result from the use of the (-) isomer of the tartaric acid, showing the 

influence of the stereo chemical factor. On the other hand, the meso form does not show 

any significant effect on the properties of the cement. 

 

 

Fig. 5.2  Tartaric acid molecule. 
 

 The presence of two chelating sites consisting of a COOH and an OH group, may 

results in the formation of a double link with two metal cations, acting as a more effective 

cross linking agent than a single COOH group. 

 

5.3 Microstructure of the cement 
 

 According to TEM studies and X-ray micro analysis, the final structure of a glass-

ionomer cement is a composite material made of residual glass particles, pitted by acid 

attack, surrounded by the silica gel and embedded in a polysalt matrix. Thus the cohesive 

forces that keep the matrix compact, could be a combination of ionic cross links, chain 

entanglements and hydrogen bridges. In a more refined way, according to the Hodd model, 

the cohesive strength can be seen as the result of the bond between the polyacid matrix and 

the glass surface [54]. 

It is worth pointing out that for a given glass-acid system, if the particle size is 

below a critical value, there will not be any evidence of residual glass particles be in the 

matrix as they will be entirely disrupted by the acid attack. Furthermore, according to the 

results of mechanical characterisation of some cements with the linear elastic fracture 

mechanics [55], it has been seen that the dependence of the toughness by the molecular 
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weight of the acid is not as large as predicted in theory and this is thought to be related to 

the fact that cements are only slightly crosslinked.  

Furthermore these weak ionic crosslinks can be continuously broken and reformed 

under the action of the forces and thus ionomer cements can be regarded as thermoplastic 

composites.  

 

5.4 Ageing 
 

 As has already been mentioned, glass-ionomer cements set within few minutes, 

and most of the mechanical properties from the setting are achievedwithin 24 hours. 

However it seems that the reaction continues for several months. Usually, immediately 

after setting, these cements are weak and not hydrolytically stable, but the reaction 

procedes they become stronger and more stable to moisture. A glass-ionomer cement can 

increase its compressive strength from 200 MPa after 24 hours till 400 MPa after one year. 

Also the Young’s modulus and the creep resistance are a function of time. In traditional 

glass- ionomer cements based on aluminosilicate glasses, the increase in concentration of 

Al3+ cations with the progress of the reaction, impart a great rigidity to the polysalt matrix 

as the cation can links three chains together. 

 

5.5 Adhesion 
 

Glass ionomer cements have been shown to bond chemically with polar 

substances of biomedical interest such as bone, enamel, dentine and stainless steel. 

These materials are known to have an high surface energy. However they do not react 

with materials such as noble metals and porcelain which have chemically stable 

surfaces. 
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Tab. 5.3 Adhesive properties of glass-ionomer cements on different substrates [57]. 
  

Concerning the surface energy, Hotz [58] was among the first to consider the 

importance of this parameter in the adhesion of glass-ionomer cements on a substrate. The 

main observations reported by Hotz are summarised below: 

 

• The mode of failure of the joints and the strength of the adhesive bond are strictly 

correlated. 

• The cement, through intermolecular attractive forces of ionic/polar character, is 

able to bond to enamel with a stronger bond with respect to dentine. 

• Glass-ionomer cements adhere only to chemical reactive polar substrates. 

 

 

This adhesion process can be schematized into two steps: 

 

• The free COOH groups establish hydrogen bonding with the reactive substrate.  

• As the reaction proceeds, the flexible hydrogen bonds are converted into rigid 

metal bridges. 

 

The adhesion property of glass ionomer cements make them suitable as a material 

for the repair of small erosion cavities of teeth or for sealing small natural cavities in molar 

teeth as a caries preventive measure.  
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5.6 Durability 
 

 The extreme conditions of the mouth (such as acid environment, abrasion, forces, 

thermal cycles) have a negative effect on the materials used in dentistry. Due to their good 

resistance to small pH changes once set, the glass-ionomer cements display the best 

durability properties compared to other dental cements. Eventually the loss of cations from 

the cement due to acid attack will not have such a negative effect on the mechanical 

properties of the cement, and this can be usefully exploited as these cations can favour 

sometimes the remineralisation of the tooth. Also, fluoride released from certain glass-

ionomer cements, can be absorbed from the enamel as it replaces the hydroxyl groups of 

the apatite. This results in a reduction of the enamel solubility due to the acid environment 

and this has a caries preventive effect. 

 

5.7 Optical properties 
 

 In comparison to other dental cements or composite resins, glass-ionomer cements 

have the advantage of being translucent, like porcelain. This property is important when 

the cement has to be used for frontal teeth restoration. 

When  a mismatch of refractive index between the matrix and the filler is present, 

the light is scattered so that the material is  not transparent. The scattering depends on the 

particle size and on the thickness of the material used for restoration. For glass ionomer 

cements the refractive index, considering the white background of the natural tooth as 

70%, ranges from 0.42 to 0.96. This quite wide range allows to use these cement both as a 

filler material for molar teeth and as restorative cement for frontal teeth. 

 

5.8 Mechanical properties 
 

 The most common test used to determine the mechanical properties of a glass- 

ionomer cement is the compressive strength measurement. Although this test is the 
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standard test specified for these materials from the ISO Standard and from the British 

Standard, it is not a very significant parameter for these materials. In fact even if the 

compressive strength is thought to be the most related property to the forces acting during 

mastication, failure often occurs due to tensile or shear stresses.  

As we already mentioned, Hill observed that these cements exhibit a typical 

thermoplastic behaviour and the molar mass of the carboxylic acid used in the setting 

reaction seems to have a significant influence, especially on fracture toughness. The 

thermoplastic nature of the cement is supported also by its dynamic mechanical behaviour 

resulting in a sharp loss peak.  

If we think of the fracture mechanism for polymeric materials, the strength of a 

thermoplastic comes from the energy required to break the chains and to disentangle these 

chains. To describe the motion of polymer chains in a melt or in a concentrated solution, as 

well to describe the fracture mechanism in polymers, a reptation model has been proposed 

[56] in which chains are trapped in a tube of entanglements of the neighbouring chains. 

Until then, glass-ionomer cements have been considered just as cementious materials. 

 

 

Fig. 5.4 Schematic representation of an entangled polymer chain [56]. 
 
 
 

The mobility of the chain is restricted by these entanglements, and the single 

chain cannot cross the contour of another chain and neither can move in the longitudinal 
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direction. This model contemplates the fracture of the polysalt matrix exclusively 

occurring through the disentanglement of the chains. However it is worth noting that to 

form entanglements, chains must be above a critical length, otherwise the toughness would 

be 0. The model also allowed Hill to predict that the toughness was proportional both to 

poly(acrylic acid) concentration and its molar mass. This statement was successfully 

confirmed by some works that showed how both fracture toughness and toughness increase 

with the poly(acid) molar mass and concentration [56]. However sometimes it can happen 

that the toughness decreases with time, maybe due to the excessive crosslinking that 

restricts the flow of the chains and reduce the plastic zone size at the tip of the crack. 

 

 

 
Fig. 5.5 Schematic illustration of the chain pull-out model of fracture [56]. 

 
 

 Also the ratio between the liquid and the powder has been studied to determine its 

effects on the mechanical properties. In general we can say that thickly mixed cements set 

quicker and have a greater strength than thinly mixed cements. Furthermore, according to 

Wilson’s studies [59], the greater the amount of powder, the thicker the cement, the faster 

the setting and finally the greater the durability and the strength. However, after a critical 

level, there is insufficient polysalt matrix to bind the cement and so the mechanical 

properties reduce significantly. 
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6 Experimental  

6.1 Rationale 

 
 Although a vast number of glass compositions have been investigated for the 

preparation of bioactive glasses and polyalkenoate cements, the role of magnesium is still not 

clear. So the aim of this project is to gain a better understanding of the behaviour of 

magnesium within the glass network. Therefore, the comprehension of the relationships 

between the composition and the properties of the glasses studied, will be used to the design 

a new, low sodium and alumina free, glass ionomer cement. 

 It is important then to point out that whilst the majority of the works on bioactive 

glasses and polyalkenoate cements reported in the literature are carried out on a weight % 

basis, this project will consider all the calculations for the glass composition on a molar 

basis. This method has the advantage to allow a real comprehension of the composition-

property relationships, otherwise it would be impossible to take into account the degree of 

disruption of the glass network. Thus it has been possible to apply the inorganic polymer 

model to study the glasses and to design and tailor their susceptibility to undergoing acid 

attack. 

 

6.2 Composition design 
 

 The use of zinc oxide in the ceramic and glass industry resulted in many works 

concerned with the structural role of zinc in alkali zinc-silicate systems like Na2O-ZnO-SiO2 

[60]. Zinc, as stated by Zachariasen’s rules and by the Dietzel’s criterion , has an 

intermediate behaviour with respect to the glass formation and has been shown to have both 

six and four oxygen coordination.   

 Conventionally magnesium is considered as a network modifier, however according 

to some authors (see Dietzel [61]), it seems to have a quite intermediate behaviour. 

Furthermore, it has been reported in the literature that in a Bioglass® doped with zinc, Zinc 
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seems to enter the network of the glass forming Zn-O-Si bonds [62]. As magnesium has a 

similar charge to size ratio to zinc, this suggests that it could be successfully used in an alkali 

magnesium-silicate system and mirroring the behaviour of zinc.  

 Even its role is not absolutely clear, magnesium is however used in bioactive 

glasses, for example in Ceravital® bioactive glass-ceramics with a composition range of 

[23]: 

• SiO2: 38-50 wt%. 

• Ca(PO2)2: 7.1-25.5 wt%. 

• CaO: 20.2-31 wt%. 

• Na2O: 0-5 wt%. 

• MgO: 2.9-5 wt%. 

 

 Furthermore, magnesium has interesting properties with respect to the bioactive 

field as it’s the 4th most abundant mineral in the body. 

 Most glass-ionomer cements are based on alumino-silicate glasses and their 

suitability for orthopaedic applications has been retarded due to the presence of aluminium in 

these cements as it is known to be a neuro-toxin. Furthermore, it has been shown by Blades 

and Hill that the aluminium released from the setting cement accumulates in regions of bone 

formation both locally and at a distance from the implant and can inhibit mineralisation of 

osteoids and remineralisation of previously demineralised bones [64]. 

 Unfortunately, to design an aluminium free cement is not easy, as it plays a 

fundamental role in the setting of the cement. Many efforts have been made to design a 

proper cement without aluminium and Towler proposed a formulation based on calcium zinc 

silicate glass [65]. 

 Two series of glass have been designed to study the effect of the magnesium in 

order to get a glass suitable for cement formation. Magnesium oxide was substituted for 

calcium oxide on a molar basis along the two series. If we assume that magnesium behaves 

like an intermediate oxide, it might be able to enter the network of the glass.  

Fig. 6.1 gives a representation of the magnesium acting as intermediate oxide: 
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 Fig. 6.1 Mg2+ acting as an intermediate oxide can behaves like a network former. 
  

 If  magnesium enters the glass network, it will be necessary to charge balance the 

system. This can be achieved by two single sodium cations, a calcium cation or finally by 

magnesium itself. 

 Another parameter was considered in the design of the glass composition. For both 

series the sodium content was kept fixed at a very low value, of 6 mole %. Sodium oxide is a 

network modifier and small changes in its percentage affect significantly the melting 

temperature of the glass. Thus, the choice of low value of Na2O in the two series of glass 

studied would have the effect of increasing the melting temperature, but was made in order 

to have a concentration as low as possible of a monovalent cation in the network of the glass. 

In fact, with respect to the cement properties, a monovalent cation can affect mechanical 

properties as it is not an effective crosslinking ion for the polymer chains. Thus it would be 

better to have for example a greater proportion of a divalent cation (Ca2+) to increase the 

crosslinking of the polysalt matrix. Fig. 6.2 and 6.3 below give an idea of what we argue: 
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Fig. 6.2 Na+, monovalent, cannot crosslink the two polymer chains. 

 

 

 

 
Fig. 6.3 Ca2+  and  Mg2+, divalent, can act effectively as a cross linking agent on the two polymer chains. 

 

  

 
Fig. 6.4 (a) Thickened osteoids seams are present at the interface between bone and cement. (b) Demineralised trabecular bone at the 

cement/bone interface [64]. 
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Fig. 6.5 (c) Aluminium lines in trabecular bone distant to the implant site. (d) Aluminium deposition is found also at the junction between 

femoral articular cartilage and the cortical bone[64]. 

 

 In the second series the silica mole fraction has been lowered in order to evaluate 

the difference in the reactivity during the cement formation, being the glass with lower silica 

mole fraction much more reactive and hence more susceptible to acid attack. 

  

6.3 Network connectivity 
 

 In order to calculate the network connectivity, the inorganic polymer model has 

been used. The calculation, is based on the concentration of network forming species, that 

contribute to the formation of bridging oxygens, and on the concentration of network 

modifying species, involved in the disruption of the glass network through the formation of 

non-bridging oxygens.  

 Unfortunately, if we assume that the magnesium acts like an intermediate oxide, we 

do not know exactly which proportion will act as network modifier and which will enter the 

network of the glass. Hence, the theoretical results of the network connectivity obtained with 

this model need to be adjusted subsequently, after analyzing the MAS-NMR data that 

hopefully will give important information about the coordination of the species forming the 

glass network.  

 The formula used to calculate the network connectivity, proposed by Hill is: 
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 where, in the glasses studied, R2O and RO correspond respectively to the molar 

fraction of sodium oxide and calcium oxide. 

 Tab. 6.6 and 6.7 give the composition of the glasses studied, with the theoretical 

values of the network connectivity: (all the values are in mol %) 

 

50 % SiO2 SERIES: 50SiO2·6Na2O·44(CaO-X)·XMgO 

Glass 
 

SiO2 
 

Na2O 
 

CaO 
 

MgO 
 

% MgO 
Subsituted 

NC 
 

Tm 
 

MGI50N1 50 6 44 0 0 2 1440 
MGI50N2 50 6 38.5 5.5 12.5 2.59 1420 
MGI50N3 50 6 33 11 25 3.08 1430 
MGI50N4 50 6 29.48 14.52 33 3.35 1430 
MGI50N5 50 6 22 22 50 3.83 1450 
MGI50N6 50 6 11 33 75 4.39 1485 
MGI50N7 50 6 0 44 100 4.81 1490 

Tab. 6.6 Glass composition for the 50% SiO2 series. 

 

45% SiO2 SERIES: 45SiO2·6Na2O·44(CaO-X)·XMgO 

Glass 
 

SiO2 
 

Na2O 
 

CaO 
 

MgO 
 

% MgO 
Subsituted 

NC 
 

Tm 
 

MGI45N1 45 6 49 0 0 1.56 1400 
MGI45N2 45 6 42.88 6.12 12.5 2.33 1410 
MGI45N3 45 6 36.75 12.25 25 4.45 1420 
MGI45N4 45 6 32.83 16.17 33 4.27 1420 
MGI45N5 45 6 24.5 24.5 50 3.83 1440 
MGI45N6 45 6 12.25 36.75 75 2.93 1475 

Tab. 6.7 Glass composition for the 45% SiO2 series. 

 

 

 It is worth noting that the model for the calculation of the NC is an approximation 

and can lead to incorrect values of this parameter as there are some composition with a NC 

above 4, which is not permitted because a value of 4 correspond to a pure silica glass with 

the maximum theoretical value of network connectivity. Furthermore, the NC value of 1.56 

for the 0% MgO – 45% SiO2 is not in agreement with the assumption that will be made after  

the fitting of the theoretical values with the real values of NC obtained from the NMR 
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measurements. In fact for the 0% MgO glass we assume that we have just Q2 species and 

thus the NC should have a value of 2.0. 

 

6.4 Glass production 
 

 The chemicals used to prepare the batches are listed below: 

• SiO2 - 99.9%: Tilcon, Stoke on Trent, ST7 1TU, UK. 

• CaCO3  ≥ 99.0% purum p.a., precipitated: Fluka – Sigma Aldrich, The Old 

Brickyard, SP8 4XT, UK. 

• Na2CO3  ≥ 99.0% purum p.a., anhydrous: Fluka – Sigma Aldrich, The Old 

Brickyard, SP8 4XT, UK. 

• MgO ≥ 97.0% purum, based on calcinated substance: Fluka – Sigma Aldrich, The 

Old Brickyard, SP8 4XT, UK. 

 

 The chemicals were weighed to give approximately 200g batch. After mixing, the 

compositions were melted in sintered alumina crucibles ( Almath Crucibles LTD – Product 

code CC69, Suffolk, CB8 9NE, UK), at the temperature given in the following tables using a 

Carbolite RHF 1500 furnace, for one and an half hour. Then the melt was rapidly quenched 

into water. 

 The frit produced was dried overnight in a oven at 120º C and then 120g of dried 

frit for each glass were grinded in a vibratory mill ( Gyro-Mill, Glen Creston LTD, 

Middlesex, HA7 1BU, UK) for 7 minutes. Finally the powder was sieved for 30 minutes in 

vibratory machine and sieved with a 38 μm sieve (Endecotts LTD, London SW19 3TZ, UK). 

 

6.5 X-ray diffraction 
  

 In 1912 Laue demonstrated that X-rays could be scattered by the atoms of a 

crystalline solid with interplanar length similar to those of the X-ray wavelength. 

 The mathematical basis of the X-ray crystallography is the Bragg’s Law which 

implicates that if the waves are in phase, they interfere constructively, generating a 
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diffraction peak when the path length difference is an integral number of the wavelength. 

 In a crystalline solid, destructive interference occurs but in some specific directions 

a constructive interference is present. So when we consider a material, the solid matter can 

be described as: 

 

• Amorphous: the atoms are arranged in a disordered status, like liquids or glasses. 

• Crystalline: the atoms are regularly arranged and the structure of the material can be 

described by the unit cell.  

 

 Diffraction can occur when the radiation interacts with the periodic structure whose 

repeat distance is about the wavelength of the radiation. So, as X-rays have a wavelength of 

the same order of typical interatomic distance in crystalline solids, these rays can be 

diffracted and thus form the characteristic patterns of the crystalline structures.  

 In order to check that the glasses produced were not partially crystalline, X-ray 

diffraction have been performed on each glass sample. The appearance of the frit and the 

residual glass inside the crucible after pouring was clear but a further analysis was necessary 

to exclude any presence of a crystalline phase. 

 A Philips PW 1700 Powder X-ray diffractometer was used to carry out the 

measurements with the following parameters: 

 

• Source: Cu Kα radiation. 

• Wavelength: 1.54056 Å. 

• Scan range: 10 to 90 2θº. 

• Step size: 0.04 to 2θº. 

• Step speed: 1 sec. 

 

6.6 Differential scanning calorimetry 
 

 Differential scanning calorimetry (DSC) is a thermoanalytical technique in which 

the difference between the heat output and input required to increase the temperature of a 
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sample  and of a thermally inert reference is recorded as a function of temperature. The 

sample to analyze and the reference sample are maintained at the same temperature over the 

experiment and the calorific inputs and outputs are due to exothermic or endothermic 

enthalpy transitions occurring in the sample. Therefore, when the sample undergoes a 

physical transformation, depending if the phase transition is endo or exothermic, more or less 

heat will flow to the sample in order to maintain the two crucibles at the same temperature. 

Crystallisation will exhibit thus an exothermic effect whilst a second order transition such as 

the glass transition, will result in a shift of the horizontal baseline. 

 All glasses produced were analysed, for both the finer than 38 μm powder and the 

coarser than 38 μm, with a heating rate of 10 ºC/min from room temperature up to 1050 ºC 

using a Polymer Laboratories Thermals Sciences Division DSC instrument. Approximately 

50mg of glass were analysed in Pt/Rh alloy crucibles using analytical grade alumina powder 

as reference. The glass transition temperature (Tg) and the crystallisation temperature (Tc) 

were determined for all the glass compositions. 

 

6.7 MAS-NMR spectroscopy 
 

 Solid state NMR spectroscopy is a powerful technique to determine the structure of 

materials. It has been applied on a wide range of materials, from organic ones (such as 

polymers, organometallic compounds) to inorganic materials. Since the 1970s, 29Si NMR has 

received great attention because of its technical importance in mineralogy and material 

science, due also to the relatively low magnetic fields required. 

 Unlike X-ray diffraction techniques, solid state NMR is sensitive only to short and 

medium range order. Hence it is particularly useful to study the structure of amorphous 

materials such as glasses. 29Si NMR allows the identification and quantification of the Qn 

species in silicate glasses, giving thus useful information about the network structure of the 

glass studied. This will be of fundamental importance for the calculation of the network 

connectivity of the glasses produced for this particular study. 

  29Si MAS-NMR spectroscopy was conducted in collaboration with Dr Alessandro 

Sassi of the Istituto di Scienze e Tecnologie Macromolecolari CNR, Dipartimento di 

Processi Chimici dell’Ingegneria dell’Univeristà di Padova. 
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 The 29Si spectra were recorded on a BRUKER AC200, with CP MAS device. The 

glass powder was packed into a zircona rotor and the spin rate was 3000 Hz for all the 

samples. The recycle time was 30 sec. for the 0% -25%-50%-75% MgO samples, whilst for 

the 100% MgO of the 50% SiO2 series was 100 sec. 
 

6.8 Infrared and Raman spectroscopy 
 

 Raman spectroscopy is an analytical technique used in condensed matter in physics 

and chemistry, which is sensitive to low frequency modes of a system. Typically, the sample 

is radiated with a laser beam. The light collected with a lens passes through a 

monochromator and the wavelengths not proceeding from the laser are dispersed onto a 

detector. The interaction of the laser beam with the sample cause a shift in the energy of the 

laser photons. This shift gives information about the phonon modes of the system and allows 

to determine the local structure of silicate glasses. Infrared spectroscopy yields similar and 

complementary information. Both techniques permit to determine variations in the Si-O-Si 

vibrational mode. 

 Fourier transform infrared (FTIR) spectroscopy is a technique used to collect 

infrared spectra. The IR light is guided through an interferometer and after interacting with 

the specimen a Fourier transform is performed on it. The spectrum obtained is identical to 

that from conventional dispersive infrared spectroscopy, and being the FTIR spectrometers 

cheaper, faster the measurement and more sensitive than the conventional IR, thus most of 

modern IR spectrometers are actually FTIR. 

 The FTIR technique is based on the fact that chemical bonds vibrate if excited at 

specific frequencies corresponding to specific energy levels. The resonance frequencies are 

related to the strength of the bonds and are associated with a particular bond type. So, for 

example, diatomic molecules have just one bond that can stretch, whilst more complex 

molecules, like CH2, can vibrate in different ways, such as symmetrical and asymmetrical 

stretch, scissor, rock, wagg and twist. 

 Information about the Si-O-Si vibrational modes were obtained using a Thermo 

electron corporation FTIR instrument in the mid-IR with a wavenumber ranging from 600 to 

3000 cm-1. The specimens for the analysis were prepared mixing the glass powder with Nujol 
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until a smooth paste was achieved. Then this was placed between two KBr discs and 

squeezed in order to get a thin film of the dispersed glass. The sample was then placed into 

the analyzer and the spectra recorded. 

 Raman spectroscopy was carried out on a Renishaw InVia Raman  

microspectrometer with the following parameters: 

 

• Laser wavelength: 758 nm. 

• Laser power: 150 mW. 

• Scan range: 100 to 2500 cm-1. 

• Scan speed: 10 sec. 

 

6.9 SEM spectroscopy 
 

 Scanning electron microscope (SEM) is a powerful technique that allows the 

observation and characterisation of the surface of both inorganic and organic materials, 

giving useful information about the morphology of the sample. An extremely narrow 

electron beam generated from a tungsten filament, is focused on the sample and different 

signals can be collected depending on the type of information we are interested in. Due to its 

high resolution, high depth of field, that allows to have a tri-dimensional appearance of the 

images, and finally to the easiness of samples preparation, the SEM is one of the most widely 

used techniques in the characterisation of materials. Furthermore, depending on the detector 

used during the analysis, is possible to collect different information. The most important 

signals detected are: 

 

• Secondary electrons (SEI): for high resolution images. 

• Backscattered electrons (BEI): produce a compositional contrast, allowing to get a 

“composition image” and a superficial topography. 

• Energy dispersive spectroscopy (EDS): allows to collect X-rays generated by the 

sample and thus to make a map of the elements present in the sample as well as 

their concentration. 
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 A SEM analysis was performed on the 100% MgO glass of the 50% SiO2 series. In 

fact the residual glass insight the crucible showed a partially white appearance. As a 

complementary analysis to the XRD, the SEM was carried out on the bulk material 

proceeding from the crucible after separating the white part from the clear one with a 

diamond saw.  The spectroscopy analysis was performed with a JEOL JSM-840A scanning 

microscope using a power of 20 KV. Details about magnification are reported in the images 

of the analyzed sample. 

 

6.10  Particle size analysis 
 

 This technique is based on the fact that, depending on the particle size, particles 

scatter light with different and known patterns. A typical instrument consists of a laser beam, 

a particulate dispersing device and a detector of the pattern. It is worth noting that this 

technique cannot distinguish a single particle from a cluster, so it is important to use a 

tensioactive agent while performing the analysis in order to avoid this phenomenon. 

 Two optical models are generally used for particle size measurements, the 

Fraunhofer model and the Mie model. According to the ISO 13320 - 1, the Fraunhofer model 

is suitable for particle sizes greater than 50 μm, whilst the Mie model is preferred when the 

particle size is smaller than 50 μm. 

 A CILAS 1064 laser particle size analyzer was used to determine the average 

particle size of each glass produced. The analysis was performed in liquid mode using 

roughly 90 mg of powder for each measurement and Teepol as tensioactive agent in order to 

avoid the glass particles sticking together during the analysis. 
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6.11  Cement Preparation 
 

 The cement was formed by mixing the glass powder with poly(acrylic acid) (E9) 

and water containing 10% of (+) tartaric acid (≥ 99.5% dried, Hopkin & Williams LTD) at 

room temperature with a spatula on a Perspex sheet until a smooth paste was achieved. The 

polymer vs. liquid and glass ratio will be included in the tables of results.  

 The glasses of the 45% SiO2 series, due to the lower silica mole fraction, were too 

reactive, so the glass powder was annealed at Tg -50º C overnight in order to try at least to 

eliminate the stresses induced during the grinding. 

 The cement was then placed into a Perspex mould as shown in the Fig. 6.8 below: 

 
Fig. 6.8 Cement mould for compressive strength test. 

 
 

 To avoid the cement sticking on the walls of the mould, each time the holes were 

lubricated with vaseline.  

 After the mould was filled with the cement, the mould was clamped between two 

steel plates and kept in an oven at 37 ºC for one hour. After that, the set specimens were 

removed from the mould and stored in an incubator at 37 ºC for 24 hours and 7 days to 

evaluate the compressive strength at different ageing time. 
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6.12  Compression tests 
 

 According to the ISO 9917-1:2003 [51] the compression tests were performed on 

cement cylinders of 4 mm in diameter and 6 mm in height. The samples were loaded using a 

Zwick/Roell Z010 servo-hydraulic testing instrument at a constant crosshead displacement of 

5mm/min. For each cement formed, the test was carried out on 6 cylinders at 24 hours and 1 

week ageing time. Then the compressive strength was calculated according to the formula: 

 
 where: 

 

• σc is the compressive strength. 

• F is the applied load at failure. 

• r is sample radius. 
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7 Results and discussion 

 

7.1 X-ray diffraction  
 

 X-ray diffraction analysis was performed on each sample to check that all the 

glasses produced were amorphous. The presence of just one small and broad peak in each 

glass analyzed confirms the absence of any crystalline phase.  

 The Fig. 7.1 and 7.2 below, one for the 50% SiO2 series and one for the 45% SiO2, 

show an example of the results obtained. The whole series of spectra can be found in the 

appendix. 
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Fig. 7.1 X-ray diffraction pattern for the 50% MgO – 50% SiO2 glass. 
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Fig. 7.2 X-ray diffraction pattern for the 50% MgO – 45% SiO2 glass. 

 

 

 As has been commented in the SEM experimental section, the 100% MgO - 50% 

SiO2 glass was probably crystallised. In fact, after quenching the glass, the residual melt 

inside the crucible was partially clear and partially white. The XRD performed on the frit did 

not show any evidence of a crystalline phase. 

 The visual inspection of the bulk material rather than the frit, showed an almost 

perfect separation between the two phases, a white layer above and the clear one on the 

bottom. So we thought  that was an evidence of a phase separation in liquid. This hypothesis 

could be likely if we look at phase diagram for the system Na2O-MgO-SiO2. The 

composition of the glass considered is just on the border of the two liquids region. However, 

it could be that, due to the impossibility to determine exactly the position in the diagram of 

the glass studied, our glass was just into the two phase region, explaining thus the observed 

appearance of the glass. 
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MGI50N7 

Fig. 7.3 Phase diagram for the system Na2O-MgO-SiO2  [66]. 

 

 Nevertheless another hypothesis was considered, that actually the white phase was a 

crystalline phase and the extremely rapid cooling rate of the quenching did not give the glass 

the crystallisation conditions. This may be why the frit appeared to be amorphous. 

 More of 100% MgO – 50% SiO2 batch was melted and left cooling down at room 

temperature inside the crucible. An XRD analysis was conducted on a piece of bulk material 

extracted from the crucible. From the bulk material  two parts were separated: the clear 

glassy part and the white part. The X-ray diffraction run on both pieces showed that the 

white part was crystalline and mainly forsterite, with a very small amount of magnesium 

oxide, probably not melted from the batch, whilst the clear part seemed to show an 

amorphous phase separation.  
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Fig. 7.4 XRD analysis for the bulk white material. 
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Fig. 7.5 XRD analysis for the bulk white glass. 
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7.2 SEM  microscopy 
 

 SEM microscopy was carried out on the bulk material of composition 100% MgO – 

50% SiO2, melted for one and a half hour at 1495 ºC, then extracted from the crucible after 

being cooled at room temperature inside the crucible and mounted into an epoxy resin 

support. The specimen has been prepared in order to analyse the solid at the interface 

between the white and the clear part and with the alumina crucible. 

 The SEM images show some zones with a sharp geometry and this suggests clearly 

the presence of a crystalline phase. The line profile shows a significant difference in the 

composition of the glass, probably due to the crystalline phase and the two phase separated 

glasses. We can state thus, considering also the XRD results, that the white part is clearly 

crystalline, whilst the clear part did undergo to an amorphous phase separation in liquid. This 

results suggest that the 100% MgO – 50% SiO2 is not a suitable composition for our cements 

as we have a crystalline phase and also because, the presence of a possible phase separation 

in liquid, does not allow to know exactly the composition of the glass and thus predict its 

bioactive behaviour.  

 

 
Fig.7.6  SEM image of the bulk material extracted from the crucible. 
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Fig.7.7 Line profile. 
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Fig.7.8 Line profile showing the compositional change in the glass. 

  
 It is worth nothing that the presence of aluminium in the glass composition (in 
atomic weight %), is due to the pick up of alumina from the crucible during melting at very 
high temperature, is almost negligible. 
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7.3 Differential scanning calorimetry 
 

 DSC analysis was performed on each glass both on <38 μm and >38 μm samples. 

The glass transition temperature (Tg) and crystallisation temperature (Tc) were studied to 

determine the effect of the substitution of calcium with magnesium in the glass. This will be 

further discussed when we will present the results for the compressive strength, trying to 

correlate the trend of the Tg with the glass structure and its ability to form a proper cement. 

 The traces for the 50% SiO2 and 45% SiO2 series are shown in Fig. 7.4 and 7.5. Tg, 

taken as the onset of the glass transition, was calculated as the change in the baseline slope. 

Tc is easier to identify as is associated to a quite sharp exothermic peak.  
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Fig. 7.9 DSC traces for the 50% SiO2 series. 
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Fig. 7.10 DSC traces for the 45% SiO2 series. 

 

 For each series the trend of the Tg and Tc was evaluated varying the content of 

MgO.  
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Fig. 7.11 Tg trend for the 50% SiO2 series. 
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Fig. 7.12  Tg trend for the 45% SiO2 series. 

 

 

 Both series display the same trend as calcium is progressively substituted for 

magnesium. The minimum observed, roughly around 50% MgO substitution, i.e., 22% mol 

MgO and 24.5% mol MgO respectively in the 50% SiO2 and 45% SiO2 series, could be an 

evidence of the magnesium entering the network of the glass. In fact, the formation of a 

weaker bond between the oxygens and the magnesium with respect to a Si-O bond, (3.35 eV 

vs. 8.10 eV), could result in a reduction of the Tg as less energy is required to break the 

bonds.  

 More difficult to explain is the following increase in Tg. Probably if we assume that 

before the minimum, mainly calcium, and maybe magnesium itself, charge balance the 

magnesium entering the network of the glass, sodium is acting like a modifier and is not 

involved in this process so we have a relatively disrupted network. If after the minimum the 

calcium stops charge balancing the magnesium, maybe because of its lower concentration in 

the glass, so sodium will charge balance the magnesium together with the magnesium itself. 

Thus we will have a less disrupted network and consequently a higher Tg. 
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 In Fig. 7.13 and 7.14 trend for the crystallisation temperature (Tc) for both series is 

shown: 
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Fig. 7.13  Tc trend for the 50% SiO2 series. 
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Fig. 7.14  Tc trend for the 45% SiO2 series. 
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 As for the Tg, we can see that in correspondence to the 50% magnesium 

substitution, there is a change in the trend of the Tc, being this time a maximum rather than a 

minimum.  We could argue that with regard to the maximum in the curve, Mg-O bonds start 

to be predominant with respect to the Si-O bonds in the glass network. This can result in a 

reduction of the activation energy in crystallisation and thus decreases the temperature 

threshold for crystallisation.  

 However it is worth pointing out that in addition to the bonds strength into the glass 

network, the stoichiometry and how close our glass compositions are close to the crystal 

phase, may also influence the changes in the Tc. 

 Comparing the results for the two series, 50% SiO2 and 45% SiO2, they are quite 

similar. However we can appreciate, according to a more disrupted glass network in the 

lower silica series, a more marked minimum in the Tg trend as well as a more marked 

maximum in the Tc trend for the higher silica series. 
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Fig. 7.15  Tg trend comparison for the two series. 
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Fig. 7.16  Tc trend comparison for the two series. 

 

7.4 FTIR spectroscopy 
 

 Fourier transform infrared spectroscopy is a sensitive technique to the local 

structure of silicate glasses. Thus it is possible to determine any changes in the Si-O-Si 

vibrational modes and elicit useful information about the molecular structure of the glass. 

This technique is also sensitive to vibrations associated with non-bridging oxygens so it is 

useful when studying the glass structure following the glass network connectivity model.  

 According to the literature [67], the significant optical modes for our glasses are: 

• Si-O (bending mode): 800 cm-1. 

• Si-O (stretching mode): 1000-1300 cm-1, composed by an intense band centred at 

1123 cm-1 and a shoulder around 1220 cm-1. 

• Si-O-NBO (1 non-bridging oxygen per SiO4 tetrahedron, corresponding to a Q3 

structure): 890-975 cm-1. 

• Si-O-2NBO (2 non-bridging oxygen per SiO4 tetrahedron, corresponding to a Q2 

structure): 840 cm-1. 
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Furthermore, an increase of the alkali and alkali-earth oxide concentration in the 

glass, has been reported to increase the concentration of non-bridging oxygens, so the Q3 

groups are gradually converted to Q2 species. 

If we suppose that magnesium is entering the network of the glass and acting like an 

intermediate oxide rather than a simply modifier, as we stated in the theory and we proposed 

as a reasonable explanation for the thermal analysis results, with MgO subsitution, we should 

see the band centred at 840 cm-1 being progressively less intense and the progressively 

appearance and the increasing intensity of the band centred around 1000 cm-1. 

The results for FTIR spectroscopy are shown in Fig. 7.17 and 7.18 below: 
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Fig. 7.17 FTIR analysis for the 50% SiO2 series. 
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Fig. 7.18 FTIR analysis for the 45% SiO2 series. 

 

 

 The analysis of the graphs shows that, whilst the signal associated to the Q2 

structure does not show a real evidence of the change in the structure of the glass, the band 

corresponding to the Q3 structure appears to give more interesting structural information.  

 If we assume that magnesium enters the glass network, we expect to see an increase 

in the proportion of the Q3 species. So, what we would expect from the data is an increase of 

the intensity of the band centred between 890 and 975 cm-1. This trend can be observed in 

both series, though for the 50% SiO2 series it is less evident. 

 However it is worth noting that this technique is not so sensitive to small changes in 

the composition as in for example the NMR spectroscopy. So the results are not so predictive 

of the structure of the glass and of the influence of magnesium. 
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Fig. 7.19 Peak trend associated to a Q3 structure. 
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Fig. 7.20 Peak trend associated to a Q3 structure. 
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7.5 Raman spectroscopy 
 

 As well as FTIR spectroscopy, Raman can be used to analyse changes in the 

vibrational modes of the Si-O groups and thus should allow to identify the vibrational modes 

associated with bridging and non-bridging oxygens in the glasses.  

 According to the literature [68], the Raman peak assignment for silicate glasses can 

be summarized as follow: 

 

• Stretching of a single NBO on a SiO4 tetrahedron (Q3 structure): 1100 cm-1. 

• Stretching in tetrahedral units with two NBOs (Q2 structure): 950 cm-1. 

• Stretching in tetrahedral units with three NBOs (Q1 structure): 900 cm-1. 

• Stretching vibrations of a monomer SiO4 unit (Q0 structure): 850 cm-1. 

• Si-O-Si bending motion in Q2 units: ≈ 650 cm-1. 
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Fig. 7.21 Raman spectroscopy for the 50% SiO2 series. 
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Fig. 7.22 Raman spectroscopy for the 50% SiO2 series. 

 

 Unfortunately, the analysis of the spectra canno provide significant information on 

our glasses. The trend is similar for both series and the peaks are very broad and with a very 

low intensity. However an appreciable broad peak is present centred around 950 cm-1, 

corresponding to the stretching mode associated with the presence of Q2 species. Despite we 

cannot see any emerging peak associated with the presence of Q3 species, the fact that, with 

the increase of magnesium content, the peak corresponding to the stretching in tetrahedral 

units with two NBOs is getting weaker, could be an evidence of the formation of a Q3 

structure at expense of the already present Q2 structure. 

 However, is necessary to point out that this technique still gives quite qualitative 

information about our glasses, and will be interesting to see the results of the NMR that can 

provide more quantitative information about the proportions of Q2 and Q3 species. 
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7.6 MAS-NMR spectroscopy 
 

 Due to the different 29Si chemical shifts of the Qn species in the glass network, it is 

possible with the NMR spectroscopy to get interesting information about the electronic 

environment of the elements forming the glass network as well as their deviations in 

geometry. 

 Assuming that the chemical shift for each Qn structure is not influenced by the 

presence of different species such as Si or Mg participating in the bond with the BOs (for the 

Q2 we could have in fact Q2-0Mg, Q2-1Mg, Q2-2Mg and for the Q3, Q3-0Mg, Q3-1Mg, Q3-

2Mg, Q3-3Mg), The Fig. 7.22 below shows a clear tendency for the spectra to shift towards 

more negative values of the chemical shift, demonstrating a change in the glass structure. In 

fact the first band is centred at -81.89 ppm, corresponding to a Q2 structure [24-27-29], and 

the shift of the others spectra is due to the increasing amount of Q3 species and the 

progressive reduction of Q2 species. Therefore, it seems to be valid the hypothesis that 

magnesium is acting like an intermediate species and entering the network of the glass. 

 

 
Fig. 7.23 Chemical shift for the 50% SiO2 series. 
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 A more quantitative analysis can be carried out by calculating the exact proportion 

of Q2 and Q3 species and seeing how the network connectivity varies.  

 To do this, a double peak fitting procedure was performed on each curve. Fig. 7.24 

below shows an example of double fitting for a glass of the 50% SiO2 series. The red curve 

corresponds to a Q2 structure, whilst the green is associated to the presence of Q3 species. 

Thus it has been possible to calculate accurately the position and the intensity of the peak of 

each band. Tab. 7.25 shows the values obtained with the peak fitting and the network 

connectivity calculated from these experimental data. 

 

 
Fig. 7.24 Peak fitting for the 50% MgO – 50% SiO2  glass. 

 

 

 The signals at -160 ppm, jointly with the one at -10 ppm are called spinning side 

bands. They are 3000 Hz (spin rate) apart from the central resonance and represent residues 

of anisotropy, thus they do not represent a real resonance. 
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Peak fitting - 50% SiO2 series 

% MgO PR P1 P2 Int1 Int2 Q2 Q3 NC 

0% -81.8796 -81.8912 - 30.304 - 1 - 2 

25% -83.0810 -81.5958 -90.7469 16.902 7.477 0.694 0.306 2.306 

50% -84.5762 -81.5252 -91.4085 13.353 10.917 0.550 0.450 2.450 

75% -83.6764 -81.1591 -86.2838 10.748 31.702 0.253 0.747 2.747 

100% -89.0749 -81.8912 -93.2387 8.167 27.209 0.228 0.772 2.772 
Tab. 7.25 Peak fitting and NC for the 50% SiO2 series. 

 

 The values of the network connectivity have been calculated, using the proportion 

of Q2 and Q3 species obtained from the spectra, with the following equation: 

 

NC = 2*Q2 + 3*Q3 

 

 The same analysis was performed on the glasses of the 45% SiO2 series: 

 

 
Fig. 7.26 Chemical shift for the 50% SiO2 series. 
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Peak fitting - 45% SiO2 series 

% MgO PR P1 P2 Int1 Int2 Q2 Q3 NC 

0% -78.5779 -78.5968 - 10.068 - 1 - 1.556 

25% -78.5779 -78.2308 -85.1856 11.621 3.177 0.785 0.215 2.215 

50% -80.0774 -78.2308 -85.5517 16.884 13.518 0.555 0.445 2.455 

75% -81.2771 -78.5968 -86.6498 13.819 21.505 0.391 0.609 2.609 
Tab. 7.26 Peak fitting and NC for the 45% SiO2 series 

 

 According to the literature [24-27-29] we can associate the values of the peaks and 

chemical shifts with Q2 and Q3 environments. 

 By combining the experimental values of the network connectivity with the 

theoretical values, the percentage of Mg acting as an intermediate oxide was calculated to be 

17% and 30% respectively for the 50% SiO2 series and the 45% SiO2. These results suggest 

that the more disrupted network of the 45% SiO2 series allows the magnesium to enter much 

easier into the glass. 

 The value of 1.556 for the NC in the table 7.26 is the theoretical value. In fact, if we 

assume for the 0% MgO glass to have only a Q2 structure, the NC value for this composition 

should be 2.0. Having a NC below 2 means that there should be an evidence of a Q1 

structure. However, the peak fitting was good and seems to be symmetric, without evidence 

of any shoulder around -70 ppm. Moreover, both in the FTIR and Raman spectroscopy there 

was no evidence of any presence of Q1 structure in the 0% MgO glasses. 
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NC fitting - 50% SiO2

0
0,5

1
1,5

2
2,5

3
3,5

4

0 10 20 30 40 50 60 70 80 90 100

% MgO

NC MgO Intermediate
MgO Modifier
NMR experimental values
Actual Fitting

 
Fig. 7.27 NC fitting for the 50% SiO2 series 

NC fitting - 45% SiO2
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Fig. 7.28 NC fitting for the 45% SiO2 series. 

 

 

 

7.7 Particle size analysis 
 

 The objective of grinding and sieving the glasses is to get a fraction of particles 

small enough to allow the formation of a proper cement. In fact, a small glass particle size 
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would result in a better reactivity of the glass with the acid, due to the greater surface contact 

with the acid. Thus, by using a more reactive glass, we will have more chance to get a 

complete reaction between the components of the cement, avoiding high contents of 

unreacted carboxyl groups. Furthermore we expect to have a more crosslinked cement and 

hence higher compressive strength could be achieved.  

 However it is worth pointing out that the use of a smaller particle size, will result in 

a reduction of the working time of the cement. This can be a problem because, if the reaction 

is too quick the time will be too short to allow the complete dissolution of the polymer. 

 Thus it is important to have a good balance between the particle size and the 

reactivity of the glass in order to avoid these problems. 

 The particle size analysis resulted in an average particle size of 5,16 μm for the 50% 

SiO2 series and of 6,56 for the 45% SiO2 series. For convenience all the tables relative to the 

measurements for both series can be consulted in the appendix section. As an example, the 

Tab. 7.29 and 7.30 below show the results the for one composition in the 50% SiO2 and one  

for the 45% SiO2 series. 

 

 

50% MgO – 50% SiO2 series Analysis 1 Analysis 2 Mean Median St.Dev 

Concentration 56 59 57.5 57.5 2.12 
Diameter 10% (μm) 0.86 0.66 0.76 0.76 0.14 
Diameter 50% (μm) 5.55 5.1 5.325 5.325 0.32 
Diameter 90% (μm) 21.44 18.7 20.07 20.07 1.94 

Weight (mg) 84 86 85 85 1.41 
Tab. 7.29 Particle size analysis for the 50% MgO – 50% SiO2 glass. 
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50% MgO – 45% SiO2 series Analysis 1 Analysis 2 Mean Median St.Dev 

Concentration 54 58 56 56 2.83 
Diameter 10% (μm) 0.94 0.91 0.925 0.925 0.02 
Diameter 50% (μm) 5.88 5.75 5.815 5.815 0.09 
Diameter 90% (μm) 21.43 21.51 21.47 21.47 0.06 

Weight (mg) 87 88 87.5 87.5 0.71 
Tab. 7.30 Particle size analysis for the 50% MgO – 45% SiO2 glass. 

 

 

7.8 Cement formation 
 

 Before commenting on the results,  it is fundamental to point out that due to the new 

formulation of the glasses that has not yet been optimized, the reactivity of the glasses in 

terms of cement formation changed significantly with the composition of the glass. So, it was 

not possible to use the same ratio (Glass)/(Polymer+Liquid) for all the cements.  

 Moreover, due to this difference in the glass reactivity, it was difficult to get a 

proper viscosity of the setting paste for all the cements before placing into the mould. This 

resulted in some specimens in not good conditions for testing of mechanical properties. This 

point is very important, as even small cracks or defects on the surface or inside the sample, 

can result in great difference in the mechanical properties and can affect significantly the 

values of the standard deviation. In fact it was observed that the specimens with the best 

superficial aspect, gave the higher results along each series of tests.  

 Despite all these problems, from the results obtained it is possible to have a 

qualitative idea of the mechanical properties of these new cements and of  the effect of the 

composition and of the ageing time. 

 

 

 



Structure-properties relationships in bioactive glasses for PAA based polyalkenate cements Pàg. 99 

 

7.8.1 Compressive strength 

 

 Compression tests were carried out after the specimens were aged 24 hours and 1 

week at 37º C. As has been expected the reactivity for the 45% SiO2 was significantly higher 

than 50% SiO2 glasses. This indicates that a small difference in the silica mole fraction can 

have a large effect on the mechanical properties of the cement. 

 To decrease the reactivity of the glasses for the 45% SiO2 series, the glass powder 

was annealed at Tg -50º C. The aim of this process was to decrease the stresses induced by 

the grinding. By annealing the glass powder was possible to form a good and get a quite 

smooth paste. 

50% SiO2 series 

 24 hours ageing 1 week ageing 

Glass type 
G/(P+L) 

ratio 

Compressive 

strength σc 

(MPa) 

Standard 

deviation 

Compressive 

strength σc 

(MPa) 

Standard 

deviation 

MGI50N2 1.1 82.92 12.14 91.42 17.84 

MGI50N3 1.8 39.86 8.24 73.15 7.64 

MGI50N4 1.8 63.88 6.85 76.25 13.55 

MGI50N5 3.2 42.36 6.51 89.04 14.84 

MGI50N6 3.4 59.96 10.66 95.43 14.10 
Tab. 7.31 Compressive strength for the 50% SiO2 series. 
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Fig. 7.32 Compressive strength trend for 50% SiO2 series – 24h ageing. 
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Fig. 7.33 Compressive strength trend for 50% SiO2 series – 1 week ageing. 
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45% SiO2 series 

 24 hours ageing 1 week ageing 

Glass type G/(P+L) 

ratio 

Compressive 

strength σc 

(MPa) 

Standard 

deviation 

Compressive 

strength σc 

(MPa) 

Standard 

deviation 

MGI45N2 1.2 13.87 4.87 46,34 15.14 

MGI45N3 1.0 18.76 4.47 94,26* 14.42 

MGI45N4 1.2 20.42 7.29 54,95 19.41 

MGI45N5 1.2 20.83 10.79 61,52 7.46 

MGI45N6 2.1 26.31 4.53 69,02 24.68 
Tab. 7..34 Compressive strength for the 45% SiO2 series. 

 

 The value in the Tab. 7.34 with the star is completely out of trend and has not been 

considered in the evaluation of the compressive strength.  
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Fig. 7.35 Compressive strength trend for 45% SiO2 series – 24 hours ageing. 
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Fig. 7.36 Compressive strength trend for 45% SiO2 series – 1 week ageing. 

 

 The 45% SiO2 glasses have a more disrupted network, due to the lower silica mole 

fraction. This results in an higher reactivity than the 50% SiO2 . The trend observed could be 

explained by saying that in the more reactive glasses, the effect of the increasing G/(P+L) 

ratio results in an increase of the mechanical properties, and this maybe because  more glass 

in the cement is susceptible to react with the solution and the polyacid and thus there will be 

a more crosslinked matrix. Furthermore, if magnesium enters the network of the glass, the 

weaker bonds formed will results in more hydrolysable bonds and so again the network will 

be more susceptible to react with the acid and consequently the cement will be more 

crosslinked. 

 Regarding the 50% SiO2 glass, it could be argued that, first the compressive 

strength drops as the reactivity of the glass is too small and thus, the increase of magnesium 

into the network will result in a weakening of the structure, without the possibility to take 

advantage of that as in the case of the 45% SiO2 series. That suggests that maybe the lower 

silica mole fraction series allows the magnesium to enter more easily the network of the 

glass.  

 However, by increasing the G/(P+L) ratio, the trend observed in the previous 45% 

SiO2 series is observed again.  
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 Therefore we can state that in general the effect of the magnesium results in an 

improvement of the mechanical properties of the cement. 
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Fig. 7.37 Effect of the ageing time on a 50% SiO2 cement. 
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Fig. 7.38 Effect of the ageing time on a 45% SiO2 cement. 

 

 

 
                 



Pàg. 104  Memoria                                                        

 
 

                                                                                                                                         
              

 The effect of the ageing time is evident, and is much sharper for the 45% SiO2 

series. This result suggests that the reaction still continues after one day and by having a 

more disrupted network allows the reaction to crosslink more in the cement matrix, even 

time after the cement has been prepared. After one day ageing the cements show a quite 

platic behaviour, whilst after one week they are much more brittle. 

 The progress of the reaction with time is evident also in the elastic modulus. Due to 

the great values of the standard deviation, we did not plot any trend for the elastic modulus 

as it would not be significant. However, as a general observation we can state that the MgO 

did not influence much in the elastic modulus, whilst the ageing time had a quite remarkable 

effect. In particular this was evident for the 45% SiO2 series where the modulus increased 

from a mean value of 53 MPa to 486 MPa (these values are the mean between the elastic 

modulus along each series of cements). For the 50% SiO2 series, the effect was less evident, 

being the average modulus of 342 MPa at 24 hours and 516 MPa after one week. 

 The working and setting time of the cements have been evaluated from a qualitative 

point of view. All the specimens with the appropriate G/(P+L) ratio, set within 5 minutes, 

which is a reasonable time to allow the placement of the cement in the mould and also in 

terms of the practical application, the setting within 5 minutes is enough for the dentist and 

surgeon to place the cement into the patient. 

 Compared with the values reported in the ISO Standard, the results obtained are 

satisfactory in terms of compressive strength. For acrylic resin cements the required average 

compressive strength (ISO 5833:2002 [52]) is equal or greater than 70 MPa whilst for dental 

cements (ISO 9917-1:2003 [51]), depending on the specific application, the minimum 

average values for polyalkenoate cements range between 50 and 100 MPa.  
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8 Conclusions 

 

 Two series of glasses have been produced to study the effect of the substitution of 

calcium for magnesium and to produce a novel PAA-based alumina free cement for both 

dental and orthopaedic applications. The analysis showed that there is evidence of 

magnesium acting like an intermediate oxide, despite the fact that Mg has been argued to act 

as a network modifier.  This argument was already suggested in a previous work [69] and a 

possible switch of the role of magnesium from modifier to intermediate was observed.  

 With the present work the theory of magnesium entering the network of the glass, 

seemed to be confirmed and, through the use of MAS-NMR spectroscopy, it has been 

possible to calculate the exact proportion of  magnesium acting like an intermediate oxide, 

17% for the 50% SiO2 series and 30% for the 45% SiO2. These results seem to suggest that 

the more disrupted network of the lower silica mole fraction glasses favours the 

incorporation of magnesium into the network of the glass. The use of a three component 

system, like SiO2-Na2O-MgO, to produce the glass seemed to be interesting as this would be 

a ternary system, which is easier to study and interpret. However unfortunately this system 

resulted in forming a partially crystallised and partially phase separated materials. 

 Finally, the incorporation of magnesium into the glass, allowed the formation of a 

good cement, where the magnesium replaced the conventional role of aluminium in the 

formation of the glass network. This was a great achievement, since the design of an alumina 

free cement has been investigated from many research groups and the results were not 

always successfull. The cements prepared were only partially hydrolytically stable, due to 

the weak bonds that magnesium forms in the network of the glass compared to those possible 

using aluminium. Good mechanical properties were achieved and the values of the measured 

compressive strength are consistent with the ones specified by the ISO standards. 
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8.1 Further works 
 

 Regarding the properties of the glass used to prepare the cement, it would be 

interesting to prepare another series of glasses with higher content of silica, for example 

60%, and see the effect on the incorporation of magnesium into the glass network. 

 With respect to the cements, it would be interesting to have a more stable cement in 

water and maybe higher compressive strength could also be obtained. Furthermore it would 

be useful to perform some fracture toughness tests on the cements, as, even though it is the 

specified assay for dental and bone cements in the ISO standard, compressive strength is not 

such an important property for these materials.   

 Finally, a better design of the composition of the glass  and of the glass/polymer 

plus liquid ratio is also necessary to improve the mixing characteristics of the cement and 

hence to prepare better specimens for the mechanical tests. As we already pointed out, the 

values we got for the mechanical properties were very sensitive to any defect in the 

specimen. So, being able to fill accurately the mould in order to avoid as much as possible 

any superficial or internal cracks/defects, will result in a significant increase of the 

mechanical properties. In fact, despite the average values used for the calculations, some 

cements displayed really high values of the compressive strength, and at a visual inspection, 

they were the specimens free of visual defects. 
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8.2 Environmental impact ad costs 
 

The recent expansion in the range of tooth-coloured materials available for restoring primary 

and young mixed dentitions can be seen in terms of environmental impact. In addition to 

amalgam and stainless steel crowns, glass-ionomer cements have become available for the 

metioned purposes. 

 Amalgam is still the material of choice for large occlusal restorations and class II 

restorations not extending beyond the line angles, which require durability and strength, and 

where aesthetics is not a concern. Until recently, amalgam was the restorative material used 

most frequently. Nevertheless, concerns about mercury toxicity, impact on environmental 

pollution, and aesthetics have decreased the use of amalgam in dentistry, particularly in 

european countries.  

 Therefore, the use of glass-ionomer cements in dental restoration, has to be 

considered as a valid alternative to conventional dental restorative materials as they avoid the 

possible environmental contamination associated with the presence of mercury after they 

have been used and during the manifacturing process. 

 If we consider the application of these materials as bone cements, we can say that 

rather than an environmental impact, glass-ionomer cements have a social impact because, 

compared with traditional bone cements, they can avoid to the patient all the problems we 

already commented in the previous sections.  

 The manifacturing process of these cements is quite easy and cheap, the chemicals 

used, if handled correctly, are not toxic and the eventual waste material can be easily 

disposed off. Futhermore, if platinum-rhodium crucibles are used to melt the glass, there are 

no problems to waste alumina crucibles.    
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 Table 8.1 below gives an idea of the production costs for 200 gr of a 50% SiO2 – 

50% MgO cement with a glass vs (polymer + liquid) ratio of 1.8: 

Component/chemicals Weight (gr) Price(pound) 

Alumina crucible - 54.60 

Na2Co3 19.09 0.33 

CaCO3 66.10 1.62 

SiO2 90.19 2.09 

MgO 26.62 0.73 

Tartaric acid 21.99 2.84 

PAA 55.55 26.64 

Tab. 8.1 Table of extimated costs. 
 
 

The total price is of 88.85 pounds, excluding the cost of the enetgy used to melt and grind the 

glass. 
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