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Abstract
This study investigated the effect of Ba2+ and Sr2+ substitutions for Ca2+ in an
ionomer glass composition 4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2 on the setting
reaction and properties of the resulting glass ionomer cements (GICs).
Experimental GICs (Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC) were characterized via
various techniques: Diametral tensile strength, compressive strength, flexural
strength, Vickers hardness and nano-indentation measurements were conducted at
different time points during setting. Real time Fourier transform infrared (FTIR)
spectroscopy was used to study the effect of the glass composition on cement setting
reactions. A resistance to penetration method evaluated the cement setting time.
Additionally, the wear resistance of the experimental GIC was measured by a ball-onflat wear test. Furthermore, fluoride (F-) release and the antimicrobial behaviour of
cements were investigated.
The compressive, diametral and flexural strength of the cements in which Ca2+ was
substituted by Sr2+ and Ba2+ were both statistically significantly higher than the
unsubstituted control at 1 hour after setting (P < 0.001). FTIR results confirmed that
enhanced metal salt crosslinking occurred in the ion substituted materials, especially
from 1 to 60 minutes. Therefore, it can be concluded that replacing Ca 2+ with larger
cations (Sr2+ and Ba2+) affects the setting reaction and resulting mechanical
properties in the short term.
All three experimental GICs inhibited growth of Streptococcus mutans over a period
of 48 hours. The F- release analysis showed that there was less F- release in artificial
saliva (AS) than in deionized water over 40 days.
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Summary
Glass ionomer cements (GICs) have retained their status as dental restorative
materials in the market for the last 40 years. However, often their clinical application
was limited by their low mechanical strength in comparison to amalgam restorative
materials, and therefore much research was focused on the improvement of their
clinical behavior. This resulted in the development of diverse restorative dental
materials, with enhanced properties.
In the present study, strontium and barium cations were substituted for calcium in an
experimental glass composition: 4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2, and the
influence on the glass structure and physical properties were studied. The aim of this
study is a systematic investigation of the effect of cation substitution (strontium and
barium) for calcium in the glass composition on the properties of the three resulting
experimental GICs, namely; Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC, via a range of
characterization techniques. Diametral tensile strength (DTS), compressive strength
(CS), flexural strength (FS), Vickers hardness (HV) and nano-indentation
measurements were conducted at different time points during setting. Real time
Fourier transform infrared (FTIR) spectroscopy was used to study the effect of the
glass composition on the setting reaction of cements. A resistance to penetration
method was conducted to evaluate the cement setting time. Additionally, the wear
resistance of the experimental GIC was measured by a ball-on-flat wear test.
Furthermore, the fluoride (F-) release and the antimicrobial behaviour of cements
were investigated.
An acid-base neutralisation process occurred for all three cement compositions,
following the chemical setting mechanism of cements by real time FTIR
spectroscopy. Ca-Ba-GIC exhibited the highest metal salt development over 1 hour.
II

From the FTIR spectra the metal salt crosslinking development over 60 minutes for
all experimental GICs was obtained. Ca-Ba-GIC with the biggest substituted ion
radius exhibited 35% crosslinking followed by Ca-Sr-GIC and Ca-GIC with 24% and
14%, respectively.
Higher powder content resulted in a shorter setting time. A P/L ratio of 3:1 was ideal
with the cements setting in approximately four minutes. The setting time for the
experimental GICs with a P/L ratio of 3:1 was approximately half the setting time of
the GICs with a P/L ratio of 2:1.
Compared to other commercially available GICs, the 3 experimental GICs used in
this work exhibited less F- release. The fluoride release analysis showed that there
was less F- release in artificial saliva (AS) than in deionized water over 40 days. After
exposing the mature GICs to a fluoride source, the fluoride concentration was higher
the longer the specimens were exposed to fluoride solution.
All three experimental GICs exhibited inhibition of growth of Streptococcus mutans
(S. mutans) over a period of 48 hours.
Vickers hardness (HV) illustrated that all three GIC compositions increased in
hardness over 30 days.
All experimental GICs exhibited an increase in strength over one month. Substitution
of barium (ionic radius of 0.135 nm) for calcium (ionic radius of 0.1 nm) in the glass
composition resulted in an increase of non-bridging oxygens (NBOs), and therefore
in the formation of an expanded glass network that led to a weaker glass network
with weak bond strengths. The development of NBOs in the glass component of the
GIC had an effect on the diffusion process of ions upon acid attack. Ca-Ba-GIC
exhibited the highest strength in all mechanical tests at 1 hour. This high strength is
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correlated with the high degree of ionic crosslinking in the cement matrix, hence a
high amount of cations diffused from the glass network into the aqueous phase.
From the obtained results in this project, it can be concluded that substituting bigger
cations proportionally to smaller cations will have an effect on the setting reaction
and the resulting mechanical properties of the cements.
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1 Literature review
In a society where the most people are concerned about their cosmetic appearance,
the first choice for a dental filling material is one that resembles the natural tooth in
appearance and funcltion and lasts the life-time of the patient
Dental practitioners have at their disposal a wide variety of dental filling materials.
The choice of the correct material, possessing the appropriate properties for each
application, thereby ensuring good long-term clinical performance, is dependent upon
the detailed knowledge of the dental practitioner1. A highly desirable property of a
restorative dental material is that it be aesthetically attractive and white. A general
disappointment   with   the   clinical   performance   of   ‘white’   restorative   materials  
encouraged scientists to continue to seek improvements. This led to extensive
research into the creation of a dental restorative material that is visually attractive
and fulfils the desired property requirements, to withstand mastication forces. The
research presented in this work is an attempt towards realisation of the above ideal.

1.1 Introduction
Dentistry can be traced back through millennia, to as early as 3000 B.C. The modern
day dentist can now choose from a broad variety of restorative materials, which
mimic the tooth substance.
In the 18th century, all medical specialities, including primitive dentistry, were
practised by surgeons. Goldsmiths and metal turners began to manufacture dental
prosthesis out of ivory, ox, sea cow and preferably hippopotamus teeth because of its
delayed discolouration properties in the mouth when used as a prosthesis. In the
18th century the first dental schools opened and the dental profession started to
modernize and evolve. In the 19th century dentistry made significant advances in
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sophistication. Moving forward, the 19th – 20th century witnessed the mass
production of dental items such as toothpaste, tooth brushes and floss. Furthermore,
a peak in the production of dental instruments occurred2.
Whilst previously, dental treatment had resembled a wrestling match, treatment now
began to resemble modern dentistry. The first power drill (hand piece) was
introduced in 1872. After the discovery of X-rays by Roentgen in 18953, dentists were
able to identify inflammation/infection through X-ray images and with appropriate
instruments treatment strategies were developed. Thus the fundamentals for modern
odontology were laid4.

1.2 Continuum and classification of restorative materials
In the middle of the 19th century amalgam was one of the first restorative dental
materials used by dental practitioners. In the first half of the 19th century dental
cements developed from being merely luting and lining materials to being employed
as more aesthetic restorative materials4. Subsequently several white restorative
dental materials, shown in Figure   1-1, became available. Glass ionomer cements,
white restorative materials, are formed from an acidic polymer solution and a basic
glass powder. When these two components are mixed together they undergo an
acid-base reaction. The resulting material is cement, which consists of glass filler
particles imbedded in a metal polyacrylate matrix5.
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Figure   1-1: The continuum of white restorative dental materials since 1972 .

GICs can be categorized as restorative dental cements, including liner/base
materials or luting materials, cavity bases and buildups, as well as root canal filings 7.
GICs, when deployed as restorative materials, can be characterized as metalmodified, resin- modified, self-hardening and partially light-hardening. GICs as luting
materials are self-hardening and a number of them are modified with resin8. Variation
in the particle size (PS) and powder to liquid (P/L) ratio can lead to several physicomechanical properties and corresponding clinical applications. The traditional
classification of GICs is as follows:
Type I

Luting and bonding cements (PS ca. 13 – 19 µm
and P/L ratio ca. 1.5:1)
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Type II

Restorative cement (PS ca. 50 µm and P/L ratio
ca. 3:1)

Type III



Restorative aesthetic



Restorative reinforced

Lining or case cement9.

Regarding the newer classification of GICs according their physical and chemical
properties, 3 further types have been added over the years:
Type IV

Fissure sealants

Type V

Orthodontic cements

Type VI

Core build up10.

1.3 The development of dental restorative materials
The use of dental materials to fill cavities can be dated back to the Chinese in the 7th
century. Taveau, in France (1816), developed, by mixing silver coins and mercury,
the first dental amalgam. This entailed several problems such as expansion after
replacement and mercury poisoning1.   In   the   1890’s   the   amalgam   composition   was  
altered and dentists, including in the United States, began using it as dental filling
material. However, amalgam, with its positive aspects, such as being an inexpensive
dental material, durable and easy to manipulate, also possessed two negative
aspects; first, mercury poisoning (causing neurodegerative disease, and birth
defects, in the event of long term exposure, and its dubious aesthetic appearance,
silver in colour. In the future the use of dental amalgam will continue to decline,
because of environmental restrictions (mercury release) and the aesthetic issue. The
development of more durable and technique insensitive restorative materials will
further rise1.
4

The cements used daily in modern dentistry are largely derived from investigations
made in the first half of the 19th century. Sorel11 presented the first dental restorative
cement, zinc oxychloride, in 1855. In 1879 Pierce12 largely replaced the previous zinc
oxychloride with zinc oxide-phosphate cements. These cements exhibited lower pulp
irritation and greater durability. The modern zinc phosphate cements were
established by the work of Armes13 and Fleck14 around  the  turn  of  the  1900’s.  At  the  
same time, around 1875, Pierce and Flagg originated the zinc oxide eugenol cement,
which soon became in demand because of its anodyne effect. By the end of the 19th
century these cements were used as adhesives, temporary restoratives and cavity
bases. Silicate cement, a more aesthetic restorative material, developed by Fletcher
in 1873, was not popular until Steenbock15 in 1904 modified the previous version. In
1908 Shoenbeck16 developed the first silicate cement with the addition of fluoride.
At   the   beginning   of   the   1900’s   three   main   categories   of   cement   had   come   into  
existence:


Zinc oxide-eugenol cements by Pierce12 and Flagg (1875)



Zinc phosphate cements by Ames13 (1892) and Fleck14 (1902)



Silicate cements by Schoenbeck16 (1908).

All these three types of cement remained unmodified for the next 50 years.
Nevertheless, cement was still in great need of improvement.
Putting together different components with zinc containing glass ceramic, silicate
cement powder mixtures were investigated for many years. The British Laboratory of
the Government Chemists (BLGC) tried to enhance the properties of silicate
cements, zinc polycarboxylate cements and zinc phosphate cements. The intention
was to combine the desirable features of the two the silicate cements (translucency
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and F- release) with the polycarboxylate cements (adherence chemically to tooth
substance and not irritating the pulpa)17,18. At BLGC, Alan Wilson and Brian Kent18
tried to resolve why dental cements were almost unworkable, set sluggishly and were
hydrolytically unstable. Figure   1-2 illustrates the different types of cements and their
components.
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Figure   1-2: Possible cement components .

They observed that the setting reaction in these materials results from a
neutralization reaction involving the inorganic (alkaline) glass powder and organic
(acidic) polymer, which forms a polysalt matrix. The cause of the problem was the
reduced sensitivity of the glass component opposite the acidic polymer. To promote
the reactivity of the glass, its basic oxide ratio had to be increased; thus, the alkalinity
of the glass would increase and this would improve the sensitivity of the glass
component towards the acidic polymer1,19,20.
6

In 1972 Wilson and Kent18 made the first commercial available GIC, with the trade
name aluminosilicate polyacrylate-I (ASPA-I). Since, this cement required 20 minutes
to harden, and was not aesthetically pleasing because its high fluoride content gave
it an opaque appearance, ASPA-I was clinically not fit for purpose. However, in 1972
Wilson and McLean9 reformulated the cement by adding tartaric acid (TA)
accelerators and by changing aluminium oxide to silicon dioxide in the silicate glass.
TA   is   a   reaction   controlling   stabilizer.   It   extends   the   substance’s   working   time   (by  
complexing with Al3+ and Ca2+ cations to form tartaric aluminium and tartaric
calcium), enables the use of glasses containing reduced fluoride and further
strengthens and hardens the cement. This cement was named ASPA-II21,22.
The conventional GIC (C-GIC) is provided as fine glass particles and a polyacid
solution. If polyacid comes as a suspension, it has a tendency to gel with time,
because of an increase in intermolecular hydrogen bonds 10,23. As a consequence,
the cement paste is more difficult to process. A small amount of methanol was added
to the polyacrylic acid (PAA) in order to stop the flexible PAA chains forming
intermolecular hydrogen bonds. This improved cement was called ASPA-III17,19,24.
From 1979 to 1980 dental cements, also called water mixed or water hardened
cements, were distinguished from previous products by their improved shelf life and
mechanical properties25. The trend was towards using PAA not in solution form but in
powder state. The PAA was mixed with either H2O or TA. This was the key to
reducing the risk of high viscosity in the early stages of mixing17,18,24.
The improved GIC was successfully used in low stress bearing areas. However, the
fact that GIC has poor mechanical properties remained a problem 26. Low tensile
strength of 7 – 14 MPa made GIC virtually impossible to use in molar areas, where
high stress is present. To enlarge the field of application, scientists had to enhance
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the mechanical properties of GIC27,28. Massler et al.29 described how amalgam
powder was mixed with zinc phosphate cement in 1957. In 1962 Mahler and Armen 30
proved that by adding amalgam particles to the zinc phosphate powder solubility
improved in the new restorative cement, in comparison with the original cement.
These restoratives are termed admixtures. Difficulty in achieving a homogenous
mixture was a major disadvantage. The amalgam particles were not well
incorporated in the resulting GIC, resulting in accelerated erosion and enhanced
wear. The incorporation of metal particles in GIC is contraindicated for big fillings in
the maxillary and mandibular molar, due to enhanced wear and fatigue fracture30.
In 1987 ESPE launched the initial cermet10 (ceramic + metal) called Ketac-Silver® on
the   market.   McLean   and   Gasser’s31 intention was to improve the properties of the
material. The aluminosilicate glass particles were coated with silver (Ag), which
resulted in a lower coefficient of friction due to abrasion resistance. Ketac-Silver®
uses pure Ag powder, which is fused to 3.5 m ion leachable calcium aluminium
fluorosilicate glass powder. But unfortunately after a period of time, the Ag particles
in the material formed Ag2O, which caused a discolouration of the tooth. Cermet
ionomer cements have higher flexural strength (FS) compared to C-GIC, but are still
not sufficiently powerful to replace amalgam alloys32.
In 1988 Antonucci et al.33 introduced the first light cured resin-modified glass ionomer
cement (RM-GIC). This material combines the best properties of composite resins
and glass ionomers; it has a cariostatic property because of its fluoride release, low
thermal expansion and the hydrophilic qualities of the C-GICs. The RM-GICs have
improved fracture toughness (FT), are wear resistant and easier to polish in
comparison to the original GICs10. To describe it simply, the C-GIC is mixed with a
little amount of resin such as 2-hydroxyethyl methacrylate (HEMA) in the polymeric
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solution34. The first commercial light cured GIC, Vitrebond, was developed by Mitra35
in 1989. This modified cement has two setting mechanisms: a light initiated
polymerisation reaction and a glass ionomer acid-base reaction. In 1991 a modified
resin was developed by Mitra36 which was able to polymerize without light. RM-GICs
possess the advantages of both C-GIC and resin composites, though, disadvantages
remain such as setting shrinkage and limited depth of curing10.
In 1995 a highly viscous GIC was introduced37. This GIC is used mainly in third world
countries where instruments and equipment are in short supply and filling is mostly
functional for atraumatic restorative treatment (ART) procedures. Non-dental
professionals are able to restore the tooth merely by excavating the caries using
hand instruments and fill the resultant hole with GIC. The mechanical properties of
the highly viscous C-GIC is improved through higher powder and liquid ratios 38,39.
Further GICs were developed in order to enhance their ease of handling in practice.
GICs with adequate P/L ratios were launched to ensure a higher degree of dosing
consistency and the corresponding consistent mechanical properties11,40.
Around 1990 Dentspy released a new restorative dental product, compomer
(Dyract)41. Compomers are fluoride containing resin composites and are also known
as polyacid-modified resin composites. Compomers became popular because of their
aesthetic characteristics, which resemble resin composites. These compomers
lacked the capability to adhere to the tooth substance and release lower levels of F ions. However, there are some disadvantages as the amount of fluoride which this
product releases is limited and additionally there is its inability to recharge
fluoride41,42.
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1.4 The chemistry of GICs
The setting reaction of GICs has been extensively studied via a number of analytical
methods including solid state Magic angle spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy43,44, Raman spectroscopy45,46, Fourier transform infrared
spectroscopy (FTIR)47,48,49, pH change50 and electron probe microanalysis51.
C-GICs are produced by a neutralization reaction (acid-base) involving the alkali,
finely powdered fluoroaluminosilicate glass particles and an aqueous acrylic acid or
co-polymers22,52,53,54.
The acid-base setting reaction starts once the acrylic acid groups of PAA (C3H4O2)n
(which dissociate to form acrylic anions COOH- and hydron H+) are mixed with the
ion leachable glass powder. The hydrons (H+) attack the surface of the inorganic
glass structure, causing disintegration of the glass structure. The protons initially
attack the Ca2+ abundant part, due to its higher alkaline content, followed by the Al3+
site of the alkali glass55,56. The continuous attack on the ion leachable glass structure
causes the release of Ca2+, Al3+, Mg2+ and F- amongst others, depending on the
glass content. These ions enter the aqueous phase of the cement and form
complexes with the anions of the carboxylates (COO -) to form metal polysalts linking
the polyacid chains, resulting in the development of silica hydrogel (Si-OH) on the
exterior of the glass particles linking the cement matrix and the glass particles. The
general reaction may be simplified as:
MO

+

basic oxide

+

H2A
acidic liquid



MA

salt hydrogel

+

H2O

+

water

The outer layer of the basic glass powder is attacked by the carboxylic acid, but the
glass core persists and presents as filler in the GIC matrix57. An endless network is
shaped by the released ions from the ion leachable glass. However, the two main
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cations which are released from the alkali glass (which have an important role in both
the polysalt matrix formation and the correspondent resulting mechanical properties
of GIC) are calcium (Ca2+) and aluminium (Al3+) cations. The degree to which the
formation of the polysalt matrix is advanced is determined by the vulnerability of the
glass structure and the ingredients of the inorganic glass52,53,54,56.
The incorporation of the bi-valent Ca2+ ions and tri-valent Al3+ ions into the preformed
matrix with additional PO43- and F- anions forms a hard, crosslinked, ceramic like
cement and results in the formation of a three-dimensional water-insoluble calciumand aluminium-carboxylate gel56,57,58.

Figure   1-3: Schematic representation of the setting reaction of the glass ionomer cements
20
(information from Culbertson ).

Hatton and Brook51 demonstrated with transmission electron microscopy (TEM)
sections, which were examined with X-ray analysis, that in the polysalt matrix, ions
such as Na+, P3- and Si4+ are available throughout the cement structure. Wasson and
Nicholson59,60 investigated the inorganic network based on Si4+ and P3- and its water
11

solubility. They suggested that the inorganic network, which adds to the insolubility of
the cement, causes the increased CS. Hill et al.61,62 reported that the Mw of the
polymer, defines the strength of the resulting GIC with its flexural toughness (FT).
Another factor which increases the CS of the resulting GIC, is the addition of F -. It
can increase the CS of a 1 day old GIC up to 200 MPa, whereas a GIC without the
addition of F- exhibits just up to 100 MPa57. F- although present, is not involved in the
polysalt matrix, and reacts with the ions to form F- complexes. These F- complexes
delay the reaction of the cations, which help create metal carboxylates. These
increase the ability to react and retard the gelation but lengthen working time 63. Other
factors which could influence the setting reaction of the GICs are listed below:
I.

Ratio of bound to unbound water molecules59,

II.

P/L ratio64,65,66,

III.

Glass composition67,68,69,

IV.

Mixing time/mixing temperature70,

V.

Glass PS71,

VI.

Mw of the polymer62,72,73,

VII.

Concentration of the polymer74.

1.5 Glass ionomer cements (GICs)
The International Organization for Standardization (ISO)75 has adopted the term
glass polyalkenoate cement (GPC) which is usually known as glass ionomer cement
(GIC).

1.6 GIC compositions
GICs are composed of two essential elements: the ion leachable glass powder,
which is based on a calcium fluoroaluminosilicate glass composition, and the acidic
polymer solution, which is made out of a water-soluble polymer5.
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1.6.1 The ion leachable glass powder
Generally, the ion leachable fluoroaluminosilicate glass powder is produced by the
fusion method or melt quench route76 of several inorganic chemicals, (such as quartz
(SiO2), alumina (also called aluminium oxide Al2O3), cryolite (Na3AlF6), fluorite
(CaF2), aluminium trifluoride (AlF3) and aluminium) as listed in Table 3-1. The
American Society for Testing and Materials (ASTM)77 has   defined   glass   as   “an  
inorganic  product  of  fusion  which  had  cooled  to  rigid  condition  without  crystallizing.”
The glass network consists of a random silica network Si-O-Si. The assemblies of
individual SiO4 tetrahedra (simplest possible glass) are cross-linked at the corners to
build a chain and are immune to acid attack, because of their electroneutrality78.
Zachariasen78 proposed a theory regarding the glass network whereby he divided the
glass network constituents into three groups:
1. network formers (Si4+, PO43-),
2. network modifiers (Ca2+, Sr2+, Ba2+, Na+) and
3. intermediates (Al3+, Ti4+)78.
By introducing network modifiers in the glass structure, such as Na+, Ca2+, Sr2+ and
Ba2+, the Si-O-Si bonds break, leading to a surplus negative charge thus forming
non-bridging oxygens (NBOs) in the cement matrix. Generally, all oxygens in the
glass structure are bridging oxygens (BOs). By adding other compounds such as
CaO and Na2O (network modifiers) in the glass composition NBOs can be formed.
Lowenstein79 suggested the centre of one tetrahedron, which is linked by one oxygen
bridge to a second tetrahedron, can be engaged by Al3+, while the other centre must
be engaged by Si4+ or different small ion of four or more electrovalence. Since Al 3+ is
an intermediate, it is able to act as a network modifier and network former 78. The
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inclusion of Al3+, as a network former, in the tetrahedra changes the behaviour of the
glass and leaves a surplus negative charge on the structure (AlO 4-). The network has
now a surplus of negative charge, which has to be balanced out by introducing a
network modifier to maintain electroneutrality. The substitution of Si 4+ by Al3+ ions in
the glass happens only upon the ratio limit 1. However, the glasses used to form
GICs have to fulfil several requirements, such as the Al 3+/Si4+ ratio. The ratio of Al3+
to Si4+ in the glass is critical, and must exceed 1.2:1 by mass (equivalent to 1:1 by
mole ratio) for the glass to be able to form cement80.
A glass network consisting of NBOs and Al sites renders these glasses more
vulnerable towards acid attack. Generally, Si4+ ions have greater field strength,
whereas the polarity of BOs (Si-O-Si) is quite low. In contrast, Al3+ ions (Si-O-Al)
have weaker field strength, because of NBOs, but their polarity is higher regarding
complexing with other cations68.
In general, creating more NBO in the glass structure weakens the general glass
network69, increases susceptibility of the glass to acid attack67, and decreases the
glass transition temperature (Tg)81,82.

1.6.2 Polyacrylic acid (PAA)
PAA use as an acidic water-soluble polymer to form cements has several favourable
properties:


PAA is capable of linking to Ca2+ and H+ ions with organic polymers
(collagen).



PAA has very low toxicity,



appropriate physical properties and
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has the ability to adhere to the tooth substance 83.

In 1969 the first commercially available zinc polycarboxylate cement, named
Durelon®, was launched from European Society for Paediatric Endocrinology
(ESPE), in which zinc oxide powder with PAA was mixed11,84.
Generally, the main ingredient of the acidic polymer is H2O. Because of its high water
content, it is prone to dehydration11.
Initially, PAA was used as a 50% aqueous solution to form cement, but these
cements required a lengthy period (10 – 30 minutes) to set. Furthermore, the
aqueous solution started to increase in viscosity (gelation) after 10 weeks of
storage22. McLean and Wilson23 found that the gelation of the polymeric solution
results from the hydrogen bonding among the polyacid chains. To manage these
difficulties, the copolymers of acrylic acid, itaconic acid, maleic acid and fumaric acid
were introduced to enhance its storage life. The higher degree of carboxyl groups
(COOH) in these copolymers enhances the reactivity of the acidic polymer.
Figure   1-4 presents a schematic illustration of the copolymers of acrylic acid and
itaconic acid (Figure   1-4 a) and maleic acid (Figure   1-4 b). Furthermore, the addition
of TA in the polyacid has a desirable effect on the handling properties of the cement
and its setting rate20.
Generally, increasing the Mw73 or the concentration74 of the PAA enhances the
mechanical properties of the resulting GIC. Handling properties however are
compromised72. The Mw and the concentration ratio of the PAA can reduce the
gelation, but only to a certain degree. In order to ensure appropriate resulting
mechanical properties without neglecting the handling properties, it is possible to
either use higher powder content to constant liquid volume or incorporate vacuum- or
freeze dried PAA powder in anhydrous glass ionomers or water-hardened cements25.
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Figure   1-4: Schematic illustration of copolymers with (a) acrylic acid and itaconic acid and (b)
85
acrylic acid and maleic acid [Hosoda ].

1.7 Glass compositions to form GICs
Various glasses have been investigated as cement developers. Three main glasses
have emerged.

1.7.1 Aluminosilicate glasses
Oxide (SiO2-Al2O3-CaO) and fluoride (SiO2-Al2O3-CaF2) glasses were investigated by
Wilson and Kent18,86.
Oxide glasses exhibited a typical random glass network structure composed of AlO4
and SiO4 bridges78. Introducing Al3+ as a network former into the glass structure,
resulted in four-fold coordination [AlO4-] with a surplus negative charge. The negative
surplus charge in turn was compromised with network modifiers79.
In fluoride glasses, the chemical compound calcium oxide (CaO) was substituted for
calcium fluoride (CaF2), resulting in non-bridging fluorides (NBFs) instead of NBOs,
as was the case with CaO. These fluoride glasses were observed to be stronger and
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had a shorter setting time because of the incorporation of fluoride in the glass
structure87.
Several other new derivatives of aluminosilicate glasses were investigated and
developed where new compositional ingredients, such as NaF, P 2O5, K2O, were
added to the original oxide and/or fluoride glasses44,88.
Present time (2013), the glass component to form GICs is mainly aluminosilicate
glass, whereas the addition of other compositional ingredients can vary10.
The ability of these glasses to form cement was observed to be dependent on the
Al2O3/SiO2 ratio (Al3+:Si4+ > 1.2:1 mass ratio; equivalent to 1:1 by mole ratio80), the
sodium (Na+) content89 and the glass network connectivity (BO to NBO ratio)90.

1.7.2 Aluminoborate glasses
Aluminoborate glasses have the general composition Al2O3-B2O3-ZnO-ZnF2 and
Neve et al.91,92 suggested that the aluminoborate glasses absorb more water than the
aluminosilicate glasses. Generally, water hardening cements coming in contact with
moisture absorb water and this acts as a plasticizer 93. Neve et al.92 investigated the
mechanical properties and storage time as well as the P/L ratio in the aluminoborate
glasses. They reported that the CS (< ca. 60 MPa at 1 h with further reduction with
ageing time) of aluminoborate cements was poor and may have been related to the
slow development of ionic crosslinking in the cement matrix. However, DTS (5 – 8
MPa at 1 h) exhibited more representative values. Furthermore, the aluminoborate
glasses were significantly affected by their powder content. An increase in strength
was observed if powder content was increased by constant liquid volume whereas,
increased B2O3 content in the glass powder raised the dissolution rate of the
aluminoborate glasses94.
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1.7.3 Zinc silicate glasses
Zinc silicate glasses with the composition of CaO-ZnO-SiO2 and/or Al2O3-ZnO-SiO2
have Zn2+ as the main participant. Zn2+, as with Al3+, is an intermediate and serves as
both network modifier and network former78. In zinc silicate glasses, no aluminium is
present, therefore the cement forming abilities of the glass are not dependent on the
Si/Al ratio. In these glasses, low Si mole fraction and high ZnO provide the ability to
form cements. The addition of Zn2+ has several biological advantages; it enhances
the bone formation and mineralization95 and it is recognized as an antibacterial
agent96. However, cements made of zinc silicate glass component exhibit poor
mechanical properties in comparison to the cements with aluminosilicate glass
component90.

1.8 Factors which can influence the properties of the resulting GIC
1.8.1 Al2O3/SiO2 ratio in the glass component
The Al2O3:SiO2 ratio determines the reactivity of the glass in an acidic solution and
the extent of leaching of the ions from the glass structure. Wilson et al.80 investigated
the cement forming abilities of several ion-leachable glass systems. They suggested
that the key criterion which controls the setting rate of the cement is the Al2O3:SiO2
ratio which also determines vulnerability of the glass towards acid attack. Moreover,
vulnerability of the glass to acid attack increases if Si4+ is substituted by Al3+, which
results in a higher polarizability of Al-O-Si bridges in the glass structure when
attacked by H+. Furthermore, Wilson et al.80 concluded that the BO to NBO ratio is as
important as the Al/Si ratio in determining the cement formation abilities. Introducing
Al3+ in the glass structure as network formers may lead to the susceptibility of the
glass towards acid attack by creating a higher degree of NBOs67.
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1.8.2 Phosphorus in the glass component
PO43- ions in the aqueous phase might interfere with the setting reaction by
complexing with other cations (Al3+ or Ca2+), which affects the setting time and
properties of the resulting cement97. High amounts of phosphorus prevent the
development of the metal salt ionic crosslinking, which is responsible for the strength
of the resulting cement97.
Griffin and Hill97 investigated the function of PO43- in the glass composition (4.52x)SiO2-3.0 Al2O3-(3.0-x)CaO-(1.5+x)P2O5-2.0CaF2 , where P2O5 was substituted for
CaO and SiO2. The Al/P ratio in these glasses was kept > 1. The CS of the resulting
cement over a 1 month period was observed. Griffin and Hill 97 evaluated the CS
values of low formulation cements (x=0) with a maximum of 121.8 ± 4.5 MPa. They
found that the incorporation of PO43- in the glass structure and the resulting cement
showed a high degree of plasticity before failure. The plasticity of the cement
decreased, while the strength increased with ageing. A high amount of phosphorus in
the glass component reduces the CS and the E-modulus of the resulting cement,
whereas adding a low amount of phosphorus in the glass component can extend the
setting and working time, resulting in improved strength of the resulting cement.
Ray98 reported that the solubility of phosphate glasses is dependent on the double
bonded oxygen connected to phosphorus. Generally, the Al/P ratio is kept < 1, to
avoid the double bonded oxygen-phosphorus complexes resulting in hydrolysis.

1.8.3 Fluoride in the glass component
Wilson and McLean99 summarised the findings of other research regarding the SiO2Al2O3-CaO-CaF2 glasses which reported that an increase in F- content or CaF2
content in these glasses resulted in the glass being too reactive to form cement.
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Generally, CaF2 is known to be an influential network modifier and by introducing it in
the glass component the network structure of the glass weakens, hence leading to
the creation of NBOs or even non-bridging fluorines (NBFs)100 as illustrated in Figure
  1-5.

-

Figure   1-5: Schematic illustration of calcium fluoride in the glass structure. F creates NBFs,
2+
by surrogating the BOs and C creates NBO by charge balancing the AlO4 [De Barra and
100
Hill ].

In general, disruption of the glass network resulted in a decrease in glass transition
temperature (Tg)81,82. De Barra and Hill100 investigating the influence of CaF2 (Ca2+
and F- ions) on the glass composition 1.5SiO2-0.5P2O5-Al2O3-CaO-XCaF2. De Barra
and Hill100 observed a weakened glass network associated with the inclusion of F - in
the glass structure and a reduction in the Tg. The cement setting time (CS with EModulus) was, evaluated during which a reduction in setting time was observed. This
was interpreted as being a result of glass structure disturbance coupled with
increased cement viscosity. Thus, an increase in glass reactivity in the form of higher
cation diffusion in the aqueous phase and higher degree of polysalt ionic crosslinking
was observed to be associated with increased CaF2 content, increase CS value and
a corresponding E-Modulus increase100.
Since, high F- content is present in the glass component of the modern day GICs101,
F- provides several important characteristics to GICs. The presence of F - ions
reduces the index of refraction of the glass, making it translucent and F - is known to
have a cariostatic effect, when released in the oral environment102,103.
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Griffin and Hill63 investigated the glass Tg in the following glass compositions
4.5SiO2-3.0Al2O3-1.5P2O5-(5-x)CaO-xCaF2. They reported that, with increased F- in
the glass composition, a considerable reduction in the T g was seen. This was
explained by the addition of F- ions weakening the glass structure by replacing the
BOs in the glass matrix with NBF, resulting in higher reactivity of the glass.
Substituting the BOs in the glass structure with NBFs results in a decrease in T g. The
setting time and handling time of the cement paste decreases with additional F - ions
whereas, the strength values and E-modulus of the resulting cement increases63.
1.8.4 Na+ in the glass component
Investigating the decomposition of single component glass powder containing Na+ as
the main cation, Crisp and Wilson52 found that Na+ was mobile and replaced H+ from
the carboxylate group (RCOO)n when the powder was under acid attack. They
suggested that Na+ in the glass component could combine with the carboxylate group
(RCOO)n in the PAA to form sodium carboxylate (COONa) thereby preventing the
formation of metal carboxylates.
Kent et al.104 investigating the Na+ and Ca2+ effect in multicomponent glasses, stated
that the higher the Na+ content in these glasses the greater the susceptibility of the
glass component towards the acid attack, resulting in a faster setting time in
comparison with Ca2+. Furthermore, they reported that a high content of Na + in the
glass would result in the solubility of the glass surface in an aqueous state.
De Barra and Hill105 investigated the substitution of Na+ for Ca2+ in two series of glass
compositions based on PSiO2-QAl2O3-0.75P2O5-(1-z) CaO-xCaF2-ZNa2O with a high
F- content (x = 0.75) and a low F- content (x = 0.5) and monitored the effect on the
resulting properties of the cement. The presence of Na+ in the high F- content glass
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had minimal effect on the resulting cement properties, compared with the dominant
influence exerted by the high F- content. In contrast, in the low F- content glass, Na+
had the greater influence on the resulting mechanical properties of the cement, and a
significant decrease in the E-modulus was observed. Whereas, in the low F- content
glass with decreased Na+ content (with low z (Na+) content), the E-Modulus, fracture
strength and toughness also decreased, the CS values were not affected. This was
explained by the Na+ ions complexing with the carboxylate anions and disturbing the
ionic crosslinking in the resulting cement matrix. However, in a low F- content glass
with increased Na+ content (with high z (Na+) content), the CS values were markedly
affected. De Berra and Hill105 stated that the decrease in the CS values could be an
indication that such high degrees of ionic crosslinking exist that this has a reverse
effect on the properties of the cement and it becomes brittle. De Barra and Hill 105
suggested that additional investigation was needed to ascertain the influence of Na +
on the resulting mechanical properties.

1.8.5 Decrease of glass reactivity
Two processes employed for controlling glass reactivity and diffusion of ions into the
cement matrix are heat treatment and acid washing.
1.8.5.1 Heat treatment

Preheating the glass powder before mixing with other constituents was observed to
improve both the handling properties and the strength of the resultant cement.
Brune106 investigating the effect of preheated aluminosilicate glass powder on the
properties of the cement, reported a 10% enhancement of the CS values when the
glass powder was preheated at 100°C before the addition of polymeric solution.
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Neve et al.107 in their investigation on the consequence of heat treatment on the
aluminoborate glass component to form GICs, concluded that the reactivity of the
glass towards acid attack was reduced after having heat treated the glass
component. Also, the handling characteristics, such as mixing and packing in the
mould were improved and the CS values also increased when the glass component
was preheated before the addition of acidic solution.
1.8.5.2 Acid washing

Acid washing the glass component of the GIC before the addition of acidic solution
delayed the leaching of the ions from the glass structure into the cement matrix. This
delay of the ionic crosslinking in the cement matrix, and hence the delay of cation
diffusion from the glass structure into the aqueous phase, resulted in an increase in
the setting and working time108.
In their desire to have a direct measurement of the acid degradability of the glass
component of the GICs, De Maeyer et al.67 examined the reactivity of untreated
fluoroaluminosilicate glasses towards a dilute acetic acid solution. Acid-washing the
glass component resulted in partial ion leaching of the surface of the glass particles,
when the treated glass was introduced to the acidic solution, the initial ion leaching
process decreased, hence no ions were available on the outer surface of the glass
particles. After the initial delay, both the untreated and treated glass behaved in
similar manner. De Maeyer et al.67 stated that treating the glass component with
acidic solution was an effective way to adjust the initial ion release, and extend the
handling and setting time of the cement.
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1.8.6 Glass particle size (PS) and distribution
As well as the reactivity of the glass, glass particle size (PS) can influence the speed
of reaction. The smaller the PS of the glass powder, the bigger the surface area,
leading to an increase in the chemical kinetics, thus an increase in the speed of
reaction8. Furthermore, if higher amounts of glass particle are available, which is the
source of ions, a higher amount of ions can diffuse from the glass structure into the
aqueous form to crosslink with carboxylate anions109.
The combination of reduced glass PS with a high amount of glass powder content
would result in a decreased working time. Generally, the glass PS and the
distribution of glass powder content have a considerable influence on the resulting
properties of the cement. It is well known that the mean PS in C-GICs are larger than
other restorative materials8.
The role of PS and size distribution of the glass component in GICs regarding the
handling, setting time, clinical handling and the CS of the resulting cement were
investigated by Prentice et al.110. An improvement in CS with a decrease in PS and
corresponding increase of surface area was observed and, at low P/L ratio, the
working time was extended, due to the ions diffusing out of the glass matrix into the
aqueous phase to form ionic crosslinking. In this case, the acid-base reaction was
dominant. An increase in the surface area of the glass particles resulted in higher ion
diffusion in the aqueous phase, thus reducing the working time. At higher P/L ratio,
the handling of the paste was better than the rate of reaction, although there was a
decrease in the working time. In this case the acid-base reaction was in the
background and the paste viscosity was in the foreground110.
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1.9 Fluoride release and recharge ability
One of the major characteristics of F- is its anticariogenic action. A number of studies
analysed

the

F-

release

from

restorative

dental

materials,

such

as

GICs103,111,112,113,114,115,116,117,118,119,120. Whilst it is believed that the release of F- ions
in the oral environment has a beneficial cariostatic effect 103,121, to date the precise
amount of F- ions required to inhibit caries remains unkown111.
Several processes are involved in the cariostatic effect of F - in the oral environment.
Firstly, a decrease in tooth mineralisation, coupled with an increase in tooth
remineralisation take place122, and secondly, the benefits for both hygiene as a result
of the repression of microbial growth in the presence of F- ions102,121.
The F- release of GICs has been divided into two stages116. First, is the short term
(up to 24 hours) discharge of F- ions on the surface of the restorative material into the
oral environment, followed by a long-term release, via a diffusion process from the
inner cement116. Several authors have reported that the maximum release of Foccurs in the first 48 hours, followed by a rapid decline to a modest, residual level
which endures up to a few years F- release115,118.
Generally, several factors can influence the F- ion release into the oral environment.
These factors may consist of storage media, such as deionized/distilled water and
artificial saliva (AS)126, plaque formation123, the pH124 and the F- ion source (glass
component125 of the GIC).
In vitro experiments demonstrated that the F- release in AS was not as high as in
deionised or distilled water. This was related to similar ion distribution, as between
AS, saliva and GIC, which caused a low diffusion gradient. Conversely, the dissimilar
ion distribution, as between deionized water and GIC, caused a higher diffusion
gradient126.
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Plaque formation can hinder the F- ion release, or even the formation of saliva set
down on the tooth structure and after ca. 10 minutes can hinder or delay the F - ion
release. A reduction of pH in the oral environment can cause dissolution of the
restorative material, resulting in a higher F- ion release126.
Furthermore, GICs possess the ability to recharge F- ions. This recharge ability of the
restorative material is dependent on permeability and frequent exposure to the F source127.
The recharge ability of the restorative materials if exposed to a F - source is believed
to be superficial, since the recharge occurs rapidly128.
It is well known that the ionic crosslinking in the cement matrix progresses over a few
years and is responsible for the increasing strength of the restorative material.
Therefore, permeability of the restorative materials plays a very important role of the
resultant cement properties and the F- ion release. The diffusion of F- ions from a
mature cement matrix is further reduced because of the tight crosslinked cement
structure129. Air voids and cracks facilitate the diffusion process, but might decrease
the strength of the restorative material120.
Fluoride not only has an effect on the de- and re-mineralisation of the tooth structure,
but also affects the physiology of microbial cells, including Streptococci130,131.
Hydrogen fluoride (HF) is formed easily under acidic condition (H + + F- ↔   HF). The
bacteria cell membrane has a higher permeability to HF, therefore HF enters into the
bacterial cell easily. In the cytoplasm HF dissociates into H+ and F- ions which
causes the bacterial cell to become more alkaline than the exterior environment 132.
The presence of intracellular F- ions inhibits glycolytic enzymes, resulting in a
decrease of acid (H+) production. The cytoplasmatic pH increases with the presence
of F- ions in the cytoplasm, decreasing the acid production and the acid tolerance of
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the Streptococcus mutans (S. mutans)130. The presence of F- ions also inhibits the
plasma membrane H+-ATPase’s   (H+ is one of the substrates as well as one of the
products), hence excreted H+ are brought back into the bacteria cell, causing a
decrease of the H+ excretion from the bacteria cell133,134,135.

1.10 Antimicrobial effectiveness
S. mutans are Gram-positive, anaerobic, spherical bacteria and are the major cause
of tooth decay. Of all the oral streptococci, S. mutans are thought to develop and
promote the most caries136. Mainly the Streptococcus genus nourish on food debris
in the oral cavity. S. mutans are acidogenic; they attach to the enamel and
metabolize sucrose to lactic acid that is released into the resultant meshwork 137. The
tooth pellicle is generally colonized by early colonizers. Co-aggregation contributes to
sequential binding and colonization (including Streptococcus mitis (S. mitis),
Streptococcus gordonii (S. gordonii) and Streptococcus sanguinis (S. sanguinis)).
The acidic environment favours demineralisation of the dental material. The dental
substance is composed of 98% hydroxyapatite (HAP) crystals (Ca5(PO4)3OH)138.
After digesting sucrose the microorganisms secrete, a sticky polymer of sucrose that
cannot be removed solely by salvia. The acidic environment makes the hard and
highly mineralized enamel susceptible to caries. The acid in the plaque causes
demineralization of the outer mineral structure and progresses into the inner dental
substance (dentin), finally resulting in decaying of the tooth structure and the
formation of a cavity136.
Respective in vitro studies and in vivo studies established the inhibitory effect of
fluoride on bacterial growth123,139,140,141. Because of the porous matrix of the tooth the
F- ions may become incorporated in the matrix142. This makes the tooth matrix
become more resistant to the acidic environment (formation of fluorohyroxyapatite
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(FAP)) and impeded dissolution of the tooth structure. F - ions with an ionic radius of
1.36 nm replace OH- ions (ionic radius of 1.40 nm) of the HAP matrix, resulting in the
formation of the more resistant FAP143. The acidic environment causes a reduction in
pH and release of Ca2+ and PO43- ions into the oral cavity; this was illustrated through
in vivo and in vitro experiments144,145. During the demineralization, the F- ions
complex to CaF2 crystals, which position themselves on and penetrate into the tooth
structure during the remineralization144. However, it is still unclear as the precise level
of fluoride concentration that is needed to have an antimicrobial effect and suppress
the dissolution of the tooth structure by lactic acid115.

1.11 Experimental methods for GIC characterisation
Several experimental methods were used to characterize the mechanical properties
of the resulting restorative dental materials:
 compressive strength (CS),
 diametral tensile strength (DTS),
 flexural strength (FS),
 Vickers hardness (HV),
 nano-indentation and
 wear rate (WR).
The first three methods were conducted according to the British Standards (BS) ISO
9917-1:200775,146 and the last three methods give information about the outer surface
characteristics of GICs.
CS measurements are an important indication for mastication forces 147. The British
Standards Institution adopted the DTS146, as it is not feasible to determine the tensile
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strength of brittle materials. In the DTS testing, the specimens are placed across the
diameter, while in CS the specimens are placed vertically on the Instron plate 148.
Generally, the tensile strength of brittle materials is significantly lower than their
compressive strength. Prosser et al.109 suggested that FS measurements (or three
point bending tests) are more convenient and reliable to evaluate the tensile strength
of a brittle material. Various studies have reported CS and DTS data 6,27,149, whereas
FS data are rarely reported70,109,150.
Generally, the hardness of a material gives an indication of its wear resistance 151.
The nano-indentation was performed, which gives an indication of the hardness and
the creep characteristics of the restorative material152,153.
Table   1-1 gives a concise summary of the existing literature regarding the above
mentioned testing procedures. GICs have been investigated since 1970 18, a wide
spectrum of research was conducted, therefore the literature was restricted to the
above mentioned test procedures regarding GICs. Additional explanation of the
literature is given in the relevant chapters of this work.
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Table   1-1: Concise summary of available literature regarding GIC characterisation.

Author
(ref)

Yap et
39
al.

Xu &
154
Burgess

Perform
ed
experim
ents

Microindentati
on

CS,
fluoride
release

GIC material
Type (P/L ratio)

GIC 1: Beautiful Giomer
GIC 2: Dyract Extra COM
GIC 3: Fuji II LC RM-GIC
GIC 4: Fuji IX GP Fast
HV-GIC

GIC 1: Fuji IX HV-GIC
GIC 2: Miracle Mix C-GIC
GIC 3: Ketac-Molar Aplicap
C-GIC
GIC 4: Ketac-Silver Aplicap
MR-GIC
GIC 5: Vitremer RM-GIC
GIC 6: Photac-Fil Aplicap
RM-GIC
GIC 7: Fuji II LC RM-GIC
GIC 8: Compoglass COM
GIC 9: F2000 COM
GIC 10: Dyract AP COM
GIC 11: Hytac COM
GIC 12: Ariston pHc CP
GIC 13: Surefil CP
GIC 14: Solitaire CP
GIC 15: Teric Ceram CP

Sample
dimensions (mm)
(amount of
samples; time of
testing)

3L x 3W x 2D
(n=7; 30d).

CS: 4Ø x 9H
(n=10; 21d).

Paper
content

Microindent
ation with
several
commercial
GICs over
30 days.

CS and
fluoride
release of
different
GICs.
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Strength values

GIC

Hardness
(MPa)

Modulus
(GPa)

GIC 1

712.45±37.46

110.81±4.7

GIC 2

539.16±57.17

95.5±7.35

GIC 3

475.03±69.72

106.5±9.61

GIC 4

549.36±104.93

125.32±26.47

GIC

CS (MPa)

GIC 1
GIC 2

117±22
127±7.1

GIC 3

168±14

GIC 4

184±14

GIC 5
GIC 6
GIC 7
GIC 8
GIC 9
GIC 10
GIC 11
GIC 12
GIC 13
GIC 14
GIC 15

150±12
154±18
166±11
227±11
231±18
262±16
254±20
285±18
290±45
265±22
286±26

Author
(ref)

Mitra &
Kedrowski
147

Xie et al.
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Perform
ed
experim
ents

GIC material
Type (P/L ratio)

CS, FS,
DTS

GIC 1: Fuji II C-GIC (HM)
GIC 2: Fuji Cap II C-GIC
(EN)
GIC 3: Fuji II LC RM-GIC
GIC 4: Miracle Mix MRGIC
GIC 5: Ketac-Fil C-GIC
GIC 6: Ketac-Silver MRGIC
GIC 7: VariGlass VLC RMGIC
GIC 8: Vitremer Tri-cure
RM-GIC

FS, CS,
DTS,
KHN,
WR

GIC 1: Ketac-Bond C-GIC
(3/1)
GIC 2:  α-Silver MR-GIC
(4.2/1)
GIC 3:  α-Fill (2.7/1)
GIC 4: Ketac-Silver MRGIC (EN)
GIC 5: Ketac-Fil (3.2/1)
GIC 6: Ketac-Molar (3.1/1)
GIC 7: Fuji II (2.7/1)
GIC 8: Vitremer (2.5/1)
GIC 9: Fuji II LC (3.2/1)
GIC 10: Photac-Fil (3.2/1)

Sample
dimensions (mm)
(amount of
samples; time of
testing)

Paper
content

Strength values

GIC 1

CS 1d
(MPa)
210±23

CS 1y
(MPa)
219±23

FS 1d
(MPa)
14.2±1.2

16.3±0.9

DTS 1y
(MPa)
18.5±2.2

GIC 2

156±21

220±16

20.5±2.5

7.9±1.6

16.1±1

GIC 3

203±12

209±10

56.6±3.8

40.7±0.5

40±1.1

GIC 4

128±3

167±16

10.6±1.3

7.0±0.9

10.2±0.7

GIC 5

172±6

213±21

12.2±2.2

15.4±1.7

20.3±2.1

GIC 6.

170±4

219±27

26±2.1

14.1±1.4

16.5±1.5

GIC 7

190±9

173±3

20.3±3.8

25.9±1.1

27.8±0.7

GIC 8

229±5

253±5

61.7±4.1

40.9±2.6

46.3±2.5

GIC
CS: 4Ø x 8H
(n=ns; 1d, 1w, 3m,
6m, 1y).
DTS: 4Ø x 2H
(n=ns; 1d, 1w, 3m,
6m, 1y).
FS: 25L x 2D x 2W
(n=ns; 1d).

CS: 4Ø x 8L
(n=6; 1w).
DTS: 4Ø x 2L
(n=6; 1w).
KHN, WR: 3.5Ø x
5L
(n=9; 1w).
FS: 2W x 2D x 25L
(n=7; 1w).

Long-term
mechanic
al
properties
.

Mechanic
al
properties
explained
via
microstru
cture.
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DTS 1d (MPa)

GIC

FS
(MPa)

CS
(MPa)

DTS
(MPa)

KHN
-2
(kg mm )

WR
(µm/rev)

GIC 1

11.1±1.1

225.7±7.3

20±0.8

108.5±5.2

1.0734±0.130

GIC 2

31.4±3.4

176±6.5

18.7±0.9

45.36±1.12

0.6894±0.059

GIC 3

26.8±3.1

196.5±8.3

18.2±1

87.34±9.52

1.1018±0.069

GIC 4

22.9±1.9

211.8±3.2

22.1±1.3

29.74±3.08

1.1001±0.097

GIC 5
GIC 6
GIC 7

22.6±2.5
21.2±3.1
26.1±3.9

251.2±10
301.3±10.1
202±10

25.5±0.6
23.8±1.1
20.1±0.6

176.8±12.8
108.4±5.8
83.15±8.2

0.7983±0.030
0.8557±0.049
0.8140±0.072

GIC 8

82.1±3.3

265.3±7.5

47.5±0.9

66.4±6.89

0.9446±0.066

GIC 9

71.1±3.6

306.2±6.8

44.4±1.1

84.56±6.58

1.4270±0.046

GIC 10

74.4±5.1

243.5±7.9

37.9±1.7

63.6±7.28

1.0968±0.077

Author
(ref)

Perfor
med
experi
ments

GIC material
Type (P/L ratio)

Sample dimensions
(mm)
(amount of samples;
time of testing)

Paper content

Strength values
CS
(MPa)
194.1±19.8
112.4±27.5
91.8±33.5
119.3±19.9
120.4±25.4
219.1±23.7
222.4±22.6
222.4±22.6

GIC

Nomoto
&
McCabe

CS

64

Behr et
71
al.

Ellakuria
155
et al.

HV,
WR, FS

HV

KC: Ketac-Cem (1/1)
KM: Ketac-Molar (1/2)

GIC 1: Harvard ZOPC
(1.8/1.5)
GIC 2: Durelon CC (1/1)
GIC 3: Ketac Cem C-GIC
(6.26/1)
GIC 4: Merron Plus RMGIC (2/1)

GIC 1: Ketac-Fil Aplicap CGIC
GIC 2: Ketac-Molar C-GIC
GIC 3: Ketac-Silver MRGIC
GIC 4: Vitremer RM-GIC
GIC 5: Photac-Fil Aplicap
RM-GIC
GIC 6: Fuji II LC RM-GIC

CS: 4Ø x 6H
(n=20; 1d).

HV: 2W x 2D x 25L
(n=8; 24h).
WR: 50,000cycles
(n=12; 24h).
FS: 2W x 2D x 25L
(n=8; 24h).

HV: 5Ø x 4L
(n=45; 1d, 7d, 15d,
1m, 3m, 6m, 12m).

Different mixing
methods (HM,
shaking and
rotating) effect on
CS.

Cement properties
change with P/L
ratio and mixing
method.

HV
measurements
after 1 year
storage in water

32

KC (HM)
KC Aplicap (shaking)
KC Aplicap (rotating)
KC Maxicap (shaking)
KC Maxicap (rotating)
KM (HM)
KM Aplicap (shaking)
KM Aplicap (rotating)
GIC

VH
(MPa)

Wear
(µm)

FS
(MPa)

GIC 1

37.3±7

154.2±22

-----

GIC 2

12.5±2.6

112.8±23

----

GIC 3

113±3.4

31±2.4

-----

GIC 4

31.6±1.1

194±7

53.2±1.8

GIC

HV 1d
(MPa)

HV 7d
(MPa)

HV 1m
(MPa)

GIC 1

823.8±75.1

990.49±59.04

1177±33.25

GIC 2

814±100.3

980.7±58.25

1177±31.38

GIC 3

647.3±12.85

657.1±10

696.3±11.77

GIC 4

411.9±47.47

735.5±14.61

735.5±15

GIC 5

519.8±15.4

559±13.73

568.8±14.61

GIC 6

460.9±16.57

480.5±15.69

500.2±16.67

Author
(ref)

Gladys et
6
al.

Prosser
93
et al.

Perfor
med
experi
ments

GIC material
Type (P/L ratio)

SR,
HV,

GIC 1: Silux Plus CP
GIC 2: Z100 CP
GIC 3: Dyract COM
GIC 4: Fuji II LC RM-GIC (EN)
GIC 5: Fuji II LC RM-GIC (HM)
GIC 6: Geristore CP
GIC 7: Ionosit-Fil RM-GIC
GIC 8: Photac-Fil RM-GIC
GIC 9: Variglass RM-GIC
GIC 10:Vitremer RM-GIC
GIC 11:HIFI Master Palette (Shofu) C-GIC
GIC 12: Ketac-Fil C-GIC

FS

GIC 1: Experimental glass G200 + PAA
(13,900 mm)
GIC 2: Experimental glass G200 + PAA
(56,000 mm)

Sample
dimensions (mm)
(amount of
samples; time of
testing)

Paper content

SR & HV: 5Ø x
5H
(n=8; 1m).

Physico-mechanical
characterisation of GICs.

FS: 25L x 3D x
3W
(n=6; 1d).

Effect of experimental
glass composition on FS
with different polymers.

Strength values

GIC

SR (µm)

VH (MPa)

GIC 1
GIC 2
GIC 3
GIC 4
GIC 5
GIC 6
GIC 7
GIC 8
GIC 9
GIC 10
GIC 11
GIC 12

0.02±0
0.02±0
0.1±0.05
0.33±0.07
0.35±0.05
0.41±0.3
0.09±0.01
0.84±0.39
0.12±0
0.25±0.06
0.52±0.1
0.29±0.04
FS
(MPa)

539±49
1187±39
638±49
981±78
1207±108
422±49
1128±137
824±127
1,295±137
863±69
1020±137
1138±461

GIC
GIC 1

9.7±2.3

GIC 2

20.4±5.8

GIC

Gee et
156
al.

Wear

GIC 1: Ketac-Fil Aplicap C-GIC
GIC 2: Fuji Cap II C-GIC
GIC 3: Chemfil Superior C-GIC
GIC 4: Shofu High Dense MR-GIC
GIC 5: Ketac-Silver MR-GIC
GIC 6: Photac-Fil Aplicap RM-GIC
GIC 7: Fuji II LC Capsule RM-GIC
GIC 8: Vitremer RM-GIC

20,000 cycles
(n=10; 8h, 1w, 2w,
4m, 1y).
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Wear measurements
over 1 year period.

GIC 1
GIC 2
GIC 3
GIC 4
GIC 5
GIC 6
GIC 7
GIC 8

Wear 8h
(µm)
125
128
128
116
95
522
308
211

Wear 1w
(µm)
91
104
97
57
89
350
202
135

Wear 1y
(µm)
37
57
53
27
52
152
138
82

Author
(ref)

Matsuya
157
et al.

Tang &
158
Xu

Fleming
159
et al.

Towler et
160
al.

Pearson
&
70
Atkins

Perfor
med
experi
ments

GIC material
Type (P/L ratio)

CS,
FTIR

GIC 1: Tokuso Ionomer
C-GIC (1.9)
GIC 2: Fuji I C-GIC (1.8)
GIC 3: Livcarbo ZPCC (2)
GIC 4: Experimental glass
powder (1.9)

CS

Experimental glass powder
+ TA+ acrylic acid/Itaconic
acid

CS: (1d, 1w, 1m, 2m,
4m)

GIC 1: ChemFil (7.4/1)
GIC 2: ChemFil (6.66/1)
GIC 3: ChemFil (5.92/1)
GIC 4: ChemFil (3.7/1)

CS: 6Ø x 4H
(n=20; 24h).
ST
(n=3).

CS, ST

Nanoindentat
ion

FS

Fuji IX HV-GIC

GIC 1: Chemfil II
GIC 2: Opusfil
GIC 3: Rexodent
GIC 4: Ketac Fil C-GIC
GIC 5: Ketac-Silver MRGIC

Sample dimensions
(mm)
(amount of samples;
time of testing)
CS: 4Ø x 6L
(n=4-8; 1h, 2h, 4h, 8h,
1d, 7d, 30d).

2Ø x 2L
(n=8; 7.5h).

FS: 25L x 2D x 2W
(n=5; 1h, 3h, 6h, 1d,
2d, 4d, 5d, 6d, 7d,
3m).

Paper content

CS over 30
days.

CS at different
time points in
different storage
medium (water,
air, oil).
Comparing CS
at 24h with
different powder
content at a
constant
polymer volume
Nanoindentation
measurements
of Fuji IX
chemically and
ultrasonically
cured.

FS over 3
months.
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Strength values

GIC

CS 1h (MPa)

CS 1d (MPa)

CS 7d (MPa)

GIC 1
GIC 2
GIC 3
GIC 4

ca. 90
ca. 120
ca. 50
ca. 45

ca. 120
ca. 170
ca. 55
ca. 70

ca. 150
ca. 180
ca. 60
ca. 80

CS 30d
(MPa)
ca. 180
ca. 200
ca. 55
ca. 95
CS 1m
(MPa)
Air 37±1ºC

CS 1d (MPa)
Water 37±1ºC

CS 1m (MPa)
Water 37±1ºC

CS 1d (MPa)
Air 37±1ºC

125.6±6.3

177±38.2

238.8±21.2

GIC
ChF1
ChF2
ChF3

CS (MPa)
102.1±23.1
93.7±22.9
82.6±18.5

ST (min)
2.5±0.03
2.8±0.3
3.1±0.06

ChF4

55.7±17.2

3.5±0.01

GIC

Hardness (mean)
(GPa)

Hardness
(max) (GPa)

Hardness
(min) (GPa)

Fuji IX
Chemically cured

0.176

0.386

0.022

Fuji IX
Ultrasonically cured

2.62

4.45

1.04

GIC

FS 1h
(MPa)

FS 1d
(MPa)

FS 7d
(MPa)

GIC 1
GIC 2
GIC 3
GIC 4
GIC 5

30.8±9.1
15±1.7
16.1±6.7
14.8±3.5
12.8±4.6

29±9
36.3±7
39.1±6.7
29.1±1.7
30±5.3

36.3±10.4
46.9±23
69.8±22.6
29.5±2.5
27.7±6.3

212.4±30.3

Author
(ref)

Bonifacio
161
et al.

Kleverlaa
162
n et al.

Bresciani
148
et al.

Perfor
med
experi
ments

GIC material
Type (P/L ratio)

CS,FS,
KH

GIC 1: Riva Self
cure HV-GIC
GIC 2: Fuji IX HVGIC
GIC 3: Hi Dense HVGIC
GIC 4: Vitro Molar
HV-GIC
GIC 5: Maxxion R
HV-GIC
GIC 6: Ketac Molar
Easymix HV-GIC

CS

DTS,
CS

GIC 1: Fuji IX FAST
GIC 2: Fuji IX HVGIC
GIC 3: Ketac Molar
Quick
GIC 4: Ketac Molar

GIC 1: Bioglass R CGIC (3/1)
GIC 2: Vitro Molar CGIC (3/1)
GIC 3: Fuji IX HVGIC (3.6/1)

Sample
dimensions (mm)
(amount of
samples; time of
testing)

FS: 25L x 2D x 2W
(n=10; 24h in
paraffin).
CS: 4Ø x 6H
(n=10; 1h, 1d, 7d).
KH: 8Ø x 4H
(n=2; 24h in
paraffin).

CS: 3.15Ø x 5H
(n=8; 15m, 1h, 1d,
28d).

DTS: 6Ø x 3H
(n=5; 1h, 1d, 7d).
CS: 6Ø x 12H
(n=5; 1h, 1d, 7d).

Paper content

Comparison of
mechanical
properties of
GICs used in
ART.

Comparison of
external applied
‘command’  set  
application (SC,
UC and HC) on
the mechanical
properties.

Comparison of
CS and DTS at
different time
points with
different GICs.

Strength values

GIC

CS 1d (MPa)

FS 1d (MPa)

KH 1d

GIC 1

126.5±18.5

23.9±10.7

38.7±12.9

GIC 2

166.7±31.3

33.3±6.1

68.7±10.9

GIC 3

159.2±26.7

33.3±3.9

55.8±11.5

GIC 4

135.7±48.3

19.2±4.0

37.0±5.5

GIC 5

130.3±23.2

29.5±3.6

50.4±5.3

GIC 6

177.8±28.2

34.5±7.2

73.8±9.4

GIC 1

CS 15m
(MPa)

CS 1h
(MPa)

CS 1d (MPa)

CS 28d (MPa)

SC 23°C

53.3±5.5

83.9±9.5

155.7±37.0

194.4±27.4

UC

88.1±2.9

120.8±10.2

188.8±14.2

218.3±32.3

HC 70°C

122.1±18.7

127.2±9.8

193.3±26.8

240.1±15.9

GIC

CS 1h
(MPa)

CS 1d
(MPa)

CS 1w
(MPa)

DTS 1h
(MPa)

DTS 1d
(MPa)

DTS 1w
(MPa)

GIC
1

42.3±6.83

83.39±16.6

95.67±
15.27

5.54±0.5
29

6.58±
0.808

8.74±
1.396

GIC
2

70.26±6.05

125.67±6.9
5

148.03±
17.8

8.27±0.4
75

9.43±
0.822

10.76±
3.072

GIC
3

99.51±7.91

147.93±18.
18

155.47±
9.02

7.24±0.6
99

11.96±
1.514

13.72±
2.834
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Perfor
med
experi
ments

Author
(ref)

GIC material
Type (P/L ratio)

Sample
dimensions (mm)
(amount of
samples; time of
testing)

Paper content

Strength values

GIC

CattaniLorente
149
et al.

Crisp et
21
al.

CS,
DTS,
FS

CS,
WIN,
WHN

GIC 1: Chemfil II
(EN)
GIC 2: Chemfil II
(HM)
GIC 3: Ketac-Fil
Aplicap C-GIC (EN)
GIC 4: GC Fuji II
GIC 5: Ketac-silver
RM-GIC (EN)

GIC 1: ASPA II (2/1)
GIC 2: ASPA III (3/1)
GIC 3: ASPA IV
(3.5/1)
GIC 4: Durelon (3/1)
GIC 5: Super
Syntrex (4/1)

CS: 4Ø x 6L
(n=3-4; 24h, 2m,
6m, 12m).
DTS: 4Ø x 6L
(n=3-4; 24h, 2m,
6m, 12m).
FS: 25L x 2D x 2W
(n=2-6; 24h, 2m,
6m, 12m).

WHN, WI: 20Ø x
1.5W
(n=3; 15min, 1d,
1m, 1y).
CS: 6Ø x 12L
(n=ns; 15min, 1d,
1m, 1y).

CS, DTS and
FS over 12
month storage
in water.

Long-term
hardness and
CS.

GIC
1
GIC
2
GIC
3
GIC
4
GIC
5

CS 1h
(MPa)

CS 12m
(MPa)

DTS 1h
(MPa)

DTS 12m
(MPa)

FS 1h
(MPa)

FS 12 m
(MPa)

197.5±12.4

138±18.8

12.2±3.8

6.1±0.4

9.2±4.2

17.3±5.5

134.4±37.3

163±13

10.8±2.8

10.2±4.2

25±5.7

5.2±0.6

152.4±10.6

150.4±19.5

14±4

11.8±3.6

10.3±3.
6

9.4±3.3

158.9±14.1

127.2±38.3

8.7±2

7.4±0.9

3.5±0.6

3.7±1.9

112.6±26.1

142.9±8.7

12.9±2

11.7±2

6.9±0.5

12.8±2.4

GIC

WIN (WHN*) 1d
2
(N/mm )

WIN (WHN*) 1y
2
(N/mm )

CS 1d
-2
(N/mm )

CS 1y
-2
(N/mm )

GIC 1

90 (160*)

67 (290*)

------

------

GIC 2

77 (220*)

74 (240*)

130

225

GIC 3

65 (310*)

66 (300*)

170

230

GIC 4

122 (87*)

73 (240*)

------

------

GIC 5

50 (520*)

46 (610*)

------

------

1

ART: atraumatic restorative treatment; CC: carboxylate cement; C-GIC: conventional GIC; COM: compomer; CP: composite; CS: compressive strength; d: day; D:
depth; DTS: diametral tensile strength; EN: Encapsulate; FS: Flexural strength; FTIR: Fourier transform infrared; h: hours; H: height; HC: heat source; HV-GIC: high
viscous GIC; HM: hand mixing; HV: Vickers hardness; KH: Knoop microhardness; L: length; m: month; min: minutes; MR-GIC: metal reinforced GIC; mm: molar
mass; n: number of specimens; ns: not specified; PAA: poly acrylic acid; PMRC: polyacid-modified resin composite; ref: reference; RM-GIC: Resin modified GIC;
SC: ST: standard curing; setting time; SR: surface roughness; UC: ultrasonic excitation; w: week; WHN: woxen hardness number; W: width; WIN: wallace
indentation number; WR: Wear rate; y: year; ZPCC: zinc polycarboxylate cement; ZOPC: zinc oxide phosphate cement; Ø: diameter; ± standard deviations.
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1.12 Aims and objectives
GICs are versatile materials and are indicated for different clinical applications;
however, their inferior mechanical strength limits their clinical usage. The primary aim
of this project was to study the change in the mechanical strength and setting
properties by substituting bigger cations for smaller cations. Furthermore, there is
some evidence that Sr2+ has an antibacterial effect117,200 and this would be
advantageous for clinical application. Substituting the bigger Ba 2+ and Sr2+ cations for
the smaller Ca2+ cation alters the original glass structure through the formation of
non-bridging oxygens (NBOs)163. These NBOs in turn affect the cation diffusion
process in these glasses upon acid attack. The effect barium (Ba2+) and strontium
(Sr2+) substitutions for calcium (Ca2+) may have on the setting reaction and other
properties of the resultant glass ionomer cements was studied. The Ba 2+ and Sr2+
substitution were performed on glass composition 4.5SiO2-3Al2O3-1.5P2O5-3CaO2CaF2, the substitutions being accomplished using a known melt quench route. Ba 2+
and Sr2+ were introduced into the Ca-glass structure as substitutes for Ca2+ on a
molar basis of 75% barium and 75% strontium.
In this project, the effect of the disturbance in the glass component of the
experimental GICs was observed. Furthermore, the effect of the disturbance in the
glass component upon the properties of the resulting cement was interpreted as
outlined below.
1.

The acid-base neutralisation process over 60 minutes for all three GIC
compositions was observed with a real time FTIR.

2.

The setting time of the three experimental GICs at different P/L ratios (2:1
and 3:1) was evaluated using a resistance to penetration test method.

3.

The fluoride release experiment was divided into two stages. In the first
stage, the fluoride release in AS and deionized water of the three experimental
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GICs over 40 days was observed. During the second stage of the experiment,
the specimens after 40 days of fluoride release were exposed in a commercial
fluoride solution and the fluoride release was measured again at different time
intervals up to 24 hours.
4.

The antimicrobial effect of the three GIC compositions at different time
intervals up to 48 hours was observed.

5.

The surface characteristics of the experimental GICs was observed by
three different methods:
a.

Vickers hardness (HV); the mean hardness value for a total of 9
indents at 1 hour and 1 month after mixing was measured and
calculated.

b.

Nano-indentation; the mean hardness and reduced modulus value for
a total of 108 indents at 1 hour, 1 day, 1 week and 1 month after mixing
was measured and calculated.

c.

Reciprocating ball-on-flat; the wear behaviour of the three GIC
compositions was measured 1 day after mixing. The wear volume was
calculated via three wear scars across the specimens.

6.

Three mechanical testings were conducted:
a.

diametral tensile strength (DTS),

b.

compressive strength (CS) and

c.

flexural strength (FS)

at 1 hour, 1 day, 1 week and 1 month after mixing. The mean value of 15
measurements for each time point of the test methods was calculated.
Furthermore, the compressive, tensile and flexural E-modulus was calculated
from the relevant stress-strain curves.
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2 Materials and methods
The calcium base glass composition used in this work is 4.5SiO2-3Al2O3-1.5P2O53CaO-2CaF2. Barium and strontium were introduced into the glass structure by
substituting calcium in the molar amount of 75% as shown in Table   2-1163. The glass
powders were produced by a well-known melt quench route76, as described in detail
by Wang and Stamboulis163.
Table   2-1: Molar composition of barium and strontium substituted alumino-silicate glasses.
Particle size
Glass ID
SiO2
Al2O3 P2O5
CaO CaF2
BaO BaF2
SrO SrF2
(µm)
Ca-Glass
7.90 ± 0.13
4.5
3
1.5
3
2
0
0
0
0
(100%)
Ca-Sr-Glass
8.87 ± 0.22
4.5
3
1.5
0
1.25
0
0
3
0.75
(75%)
Ca-Ba-Glass
7.80 ± 0.42
4.5
3
1.5
0
1.25
3
0.75
0
0
(75%)

All oxide powders were supplied from Sigma Aldrich and their grade was puriss. The
oxide powders used for glass making were silicon dioxide (SiO 2), aluminium oxide
(Al2O3), phosphorus pentoxide (P2O5), calcium carbonate (CaCO3), calcium fluoride
(CaF2), strontium carbonate (SrCO3), strontium fluoride (SrF2), and barium fluoride
(BaF2). The different batches with the desired oxide compositions were mixed by
hand and melted in a conventional furnace (Elite Thermal Systems Ltd,
Leicestershire) at 1475oC for 1 h. The glass melt was then quenched directly into
deionized water to avoid any phase separation and crystallization and glass frit was
formed. The glass frit was ground using a TEMA mill, (TEMA (Machinery) Limited,
Germany) for 10 min to obtain a fine glass powder. The powder was finally sieved to
obtain less than 45 µm glass particles.

2.1 Materials
40 wt% of aqueous poly (acrylic acid) (PAA) (C3H4O2)n solution was supplied by
Advanced Healthcare Ltd, Tonbridge, UK. Ca-Glass, Ca-Sr-Glass and Ca-Ba-Glass
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experimental glass powders were made by the melt quench route developed at the
University of Birmingham163. The powder/liquid (P/L) ratio was kept at 2:1 for Ca-GIC
and 3:1 for Ca-Sr-GIC and Ca-Ba-GIC (Table   2-2).

2.1.1 Poly (acrylic acid) (PAA)
A 40wt% PAA aqueous solution was supplied by Advanced Healthcare Ltd,
Tonbridge (Mw ≈ 60,000 according to the manufacturer). The solution was kept in the
fridge for further usage.

2.1.2 Preparation of glass ionomer cements (GICs)
Three groups of experimental cements Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC were
prepared by hand mixing at the adequate powder to liquid ratio shown in Table   2-2.
Initially, all three GIC compositions were mixed with a P/L ratio of 3:1. In the case of
Ca-GIC, however, the P/L ratio of 3:1 was not appropriate as the viscosity of the
paste was too high for homogeneous mixing. Therefore, a lower P/L of 2:1
(Table   2-2) was used.
Table   2-2: Powder/liquid ratio of the resulting GICs.
Cement
Experimental glass
Liquid [weight%]
Specimen
powder

Experimental
glass

P/L ratio

Ca-GIC

PAA [40w%]

Ca 100%

Ca-Glass

2:1

Ca-Sr-GIC

PAA [40w%]

Ca 25%, Sr 75%

Ca-Sr-Glass

3:1

Ca-Ba-GIC

PAA [40w%]

Ca 25%, Ba 75%

Ca-Ba-Glass

3:1

Figure   2-1 illustrates the tools used to prepare GIC samples. GICs were prepared by
hand mixing the experimental glass powder (Ca-Glass, Ca-Sr-Glass and Ca-BaGlass) and the PAA solution on a poly (methyl methacrylate) (PMMA) mixing plate
using a polyethylene (PE) spatula (SciLabware Ltd, Staffordshire) at RT (Figure   2-1).
After complete mixing of the glass powder and the polymeric solution, which should
not exceed 60 s, the formed cement paste was mechanically packed in the mould
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and kept in place with a G-clamp. The samples in the mould were allowed to set for
60 minutes at RT and were taken out of the mould and placed in deionized water in
glass containers in a water-bath (Thermo Fisher Scientific Inc., Waltham, United
States) kept at 37 ± 1ºC. The specimens with non-uniform ends, defects or visually
apparent pores were disposed of.

Figure   2-1: Tools for the preparation of GIC samples.

2.2 Methods
2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy
Attenuated Total Reflectance (ATR) attachment of a Nicolet FTIR Spectrometer
(Magna-IR 860) was used to collect high-quality real time spectra for Ca-GIC, Ca-SrGIC and Ca-Ba-GIC (Table   2-2) over the duration of 60 minutes to investigate and
follow the chemical setting reaction of GIC. A deuterated triglycine sulfate (DTGS)
detector in a mid-infrared frequency range (700 – 4000 cm-1) with a resolution of
4 cm-1 and conducting 100 scans over 60 minutes was used. An IR source in
Transmission E.P.S mode having a velocity of 0.6329 m/s2 was used to collect the
41

spectra. The background noise was subtracted from all measurements. The glass
powder and polymeric solution as described in Table   2-2 were mixed and quickly
loaded on a brass ring of 10 mm diameter positioned centrally on the Golden Gate.
The first spectrum was recorded within 1 minute of the initial mixing. A rubber ring
was positioned around the Golden Gate and then deionized water was added inside
the rubber ring until the sample on the Golden Gate was covered, in order to prevent
dislocation and to mimic the humid oral environment. In addition, FTIR spectra of the
three glass compositions (Table   2-1) and the PAA were collected. To ensure further
examination in the lower region for the glass compositions, below 1200 cm-1,
potassium bromide (KBr) disks were prepared by mixing 2 mg of the glass powder
(Table   2-1) with 200 mg of KBr powder.

2.2.2 Fluoride release of GICs in artificial saliva and deionized water
Disc-shaped specimens (4 ± 0.1 mm in diameter and 2 ± 0.1 mm in height) of each
composition were formed in a Teflon split mould and immersed individually in PE test
tubes (Sigma-Aldrich, UK) containing either 4 ml deionized water or 4 ml of a
commercial synthetic saliva (Glandosane®, Stada Arzneimittel AG, Hannover,
Germany). The composition is shown in Table   2-3.

Table   2-3: The ingredients of each 50 g of aqueous solution of Glandosane® (artificial saliva).
Artificial saliva
Concentration in 50 g
Artificial saliva
Concentration in 50 g
Ingredients
of artificial saliva
Ingredients
of artificial saliva
Carboxymethylcellul
Magnesium chloride
0.5 g
0.0026 g
ose sodium
(6 H2O)
Calcium chloride
(2 H2O)

0.0073 g

Sodium chloride
Potassium chloride
Sorbitol

0.0422 g
0.06 g
1.5 g

42

Potassium
monohydrogen
phosphate

0.0171 g

Sorbic acid
Sodium benzoate

0.025 g
0.0295 g

The test tubes were then placed in a water-bath (Thermo Fisher Scientific Inc.,
Waltham, United States) at 37 ± 1°C and kept for 40 days. The experiment was
divided into two stages. During the first stage the fluoride release was measured in
deionized water or synthetic saliva over different time periods up to 40 days. During
the second stage of the experiment, the specimens after 40 days of fluoride release
were exposed in a commercial fluoride solution (Colgate® FluoriGard, Guilford,
United Kingdom) for 1 min, 10 min, 1 hour, 6 hours and 12 hours before the fluoride
release was measured again at different time intervals up to 24 hours.

The main ingredients of Colgate® FluoriGard Fluoride mouthwash solution are:
Aqua, Glycerin, Propylene Glycol, Sorbitol, Sodium Phosphate, Poloxamer 407,
Sodium Benzoate, Disodium Phosphate, Aroma, Cetylpyridinium Chloride, Sodium
Fluoride, Sodium Saccharin, Cinnamal, Cl 19140, and Cl 42053. The mouthwash
solution contained 225 ppm sodium fluoride. The amount of fluoride release was
expressed in parts per million (ppm). The results of ion release are presented as
mean cumulative fluoride release of each GIC group (Ca-GIC, Ca-Sr-GIC and CaBa-GIC) in AS and deionized water, respectively. The fluoride release was measured
using a single beam photometer Nanocolor 500D (Macherey-Nagel GmbH & Co KG,
Dueren, Germany). A tungsten lamp was used as the light source and a silicon
photodiode was used as the detector. The photometric accuracy was ± 1%. The
measuring range for the fluoride photometer was from 0.1 to 2.0 mg F- and the
wavelength ranged from 340 to 860 nm (± 2 nm). Fluoride was detected at a
wavelength of 620 nm. The reaction mechanism was based on a colourimetric
determination of fluoride (lanthanum/alizarin complexone, La-ALC). The molecular
structure of La-ALC is illustrated in Figure   2-2 (a). The red coloured La-ALC turns to
a purple coloured solution after the water molecules replaced by F - ions (Fluorolanthanum/alizarin complexone, La-ALC-F) as shown in Figure   2-2 (b)164.
43

Figure   2-2: Chemical structures of (a) La-ALC and (b) La-ALC-F [Lei et al.

164

].

2.2.3 Antimicrobial Efficacy Test (AET)
Cultures of Streptococcus mutans NTCC10449 (S. mutans) were used throughout
this work. A freeze-dried ampoule from the NCTC was broken open and the bacterial
pellet revived by re-suspending in 500 µl of Brain-heart infusion (BHI) broth and
incubating at 37°C with 5% CO2 overnight. BHI broth (Oxoid, U.K) was prepared by
adding 18.5 g of BHI powder to 500 ml of deionized water and autoclaving the broth
to sterilise. As a solid culture media, Columbia agar (Oxoid, U.K) with 5% v/v
defibrinated sheep blood (CB) agar was used for cultivation of S. mutans. 39 g of
powdered agar was added to 1 l of deionized water and dissolved. The dissolved
medium was sterilized by autoclaving at 121°C for 90 minutes.
From a freshly inoculated plate the cells were harvested using a sterile plastic loop
and resuspended into 5 ml of sterile BHI containing 20% v/v glycerol. 1 ml aliquots
were then stored at -80°C to act as starter cultures for experiments. These starter
cultures were used daily to inoculate 5 ml of fresh BHI broth and incubated
(24 hours) as above. Growth was monitored using culture absorbance, measured
optically by a spectrophotometer (Jenway, UK). Bacterial suspensions were
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transferred into 1 ml cuvettes (Geneflow, UK), and a light beam was scattered by the
cells while passing through the cuvette to determine the optical density (OD). The OD
at 600 nm (OD600) of the S. mutans was measured and then adjusted with fresh broth
to ca. 0.25 ± 0.01 in 1 ml. The original bacterial suspension, adjusted to
~1x108 cfu/ml, was added to the specimens. 150 µl aliquots of these adjusted
suspensions were then transferred into 96 well microtitre trays (MTT) to allow
susceptibility testing (Figure   2-3). To measure the antimicrobial effect of the three
GIC compositions over time, four specific time points were chosen; 10 min, 3 hours,
1 day (24 hours) and 2 days (48 hours). Figure   2-3 displays duplicate GIC specimens
(4 ± 0.1 mm in diameter and 2 ± 0.1 mm in height) that were used in a MTT with
150 µl duplicate cultures. All experiments were repeated at different time points. The
number of viable microorganisms present at each time point was then determined. In
order to count viable cells, 20 µl of the test suspension was serially diluted ten fold
six times (10-6) with BHI broth and three 20 µl spots plated onto CB plates and
incubated for each dilution. For dilutions where individual colonies could be counted,
the average number of viable colony forming units (CFUs) per ml of original
suspension was calculated (Figure   2-4).

45

Figure   2-3: MTT plate containing GIC specimens allowing sampling at different time points
with 150 µl suspension. (T1= 10 min, T2 = 3 hours, T3 = 24 hours, T4 = 48 hours; NC = No
cement, CG = Ca-GIC, SG = Ca-Sr-GIC, BG = Ca-Ba-GIC, C = Control).

-6

Figure   2-4: Dilution series (up to 10 ) followed by plate count method to determine viable
microorganism numbers on the agar plates for all three GIC compositions.
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A series of dilutions was plated on a CB agar plate, which was previously divided into
three quadrants with different Dilution factors (DFs), such as 10 -2, 10-4 and 10-6
(Figure   2-4). Three 20 µl spots from each corresponding DF were evenly spaced in
the associated quadrant of the CB agar plates and incubated for 24 hours as before.
After 24 hours the amount of CFUs are counted and recorded. All dilutions were
plated in triplicate to give results.

Figure   2-5: Example of an inoculated CB agar plate, divided into three quadrants and
containing three evenly spaced drops of diluted samples at the time point T 1 = 10 min for all
three GIC compositions.

2.2.4 Calculation of cement setting time
The setting time of the cements was calculated using a resistance to penetration test
method. This test has been used widely in the dental industry and is in accordance
with the British Standard ISO 9917-1:2007(E) for water-based cements75. The
repeatability of the method is high. The method is based on the assumption that as
the material sets, it will resist penetration (Figure   2-6). In Figure   2-6 (a) the probe tip
penetrates into the cement, indicating that the cement is not set yet. If the cement
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resists the penetration of the probe tip, as demonstrated in Figure   2-6 (b), it suggests
that the cement is set.
The viscosity of the resulting GIC is monitored as a function of the setting time, while
a fixed working time of 30 s (or maximum 60 s) is assumed. It should be mentioned
that the evaluation of the setting time depends on the weight and the tip diameter of
the probe206.

Figure   2-6: Determination of the setting time through the resistance of penetration method; (a)
206
material is not set yet, (b) material is set [John F. McCabe ].

The measurements were performed in a humidity chamber (to mimic the humid
environment of the human mouth) illustrated in Figure   2-7, with a temperature of
37 ± 1°C and a controlled humidity of at least 90%.
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A needle as indenter (Figure   2-8 (d)) with a flat end (Ø 1.0 ± 0.1 mm) and a weight of
400 ± 5 g, was positioned vertically in the chamber (Figure   2-8 (a)). GICs with
different P/L ratios were mixed in a time interval of 30 to 60 s and transferred into a
metal block mould (8 x 75 x 100 ± 0.15 mm) (Figure   2-8 (b)), which was covered with
aluminum foil (Figure   2-8 (c)). After an additional 60 s time period the metal block
mould (Figure   2-8 (c)) was placed in the humidity chamber (Figure   2-8 (a)). The
needle was rested on the cement and remained there for 5 s. This procedure was
repeated every 30 s, after moving the metal block (Figure   2-8 (c)) until the flat needle
did not leave an indent on the surface of the set cement. Three measurements for
each composition (Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC) with two different P/L ratios
(2:1, 3:1) were performed and the mean setting time was calculated.

Figure   2-7: Humidity chamber used to mimic the human oral condition (Advanced Healthcare
Ltd, Kent).
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Figure   2-8: The needle intender and the metal block in the humidity chamber. (a) Needle
indenter in the humidity chamber; (b) empty metal block mould; (c) metal block mould covered
with an aluminum foil and filled with GIC; (d) needle indenter with a flat end.

2.2.5 Vickers Hardness (HV) of glass ionomer cements
The specimens for the HV experiment were tested in accordance with ASTM
standard C1327-08165. A micro-indenter hardness (MVK-H1 Mitutoyo, UK) with an
integrated optical microscope was used to measure the hardness of the specimens
with a load of 1 kg for 10 s. The surface of the specimens was wet-ground with 800
and 1200-grit silicon carbide discs prior to testing. Three specimens (4 ± 0.1 mm
diameter by 2 ± 0.1 mm height) for each GIC composition at 1 h and 1 month were
prepared and tested. Figure   2-9 illustrates an indentation shape that is used for HV; it
has a pyramid shape with a square base and an angle of 136º between opposite
faces.
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Figure   2-9: Vickers hardness testing by indent penetration via a diamond tip (SEM image
Kashani).

On each specimen 3 indents were applied; the mean hardness value for a total of 9
indents at each test period was calculated according to Equation   2-1165:

Equation   2-1

where F is the applied load on the specimen and d is the diagonal length of the
diamond impression on the specimen. The HV results in this study were expressed in
MPa.

2.2.6 Nano-indentation
Nano-indentation testing of a material consists of applying a compressive normal
load onto the surface of a sample, via an indenter tip. The indenter tip is usually
made of diamond, or is diamond-coated. Diamond exhibits a very high elastic
modulus of 1,140 GPa and a hardness of ca. 200 GPa166. The diamond indenter tip
in the experiments performed here is a Berkovich pyramidal indenter, exhibiting a
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sharp, three sided symmetric shape (Figure   2-10). The load range employed during
nano-indentation testing is in the order of 0.1 – 500 mN.

Figure   2-10: Scanning electron microscope images of (a) Berkovich pyramidal indenter and (b)
166
Berkovich indentation into steel [James Bowen ].

The nano-indentation experiment was carried out using a NanoTest (MicroMaterials,
UK). A load of 300 mN was applied at a loading rate of 15 mN/s. The 300 mN load
was held for 30 seconds, before retraction of the indenter, once again at 15 mN/s.
Three samples were measured for each GIC composition (Ca-GIC, Ca-Sr-GIC, and
Ca-Ba-GIC) at each time scale (1 hour, 1 day, 1 week, and 1 month). Each sample
was indented 36 times and mean hardness and reduced modulus values were
calculated. Figure   2-11 illustrates a typical indentation curve, with a characteristic
loading and unloading pathway.
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Figure   2-11: A typical schematic diagram of force-displacement curve during nano-indentation
160
experiment [Towler et al. ].

The hardness is defined as the mean contact pressure of a material and is calculated
according to Equation   2-2160:

H
Equation   2-2

P
A

where H is the hardness of the specimen, P is the applied pressure and A is the
contact area.
Creep measurements were taken, when the applied force at a constant maximum
value, (in this case 300 mN), is maintained (for 30 seconds) and the change in depth
of the indenter as a function of time is measured (Figure   2-11)160.
During the loading phase that is illustrated in Figure   2-11, the nano-indenter head is
forced into the surface of the material. During this phase the elastic and plastic
deformations are occurring. However, during the unloading phase just the elastic
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displacement is recovered (Figure   2-12). Figure   2-12 illustrates the unloading
process of the nano-indentation. The final depth (hf) is caused by the plastic
deformation, while the elastic displacement is recovered (Figure   2-12)167.

Figure   2-12: Schematic illustration of the unloading process with the permanent displacement,
167
caused by plastic deformation [Oliver and Pharr ].

The reduced modulus (Er) is calculated from the slope of the unloading curve, based
on Equation   2-3160:

Equation   2-3

where Er is the reduced modulus of the specimen, dP/dh is the slope of unloading
curve, hp is the penetration depth,

π

is a mathematical constant equal to 3.14 and

βBerkovich pyramidal indenter is the geometry correction factor and equal to 1.034168.
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2.2.7 Reciprocating ball-on-flat wear test
Wear  is  the  material’s  loss  of  a  surface  caused  by  mechanical  action 151. However, in
dentistry it can also include chemical interaction.

Figure   2-13: Reciprocating (ball-on-flat) sliding test was carried out in deionized water using a
machine with a motor-driven stage that oscillates a flat specimen beneath a fixed ball.

Figure   2-13 illustrates the schematic arrangement for a reciprocating ball-on-flat test
machine. For the reciprocating experiment, one specimen of each composition
(Ca-GIC, Sr-Ca-GIC, Ba-Ca-GIC) with 25 ± 0.1 mm of length, 10 ± 0.1 mm of width
and 2 ± 0.1 mm height were prepared and tested in accordance with ASTM standard
G133-05169. The sliding test was carried out in deionized water at RT, using a
machine with a motor-driven stage that oscillates a flat specimen beneath a fixed
alumina ball. The alumina ball (Spheric Trafalger Limited, Sussex) with a diameter of
12.5 mm and an average surface roughness (Ra) of about 0.01 µm was used. The
alumina ball was carefully washed with acetone and deionized water before each
experiment. A load of 20 nN with an average sliding speed of 1 m/s (1 Hz x
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60 cycles) and a sliding distance of 6 mm was used. The specimens were wetground with 800 and 1200-grit silicon carbide paper at RT using water as lubricant.
Figure   2-14 indicates the three wear scars across the specimens which resulted from
the sliding motions. The three wear scar profiles were measured by a surface Ra
measuring stylus profilometer (Surf-corder, Mitutoyo, UK). The wear scar area was
calculated using Microcal Origin version 6.0 analytical software (Northampton, MA
USA) by integrating the area across the wear scar profile measured by a stylus
profilometer, and then multiplying by the circumference length of the track.

Figure   2-14: Wear scars, resulting from the sliding motions of the alumina ball.

2.2.8 Mechanical properties of prepared GICs
The requirements for dental GICs regarding environmental factors and the test
methods are determined by the American Dental Association170 (ADA) specification
number 66 (1989) and the British Standards ISO 9917-1:2007 for Dentistry75.
Diametral tensile strength (DTS), compressive strength (CS) and flexural strength
(FS) were conducted according to the British Standards ISO 9917-1:200775,146.
Figure   2-15 illustrates the Teflon split moulds (Direct Plastics Limited, Sheffield),
used for the preparation of the samples for compressive strength measurements
(Figure   2-15 (a): four cylindrical samples of 4 ± 0.1 mm of diameter and 6 ± 0.1 mm
of thickness), diametral tensile strength measurements (Figure   2-15 (b): eight circular
samples with 4 ± 0.1 mm of diameter and 2 ± 0.1 mm of thickness) and flexural

56

strength measurements (Figure   2-15 (c): one sample with dimensions of 25 ± 0.1 mm
of length, 2.0 ± 0.1 mm of thickness and 2.0 ± 0.1 mm of width).

Figure   2-15: (a) Teflon split mould for compressive strength (CS) measurements capable of
holding 4 samples; (b) Teflon split mould for diametral tensile strength (DTS) measurements
capable of holding 8 samples; (c) Teflon split mould for flexural strength (FS) measurements
capable of holding 1 sample.

The cements were prepared according to P/L ratio mentioned in Table   2-2. All
cements were prepared by hand mixing at RT using an ultra high molecular weight
polyethylene (UHMWPE) (SciLabware Ltd, Staffordshire) spatula and a PMMA
mixing plate in order to avoid contamination (Figure   2-1). A transparent film (Lloyd
Paton Ltd, Cardiff) was placed in the groove of the base of the stainless steel casing.
The Teflon split mould was placed over the transparent film. The GIC paste was then
packed into the split moulds. A second transparent film was placed on the top of the
split mould and a stainless steel cover was placed over the transparent film and was
secured by a G-clamp. The samples were left to set in the air and at RT for 60
minutes. The glass powders (Figure   2-1) were left overnight in an oven in order to
protect them from environmental humidity and the polymer was kept in a fridge.
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The samples were then removed from the moulds and stored in a sealed glass
container in deionized water and were stored in a water-bath maintained at
37 ± 1.0°C. Testing the samples was then conducted at specific time periods of
1 hour, 1 day, 1 week and 1 month. For each time period and test 15 samples were
measured for statistical purposes.

2.2.9 Mechanical testing
For the mechanical testing of the GIC samples a screw-driven Instron mechanical
testing machine Model 1195, Instron Corporation, High Wycombe) was used.
2.2.9.1 Compressive strength (CS)

CS testing was carried out according to BS 6039:4146. The crosshead speed was
1 mm min-1 and the load cell used was 5 kN. The CS measurement is shown in
Figure   2-16. CS was calculated according to the following Equation   2-4229:

Equation   2-4

CS 

4 P
 d2

where P is the maximum applied load at the specimen,

π   is

a mathematical

constant equal to 3.14 and d is the diameter of the cylindrical sample and the CS
units were given in MPa.
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Figure   2-16: Illustration of the axial force applied through an Instron on the cylindrical CS
specimen. There is no significant difference between DTS and CS testing or procedure, but the
shape and applied forces in the specimen do differ.

2.2.9.2 Diametral tensile strength (DTS)

The DTS testing was performed according to BS 6039:4146. The crosshead speed
was 1 mm min-1 and the load cell used was 1 kN. The DTS measurement is
illustrated in Figure   2-17. DTS was calculated according to the following Equation
  2-5229:

DTS 
Equation   2-5

where P is the maximum
 applied load,

2P
  DT

π  is a mathematical constant equal to 3.14,

D is the diameter of the circular specimen and T is the thickness of the circular
specimen. The DTS values were expressed in MPa.

59

Figure   2-17: A uniform tensile stress was applied onto the circular DTS specimen with a
-1
crosshead speed of 1 mm min and a 1 kN load cell.

2.2.9.3 Flexural strength (FS)

The FS testing was carried out according to BS 6039:4 146. The crosshead speed was
1 mm min-1 and the load cell was 1 kN. A description of the measurement is
presented in Figure   2-18.

Figure   2-18: Three point bending testing.
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The FS was calculated according to the following Equation   2-670:

FS 
Equation   2-6

3 F  I
2b h2

where F is  the  ultimate  load  at  specimen’s fracture,

π   is a mathematical constant

equal to 3.14, I is the distance between the two supports, b is the specimen width,
and h is the specimen thickness. The FS values in this work were expressed in MPa.
2.2.9.4 Modulus of Elasticity (E-modulus)

The modulus of elasticity can be obtained from the slope of the elastic region of the
stress-strain curve. The compressive, tensile and flexural E-modulus were calculated
from the relevant stress-strain curves according to the Equation   2-7:

Equation   2-7

where σ is the compressive, tensile or flexural stress, ε is  the  strain,  ΔF is the

average compressive, tensile or flexural load applied to the specimen, L0 is the
original length of the specimen, A0 is the original cross-sectional area of the
specimen   and   ΔL is the distance of the deformation of the specimen. The Emodulus in this work was expressed in MPa.
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3 Results
3.1 Fourier transform infrared (FTIR) spectroscopy study
In this chapter, FTIR spectra from the individual GIC compositions (ion leachable
glass powder and the PAA solution) and the setting reaction were collected. The
spectra with major peak position assignments are provided in Figure   3-1 to Figure
  3-26 and Table   3-1 to Table   3-3.

3.1.1 FTIR spectroscopy study of the ion leachable glass powder
FTIR spectra were collected for the three glass compositions (Table   2-1), Ca-Glass,
Ca-Sr-Glass and Ca-Ba-Glass. The spectra with major peak position assignments
are provided in Table   3-1. Additionally, the description of the main peaks is presented
in Figure   3-1. Ca-Glass is used as reference and is compared with Ca-Sr-Glass and
Ca-Ba-Glass (Table   2-1).

Figure   3-1: FTIR spectra of the three glass compositions (Ca-Glass (100%), Ca-Sr-Glass (75%)
and Ca-Ba-Glass (75%)).
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Figure   3-1 illustrates the FTIR spectra of the three glass compositions with the
associated peak assignments. The FTIR spectra show an intensive and
characteristic broad band from 800 to 1400 cm-1 which exhibits two apparent peaks
at 1090 cm-1 and 980 cm-1. These peaks are associated with Si-O stretching
vibrations and P-O bonds. The number of BO of SiO4 varies dependent upon the
location of its stretching vibrations. A peak at 709 cm-1 is associated with the
stretching vibrations of Al-O bonds. A narrow peak at 561 cm-1 is associated with P-O
bending vibrations and Si-O-Al stretching vibrations. The last main peak at 455 cm-1
is associated with Si-O-Si stretching vibrations171,172,173.
All the peaks and their associated interpretations for the three glass compositions are
summarized and listed below in Table   3-1.
Table   3-1: FTIR peak assignment in the three glass compositions.
Wave number
Assignment
-1
(cm )

Reference
171

400 – 530

Si-O-Si vibrations

Stoch and Stroda

530 – 620

P-O bending and Si-O-Al linkages

Huang and Behrman

620 – 800

Al-O stretching (four fold coordination)

Stamboulis et al.

800 – 1300

Symmetric and asymmetric stretching of Si-O

Clayden et al.

800 – 1400

Si-O stretching (Q3 & Q4) and
Si-O-[NBO] and P-O bonds

MacDonald et al.
177
Serra et al.

172

174

175
176

3.1.2 FTIR spectroscopy study of the PAA solution
FTIR spectra for the 40% aqueous solution of PAA were collected. The spectra with
major peak position assignments are provided in Figure   3-2. Additionally, the
description of the main peaks is presented in Table   3-2. The spectrum of PAA
presents several absorption peaks and is presented in Figure   3-2.
A pronounced absorption peak at 1710 cm-1 is associated with carbonyl stretching
(C=O) vibrations of PAA46,188.
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A broad and noticeable absorption band around 3350 cm-1 is due to inter- and
intralayer H-bonded O-H stretching vibrations56,179,180.
A medium peak at 1462 cm-1 is associated with C-H scissor vibrations of the PAA
and monomers46.
A peak at 1240 cm-1 is attributed to C-O stretching vibrations of the PAA46.

Figure   3-2: FTIR spectrum of 40% aqueous solution of poly (acrylic acid) acid.
Table   3-2: FTIR peak assignment in 40% aqueous solution of PAA.
Wave number
Assignment
Reference
-1
(cm )
46,188
Young et al.
1720
C=O stretching of PAA
1452

C-H scissoring of PAA and monomers

Young et al.

46

1370

C-H bending of PAA and monomers

Young et al.

46

1249

C-O stretching of PAA

Young et al.

46

3500

Inter- and intralayer H-bonded O-H
stretching vibrations

Gao and Heimann
180
Billingham et al.
56
Barry et al.

179

3.1.3 FTIR spectroscopy study of cement setting reaction
In order to characterise and follow the chemical setting reactions of the three GIC
compositions (Table   2-2) real time FTIR spectra were collected over a 60 minute
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period. However, as mentioned in Chapter   2.2.1, the sample was kept on the Golden
Gate and covered with deionized water for 60 minutes to avoid dehydration and to
mimic the oral environment as closely as possible.
Three GIC compositions, Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC (Table   2-2), were used
in this study, with the Ca-GIC as the control reference. For each composition a 2D
and 3D spectrum from 700 to 4000 cm-1 is illustrated. Furthermore, in order to be
able to follow the acid-base neutralisation of the three GIC compositions, they were
subdivided into three sections. The first section from 2500 – 4000 cm-1, the second
section from 700 – 1350 cm-1 and the last section from 1350 – 1750 cm-1. The 3D
figures from the three sections demonstrate substantial changes in the spectra over a
period of 60 minutes whereas the 2D figures from the corresponding sections
illustrate the changes between 1 minute, 30 minutes and 60 minutes after mixing.
This 2D illustration makes it simple to distinguish between changes in the
absorbance intensity.
All the peaks for all the three GIC compositions and their associated interpretations
for the GIC setting reaction are illustrated in Table   3-3. Additionally, from the 2D
figures of each glass composition, a ratio of the change in intensity against time
(1 minute, 30 minutes and 60 minutes) was obtained and is presented in Table   3-4 to
Table   3-6.

Table   3-3: FTIR peak assignment in the setting reaction of glass ionomer cements.
Wave number
-1
(cm )

Assignment

Reference

Near 730

Symmetric stretching of Si-O

Efimov
182
Miller and Lakshmi

730 – 800

Symmetric stretching of Si-O

Farmer et al.

181
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178

181

1000 – 1200

Asymmetric stretching of Si-O (Glass)

Efimov

900 – 1200

GIC setting

Matsuya et al.
157
Matsuya et al.

1018 – 1073

Asymmetric stretching of Si-O

Efimov

400 – 850

Amorphous silica

De Maeyer et al.

Near 1640

Bending vibration of water

Davis and Tamosava

950 – 1640

Silica gel is formed upon acid degradation; Si-OH
-1
~ 950 cm

De Maeyer et al.

1720

C=O stretching of PAA

Young et al.

46

1700

Stretching of carboxylic acid groups

Young et al.

46

1550

C=O asymmetric stretching of calcium polyacrylate

Nicholson

1410

C=O symmetric stretching of calcium polyacrylate

Nicholson

183

1635

C=O asymmetric stretching of aluminium
polyacrylate
C=O symmetric stretching of aluminium
polyacrylate
O-H stretching of monomers

1640

1559
1460

181
185
184

185

57
57
57

Nicholson

57

Nicholson

Young et al.

46

C=C stretching of monomers

Young et al.

46

3500

Inter- and intralayer H-bonded O-H stretching
vibrations

Gao and Heimann
180
Billingham et al.
56
Barry et al.

1050

Formation of silicic acid

Matsuya et al.

179

157

3.1.3.1 FTIR spectroscopy study of calcium cement setting reaction

Figure   3-19 illustrates the 3D real time FTIR series of the setting reaction for Ca-GIC
over a period of 60 minutes. Several absorption bands with changes in the spectra
over time in Figure   3-3 can be observed. Additionally, Figure   3-4 illustrates the
changes in intensity at 1 minute, 30 minutes and 60 minutes after mixing.
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Figure   3-3: Real time ATR-FTIR analysis of the setting reaction of Ca-GIC at different time
intervals for 60 minutes.
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Figure   3-4: Real time ATR-FTIR analysis of the setting reaction of Ca-GIC at 1 minute,
30 minutes and 60 minutes after mixing.
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Table   3-4 illustrates the ratio of the change in the intensity over time from the 2D
figures. Percentage changes in the intensity from 1 minute to 30 minutes (A/B), from
1 minute to 60 minutes (A/C) and from 30 minutes to 60 minutes (B/C) were
obtained.
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Table   3-4: Ratio of change in the intensity plotted over time for Ca-GIC, with the associated peak assignments.
Ratio
Ratio
Ratio
Wave
Glass
Peak
A/B
A/C
B/C
number
Figure
Assignment
composition
number
-1
(%)
(%)
(%)
(cm )

Reference
179

9

9

0

3300

3D: Figure   3-5
2D: Figure   3-6

3D: Figure   3-9
2D: Figure   3-10
3D: Figure   3-9
11
11
0
1454
2D: Figure   3-10
3D: Figure   3-9
23
26
4
1558
Ca-GIC
2D: Figure   3-10
3D: Figure   3-9
7
7
0
1638
2D: Figure   3-10
3D: Figure   3-9
47
47
0
1705
2D: Figure   3-10
2D: Figure   3-7
2
4
1
927
3D: Figure   3-8
2D: Figure   3-7
13
16
4
1023
3D: Figure   3-8
A/B: 1 minute/30 minutes; A/C: 1 minute/60 minutes; B/C: 30 minutes/60 minutes.
11

11

0

1411
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The development of the Ca-GIC over 60 minutes in the wave number range from
2500 – 4000 cm-1 can be observed in Figure   3-5 and Figure   3-6.
Figure   3-5 illustrates a characteristic band for Ca-GIC composition that ranges from
3691 – 2790 cm-1, which is due to inter- and intralayer H-bonded O-H stretching
vibrations56,179,180.

Figure   3-5: Real time ATR-FTIR analysis of Ca-GIC at different time intervals for 60 minutes at
-1
wave numbers 2500 – 4000 cm .

The intensity of the inter- and intralayer H-bonded O-H stretching vibrations
decreases from 1 minute to 30 minutes (Figure   3-6) by approximately 9%. No further
changes can be observed from 30 minutes to 60 minutes.
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Figure   3-6: Real time ATR-FTIR analysis of the setting reaction of Ca-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 2500 – 4000 cm .

The development of the Ca-GIC during 60 minutes in the wave number range from
700 to 1350 cm-1 is presented in Figure   3-7 and Figure   3-8.
Figure   3-7 No 1 illustrates a strong absorbance band in the FTIR spectra of Ca-GIC
at ca. 700 cm-1. The main peak at ca. 700 cm-1 is attributed to the symmetric
stretching of Si-O178,181,182. Figure   3-8 No 1 presents a decrease in intensity from
1 minute to 30 minutes, but no changes from 30 minutes to 60 minutes.
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Figure   3-7: Real time ATR-FTIR analysis of Ca-GIC at different time intervals for 60 minutes at
-1
wave numbers 700 – 1350 cm .
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Figure   3-8: Real time ATR-FTIR analysis of the setting reaction of Ca-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 700 – 1350 cm .

72

A noticeable band appears at 927 cm-1 for Ca-GIC (Figure   3-7 No 2). An increase in
intensity (Figure   3-8 No 2) is apparent from 3 minutes (Figure   3-7 No 2) to
30 minutes for Ca-GIC. Between 30 to 60 minutes the peak at 927 cm-1 (Figure   3-8
No 2) reduces slightly in intensity, while still retaining a greater intensity than at the
1 minute mark. Peaks in the region 900 – 1200 cm-1 are attributed to the setting
reaction of GIC157,183.
A broad, shallow peak rises noticeably at 1023 cm-1 (Figure   3-8 No 3) after ca.
15 minutes (Figure   3-7 No 3) to 30 minutes (around 13 %) and continues to increase
up to 60 minutes (Figure   3-8 No 3). Absorptions around 1000 – 1200 cm-1 are
attributed

to

the

asymmetric

stretching

of

Si-O181.

Peaks

in

the

range

950 – 1640 cm-1 are an indication for silica gel formation upon acid degradation of
the glass powder185.
The development of the Ca-GIC over 60 minutes in the wave number range from
1350 to 1750 cm-1 can be observed in Figure   3-9 and Figure   3-10.
Figure   3-9 presents absorption peaks at 1411 cm-1 and 1454 cm-1 (Figure   3-9 No 1 &
No 2) for Ca-GIC. These two peaks are due to the C=O symmetric stretching and the
formation of calcium and aluminium salts57. The calcium polyacrylate peak at
1411 cm-1 (Figure   3-10 No 1) slightly increases in intensity after ca. 5 minutes (Figure
  3-9 No 1) and continues to increase up to 30 minutes (11%). There is no change in

intensity from 30 minutes to 60 minutes (Figure   3-10 No 1). The aluminium
polyacrylate peak at 1454 cm-1 (Figure   3-9 No 2) exhibits the same development
(Figure   3-10 No 2) as the calcium polyacrylate peak (Figure   3-10 No 1).
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Figure   3-9: Real time ATR-FTIR analysis of Ca-GIC at different time intervals for 60 minutes at
-1
wave numbers 1350 – 1750 cm .

1411
1
1400

1 min
30 mins
60 mins

Figure   3-10: Real time ATR-FTIR analysis of the setting reaction of Ca-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 1350 – 1750 cm .
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A broad peak with low intensity became more narrow and increased in intensity
around 26% at 1550 cm-1 over 60 minutes (Figure   3-9 No 3 and Figure   3-10 No 3).
The intensity increased after ca. 2 minutes (Figure   3-9 No 3) for Ca-GIC. There is a
significant increase from 2 minutes to 30 minutes followed by a further but slight
increase from 30 to 60 minutes (Figure   3-10 No 3). Peaks at 1550 cm-1 are
associated with C=O asymmetric stretching of calcium polyacrylate47,57.
A broad peak at 1638 cm-1 (Figure   3-9 No 4) decreased in intensity over 60 minutes
(Figure   3-10 No 4). However, there is no change in intensity from 30 minutes to
60 minutes (Figure   3-10 No 4). Peaks near wave number 1640 cm-1 (Figure   3-9 No 4
and Figure   3-10 No 4) are associated with the bending vibrations of water184.
Furthermore, peaks around 1600 cm-1 are associated with C=O asymmetric
stretching of Al-polycarboxylates57.
A peak in the wavelength 1705 cm-1 (Figure   3-9 No 5) is almost invisible. Peaks at
1705 cm-1 are associated with stetching of carboxylic acid groups46. A decrease in
intensity from 1 minute to 30 minutes is observed (Figure   3-10 No 5), but no changes
from 30 minutes to 60 minutes (Figure   3-10 No 5).
All the peaks for all the three GIC compositions and their associated interpretations
for the GIC setting reaction are illustrated in Table   3-3 and Table   3-4.
3.1.3.2 FTIR spectroscopy study of strontium substituted cement setting reaction

Figure   3-11 illustrates the 3D real time FTIR series of the setting reaction for
strontium substituted GIC over a period of 60 minutes.
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Figure   3-11: Real time ATR-FTIR analysis of the setting reaction Ca-Sr-GIC at different time
intervals for 60 minutes.

Several absorption bands with changes in the spectra over time in Figure   3-11 can
be observed. Additionally, Figure   3-12 presents the changes in the intensity at
1 minute, 30 minutes and 60 minutes after mixing.
The FTIR spectrum of Ca-GIC shown in Figure   3-3 exhibits fewer peaks in the range
from 700 to 1350 cm-1, in comparison to Ca-Sr-GIC, shown in Figure   3-11.
Additionally, more fluctuations in intensity in the spectrum of Ca-Sr-GIC (Figure   3-12)
can be observed in comparison to the spectrum of Ca-GIC illustrated in Figure   3-4.
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Figure   3-12: Real time ATR-FTIR analysis of the setting reaction of Ca-Sr-GIC at 1 minute,
30 minutes and 60 minutes after mixing.

Table   3-5 illustrates the ratio of the change in the intensity over time from the 2D
figures. Percentage changes in the intensity from 1 minute to 30 minutes (A/B), from
1 minute to 60 minutes (A/C) and from 30 minutes to 60 minutes (B/C) were
obtained.
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Table   3-5: Ratio of change in intensity plotted over time for Ca-Sr-GIC, with the associated peak assignments.
Ratio Ratio Ratio Wave
Glass
Peak
A/B
A/C
B/C
number
Figure
Assignment
composition
number
-1
(%)
(%)
(%)
(cm )

Reference
179

Ca-Sr-GIC

9

9

0

3300

22

28

7

1409

19

21

4

1452

39

44

7

1550

2

2

0

1636

32

41

7

1703

0

0

0

939

18

18

0

1063

3D: Figure   3-13
2D: Figure   3-14

------

3D: Figure   3-17
2D: Figure   3-18
3D: Figure   3-17
2D: Figure   3-18
3D: Figure   3-17
2D: Figure   3-18
3D: Figure   3-17
2D: Figure   3-18
3D: Figure   3-17
2D: Figure   3-18
3D: Figure   3-15
2D: Figure   3-16
3D: Figure   3-15
2D: Figure   3-16

1
2
3
4
5

Symmetric C=O stretching of
Ca-polycarboxylate
Symmetric C=O stretching of
Al-polycarboxylate
Asymmetric C=O stretching of
Ca-polycarboxylate
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Stretching of carboxylic acid
groups
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Billingham et al.
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Barry et al.
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2
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3
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A/B: 1 minute/30 minutes; A/C: 1 minute/60 minutes; B/C: 30 minutes/60 minutes.
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Inter- and intralayer H-bonded
O-H stretching vibrations

157

157

The development of the Ca-Sr-GIC during 60 minutes in the wave number range
from 2500 to 4000 cm-1 can be observed in Figure   3-13 and Figure   3-14.

Figure   3-13: Real time ATR-FTIR analysis of Ca-Sr-GIC at different time intervals for
-1
60 minutes at wave numbers 2500 – 4000 cm .

Figure   3-13 illustrates a characteristic band for Ca-Sr-GIC composition that ranges
from 3719 to 2753 cm-1, which is due to inter- and intralayer H-bonded O-H stretching
vibrations56,179,180. This is similar to Ca-GIC shown in Figure   3-5.
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Figure   3-14: Real time ATR-FTIR analysis of the setting reaction of Ca-Sr-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 2500 – 4000 cm .

The intensity of the characteristic band of Ca-Sr-GIC (Figure   3-14) is in marked
contrast to Ca-GIC (Figure   3-6). The Ca-Sr-GIC’s   intensity   increases   over  
30 minutes. But, no further changes can be observed from 30 minutes to 60 minutes
for Ca-Sr-GIC (Figure   3-14), consistent with the observations for Ca-GIC (Figure
  3-6). However, while Ca-Sr-GIC (Figure   3-14) increases overall in intensity from

1 minute to 60 minutes, Ca-GIC (Figure   3-6) in contrast decreases overall from
1 minute to 60 minutes.
The development of the Ca-Sr-GIC over 60 minutes in the wave number range from
700 to 1350 cm-1 can be observed in Figure   3-15 and Figure   3-16.
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Figure   3-15: Real time ATR-FTIR analysis of Ca-Sr-GIC at different time intervals for
-1
60 minutes at wave numbers 700 – 1350 cm .

Figure   3-15 No 1 illustrates a strong absorbance band in the FTIR spectra of
strontium substituted GIC at ca. 700 cm-1. The peak at ca. 700 cm-1 is attributed to
the symmetric stretching of Si-O178,181,182.
An increase in intensity for Ca-Sr-GIC (Figure   3-16 No 1) was observed, whereas for
Ca-GIC (Figure   3-8 No 1) a decrease was observed.
A noticeable band appears at 939 cm-1 for Ca-Sr-GIC (Figure   3-15 No 2). Peaks in
the region 900 – 1200 cm-1 are attributed to the setting reaction of GIC157,183. Almost
no change in the intensity for Ca-Sr-GIC (Figure   3-16 No 2) is apparent, whereas for
Ca-GIC (Figure   3-8 No 2) a slight increase in the intensity was observed over a time
period of 60 minutes. The increase in the intensity for Ca-Sr-GIC (Figure   3-15 No 2)
occurs after ca. 5 minutes, ca. 2 minutes later than with in Ca-GIC (Figure   3-7 No 2).
A new peak rises at 1063 cm-1 for Ca-Sr-GIC (Figure   3-15 No 3) at ca. 10 minutes
and keeps markedly increasing in intensity up to 30 minutes (Figure   3-16 No 3)
followed by a further noticeable increase up to 60 minutes. This is similar to Ca-GIC
(Figure   3-8 No 3). Absorptions around 1000 – 1200 cm-1 and 1018 – 1073 cm-1 are
attributed to the asymmetric stretching of Si-O181.
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Figure   3-16: Real time ATR-FTIR analysis of the setting reaction of Ca-Sr-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 700 – 1350 cm .

A shallow, narrow peak at 1171 cm-1 for Ca-Sr-GIC (Figure   3-15 No 4) broadens and
increases marginally in intensity (Figure   3-16 No 4) during 60 minutes. Peaks in the
range from 950 – 1640 cm-1 are an indication for silica gel formation upon acid
degradation of the glass powder185.
A broad peak at 1260 cm-1 for Ca-Sr-GIC (Figure   3-15 No 5) reduces noticeably in
intensity from 1 minute to 30 minutes followed by a slight decrease from 30 minutes
to 60 minutes (Figure   3-16 No 5). This peak broadens until the point of invisibility
(Figure   3-15 No 5). Absorptions around 1000 – 1200 cm-1 are attributed to
asymmetric stretching of Si-O181.
In contrast, peaks in the wave number frequency 1171 cm-1 and 1260 cm-1 do not
exist for Ca-GIC (Figure   3-7 and Figure   3-8).
The development of the Ca-Sr-GIC over 60 minutes in the wave number range from
1350 to 1750 cm-1 is illustrated in Figure   3-17 and Figure   3-18.
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Figure   3-17: Real time ATR-FTIR analysis of Ca-Sr-GIC at different time intervals for
-1
60 minutes at wave numbers 1350 – 1750 cm .

Ca-Sr-GIC (Figure   3-17 No 1 & No 2) exhibits absorption peaks at 1407 cm-1 and
1451 cm-1. These peaks are due to the C=O symmetric stretching and formation of
calcium and aluminium salts57 and are more noticeable for Ca-Sr-GIC (Figure   3-17
No 1 & No 2) and much higher in intensity (Figure   3-18 No 1 & No 2) in comparison
with Ca-GIC (Figure   3-9 and Figure   3-10 No 1 & No 2).
The calcium polyacrylate (at 1407 cm-1) peak for Ca-Sr-GIC increases in intensity
(Figure   3-18 No 1) just after ca. 3 minutes (Figure   3-17 No 1), whereas the intensity
started to increase for Ca-GIC (Figure   3-9 No 1) after ca. 5 minutes.
For the calcium polyacrylate (at 1407 cm-1) and the aluminium polyacrylate
(at 1451 cm-1) a noticeable increase in intensity (Figure   3-18 No 1 & No 2) from
1 minute (Figure   3-17 No 1 & No 2) to 30 minutes was observed, followed by a
further increase up to 60 minutes (Figure   3-18 No 1 & No 2). In contrast, from
30 minutes to 60 minutes for Ca-GIC (Figure   3-10 No 1 & No 2) no change in
intensity for calcium and aluminium polyacrylate peaks was observed.
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Figure   3-18: Real time ATR-FTIR analysis of the setting reaction of Ca-Sr-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 1350 – 1750 cm .

A broad peak at 1551 cm-1 for Ca-Sr-GIC (Figure   3-17 No 3 and Figure   3-18 No 3)
initially with low intensity thereafter became more narrow and increased noticeably in
intensity from 1 minute to 60 minutes (Figure   3-18 No 3). Peaks at 1550 cm-1 are
associated with C=O asymmetric stretching of calcium polyacrylate47,57. The increase
of the asymmetric stretching vibration of calcium polyacrylate for Ca-GIC (Figure
  3-10 No 3) is consistent with Ca-Sr-GIC (Figure   3-18 No 3). In contrast, only a

marginal increase in intensity from 30 minutes to 60 minutes was observed for CaGIC (Figure   3-10 No 3), whereas for Ca-Sr-GIC (Figure   3-18 No 3) a marked
increase was observed.
A broad peak at 1636 cm-1 for Ca-Sr-GIC (Figure   3-18 No 4) decreased slightly in
intensity and became narrower from 1 minute to 60 minutes. Peaks near wave
number 1640 cm-1 (Figure   3-18 No 4) are associated with the bending vibrations of
water184. Furthermore, peaks around 1600 cm-1 are associated with C=O asymmetric
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stretching of Al-polycarboxylates57. This is similar to Ca-GIC (Figure   3-10 No 4).
A narrow peak at 1703 cm-1 for Ca-Sr-GIC (Figure   3-17 No 5 and Figure   3-18 No 5)
is associated with stretching of carboxylic acid groups46, which decreased noticeably
in intensity presenting shallow shoulders on a broad COO - salt peak in the first
10 minutes (Figure   3-17 No 5) up to 30 minutes, followed by a slight decrease from
30 minutes to 60 minutes (Figure   3-18 No 5). In contrast, a broad peak for Ca-GIC
(Figure   3-10 No 5) was present 1 minute after mixing, whereas for Ca-Sr-GIC a
narrow peak was present at 1 minute (Figure   3-18 No 5). From 30 minutes to
60 minutes for Ca-GIC (Figure   3-10 No 5) no further decrease was observed in
contrast with Ca-Sr-GIC (Figure   3-18 No 5). Furthermore, there was a decrease in
intensity from 1 minute to 60 minutes for Ca-GIC (Figure   3-10 No 5), which was less
pronounced as for Ca-Sr-GIC (Figure   3-18 No 5).
All the peaks for all the three GIC compositions and their associated interpretations
for the GIC setting reaction are illustrated in Table   3-3 and Table   3-5.
3.1.3.3 FTIR spectroscopy study of barium substituted cement setting reaction

Figure   3-19 illustrates the 3D real time FTIR series of the setting reaction for barium
substituted GIC (Ca-Ba-GIC) during 60 minutes.
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Figure   3-19: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at different time
intervals for 60 minutes.

Several absorption bands with changes in the spectra over time in Figure   3-19 can
be observed. Additionally, Figure   3-20 presents the changes in the intensity at
1 minute, 30 minutes and 60 minutes after mixing.
Comparing all three spectra for the three GIC compositions, Ca-Sr-GIC (Figure   3-11)
and Ca-Ba-GIC (Figure   3-19) show similarities in course of curvature. In contrast, the
FTIR spectrum of Ca-GIC shown in Figure   3-3 exhibits fewer peaks. Furthermore,
more fluctuations in intensity in the spectra of Ca-Sr-GIC (Figure   3-12) and Ca-BaGIC (Figure   3-20) can be observed in comparison to the spectrum of Ca-GIC shown
in Figure   3-4.
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Figure   3-20: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at 1 minute,
30 minutes and 60 minutes after mixing.

Table   3-6 illustrates the ratio of the change in the intensity over time from the 2D
figures. Percentage changes in the intensity from 1 minute to 30 minutes (A/B), from
1 minute to 60 minutes (A/C) and from 30 minutes to 60 minutes (B/C) were
obtained.
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Table   3-6: Ratio of change in intensity plotted over time for Ca-Ba-GIC, with the associated peak assignments.
Ratio Ratio Ratio Wave
Glass
Peak
A/B
A/C
B/C
number
Figure
Assignment
composition
number
-1
(%)
(%)
(%)
(cm )

Reference
179

Ca-Ba-GIC

7

7

0

3300

28

39

8

1409

21

30

12

1452

13

21

9

1550

37

47

16

1636

6

6

0

1703

7

9

1

936

5

5

0

1049

3D: Figure   3-21
2D: Figure   3-22
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-25
2D: Figure   3-26
3D: Figure   3-23
2D: Figure   3-24
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A/B: 1 minute/30 minutes; A/C: 1 minute/60 minutes; B/C: 30 minutes/60 minutes.
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The development of the barium substituted GIC during 60 minutes in the wave
number 2500 – 4000 cm-1 can be observed in Figure   3-21 and Figure   3-22.

Figure   3-21: Real time ATR-FTIR analysis of Ca-Ba-GIC at different time intervals for
-1
60 minutes at wave numbers 2500 – 4000 cm .

Figure   3-21 illustrates a characteristic band that was apparent for all three GIC
compositions. This band for Ca-Ba-GIC occurs at ca. 3729 – 2767 cm-1 and is due to
inter- and intralayer H-bonded O-H stretching vibrations56,179,180. In totality, from
1 minute to 60 minutes for Ca-Ba-GIC (Figure   3-22) and Ca-Sr-GIC (Figure   3-12) the
intensity from the inter- and intralayer H-bonded O-H stretching vibrations increases
to similar extend. In marked contrast, from 1 minute to 60 minutes for Ca-GIC (Figure
  3-6) a decrease in intensity was observed.
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Figure   3-22: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 2500 – 4000 cm .

The development of the Ca-Ba-GIC during 60 minutes in the wave number range
from 700 to 1350 cm-1 is presented in Figure   3-22 and Figure   3-23.
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Figure   3-23: Real time ATR-FTIR analysis of Ca-Ba-GIC at different time intervals for
-1
60 minutes at wave numbers 700 – 1350 cm .
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Figure   3-23 No 1 illustrates a strong absorbance band in the FTIR spectra of barium
substituted GIC at ca. 700 cm-1. This peak at ca. 700 cm-1 is attributed to the
symmetric

stretching

of

Si-O178,181,182.

Absorptions

in

the

region

400 – 850 cm-1 are attributed to amorphous silica185. During 60 minutes for
Ca-Ba-GIC (Figure   3-24 No 1) there is no change in intensity. However, during
60 minutes for Ca-Sr-GIC (Figure   3-16 No 1) a marginal increase was observed and
for Ca-GIC (Figure   3-8 No 1) a slight decrease was observed.
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Figure   3-24: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 700 – 1350 cm .

A noticeable band appears at 936 cm-1 for Ca-Ba-GIC (Figure   3-23 No 2 and
Figure   3-24 No 2) a noticeable decrease in intensity was observed from 1 minute to
60 minutes, followed by a marginal decrease up to 60 minutes. Peaks in the region
900 – 1200 cm-1 are attributed to the setting reaction of GIC157,183. In contrast, from
1 minute to 60 minutes for Ca-Sr-GIC (Figure   3-16 No 2) almost no change in
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intensity was observed, while a slight increase for Ca-GIC (Figure   3-8 No 2) was
observed.
A new peak at ca. 10 minutes rises for Ca-Ba-GIC at 1049 cm-1 (Figure   3-23 No 3)
and keeps increasing up to 60 minutes (Figure   3-24 No 3). Absorptions around
1000 – 1200 cm-1 are attributed to the asymmetric stretching of Si-O181. From
1 minute to 60 minutes the most noticeable increase in intensity at this wave number
is exhibited by Ca-Sr-GIC (Figure   3-16 No 3) followed by Ca-GIC (Figure   3-8 No 3)
followed by Ca-Ba-GIC (Figure   3-24 No 3).
A shallow, narrow peak at 1171 cm-1 for Ca-Ba-GIC broadens (Figure   3-23 No 4) and
increases slightly in intensity (Figure   3-24 No 4) from 1 minute to 30 minutes. From
30 minutes to 60 minutes no change was observed. Similar progress was observed
for Ca-Sr-GIC (Figure   3-16 No 4), but from 30 minutes to 60 minutes a slight
increase in intensity was observed, in contrast with Ca-Ba-GIC (Figure   3-24 No 4).
Peaks in the range from 950 – 1640 cm-1 are an indication for silica gel formation
upon acid degradation of the glass powder185.
A broad peak at 1272 cm-1 for Ca-Ba-GIC (Figure   3-23 No 5), which reduced in
intensity and broadened (Figure   3-24 No 5), was observed from 1 minute to
60 minutes. Absorptions around 1000 – 1200 cm-1 are attributed to asymmetric
stretching of Si-O181. Similar progress was observed for Ca-Sr-GIC (Figure
  3-16 No 5). In contrast, peaks in the wave number frequency at 1171 cm-1 and

1272 cm-1 and do not occur for Ca-GIC (Figure   3-8).
The development of the Ca-Ba-GIC during 60 minutes in the wave number range
from 1350 to 1750 cm-1 can be observed in Figure   3-25 and Figure   3-26. From
1 minute to 60 minutes both Ca-Ba-GIC and Ca-Sr-GIC show similar progress in
peak development from 13500 – 1750 cm-1.
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Figure   3-25: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at different time
1
intervals for 60 minutes at wave numbers 1350 – 1750 cm- .

Absorption peaks at 1409 cm-1 and 1452 cm-1 (No 1 & No 2) for Ca-Ba-GIC are due
to the C=O symmetric stretching and formation of calcium and aluminium salts 57.
These peaks are more noticeable and significantly higher in intensity for Ca-Sr-GIC
(Figure   3-17 No 1 & No 2) and Ca-Ba-GIC (Figure   3-25 No 1 & No 2) in contrast with
Ca-GIC (Figure   3-9 No 1 & No 2). From 30 minutes to 60 minutes, for Ca-GIC
(Figure   3-10 No 1 & No 2), no further increase in intensity was observed, whereas for
Ca-Sr-GIC (Figure   3-18 No 1 & No 2) and Ca-Ba-GIC (Figure   3-26 No 1 & No 2) an
increase in intensity was observed. However, the increase in intensity from
30 minutes to 60 minutes is more pronounced for Ca-Sr-GIC (Figure   3-18 No 1 &No
2) in comparison to Ca-Ba-GIC (Figure   3-26 No 1 & No 2).
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Figure   3-26: Real time ATR-FTIR analysis of the setting reaction of Ca-Ba-GIC at 1 minute,
-1
30 minutes and 60 minutes after mixing at wave numbers 1350 – 1750 cm .

A broad peak with low intensity at ca. 1550 cm-1 was apparent for all three GIC
compositions. This broad peak for Ca-Ba-GIC (Figure   3-25 No 3) occurs at 1550 cm-1
and became narrower and noticeably increased in intensity (Figure   3-26 No 3).
Peaks at 1550 cm-1 are associated with the C=O asymmetric stretching of calcium
polyacrylate47,57. From ca. 2 minutes for Ca-GIC (Figure   3-10 No 3) and ca.
5 minutes for Ca-Sr-GIC (Figure   3-18 No 3) and Ca-Ba-GIC (Figure   3-26 No 3), the
intensity noticeably increases up to 60 minutes. From 1 minute to 60 minutes the
most noticeable increase in intensity at this wave number is exhibited by Ca-Sr-GIC
(Figure   3-18 No 3) followed by Ca-Ba-GIC (Figure   3-26 No 3) followed by Ca-GIC
(Figure   3-10 No 3).
A broad peak at 1639 cm-1 for Ca-Ba-GIC (Figure   3-25 No 4) decreased marginally in
intensity and became narrower from 1 minute to 60 minutes (Figure   3-26 No 4).
Peaks near wave number 1640 cm -1 (Figure   3-25 No 4) are associated with the
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bending vibrations of water184,185. Furthermore peaks around 1600 cm-1 are
associated with the C=O asymmetric stretching of Al-polycarboxylates57. Similar
progress for Ca-Sr-GIC (Figure   3-18 No 4) and Ca-GIC (Figure   3-10 No 4) was
observed.
A narrow peak at 1703 cm-1 for Ca-Ba-GIC (Figure   3-25 No 5) is associated with the
carboxylic acid groups stretching46, which decreased noticeably in intensity (Figure
  3-26 No 5) presenting shallow shoulders on a broad COO - salt peak in the first

10 minutes up to 30 minutes, followed by a marginal decrease from 30 minutes to
60 minutes (Figure   3-26 No 5). Similar progress for Ca-Sr-GIC (Figure   3-18 No 5)
was observed. However, from 30 minutes to 60 minutes the decrease in intensity for
Ca-Ba-GIC (Figure   3-26 No 5) was not as pronounced as the decrease in intensity
for Ca-Sr-GIC (Figure   3-18 No 5). In contrast, from 1 minute to 60 minutes for CaGIC (Figure   3-10 No 5), no change in intensity was observed in comparison with CaSr-GIC (Figure   3-18 No 5) and Ca-Ba-GIC (Figure   3-26 No 5). For Ca-GIC (Figure
  3-10 No 5) a peak in the wavelength around 1700 cm

-1

is almost invisible after

60 minutes.
All the peaks for all the three GIC compositions and their associated interpretations
for the GIC setting reaction are illustrated in Table   3-3 and Table   3-6.

3.2 Fluoride release of GICs in artificial saliva and deionized water
The fluoride release experiment was divided into two stages as described in
Materials and Methods Chapter   2.2.2. The results of the cumulative F- release in the
first 40 days at different time intervals in deionized water and AS are presented in
Figure   3-27 and Figure   3-28.
Both graphs demonstrate the direct dependence of F- ions release upon the release
time. The cumulative F- release in deionized water over 40 days (Figure   3-27) for all
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three GIC compositions was increased in the order Ca-GIC > Ca-Sr-GIC > Ca-BaGIC. Ca-Ba-GIC reached a F- release plateau after 22 days, followed by Ca-GIC
after 18 days and Ca-Sr-GIC after 28 days.

Figure   3-27: Cumulative fluoride release in deionized water at different time intervals over
40 days ((PCa-GIC to Ca-Sr-GIC = 0.46), (PCa-GIC to Ca-Ba-GIC < 0.001) and (PCa-Sr-GIC to Ca-Ba-GIC <0.001)).

Figure   3-28: Cumulative fluoride release in artificial saliva at different time intervals over
40 days ((PCa-GIC to Ca-Sr-GIC = 0.08), (PCa-GIC to Ca-Ba-GIC = 0.09) and (PCa-Sr-GIC to Ca-Ba-GIC < 0.001)).

The paired t-test was used to compare the fluoride release data of two experimental
GICs at specific time points. A total of three comparisons (1. Ca-GIC to Ca-Sr-GIC
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2. Ca-GIC to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) via the t-test were
performed and illustrated below each Figure.
Analysis by the paired two sample t-test for all experimental GICs at different time
points showed significant differences between Ca-Sr-GIC to Ca-Ba-GIC in deionized
water and AS over 40 days (P < 0.001).
The F- release in AS (Figure   3-28) for the three GIC compositions did not produce
any measurable amount of F- ions up to 24 hours, 18 hours or 48 hours for Ca-GIC,
Ca-Sr-GIC and Ca-Ba-GIC, respectively. The F- release in AS is significantly reduced
and more scattered in comparison to F- release in deionized water. However, the
cumulative

F-

release

for all

compositions

was

increasing

in

the

order

Ca-GIC > Ca-Sr-GIC > Ca-Ba-GIC. The F- release plateau was reached after
18 days for Ca-Sr-GIC, followed by Ca-GIC and Ca-Ba-GIC after 22 days.
Figure   3-29 – Figure   3-31 demonstrates the F- release in deionized water of mature
GIC compositions after being exposed for 1 minute, 10 minutes, 1 hour, 6 hours and
12 hours to a F- ion containing mouthwash. The cumulative release over 24 hours
after exposure to the mouthwash increased in the order Ca-Sr-GIC > Ca-Ba-GIC >
Ca-GIC.
The paired t-test compared the fluoride release of two mature experimental GICs at
specific time points, after being exposed to a fluoride source, at different time
intervals (from 1 minute up to 12 hours). Three comparisons (1. Ca-GIC to Ca-SrGIC 2. Ca-GIC to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) at 1 minute,
10 minutes, 1 hour, 6 hours and 12 hours, via the t-test were performed and P values
are shown in Table   3-7.
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Table   3-7: Analysis by the paired two sample t-test in deionized water and AS of the mature
GIC compositions at different time points after being exposed for 1 minute, 10 minutes, 1 hour,
6 hours and 12 hours to a F ion containing mouthwash.
Time intervalls in deionized H2O
Paired t-test of two
GIC compositions
1 minutes
10 minutes
1 hour
6 hours
12 hours
Ca-GIC to
P = 0.42
P = 0.23
P = 0.08
P = 0.002
P < 0.001
Ca-Sr-GIC
Ca-GIC to
P=1
P = 0.21
P=1
P < 0.001
P < 0.001
Ca-Ba-GIC
Ca-Sr-GIC to
P = 0.18
P = 0.22
P = 0.019
P < 0.001
P = 0.18
Ca-Ba-GIC
Time intervalls in AS
1 minutes
10 minutes 1 hour
6 hours
12 hours
Ca-GIC to
------P=1
P = 0.5
P = 0.25
Ca-Sr-GIC
Ca-GIC to
------P = 0.5
P=1
P = 0.39
Ca-Ba-GIC
Ca-Sr-GIC to
------P = 0.5
P = 0.5
P = 0.18
Ca-Ba-GIC
----: No F release; P > 0.01: no significant differences between the two GIC compositions present;
P < 0.01: show significant differences between the two GIC compositions; AS: artificial saliva.

Figure   3-29: Cumulative fluoride release in deionized water from a mature Ca-GIC after
exposure to a fluoride containing mouthwash at different time intervals over 24 hours
(P values are shown in Table   3-7).
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Figure   3-30: Cumulative fluoride release in deionized water from a mature Ca-Sr-GIC after
exposure to a fluoride containing mouthwash at different time intervals over 24 hours
(P values are shown in Table   3-7).

Figure   3-31: Cumulative fluoride release in deionized water from a mature Ca-Ba-GIC after
exposure to a fluoride containing mouthwash at different time intervals over 24 hours
(P values are shown in Table   3-7).

Figure   3-32 – Figure   3-34 demonstrate the F- release of the three GIC compositions
in AS after being exposed to a commercial available mouthwash at different time
intervals over 24 hours. It was not possible to measure any F- release in AS after
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exposure for 1 minute and 10 minutes for the mature GICs. In case of Ca-Ba-GIC a
minimal F- release was detected first after 6 hours.

Figure   3-32: Cumulative fluoride release in AS from a mature Ca-GIC after exposure to a
fluoride containing mouthwash at different time intervals over 24 hours (P values are shown in
Table   3-7).

Figure   3-33: Cumulative fluoride release in AS from a mature Ca-Sr-GIC after exposure to a
fluoride containing mouthwash at different time intervals over 24 hours (P values are shown in
Table   3-7).

The course of progress after exposing the mature GIC to a F - containing mouthwash
and the amount of F- released in AS is lower (23%, 11% and 12% for Ca-GIC, Ca-SrGIC and Ca-Ba-GIC after 12 hours exposure, respectively) in comparison to the
amount of F- released in deionized water. However, exposing the mature GIC to a F -

100

containing solution for 1 minute and 10 minutes was not effective and did not
produce any results.

Figure   3-34: Cumulative fluoride release in AS from a mature Ca-Ba-GIC after exposure to a
fluoride containing mouthwash at different time intervals over 24 hours (P values are shown in
Table   3-7).

3.3 Antimicrobial effectiveness of glass ionomer cements
The bacteriostatic characteristic of the three GIC compositions was tested and
monitored for 48 hours. S. mutans (NTCC No. 10449) was used for evaluation of
antimicrobial activity. A direct method of measuring numbers of viable bacterial cells
by plate counting as described in Materials and Methods in Chapter   2.2.3 was used
to determine the number of viable bacteria remaining at each time point. In total, four
time designations (10 min, 3 hours, 1 day and 2 days) were chosen to monitor the
antibacterial effectiveness of the substituted GIC compositions. The antimicrobial
behaviour of the three GIC compositions and a control with no cement are illustrated
in Figure   3-35.
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Figure   3-35: The average number of viable bacteria (cfu per ml) for all three GIC compositions
and one cement free sample (as control) at 4 different time points. Asterisks indicate values
statistically significantly different to the cement free control (P values are shown in Table   3-8).

As the bar chart in Figure   3-35 illustrates, all three experimental GICs exhibited an
antimicrobial effect against S. mutans over 48 hours, with statistically significantly
different results from the control without cement occurring by day 2. A total of three
comparisons (1. C (control) to Ca-GIC, 2. C to Ca-Sr-GIC and 3. C to Ca-Ba-GIC)
were performed via the t-test and P values are shown in Table   3-8. All experimental
GICs exhibited a constant antimicrobial effect with low numbers of viable bacteria
seen over the duration of the experiment.
Table   3-8: Analysis by the paired two sample t-test of the antimicrobial effectiveness of the
three experimental GIC compositions.
Antibacterial
Paired t-test of two
effectivness
GIC compositions
48 hours
C to
P < 0.001
Ca-GIC
C to
P < 0.001
Ca-Sr-GIC
C to
P = 0.0014
Ca-Ba-GIC
C = control (cement free sample); P > 0.01: no significant differences between the two GIC
compositions present; P < 0.01: show significant differences between the two GIC compositions.
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3.4 Calculation of cement setting time
The results of the setting time are shown in Table   3-9 and Figure   3-36. The latter is a
comparison of the two ratios. A steady increase in the setting time of the
experimental GICs with the ratio 3:1 is demonstrated (Figure   3-36).
Generally, the setting time for all three GIC compositions with a P/L ratio of 2:1 is
much higher (38%, 57% and 44% for Ca-GIC, Ca-Sr-GIC and Ca-Ba-GIC,
respectively) in comparison to the P/L ratio of 3:1. With increased glass powder
volume and a constant amount of polymeric solution a decrease in the setting time
for all three GIC compositions was observed.
Table   3-9: Setting time of the resulting GICs with different powder/liquid ratios.
Setting time for
Setting time for
Cement
Experimental glass
P/L ratio 2:1
P/L ratio 3:1
Specimen
powder
(min)
(min)
Ca-GIC
Ca 100%
9.2 ± 0.06
3.5 ± 0.1
Ca-Sr-GIC
Ca-Ba-GIC

Ca 25%, Sr 75%
Ca 25%, Ba 75%

7.4 ± 0.1
8.7 ± 0.3

4.2 ± 0.08
3.8 ± 0.3

Ca-GIC with a P/L ratio of 2:1 has the highest setting time (9.2 ± 0.06 min), while a
gradual increase was also observed for the ratio 2:1 for Ca-Sr-GIC and Ca-Ba-GIC
(Figure   3-36). This variation in setting time may be due to the room temperature
during the experiments.
The t-test was used to compare the cement setting time of two experimental GIC
compositions at different P/L ratios. A total of three comparisons (1. Ca-GIC to CaSr-GIC, 2. Ca-GIC to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) at a P/L ratio of
2:1 to 2:1 and 3:1 to 3:1 were performed via the t-test and P values are shown in
Table   3-10.
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Figure   3-36: A comparison of setting time at different P/L ratios (P values are shown in Table
  3-10).

Table   3-10: Analysis by the t-test of the setting time of the three experimental GIC
compositions at different P/L ratios (2:1 and 3:1).
Different P/L ratios
Paired t-test of two
GIC compositions
2:1 to 2:1
3:1 to 3:1
Ca-GIC to
P = 0.001
P = 0.05
Ca-Sr-GIC
Ca-GIC to
P = 0.04
P = 0.003
Ca-Ba-GIC
Ca-Sr-GIC to
P = 0.01
P = 0.08
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

3.5 Vickers Hardness (HV)
The results gained from the HV are illustrated in Figure   3-37. The means and
standard deviation were expressed in MPa. A total of nine indents on three
specimens were applied and the mean HV for each time point (1 hour and 1 month)
was calculated as described in Materials and Methods in Chapter   2.2.5.
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Figure   3-37: Mean micro-HV and standard deviation of the experimental GIC (P1hour & 1month>
0.01).

The bar chart in Figure   3-37 illustrated the microhardness of the experimental GICs,
depending on ageing time. The hardness increases throughout the 1 hour to 1 month
ageing time for all three GIC compositions. Ca-Ba-GIC exhibits the highest hardness
at 1 hour, followed by Ca-Sr-GIC and Ca-GIC. However, Ca-Sr-GIC exhibits the
highest level of hardness after 30 days, followed by Ca-Ba-GIC and Ca-GIC. The
microhardness values at 30 days are almost twice that of 1 hour.
The paired t-test was used to compare the HV of two experimental GIC compositions
at different time intervals (1 hour and 1 month). Three comparisons (1. Ca-GIC to CaSr-GIC, 2. Ca-GIC to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) at two time points,
1 hour and 1 month, were performed via the t-test. Analysis by the paired two sample
t-test for all experimental GIC compositions at 1 hour and 1 month showed no
significant differences (P > 0.01).
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3.6 Nano-indentation
The results gained from the nano-indentation are illustrated in Figure   3-38 and the
corresponding reduced modulus (Er) is presented in Figure   3-39. The means and
standard deviation are expressed in GPa.

Figure   3-38: Mean nano-indentation and standard deviation of the three experimental GICs
(P values are shown in Table   3-11).

The nano-indentation hardness, depending on the ageing time (Figure   3-38), slightly
decreased from 1 hour to 1 month for all three GIC compositions. Ca-Ba-GIC
decreased from 1 hour to 1 day but thereafter steadily increased up to 1 month. Sr
substituted GIC decreased gradually up to 1 week followed by a slight increase from
1 week to 1 month. Ca-GIC fluctuated during the 1 month period. The hardness
decreased from 1 hour to 1 day, followed by a minor increase from 1 day to 1 week
and thereafter decreased from 1 week to 1 month. The three GIC compositions had
exactly the same progress in their development for their reduced modulus (Figure
  3-39) as in the nano-indentation (Figure   3-38).
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The paired t-test was used to compare the nano-indentation and the reduced
modulus of two experimental GIC compositions at different time intervals (1 hour,
1 day, 1 week and 1 month). Three comparisons (1. Ca-GIC to Ca-Sr-GIC, 2. Ca-GIC
to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) at each time point were performed
via the t-test and P values are shown in Table   3-12. Analysis by the paired two
sample t-test of the nano-indentation for all experimental GIC compositions showed
no significant differences (P > 0.01), however, a significant difference was present at
1 day for Ca-Sr-GIC and Ca-Ba-GIC (P = 0.004).
Table   3-11: Analysis by the paired two sample t-test of the nan-indentation and reduced
modulus of the three experimental GIC compositions.
Nano-indentation
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-GIC to
P=1
P = 0.06
P = 0.25
P = 0.08
Ca-Sr-GIC
Ca-GIC to
P = 0.71
P = 0.8
P=1
P = 0.06
Ca-Ba-GIC
Ca-Sr-GIC to
P = 0.31
P = 0.08
P = 0.09
P = 0.004
Ca-Ba-GIC
Reduced modulus
1 hour
1 day
1 week
1 month
Ca-GIC to
P = 0.02
P = 0.01
P = 0.85
P = 0.008
Ca-Sr-GIC
Ca-GIC to
P = 0.16
P = 0.49
P = 0.009
P = 0.002
Ca-Ba-GIC
Ca-Sr-GIC to
P = 0.42
P = 0.05
P = 0.07
P = 0.73
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

Analysis by the paired two sample t-test, for the reduced modulus for all experimental
GIC compositions showed no significant differences (P > 0.01); however, a significant
difference was present at 1 week for Ca-GIC to Ca-Ba-GIC (P = 0.009) and at
1 month for Ca-GIC to Ca-Sr-GIC (P < 0.008) and Ca-GIC to Ca-Ba-GIC (P < 0.002)
(Table   3-12).
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Figure   3-39: Mean reduced modulus calculation from the nano-indentation and standard
deviation of the three experimental GICs (P values are shown in Table   3-11).

Figure   3-40: Force-displacement curve of the three GIC compositions using a Berkovich
indenter.

Figure   3-40 illustrates an example of the force/displacement curve, for the three GIC
compositions at 1 hour. The force/displacement result of the three experimental GICs
is typical for a C-GIC. Ca-Sr-GIC exhibited the highest hardness, followed by Ca-BaGIC and Ca-GIC.
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Figure   3-41 illustrates the creep response of the three experimental GICs. The
results suggest that the mean displacement is after ca. 25 seconds for all three GIC
compositions with ca. 5800 nm for Ca-Sr-GIC, ca. 6200 nm for Ca-Ba-GIC and ca.
8200 nm for Ca-GIC.

Figure   3-41: Creep response at a maximum load of 300 nm.

3.7 Wear behavior of glass ionomer cements
The wear result of all three GIC compositions after 24 hours is illustrated in Figure
  3-42. Ca-Ba-GIC exhibited the least wear volume and Ca-Sr-GIC the highest wear

volume. The highest wear depth caused by the alumina ball was in Ca-Sr-GIC,
followed by Ca-Ba-GIC and the least wear depth was presented by Ca-GIC.
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Figure   3-42: Wear results of the three GICs compositions (P values are shown in Table   3-12).

The t-test was used to compare the wear behaviour (wear volume and wear depth) of
two experimental GICs. Three comparisons (1. Ca-GIC to Ca-Sr-GIC, 2. Ca-GIC to
Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) for the wear volume and wear depth
were performed via the t-test and P values are shown in Table   3-12. Analysis by the
t-test, for the wear volume for Ca-GIC to Ca-Ba-GIC and Ca-Sr-GIC to Ca-Ba-GIC,
showed significant differences (P < 0.01).
Table   3-12: Analysis by the two sample t-test of the wear volume and wear depth of the three
experimental GIC compositions.
Wear behavior
Paired t-test of two
GIC compositions
Wear volume
Wear depth
Ca-GIC to
P = 0.61
P = 0.006
Ca-Sr-GIC
Ca-GIC to
P < 0.001
P = 0.04
Ca-Ba-GIC
Ca-Sr-GIC to
P < 0.001
P = 0.04
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.
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3.8 Mechanical properties of cements
3.8.1 Compressive strength (CS)
Figure   3-43 illustrates the CS mean values of Ca-Sr-GIC and Ca-Ba-GIC at a P/L
ratio 3:1 whereas Figure   3-44 represents the mean values of Ca-GIC with a P/L ratio
of 2:1 at 1 hour, 1 day, 1 week and 1 month of ageing time.
A significant increase in the mean CS values for all specimens from 1 hour to
1 month ageing times irrespective of the substitution and P/L ratio (Figure   3-43 and
Figure   3-44) was observed. A steady increase in the CS values for Ca-Sr-GIC
(Figure   3-43) with a P/L ratio of 3:1 was observed between 1 hour and 1 month.
However, a slight decrease in strength for Ca-Ba-GIC with a P/L ratio of 3:1 was
noted between 7 days and 1 month although a steady rise was noted to 7 days of
ageing time.

Figure   3-43: Mean compressive strength of Sr and Ba containing GICs with P/L=3:1 at 1 hour,
1 day, 1 week and 1 month ageing time (P values are shown in Table   3-13).
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Figure   3-44: Mean compressive strength of Ca, Sr and Ba containing GICs with P/L=2:1 at
1 hour, 1 day, 1 week and 1 month ageing time (P values are shown in Table   3-13).

Figure   3-44 illustrates the change in mean CS against ageing time with a P/L ratio of
2:1 for all three compositions. A slight decrease (Figure   3-44) in strength for Ca-SrGIC (P/L ratio 2:1) was noted between 7 days and 1 month although a steady rise
was thereafter noted to 7 days ageing time.
The paired t-test was used to compare the CS of two experimental GICs at different
ageing times (1 hour, 1 day, 1 week and 1 month) with a P/L ratio of 2:1 and 3:1.
However, a P/L of 2:1 is presentable, thus all experimental GICs at the same P/L
ratio for each corresponding ageing time were compared. A total of three
comparisons with a P/L ratio of 2:1 (1. Ca-GIC to Ca-Sr-GIC, 2. Ca-GIC to Ca-BaGIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) and one comparison with a P/L ratio of 3:1 (CaSr-GIC to Ca-Ba-GIC) for each ageing time were performed via the t-test and P
values are shown in Table   3-13. Analysis by the paired two sample t-test, for the CS
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for all experimental GIC compositions with a P/L ratio of 2:1 at 1 hour, showed
significant differences (P < 0.01).
Table   3-13: Analysis by the paired two sample t-test of the CS of the three experimental GIC
compositions at different ageing times with different P/L ratios.
P/L ratio 3:1
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P < 0.001
P < 0.001
P = 0.09
P = 0.003
Ca-Ba-GIC
P/L ratio 2:1
Ca-GIC to
P < 0.001
P < 0.001
P = 0.29
P < 0.001
Ca-Sr-GIC
Ca-GIC to
P < 0.001
P = 0.01
P < 0.001
P < 0.001
Ca-Ba-GIC
Ca-Sr-GIC to
P = 0.002
P < 0.001
P < 0.001
P < 0.001
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

3.8.2 Diametral tensile strength (DTS)
Figure   3-45 illustrates the DTS mean values of Ca-Sr-GIC and Ca-Ba-GIC at a P/L
ratio of 3:1 whilst Figure   3-46 represents the mean values of Ca-GIC with a P/L ratio
of 2:1 at 1 hour, 1 day, 1 week and 1 month ageing time.

Figure   3-45: Mean diametral tensile strength of Sr and Ba containing GICs with P/L=3:1 at
1 hour, 1 day, 1 week and 1 month ageing time (P values are shown in Table   3-14).
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An increase in DTS from 1 hour to 1 month ageing time was observed for all
specimens. However, the highest DTS value was observed for Ca-Sr-GIC at 1 month
(Figure   3-45) of ageing time, while the highest DTS values for Ca-Ba-GIC
(Figure   3-45) and Ca-GIC (Figure   3-46) were reached just after one week with a
minimal decrease observed thereafter.
The paired t-test was used to compare the DTS of two experimental GIC
compositions at different ageing times (1 hour, 1 day, 1 week and 1 month). Ca-SrGIC was compared with Ca-Ba-GIC for each ageing time via the t-test and P values
are shown in Table   3-14. Analysis by the paired two sample t-test, for the DTS for
Ca-Sr-GIC to Ca-Ba-GIC at 1 hour showed significant differences (P =0.002).
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Figure   3-46: Mean diametral tensile strength of Ca containing GICs with P/L=2:1 at 1 hour,
1 day, 1 week and 1 month ageing time.
Table   3-14: Analysis by the paired two sample t-test of the DTS of Ca-Sr-GIC with Ca-Ba-GIC
compositions at different ageing times.
Ageing time
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P = 0.002
P = 0.1
P = 0.002
P < 0.001
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

3.8.3 Flexural strength (FS)
The mean FS change with ageing time for Ca-Sr-GIC and Ca-Ba-GIC with a P/L ratio
of 3:1 is presented in Figure   3-47, whereas the flexural strength change with ageing
time for Ca-GIC with a P/L ratio of 2:1 is illustrated in Figure   3-48.
Independent of the substitution and P/L ratio, all three GIC compositions for FS mean
values (Figure   3-47 and Figure   3-48) increased from 1 hour to 1 month. However, the
highest mean FS value for Ca-GIC (Figure   3-48) and Ca-Ba-GIC (Figure   3-47) was
observed after 7 days and afterward a minimal decrease was seen, while the peak
mean value for Ca-Sr-GIC (Figure   3-47) was apparent after 1 month.
For FS and DTS, similarities in the progression of mean strength value depending on
the setting time for Ca-Ba-GIC and Ca-GIC can be observed.
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Figure   3-47: Mean flexural strength of Sr and Ba containing GICs with P/L=3:1 at 1 hour, 1 day,
1 week and 1 month ageing time (P are shown in Table   3-15).

Figure   3-48: Mean flexural strength of Ca containing GICs with P/L=2:1 at 1 hour, 1 day, 1 week
and 1 month ageing time.
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The paired t-test was used to compare the FS of two experimental GIC compositions
at different ageing times (1 hour, 1 day, 1 week and 1 month). Ca-Sr-GIC with CaBa-GIC was compared for each ageing time via the t-test and P values are shown in
Table   3-15. Analysis by the paired two sample t-test, for the FS for Ca-Sr-GIC to CaBa-GIC at 1 hour showed significant differences (P = 0.002).
Table   3-15: Analysis by the paired two sample t-test of the FS of Ca-Sr-GIC with Ca-Ba-GIC
compositions at different ageing times.
Ageing time
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P = 0.002
P = 0.23
P = 0.001
P < 0.001
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

3.8.4 Modulus of Elasticity
The  mean  Young’s  modulus  change  against  ageing  time for all three compositions at
a different P/L ratio (Table   2-2) is illustrated in Figure   3-51: Mean modulus of
elasticity from diametral tensile strength of Sr and Ba containing GICs with P/L=3:1 at
1 hour, 1 day, 1 week and 1 month ageing time (P is shown in Table   3-17).
to Figure   3-54.
The paired t-test was used to compare the modulus of elasticity from the CS of two
experimental GICs at different ageing time (1 hour, 1 day, 1 week and 1 month) with
a P/L ratio of 2:1 and 3:1. The P/L of 2:1 is representive, because all experimental
GIC compositions with the same P/L ratio for each corresponding ageing times were
compared. A total of three comparisons with a P/L ratio of 2:1 (1. Ca-GIC to Ca-SrGIC, 2. Ca-GIC to Ca-Ba-GIC and 3. Ca-Sr-GIC to Ca-Ba-GIC) and one comparison
with a P/L ratio of 3:1 (Ca-Sr-GIC to Ca-Ba-GIC) for each ageing time were
performed via the t-test and P values are shown in Table   3-16. Analysis by the paired
two sample t-test, for the modulus of elasticity from CS for all GIC compositions at 1
hour showed significant differences (P < 0.01).
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Figure   3-49: Mean modulus of elasticity from compressive strength of Sr and Ba containing
GICs with P/L=3:1 at 1 hour, 1 day, 1 week and 1 month ageing time (P values are shown in
Table   3-16).

Table   3-16: Analysis by the paired two sample t-test of the CS of the three experimental GIC
compositions at different ageing times with different P/L ratios.
P/L ratio 3:1
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P < 0.001
P = 0.24
P = 0.34
P < 0.001
Ca-Ba-GIC
P/L ratio 2:1
Ca-GIC to
P < 0.001
P = 0.002
P < 0.001
P < 0.001
Ca-Sr-GIC
Ca-GIC to
P < 0.001
P = 0.04
P < 0.001
P < 0.001
Ca-Ba-GIC
Ca-Sr-GIC to
P < 0.001
P < 0.001
P = 0.08
P < 0.001
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.
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Figure   3-50: Mean modulus of elasticity from compressive strength of Ca, Sr and Ba
containing GICs with P/L=2:1 at 1 hour, 1 day, 1 week and 1 month ageing time (P is shown in
Table   3-16).

Figure   3-51: Mean modulus of elasticity from diametral tensile strength of Sr and Ba
containing GICs with P/L=3:1 at 1 hour, 1 day, 1 week and 1 month ageing time (P is shown in
Table   3-17).
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The paired t-test was used to compare the modulus of elasticity from DTS of two
experimental GIC compositions at different ageing time (1 hour, 1 day, 1 week and 1
month). Ca-Sr-GIC with Ca-Ba-GIC was compared for each ageing time via the t-test
and P values are shown in Table   3-17.
Table   3-17: Analysis by the paired two sample t-test of modulus of elasticity from DTS of CaSr-GIC with Ca-Ba-GIC compositions at different ageing times.
Ageing time
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P = 0.04
P = 0.03
P = 0.003
P = 0.003
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.

Figure   3-52: Mean modulus of elasticity from diametral tensile strength of Ca containing GICs
with P/L=2:1 at 1 hour, 1 day, 1 week and 1 month ageing time.
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Figure   3-53: Mean modulus of elasticity from flexural strength of Sr and Ba containing GICs
with P/L=3:1 at 1 hour, 1 day, 1 week and 1 month ageing time (P is shown in Table   3-18).

The paired t-test was used to compare the modulus of elasticity from FS of two
experimental GICs at different ageing time (1 hour, 1 day, 1 week and 1 month). CaSr-GIC with Ca-Ba-GIC was compared for each ageing time via the t-test and P
values are shown in Table   3-18. Analysis by the paired two sample t-test, for the
modulus of elasticity for Ca-Sr-GIC to Ca-Ba-GIC at 1 hour showed significant
differences (P = 0.002).
Table   3-18: Analysis by the paired two sample t-test of the modulus of elasticity from FS of CaSr-GIC with Ca-Ba-GIC compositions at different ageing times.
Ageing time
Paired t-test of two
GIC compositions
1 hour
1 day
1 week
1 month
Ca-Sr-GIC to
P = 0.002
P = 0.003
P = 0.002
P = 0.003
Ca-Ba-GIC
P > 0.01: no significant differences between the two GIC compositions present; P < 0.01: show
significant differences between the two GIC compositions.
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Figure   3-54 Mean modulus of elasticity from flexural strength of Ca containing GICs with
P/L=2:1 at 1 hour, 1 day, 1 week and 1 month ageing time.

The mean elastic modulus for all three GIC compositions increased from 1 day to
1 month.
The  Young’s  modulus  values  of  Ca-GIC for DTS (Figure   3-52), CS (Figure   3-50) and
FS (Figure   3-54) increased from 1 day to 1 month, however the mean elastic
modulus values for FS (Figure   3-54) slightly increased up to 7 days with an abrupt
rise apparent from 7 days to 1 month of ageing time.
The mean elastic modulus values for Ca-Ba-GIC with a P/L ratio of 3:1 for DTS
(Figure   3-51) and CS (Figure   3-49) increased from 1 hour to 1 month. However, the
mean elastic modulus for FS (Figure   3-53) increased from 1 hour to 1 week and
thereafter a decrease from 1 week to 1 month was observed.
The progress for Ca-Sr-GIC with a P/L ratio of 3:1 for DTS (Figure   3-51) and CS
(Figure   3-49) is identical to Ca-Ba-GIC. A steady increase from 1 hour to 1 month
was observed. The mean elastic modulus for FS (Figure   3-53) decreased from
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1 week to 1 month, while an increase from 1 hour to 1 week was observed. Identical
progression for Ca-Sr-GIC and Ca-Ba-GIC for all three test methods with a P/L ratio
of 3:1 was observed.
Ca-Ba-GIC, with a P/L ratio of 2:1 for CS (Figure   3-50), increased gradually up to
1 month, whereas Ca-Sr-GIC with a P/L ratio of 2:1 for CS (Figure   3-50) peaked after
7 days followed by a slight decrease in the mean elastic modulus up to 1 month.
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4 Discussion
In this PhD work the primary aim was to investigate the effect of substituting larger
cations, such as Sr2+ and Ba2+ with an ionic radius of 0.135 nm232 and 0.118 nm232
respectively, for Ca2+ with an ionic radius of 0.1 nm232, on the resulting mechanical
properties of the experimental cements.
The hypothesis was that larger cations disrupt more effectively the glass network,
resulting in the formation of more NBOs. However, this disruption of the glass
structure, caused by NBOs, may also lead to an expansion of the glass network that
would facilitate the cation diffusion from the glass network during the formation of
glass ionomer cements (acid attack and setting) especially at the early stages of
setting. This should have an effect (enhanced mechanical strength) on the degree of
the polysalt crosslinking and consequently on the mechanical properties of the
cements.

4.1 FTIR
Aluminosilicate glasses consist of a random network of linked SiO4 and AlO4
tetrahedra. The glasses that are used to form GICs have to possess certain basic
characteristics, such as the Al2O3/SiO2 ratio. The Al2O3/SiO2 ratio plays a very
important role in the glass network; it determines the capacity of the glass to form
cement and its corresponding resulting mechanical properties80.
According to Zachariasen78, Al3+ is an intermediate, it has the ability to act both as a
network former (adapting to a four-fold coordination, five-fold coordination and sixfold coordination186) and as a modifier. Substituting Al3+ for Si4+ in the glass structure,
Al3+ has to adapt to a four-fold coordination [AlO4-], with a surplus of negative charge.
The glass renders more alkaline and is therefore vulnerable to acid attack. The
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mono- and bivalent network modifiers balance out the negative charge in the
tetrahedron.
In a perfect homogeneous glass structure, the ratio of the network modifier (m) to the
network former Al3+ (fAl3+) should be equal to 1 (Rm/fAl3+ = 1). But, if there is an excess
of network modifiers (mono- and bivalent network modifiers) R > 1, an increase in the
formation of NBO occurs. The increase of NBO in the glass network renders the
glass more alkaline and hence more vulnerable to acid attack and an increase in the
dissolution rate is expected67,80.
Oxygens in the glass network can exist as either BOs or NBOs. If the oxygen binds
with one glass network former (a tetrahedron) and one or more network modifiers a
NBO is created. In the case of BO, the oxygen is bonded with two glass network
formers, two tetrahedra. The BO bonded to two network formers has a stronger bond
in comparison to the NBO bond68. The greater the number of BOs in the glass
network, the higher the amount of crosslinkages and the tighter the glass structure
and therefore the less ion diffusion. Generally, properties of the glass structure
concomitantly determine the properties of the resulting cement67.
Creating more NBOs in the glass structure weakens/disturbs the general stability of
the glass network, this having been observed previously when introducing calcium
fluoride (CaF2)69 (a strong network modifier) into an aluminosilicate glass network.
The introduction of CaF2 ions destabilises the glass network by reducing the crosslink
density of the glass. All F- ions form a complex with [SiO3F] and [AlO3F] tetrahedra
which can result in the formation of NBF thereby increasing the reactivity of the glass
towards acid attack69.
Wang and Stamboulis163 investigated the same glass compositions used here, but
employed a different molar basis range of 25% - 100% regarding Ca2+ replacement
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by Sr2+ and Ba2+, respectively. In this project, Ca2+ substitution by Sr2+ and Ba2+ was
based on a molar basis of 75%. The FTIR spectra of each of the three glass
compositions investigated by Wang and Stamboulis163 exhibited similar course
curvatures to those obtained here. Moreover, Wang and Stamboulis 163 suggested
that the displacement of FTIR bands towards lower wave numbers indicated the
development of NBOs for the glass network modifiers Sr 2+ and Ba2+. Higher amounts
of NBOs resulted in a shift to lower wave numbers for Si-O-Si stretching (Q3) and SiO-[NBO] and additionally increased absorbance intensity of Si-O-[NBO]. Wang and
Stamboulis163 concluded from those Si-O-Si and Si-O-[NBO] ratios that the amount of
Si-O-[NBO] present in Ca-Glass < Ca-Sr-Glass < Ca-Ba-Glass.
Therefore it was expected that Ca-Ba-GIass would be more reactive towards the
acidic proton of the PAA coupled with higher development/rise of metal
polycarboxylate peak in the FTIR, and to lesser extents in Ca-Sr-GIass and CaGIass. However, it has to be noted that the experimental glasses used in this project
were not pretreated (acid-washed) initially, therefore, a higher ion release upon acid
attack might be expected, which settles down after some time. This could result in a
faster saturation of the leached ions and the formation of metal carboxylates.
To activate the acid-base setting reaction, the PAA solution has to merge with the ion
leachable glass powder. The acidic protons H+ of the PAA (C3H4O2)n attack the glass
surface and cause dissolution of various ions from the glass structure, depending on
the glass content53,57. The dissolution process of the glass and the corresponding
leaching process are dependent upon the reactivity of the glass. This reactivity in turn
is determined by the number of NBOs (which in turn is determined by excess of
network modifiers which render the glass more alkaline)67,80. The migration of ions
into the aqueous phase of the cement and their complex with the carboxylate anions
COO- of the PAA leads to the formation of a polysalt matrix. This setting reaction of
126

GIC has been extensively studied via a number of analytical methods including
FTIR47,48,49.
An ATR attachment to an FTIR spectrometer was used in this project because it is
more suitable for short term studies of C-GICs, as it prevents dehydration187. The
FTIR spectroscopy makes it possible to distinguish between the symmetric and
asymmetric Ca- and Al-carboxylate salt stretching bands along the setting reaction 57.
However, Young48 pointed out that significant variations in the polycarboxylate salt
peaks occur in the FTIR because of its high sensitivity towards the C=O.
The most important change regarding the acid-base neutralisation can be followed by
observing the decrease of the carboxylic acid groups of the PAA peak at around
1700 cm-1 with a simultaneous increase of the metal salts (½Ca 2+-COO- + ⅓Al3+COO-) at around 1550 cm-1. The formation of metal salts is an indication of early
cement setting188. Both the symmetric and asymmetric stretching vibration bands in
the FTIR are strong and visible46, this finding being consistent with the results
achieved here. The asymmetric Ca- and Al-carboxylates were significantly higher in
intensity from 1 to 60 minutes compared with the symmetric Ca- and Al-carboxylates.
The peaks for Ca- and Al-carboxylates (asymmetric stretching vibrations for ½Ca2+COO- around 1550 cm-1, symmetric stretching vibrations for ½Ca2+-COO- around
1410 cm-1, asymmetric stretching vibrations of ⅓Al3+-COO- around 1638 cm-1 and
symmetric stretching vibrations of ⅓Al3+-COO around 1450 cm-1) increased from 1 to
60 minutes at the expense of the narrow peak around 1700 cm-1, due to C=O
stretching vibrations of the PAA188. The peak at 1700 cm-1, at 1 minute, was an
indication of the initial amount of free carboxylic acid, which decreased during the
setting

reaction

(over

60

minutes),

because

polycarboxylates (½Ca2+-COO-, ⅓Al3+-COO-).
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PAA is a weak acid and therefore will hardly ionise in water to COO - and H+ (in
contrast to a strong acid, which would completely ionise)188. Young et al.46,188
suggested that the initial acid-base reaction involves the ion release of the glass
structure upon the acidic proton attack. This first step is strongly dependent upon the
glass surface and composition. This step can be partially controlled by pre-treating
the glass surface either by adding a hydrophobic silane coating or by an acid
wash188.
As the medium for the acid-base reaction is water, lack of water can retard the acidbase reaction or even stop the acid-base reaction187. Young et al.46 studied the acidbase reaction in GICs with Raman spectroscopy. They observed that the spectrum of
a dehydrated two-day old GIC is equal to the Raman spectra of a mixture of PAA and
its salts. By adding water to the cement, the water level increased and neutralisation
continued. They suggested that a decrease of the carboxylic acid groups of the PAA
that is located around 1700 cm-1 is probably an indication for water loss, which is
needed for the acid-base reaction to progress or for the development of metal salts
around 1550 cm-1.
Zainuddin et al.188 investigated the long-term cement setting reaction of three
experimental glasses (ART10, LG125 and LG26Sr) with
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Al MAS-NMR. In these

experimental glasses, 100% of the Ca2+ was replaced by Sr2+. The LG26Sr
corresponds to the experimental glass Ca-Sr-Glass (Table   2-1) used here. However,
in this project the Sr2+ replaced Ca2+ on a molar basis of 75% instead of 100%.
Zainuddin et al.186 suggested that on the basis of the LG125 and LG26Sr analyses,
the bivalent Ca2+ and Sr2+ ions were initially released into the aqueous phase
followed by Al3+ and F- ions. This conclusion was calculated on the basis of the
Al(IV) / (Al(V) + Al(VI)) ratios and the Al(IV, V, VI) peaks in the spectroscopy. Al 3+
ions exist in a four-fold coordination in a tetrahedra silica network. However, during
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the formation of GIC the Al(IV) transforms to Al six-fold coordination (Al(VI)).
Therefore, during the setting reaction the Al(IV) peak reduces, while the Al(VI)
increases. This transformation of Al from a four-fold coordination to a six-fold
coordination is an indication for cement setting. The initial release of the bivalent
cations (Ca2+ and Sr2+) was explained by Zainuddin et al.186 as being an attribute of
the high phosphorus (PO43-) content in the glass, hence the formation of Al-O-P
complexes. PO43- is actually a network former, but adapts to act as a network
modifier in the glasses which were used to investigate GIC in this work. Formation of
complexes of Si-O-Al-O-P was observed by Wang and Stamboulis163 and Zainuddin
et al.186 in the experimental glasses (Table   2-2) used to form GIC. Linkages of Al-OAl and P-O-P were thought to be unlikely, but linkages of Si-O-Al, Si-O-Si and Al-O-P
were reported previously189. During acid attack, protons preferably attack the Si
instead of the P moiety of the Si-O-Al-O-P complex, since Si is more susceptible189.
Therefore, more Al3+ ions would still be retained within complexes such as Al-O-P,
the result being delayed leaching action of Al ions into the aqueous phase.
In this work, the absorbance intensity between 900 – 1000 cm-1 for Ca-GIC and CaBa-GIC, compared with Ca-Sr-GIC, is markedly higher, which is in keeping with the
suggestions of Young et al.188 that with decreased PS, higher absorbance intensity
appears around 1000 cm-1. The PS listed in Table   2-1 shows that Ca-Sr-GIC exhibits
the largest PS of 8.87 ± 0.22 µm which accounts for its low absorbance intensity.
Matsuya et al.157 analyzed in extensive research with
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Al MAS-NMR, FTIR and CS

the change of the silicate structure and the corresponding resulting strength of the
cement. The resultant hardening of the GIC corresponded to the degree of poly salt
crosslinkages, due to gelation of Ca2+ and Al3+ polycarboxylates to form the cement
network53. An increase in the peak of the metal salts (½Ca2+-COO-, ⅓Al3+-COO-) at
around

1550 cm-1

was

at

the

expense
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(around 1700 cm-1). The FTIR results of Matsuya et al.157 indicated structural change
in the silicate network.
An increase of a broad shallow peak around 1050 cm-1 over time was an indication of
silica gel formation. An increase in the formation of silica gel in all three GIC
compositions was observed from 1 to 60 minutes. Ca-Sr-GIC exhibited the highest
silica gel formation of 18% from 1 to 60 minutes, followed by Ca-GIC with 16%. The
least formation of silica gel was observed by Ca-Ba-GIC with 5%.
The setting reaction in all three experimental GICs employed here occurred during
60 minutes (FTIR graphs). This is mainly observed by metal salt formation in the
range of 1350 cm-1 to 1750 cm-1 and is caused by the carboxylic acid groups around
1700 cm-1 and the simultaneous growth of the metal carboxylates at around
1550 cm-1. Table   4-1 illustrates the mean ratio of polycarboxylate salt development
and the silica gel formation over 60 minutes for each GIC composition.
Ca-Ba-GIC exhibited 26% in metal polycarboxylate crosslinkages, whereas the silica
gel formation, namely 5%, was considerably quantitatively reduced. Contrary to CaBa-GIC, Ca-Sr-GIC and Ca-GIC respective metal polycarboxylate crosslinkages and
silica gel formation were Sr2+ 24% and 18% and Ca2+ 14% and 16%, respectively
(Table   4-1).
In this study, minor errors were observed. Generally, a decrease in the intensity of
absorbance can be due to the tendency of the setting cement to detach from the
crystal of the Golden Gate187. A strong broad peak at 3300 cm-1 is associated with
inter- and intralayer H-bonded O-H stretching vibrations180. Peaks and troughs in this
range can be due to water absorption48. However, in the FTIR results water
evaporation during the 60 minute experiment is likely to be a factor (due to the rubber
ring used not forming a perfect seal). Moreover, the strong absorbance band at
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1640 cm-1184, associated with bending vibrations of water, can overlap with the
important metal carboxylate peak specific to asymmetric Al-carboxylate peak around
1640 cm-1.
Real time spectra for all three GIC compositions over a duration of 60 minutes were
investigated by following the chemical setting reaction of GICs. The setting reaction
for all three GIC compositions was observed via the FTIR spectrum. It is believed
that the development of the crosslinked matrix of Ca- and Al-carboxylates, which
occur within several minutes, contribute to the resulting strength of the GIC.
Additionally, the resulting properties of the GICs are determined by the extent to
which the acid-base reaction between the basic glass powder and acidic polymeric
solution occur.
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Table   4-1: Percentage ratio of polycarboxylate salt development and the silica gel formation over 60 minutes for each GIC composition.
Ratio in the absorbance change over 60 minutes (%)
Mean ratio for metal
Symmetric
Symmetric
Asymmetric
Asymmetric
Silica gel formation salt development
(%)
Ca-carboxylate
Al-carboxylate
Ca-carboxylate
Al-carboxylate
(%)
GlC
composi
tion
A/C

CaGIC
11

CaSrGIC
28

CaBaGIC
30

CaGIC
11

CaSrGIC
21

CaBaGIC
21

CaGIC
26

CaSrGIC
44

CaBaGIC
47

A/C: 1 minute/60 minutes
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CaGIC
7

CaSrGIC
2

CaBaGIC
6

CaGIC
16

CaSrGIC
18

CaBaGIC
5

CaGIC
14

CaSrGIC
24

CaBaGIC
26

4.2 Fluoride release of GICs in artificial saliva and deionized water
Among other important characteristics of GICs is its ability to release fluoride – one of
the major characteristics that is associated with anticariogenic action. Despite the
large amount of studies of fluoride release in GICs, the amount of fluoride required to
inhibit caries formation has not been determined. However, Matz and Emilson 102
demonstrated in an in vitro experiment that the growth of Streptococci can be
prevented by an amount of fluoride release ranging from 0.16 to 0.31 mol/l. Several
other studies have confirmed that the F- release of a restorative dental material has
an inhibitory effect on the development of tooth decay at the margins of the dental
restoration103,121. The obtained results in this work suggested that an amount of
0.1 – 1.5 ppm F- ions, reduced the growth of S. mutans. As Rothwell et al.111
mentioned, it is more significant for a restorative material to have the capacity to
recharge, if exposed to a F- ion source, than to have a high initial inherent F-amount.
In general, less fluoride release has been observed in AS and saliva than in
deionized water. The results shown in Figure   3-27 – Figure   3-34 are consistent with
the existing literature112,113,114. The reason for decreased F- release in saliva or AS is
that both contain a high number of ions, as does the restorative material (GIC), in
contrast with deionized water. It is the similar ion distribution, as between AS, saliva
and GIC, which causes a low diffusion gradient. Conversely, the dissimilar ion
distribution, as between deionized water and GIC, causes a higher diffusion
gradient126. Therefore, more ion exchange from the dental restorative material into
the deionized water is expected because of the unequal ion distribution and the
corresponding high diffusion gradient. In addition, Bell et al.126 demonstrated that the
ion layer formed by the ions of the saliva on the tooth structure might prevent the
release of ions, including fluoride ions, into the mouth.
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The F- release in GICs and hybrids has been extensively researched 115. Generally,
two mechanisms are involved; the initial burst from the surface of the restorative
material and the second long lasting ion diffusion from the bulk of the material 116. The
cumulative F- release observed in this study is similar to reported studies 115. The
initial F- ion burst is clinically significant in reducing secondary caries after dental
work is carried out as residual bacteria may be present in the cavity underneath the
restoration work154. After the initial burst, the amount of F- ions released decreases
and controlled ion diffusion occurs117. This finding is consistent with the existing
literature115. In this project a high F- release in the initial phase occurred between
6 and 8 hours in the case of deionized water. It has been reported that the above
usually occurs in deionised water during the first 24 to 72 hours119,126,154. However,
fluoride release reached a plateau in the period of time between 18 and 35 days in
deionized water and 18 and 28 days in AS. Generally, a constant level of fluoride
release could be achieved between 10 and 20 days118. The in vitro results presented
in this project demonstrated that the initial short term release occurred faster than
expected. Usually, commercially available GICs and hybrids release a high amount
of fluoride (15 – 115 ppm first stage; 1 – 4 ppm second stage119). However,
experimental GICs are expected to release less fluoride as compared to
commercially available GICs120. The obtained results in this work presented a lower
amount of F- ion release and a delayed plateau in comparison to the commercially
available GICs. It is important to note though that all characteristics regarding fluoride
release in AS and deionized water have been observed, such as:
-

maximum F- ion release in the first hours, due to initial burst;

-

followed by plateau, due to bulk diffusion;

-

less F- ion release in AS, due to the similar ion distribution and the low
diffusion gradient;
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-

high F- ion release in deionized water, due to unequal ion distribution and the
high diffusion gradient;

-

uptake of F- ions from external source, which was released over time.

Rothwell et al.111 monitored the F- release after exposing four GICs and modified
GICs to a F- containing toothpaste. Fuji IX, a C-GIC, exhibited a low amount of Frelease; this was explained by the low soluble glass, which is a component of Fuji IX.
Fuji IX is a highly viscous cement used in Atraumatic Restorative Technique (ART),
therefore it is less sensitive to moisture in comparison to other C-GICs190. Rothwell et
al.111 explained that the glass network component for Fuji IX has fewer alkali metals.
The Fuji IX cement matrix would appear to have a high DCL and consequently less
ion diffusion (including F- ions) through the tightly bonded cement matrix.
The degree of crosslinking in the cement matrix determines the amount of ion
diffusion. Therefore, a dense crosslinked cement matrix would result in a low
diffusion of ions103, including F- ions. In this study it was therefore expected that a
higher amount of F- ion release should occur in the following order Ca-GIC > Ca-SrGIC > Ca-Ba-GIC; this assumption is in accordance with the achieved results. As
Wang and Stamboulis163 previously concluded from the Si-O-Si and Si-O-[NBO] ratio,
the amount of Si-O-[NBO] is in ascending order Ca-Glass < Ca-Sr-Glass < Ca-BaGlass. Therefore, the highest number of NBO formation in all the glasses was
expected for Ca-Ba-Glass. Triggering the setting reaction to form cement, the highest
diffusion of cations into the aqueous phase would be expected for Ca-Ba-GIC,
because of the high disturbance in the glass network. The high number of cations
released into the aqueous form would result in a high DCL in the cement matrix. The
diffusion of ions in a dense cement matrix is impeded, resulting in a low diffusion of
ions, including F- ions. Therefore the least diffusion of ions was expected for Ca-BaGIC, while the highest diffusion of ions in Ca-GIC was expected.
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The setting reaction of GICs continues over a few years. During the setting time the
crosslinkage in the cement matrix is continued192. This entails that a mature cement
has less F- release or uptake, because the diffusion process is impeded, due to the
tight crosslinked cement matrix111. This explains also why the 40 days mature
cement in this project released fewer F- ions after exposure to a F- source.
GICs have the ability to act as a F- reservoir. Increasing the time during which the
GIC is exposed to a F- source would increase the F- release. The longer the cement
was exposed to a F- source, the more time the F- ions have to diffuse in the inner of
the cement. The finding in this experiment is consistent with Xu and Burgess 154.
Diaz-Arnold et al.128 suggested that the fluoride release after exposing the specimens
to a fluoride source is just a superficial absorption and not bulk absorption, due to the
rapid discharge of the F- ions. This observation is consistent with the findings in this
experiment. After exposing the mature GICs in AS for 12 hours to a fluoride
containing mouthwash, there was almost no F- release after 90 minutes. This view is
shared by Hardley et al.191, who were using Secondary Ion Mass Spectroscopy
(SIMS) to measure fluoride concentrations in the bulk of the cements and reported
that the highest fluoride amount was observed on the surface of cements. Additional
hindrance of fluoride release is caused by the maturity of cements. This has an
important clinical advantage; the cement develops more strength over time. This is
explained by the increased number of ionic matrix crosslinkages, and therefore less
diffusion of water and fluoride ions192. Dhondt et al.129 corroborated this conclusion
that the decrease of fluoride release in a mature cement is due to the strong
interaction of ions with the organic crosslinked matrix and a reduced permeability of
the matrix. Additionally, it is important to consider the morphological difference of the
material; porosity may have an impact on the total ion release193. The low amount of
fluoride release for all three experimental GICs could result in low water diffusion.
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The microstructure of GIC, with its voids and cracks, promotes water diffusion into
the deeper or even superficial area of the specimens. The higher the porosity, the
easier for F- ions to diffuse from the bulk of the restorative cement194. Itota et al.195
suggested that the recharge properties of a material depend upon the diffusion and
absorption ability of the material. Therefore, a high amount of porosity would
contribute and promote diffusion and absorption properties. However, the F - release
of a mature cement is expected to be less, hence a more crosslinked matrix or a tight
polymer chain matrix would inhibit the diffusion process substantially111,115,154.
The ion diffusion process in the cement matrix is dependent upon the density of the
ionic crosslinking and the cement porosity. Neglecting the porosity and focusing on
the ionic crosslinkage, it can be predicted that the glass network with the highest
formation of NBO is releasing the highest amount of cations into the aqueous phase
upon the setting reaction and therefore a higher DCL in the resulting cement matrix
can be expected. This leads to an impeding of the diffusion process and therefore
fewer ions, including F- ions, diffuse out of the inner cement matrix to the outer
environment or vice versa.
Other attributes regarding F- release for GICs could not be ascribed to the
experimental GICs used in this work. For example, the recharge capability.
Generally, the restorative dental material with the highest initial F - release has also
the highest recharge capability154. But this was not the case. It was expected that the
40 days mature Ca-GIC would exhibit the highest recharge capability, as it had the
highest F- ion release initially. But, the mature Ca-GIC did not have the highest
amount of released F- ions in deionized water. In fact, it was the lowest. However, it
exhibited the highest amount of F- ions in AS. Therefore, this assumption is not
applicable.
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Furthermore, one very important factor should not be neglected; the P/L ratio used to
form Ca-GIC was just 2:1 in comparison to Ca-Sr-GIC and Ca-Ba-GIC with 3:1.
Glass filler component is a very important factor since the fluoroaluminosilicate glass
particles are the main source for the F- ions154. The fewer glass particles used, the
less F- ion release was expected. However, this conclusion is not supported by this
work, since Ca-GIC had the highest F- release after 40 days. But, it was previously
reported that reducing the P/L ratio would result in higher solubility of the GIC, which
results in higher F- ion release196. This conclusion would support the findings in this
study.
The high content of F- release for Ca-GIC could be the result of high formation of
metal fluoride in Ca-Sr-GIC and Ca-Ba-GIC. These complexes would bind the F- ions
to the cement and would be therefore not detectable for F- measurements. However,
Wang and Stamboulis163 analysed the glass compositions previously with magic
angle spinning nuclear magnetic resonance (MAS-NMR) conducted of

19

F. They

concluded that F- is present in Ca-Glass as F-Ca(n) and Al-F-Ca(n) in Ca-Sr-Glass
as F-Sr(n) and Al-F-Sr(n) and in Ca-Ba-Glass as F-Ba(n) and Al-F-Ba(n),
respectively. With decreasing the cation size Ba < Sr < Ca an increase in the
formation of F-M(n) (where M stands of Ca, Sr and Ba) species was observed and
reported previously from Stamboulis et al.174. Therefore, a high amount of Fformation was expected in the order F-Ba < F-Sr < F-Ca followed by Al-F-Ba < Al-FSr < Al-F-Ca. Therefore, the assumption of higher fluoride metal formation in Ca-SrGIC and Ca-Ba-GIC does not apply. On the contrary, the highest formation of fluoride
metals is present in Ca-GIC.
F- measurement in this work was not conducted with a fluoride ion selective
electrode, as it is generally done. In this project a photometer Nanocolor 500D was
used to measure the activity of free F- ions in the solution. To date, there is no
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published paper where F- measurements were conducted with 500D. Initially it was
planned to perform F- measurement with inductively coupled plasma mass
spectrometry (ICP-MS). However, this was not possible as a residue of silica layer
became stuck in the concentric glass tubes of the ICP and adversely affected the
measurements. Therefore, an alternative measurement for the F - ion release had to
be found.
The

F-

release

measurements

demonstrated

all

the

previously

observed

characteristics regarding fluoride release in AS and deionized water. From the
obtained results it can be predicted that a high number of NBO formation in the glass
component causes a high amount of cations to be released into the aqueous phase
(upon the setting reaction) and therefore a higher DCL in the resulting cement matrix
can be expected. These factors lead to a lower diffusion of ions, including F - ions,
through the dense cement matrix. However, lower glass powder volume (2:1) was
expected to release less F- ions, since the glass powder is the F- source. But, this
can be compensated for by the fact that a low P/L ratio results in higher solubility of
the GIC, which in turn results in higher F- ion release.
To validate these results, additional F- ion measurements have to be performed.

4.3 Antimicrobial effectiveness of glass ionomer cements
The bacteria playing a main role in cariogenesis are S. mutans and S. sobrinus136.
Streptococci are able to produce organic acids such as lactate and undergo
anaerobic glycolysis with production of lactate136. The resulting dissociation products,
which are H+ ions, are transferred out from the bacteria cells leading to pH reductions
within the plaque matrix and subsequent damage to enamel 136. S. mutans forms
multicellular aggregates that are water-insoluble, highly branched, fibrillar and
resistant to enzymes produced by other bacteria and therefore act as a very good
substrate for initial formation of plaque, which in turn allows other pathogenic bacteria
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to attach and grow197. Materials with antibacterial characteristics are well known and
widely used to prevent plaque formation. High concentrations of silver (Ag) species in
dental material have been shown to be bacteriostatic against oral Streptococci198. A
further species with caries-inhibitory  effect  is  fluoride.  Fluoride’s  antimicrobial  effect  is  
thought to occur via several mechanisms including decrease of demineralisation,
improvement of remineralisation, interference with pellicle and plaque development
and the inhibition of microbial growth and metabolism 123. Previous investigations
have validated the ability of GICs, compomers and RM-GICs to inhibit bacterial
growth via an agar plate diffusion method139.   Koch   and   Hatibović-Kofman140 have
also conducted an in vivo experiment with 3 C-GICs in 36 children. Before and after
the restorative replacement, the numbers of S. mutans were analysed. They reported
that fluoride concentration in saliva increased significantly after replacement and
thereafter consistently increased. After 6 weeks the F- amount was 6 times higher.
The quantity of S. mutans decreased after replacement. Svanberg et al.141 stated that
the percentage of S. mutans in the plaque from the margins of Class II GICs is
significantly less in comparison to amalgam and composites. In the same year
Svanberg et al.123 demonstrated that the occurrence of S. mutans in interproximal
plaque in adult teeth with GICs was significantly lower than for amalgam alone. The
bacteriostatic effectiveness of GICs rests upon its ability to release fluoride in the oral
environment; this has been verified by several studies199. However, Sr2+ is also
believed to contribute to the bacteriostatic effect of GICs. Guida et al.200 analysed the
antibacterial effectiveness of Sr2+ in several experimental glass compositions. The
antibacterial activity of the experimental GICs was analysed by the agar plate
diffusion method against Streptococcus and Actinomyces. They suggested that Sr2+
ions have a more important role in the bactericidal properties than F- ions and that
the antibacterial effect is based upon the contribution of Sr 2+ ions, or Sr2+ and F- ions
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together. The results for the antimicrobial activity in this project suggest that
substitution of Sr2+ for Ca2+ in the glass composition of the GIC component is not
necessarily more effective, in contrast to the results of Guida et al.200. Guida et al.200
identified an antibacterial activity of the cements made of glass components close to
the composition of glass used in this study. Recently, more investigations regarding
the antibacterial role of strontium have been published in the literature. Thuy et al.201
suggested in an extensive study of sixty human enamels that Sr 2+ ions are involved
in enhancing remineralization. Dabsie et al.202 investigated the bacteriostatic effect of
strontium ions from RM-GICs   on   young   patients’   premolars   and   reported   that  
strontium ions have a weak bacteriostatic effect but the inhibition of tooth decay is
based   on   strontium   ions’  ability   to   enhance  remineralization   of  the   tooth   substance.  
However, the synergistic effect of strontium and fluorine ions could have an
advantageous role in the restitution of enamel in orthodontic treatment, but further
research is necessary. In this work it is clear that all GICs show a significant
antibacterial activity, from 15 minutes to 24 hours, and what is known is that fluorine
release occurs for all three GIC compositions. The obtained results in this work
suggested that an amount of 0.1 – 1.5 ppm F- ions, from 30 minutes to 48 hours
reduced the growth of S. mutans. It is clear that the strontium cements, compared to
calcium cements, do not show any material difference in their antibacterial behaviour
and it is very difficult to say that there is one cement significantly better than the
other. Therefore, it must be concluded that all cements are antibacterial most likely
because they all release an effective amount of fluorine that contributes towards the
GICs’  antibacterial  behaviour.  In  this  study  there  was  no  evidence  for  any  synergistic  
effect of strontium,barium or calcium with fluorine however some of the authors in the
literature claim that such a synergistic effect could be one of the reasons for the
antibacterial behaviour of glass ionomer cements in general200.
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4.4 Calculation of cement setting time
Rheology is originated from two Greek words; rheo meaning flow and –logy meaning
study. An ideal restorative dental material has to be viscous enough to be mixed
easily followed by a sudden raise in viscosity, so that the restorative dental material
preserves and maintains its intended purpose203.
Resistance to penetration used for the calculation of cement setting time is a
convenient

method

used

widely

in

industry.

The

extrusion-style

capillary

rheometer204, cone and plate rheometer65 and ram and piston penetrometer205 are
examples of techniques which have been suggested in the past for measuring the
change in cement viscosity with time. Each technique has its advantages and
disadvantages, the extrusion capillary rheometer being subjected to a range of shear
rates204, the cone and plate rheometer being subjected solely to constant shear rate 65
and the ram and piston penetrometer not being appropriate for fundamental
rheological studies because of its sophisticated geometry205.
An important factor in cement setting time is the glass filler surface area component
where an increase in the glass powder to liquid (P/L) ratio results in a decrease in
setting time203. Lowering the amount of glass fillers, lowers the ion source and ion
diffusion and results in a lowered viscosity, an increased setting time a decreased
reaction rate203 and a reduced extent of crosslinkages154, which is in keeping with the
results obtained here.
Cook203 pointed out that the viscosity of a material was a result of the interaction
between two independent factors; the degree of crosslinkage of the Ca- and Alcarboxylates in the cement matrix and the effect of the glass PS on the viscosity of
the paste.
The experimental glass powder hand-mixed easily with the polymeric liquid at the P/L
ratio of 2:1. In general, ideal restorative dental material should have a low viscosity at
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the beginning, to make for easy hand-mixing and for placing the restorative material
in the cavity of the tooth after which the viscosity should increase rapidly203. All
experimental GICs employed here were close to being ideal restorative material
apart from Ca-GIC with the 2:1 ratio. However, the exception in setting time of CaGIC may have been due to the ambient RT or the temperature of the instruments
used during the preparation of this cement.
Once the glass powder and the polymeric solution are mixed together the acid-base
reaction takes place. The acidic protons attack the basic glass powder surface,
resulting in dissolution of the glass powder. Cations, such as Ca 2+ and Al3+ ions
diffuse/leach into the aqueous phase and form Ca- and Al-carboxylates, with the free
carboxyl anions, which results in a crosslinked polysalt matrix53,57. Less ion diffusion
during the formation of the metal salt matrix brings about a decrease in its
viscosity203.
The rheological properties of these restorative materials are very important, since
they affect their behaviour in clinical practice. The viscosity of a material bears an
inverse relationship with temperature; viscosity usually increasing with temperature
decrease and viscosity decreasing with temperature increase206. Pearson and
Atkinson70 investigated the influence of temperature change on the working and
setting times of 5 different cements (4 water-based polyacrylates and 1 zinc
phosphate), the results of which showed that all five cements exhibited longer setting
and working times in a chilled state. Extensive increases of 200% for working and
130% for setting times were observed in all four water-based polyacrylate cements,
whereas such extensive increases in working and setting times were not evident in
the zinc phosphate cement when chilled70.
The dissolution process of the glass and the corresponding leaching or diffusion
process of the cations in the aqueous phase is strongly dependent upon the reactivity
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of the glass. This reactivity is in turn determined by the number of NBOs, which in
turn is determined by an excess of network modifiers that renders the glass network
more alkaline and increase the dissolution rate67,80. The greater the number of NBOs
formed in the glass component of the GIC, the greater the facility for the cations to
diffuse, through the expanded glass network163 into the aqueous solution and collide
with carboxylate anions thereby forming a polysalt matrix.
Therefore, the shortest setting time would be expected to be associated with those
cements whose glass component contained the highest number of NBOs. In this
case, the glass network that exhibited the highest number of NBOs and lowered the
oxygen density and increased expansion of the glass network was Ca-Ba-Glass,
used for make barium glass ionomer cements. The least expanded glass network
was Ca based whereas, the Sr based glass network was more expanded due to the
presence of a larger amount of NBOs in the case of Ca alone163. On the basis of the
above, the Ba glass ionomer cement would be expected to exhibit a shorter setting
time compared with both Ca-Sr-GIC and Ca-GIC, the slowest setting time occurring
in the Ca-GIC.
The glass ionomer cement setting reaction is not a diffusion controlled process 203, for
during the acid attack, the cations spread out into the aqueous phase. On the basis
of FTIR setting time results: only 5% silica gel formation was evident in the Ca-BaGIC, whereas Ca-GIC and Ca-Sr-GIC exhibited 13% and 18% silica gel formation,
respectively, within a 1 to 30 minute test period. Moreover, the FTIR results
demonstrate the high degree of metal salt crosslinkages occurring in the cement
matrices from 1 minute to 30 minutes, namely, 13%, 21% and 25% for Ca-GIC, CaSr-GIC and Ca-Ba-GIC, respectively. The high degree of metal salt development
during the first 30 minutes for Ca-Sr-GIC and Ca-Ba-GIC lends support for
hypothesis of higher ion diffusion from the expanded glass network into the liquid
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phase. However, it is still unclear why the high degree of crosslinkage, in the case of
Ca-Ba-GIC, did not lead to the shortest setting time of the three GICs. One
conclusion could be related to the process of silica gel formation and the extent to
which the silica gel formation has occurred. The inorganic glass core being
surrounded by a silica gel, possibly hinders or slows down ion diffusion over long
distances into the liquid phase. The initial diffusion of cations into the aqueous phase
slightly increases the cement viscosity, but has a minimal effect on the overall
viscosity of the cement, whereas the cement viscosity increases by the degree of
crosslinkages in the cement matrix203. However, if cations diffuse over a longer
distance into the aqueous phase, this would reduce the reaction rate, resulting in a
delay of setting time and the corresponding lesser degree of crosslinkage. Therefore,
the greater the diffusion distance of the ion the slower the diffusion rate 207, resulting
in a delay in the setting time, hence the crosslinkage rate being decreased.
However, this hypothesis has to be further investigated. It was assumed that the
rheological setting time of the resulting cement is strongly dependent upon the
amount of NBO in the glass component. It was thought that the greater the
vulnerability of the glass network to acid attack, the greater the amount of leachable
cations into the aqueous phase. This necessitates a greater degree of crosslinkage
in the cement matrix thereby resulting in an increase in viscosity. However, the
diffusion distance of the ions was not taken into the account. The more the diffusion
rate is reduced, the greater the diffusion distance 207 and this fact could delay the rate
of crosslinkage and the corresponding setting time.
Rheology is an interdisciplinary science that includes the chemistry, physics and
mechanism of a continuum of molecules. Therefore, several factors need to be
considered in order to be able to predict within reason the setting time of cements. As
Cook203 summarized, the viscosity is dependent upon two factors – the surface of the
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filler particles and the degree of crosslinkage in the aqueous phase. However,
several other factors, such as the molecular physics, thermodynamics, and
intermolecular interactions have also to be taken into account.

4.5 Vickers Hardness
The hardness of a material demonstrates the ability to resist the force before plastic
deformation occurs via penetration. Generally, a hardness value is composed of
several factors, such as the indentation shape, the indentation depth and the force
that was applied for a specific time208.
Generally, the hardness of a material gives an indication of the wear resistance of the
material. The two most important surface characteristics of a dental material are its
ability to be polished and its resistance to wear151. Rabinowicz209 suggested that
three parameters are important – Ra, PS and hardness for surface analysis.
Generally, the restorative material should mimic the tooth in all categories.
In 1922 Willems et al.210 indicated that the microhardness of a real human enamel is
4002 ± 323 MPa. Gladys et al.6 measured among other things the HV of 2
commercial available C-GICs (HIFI Master Palette and Ketac-Fil) after 1 month
storage in deionized water. Both GICs exhibit a HV value at ca. 1000 MPa (HIFI
Master Palette 1020 ± 137 MPa and Ketac-Fil 1138 ± 461 MPa). The hardness
values presented in this work (Figure   3-37) at 1 month storage in deionized water are
lower (Ca-Ba-GIC: 580 ± 70 MPa, Ca-Sr-GIC: 652 ± 49 MPa and Ca-GIC: 526 ± 38
MPa) compared to the existing literature; this was expected, since the GICs used for
this project are experimental GICs, therefore reduced strength values were expected.
Behr et al.71 stated in an extensive experiment, with varied GICs and RM-GICs, that
the HV of a C-GIC was significantly influenced and dependent on its powder content.
The three GIC compositions in this project were prepared according to Table   2-2.
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The powder content differed because it was not possible to obtain a homogeneous
paste with Ca-GIC with a P/L ratio of 3:1. Therefore, Ca-GIC was prepared with a P/L
ratio of 2:1, while Ca-Sr-GIC and Ca-Ba-GIC were prepared with a P/L ratio of 3:1,
respectively. However, the results in Figure   3-37 demonstrate that Ca-GIC (550 MPa
at 1 month) with a P/L ratio of 2:1 exhibits the lowest HV value at 1 month in
comparison to Ca-Ba-GIC and Ca-Sr-GIC (580 MPa and 650 MPa, respectively),
therefore the obtained results in this project are in agreement with Behr et al.71. The
higher the amount of glass powder component, thus an increase in the surface area,
and an increased rate in the chemical reaction is given. This results in a larger
amount of ion diffusion from the glass matrix in the aqueous phase6.
The resistance relationship between the maxillary and mandibular teeth can be
determined when masticating by the hardness and the elastic modulus of the
restorative material. The former is defined as the resistance to penetration force and
the latter describes the stiffness of a restorative dental material211.
Generally, an increase in the surface microhardness of the three GIC compositions
was expected from 1 h to 1 month of ageing time. The hardening of the GICs is
based on the formation of an infinite metal salt carboxylate network 212, which
progresses over a few years149,150. This is consistent with the obtained results in this
project. The microhardness values of the three experimental GICs increased from 1
hour to 1 month.
Ellakuria et al.155 observed the micro-HV of C-GICs and RM-GICs stored in distilled
water over one year. RM-GICs have the same components as the C-GICs with an
addition of photopolymerizable monomers213. Ellakuria et al.155 reported that the
C-GICs exhibit a higher HV than the RM-GICs. This observation was explained with
the general two reaction mechanisms that are involved in RM-GICs. In RM-GICs a
free-radical polymerisation and an acid-base reaction are occurring214. Ellakuria et
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al.155 suggested that the addition of 2-hydroxyethyl methacrylate (HEMA) might
prevent the acid-base reaction from proceeding, therefore less metal crosslinking
formation occurs in the cement matrix, resulting in less strength. Generally, the light
curing process, which is needed to activate the photopolymerizable monomers,
decreases the formation of metal salt crosslinking in the cement matrix in the early
setting progress215,216. Ellakuria et al.155 reported that the HV values increased over a
1 year period for C-GICs, however this was not the case for RM-GICs.
In the literature, several factors were mentioned that are responsible for the initial
resistance of GICs:


P/L ratio66,



Mw of PAA and the concentration of PAA73,74 and



the chemical composition and the microstructure of the glass109.

Cattani-Lorente et al.149 suggested that all the above points can contribute to the
enhancement or decline of the mechanical properties in the resulting GICs over time.
Xie et al.27 investigated the mechanical properties and the microstructure of several
GICs and hybrids. The hardness of the specimens was determined using a Knoop
hardness (KH). They suggested that there is a relationship between the hardness of
the specimens and their microstructure. Xie et al.27 concluded the tighter and denser
the micro surface structure of the cement is, the higher the hardness values are.
Furthermore, Xie et al.27 suggested that higher hardness values can be achieved if
different PSs and shapes are present in the microstructure of the resulting cement.
Crisp et al.21 investigated the long-term hardness of the first ever commercial GIC,
named ASPA. The surface hardness was determined using two approaches, the
Wallace indentation and Woxen hardness (WH). Crisp et al.21 concluded that the
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number of metal salt crosslinking formations can explain the hardness of the resulting
cement. This conclusion is in good agreement with the our results.
From the obtained FTIR results in this project in Chapter   3.1.3, the ratio of the
change in intensity against time for metal salt crosslinking formation (symmetric and
asymmetric of ½Ca2+-COO- and ⅓Al3+-COO-) of each experimental GIC from
1 minute to 60 minutes was obtained. Ca-Ba-GIC exhibits the highest degree of
metal salt development from 1 minute to 60 minutes with 35% followed by Ca-Sr-GIC
and Ca-GIC with 24% and 14%, respectively. And since the hardness of the cement
is determined by the degree of metal salt crosslinking formation 212, it can be
assumed that the GIC composition with the highest degree of metal salt crosslinking
exhibits the highest hardness. This assumption is in conclusion, with the obtained
results of the HV for all experimental GICs at 1 hour. As mentioned previously by
Wang and Stamboulis163 from the Si-O-Si and Si-O-[NBO] ratio, the highest amount
of Si-O-[NBO] is in Ca-Ba-Glass, followed by Ca-Sr-Glass and Ca-Glass. Upon the
acid attack, in the more disrupted glass a higher amount of cations would diffuse
from the glass network into the aqueous phase. This would result in a high degree of
metal salt crosslinkage in the cement matrix. This conclusion is in good agreement
with the finding in this project. The progression in metal salt crosslinking determined
the strength of the three GIC compositions at 60 minutes. The number of metal salt
crosslinking formations and hardness were increasing simultaneously. Therefore, it
can be expected that using a glass component with high number of NBO to form
GIC, a faster diffusion of bivalent and trivalent cations from the very first moment of
the setting reaction, from the glass network, into and through the cement matrix
would favour a higher DCL ions. The findings of this work were consistent with that
expectation.
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4.6 Nano-indentation
Two main surface characteristics of restorative dental materials can be determined
from the nano-indentation: the hardness and the creep characteristics of the
restorative material152,160,217,218,219. The former is a statement about the wear
resistance but generally hardness is defined as the resistance of a material to
penetration220. Creep gives an indication of the DCL of the polysalt matrix or the
viscosity of the restorative dental material152,220. Generally, the stiffness of a material
and the adhesive properties of a restorative material are believed to be preventative
measures regarding secondary caries and microleakages220.
Yap et al.211 reported that nano-indentation is not an ideal technique to measure
hardness especially when the material consists of two phases - in our case an
inorganic and an organic phase. It was suggested that if the glass particles are
bigger than the indenter head then the measurements are not accurate and therefore
it is likely that only the mechanical properties of one phase can be measured by
nano-indentation. Yap et al.211 investigated the hardness and the modulus of 6 tooth
coloured restorative materials (e.g. C-GIC, RM-GIC, giomers, compomers and
composite) via depth-sensing microindentation. Yap et al.211 reported that further
physical   and   mechanical   tests,   in   addition   to   hardness   and   Young’s   modulus   of   a  
restorative dental material, have to be performed for a restorative material in
posterior area.
Towler et al.152 compared the hardness and creep properties of Fuji IX chemically
cured and ultrasonically cured GIC. They reported that the hardness of the
ultrasonically cured GIC was significantly higher than the chemically cured GIC. The
ultrasonically cured GIC showed no creep, which was an indication that the ionic
crosslinking was completed, while still a significant amount of uncured polymer was
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present in the chemically cured GIC. Generally, the creep decreased the more the
ionic crosslinking in the cement matrix proceeded.
The creep of all the three experimental GIC compositions decreased after ca. 40
seconds. A decrease in the creep displacement would be expected if the ionic
crosslinking in the matrix increases over time152. In this work the creep response in
Chapter   3.6 indicated that the polysalt crosslinking was still taking place. It can be
assumed that a respective amount of unreacted polymer in the cement matrix was
present at the time when the measurements were taken.
The force/displacement curve of the three GIC compositions in Chapter   3.6
corresponded to a typical force/displacement C-GIC curve152.
Generally, the mechanical properties of a conventional glass ionomer dental
restorative material improved with increasing the P/L ratio220. This is in good
agreement with Behr et al.71 investigated in an extensive experiment, with several
GICs and hybrids, the hardness, FS and three body abrasion of a C-GIC was
significantly influenced and dependent on the powder content. The three GIC
compositions in this project were prepared according to Table   2-2. The powder
content differed since it was not possible to obtain a homogeneous paste with CaGIC. Therefore the powder content in Ca-GIC was lower in comparison to Ca-Sr-GIC
and Ca-Ba-GIC. The results in Figure   3-38 support the findings of Behr et al.71. The
glass particles are the source for the cations. If a higher amount of glass powder is
present, a higher amount of cations will diffuse from the glass matrix in the aqueous
phase, resulting in a higher amount of metal salt crosslinking in the cement matrix 221.
Al-Haik et al.222 measured, in an extensive investigation of mechanical properties of
enamel, the hardness and the corresponding modulus of the human enamel. The
hardness that was identified was around 5 GPa and the corresponding modulus was
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around 112 GPa. Additionally, the hardness of a C-GIC and its modulus was
measured (HGIC= 1.93 GPa; EGIC= 37.36 GPa). Comparing the above values with the
hardness and the corresponding modulus measured in this work, the values obtained
were much lower. This was expected since an experimental GIC was used in this
project.
The results obtained from the nano-indentation in this project exhibit a decline from 1
hour ageing time to 1 month ageing time. Generally, an increase in strength was
expected, since the polysalt crosslinking progresses212, over a few years149,150 and
determines the hardness/strength of a GIC restorative material. The limitation of
using nano-indentation for two phase materials has been previously mentioned by
Yap et al.220. The development in hardness over 1 month ageing time can decrease if
the indenter head is measuring the hardness of the organic phase, with less strength
in comparison to the inorganic phase.
The nano-indentation as a surface characterisation method of two phase dental
restorative materials is not ideal.

4.7 Wear behavior of glass ionomer cements
Wear is a very important factor in dentistry since this process occurs continuously in
the mouth cavity223.
Generally, C-GICs are well known for their high surface wear in molar areas224.
Pearson and Atkins150 reported that their initial low strength is a disadvantage but the
strength develops over a long-term period and reaches an acceptable level. Gee et
al.156 investigated the early (8 hours) and long-term (1 year) wear of several GICs
and hybrids. All GICs exhibited an increase in wear resistance over time and this was
explained by the continuation of acid-base reaction. Wear is caused by eating,
chewing, biting etc. or even by chemical interaction. Hard food particles can cause
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high wear rate between the maxillary and mandibular teeth 156. Wear can be divided
into two categories, depending on the forces that are present on the opposing
materials; the fatigue wear and the abrasive wear. Wear due to fatigue is caused by
repeatable  movements,  such  as  mastication,  on  the  material’s  surface. This results in
crack progression. Wear due to abrasion can be subdivided into 2 categories; 2-body
wear and 3-body   wear.   A   hard   or   sharp   material   causing   rills   on   the   antagonist’s  
surface is defined as the 2-body wear. The 3-body wear is when a third abrasive
medium is located between the two opposing surfaces such as food 225.
Gee et al.156 reported a decrease in the wear rate of GICs and hybrids over 1 year of
ageing time due to continuous acid-base reaction and continuous increase in the
DCL in the polysalt matrix. Generally, the mechanical properties of GICs are believed
to increase over time therefore they are expected to have higher wear resistance with
time. However, in long-term studies a decrease in FS150, CS and DTS147 with ageing
time was reported149. The decline in strength was mainly explained because of water
storage149 or surface cracks226. Generally, water hardening cements, if exposed to
water, absorb water and act as a plasticizer93, resulting in a decline in strength of the
GIC. However, Gee et al.156 also reported that microcracks on the dental restorative
surface were negligible since the wear apparatus removes the outer surface of the
restorative dental material continuously.
Two different wear values were obtained in this project, the wear volume and the
wear depth. Generally, volume is made of the wear depth and the wear area 227. The
wear depth is not an accurate parameter, as it depends on the direction and the
location where the wear depth is measured. The wear depth was originally measured
to give a vertical reference of wear between the cavosurface and the restorative
material’s  surface228. The wear area is not time consistent and the wear facet does
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not necessary represent the active wear area. Therefore, the wear volume is the
most important factor expressing the loss of volume of dental material227.
In this project the wear volume was used in order to interpret the wear behavior of
GICs. Ca-Ba-GIC was expected to exhibit the highest wear resistance compared to
the rest of the GIC samples measured, as the DCL in this cement seems to be higher
from the early stages of setting. This was proven to be accurate as the wear
resistance was highest for Ca-Ba-GIC followed by Ca-GIC and Ca-Sr-GIC.

4.8 Mechanical testing
GICs are well known for their advantages (F- release, antimicrobial behaviour etc.);
however a major drawback is their low mechanical properties 27. Therefore, Class I, II
or III molar restorations are not performed with the use of C-GICs, as high forces are
present27. It is worth noticing here that usually experimental glass ionomer cements
exhibit inferior mechanical properties compared to commercially available materials.
One of the reasons is the mixing technique which for experimental glass ionomer
cements is usually hand mixing compared to commercially available cements that are
supplied in small capsules whereby the mixing can be completed mechanically with
the use of a special mixing apparatus. Encapsulate restorative materials ensure
precise metering of the two compounds enabling better mechanical properties for the
cement. Mixing with the mixing apparatus decreases the development of air voids
resulting in better mechanical properties149.
Initially, all three GIC compositions were mixed with a P/L ratio of 3:1. In the case of
Ca-GIC, however, the P/L ratio of 3:1 was not appropriate as the viscosity of the
paste was too high for homogeneous mixing. Therefore, a lower P/L of 2:1
(Table   2-2) was used. For the CS measurements, in order to be able to compare all
three GIC compositions together, strontium and barium substituted GICs with a P/L
ratio of 2:1 had also to be prepared.
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The CS is an important indication for mastication forces 147. This test method is able
to compare brittle materials, which would generally exhibit low strength values, if
exposed to tension forces148. As it is not feasible to determine the tensile strength of
brittle materials directly, the British Standards Institution adopted the DTS 146. In the
DTS testing, the specimens are placed across the diameter (Figure   2-17) on the
Instron plate and compressive forces are applied on the specimens 148. In contrast, in
the CS testing, the specimens are placed vertically on the Instron plates and forces
are applied along the axial axis148. Generally, the tensile strength of brittle materials
is significantly lower than their CS. Brittle materials, such as GICs, break down due to
crack propagation. Crack propagation occurs mainly by tensile loading than
compression loading27. Usually, the occurrence of shear failure in the middle of the
specimens occurs before tensile failure. Shear stresses are present just at the
contact area between the specimens and the Instron plates148. However, Prosser et
al.109 stated that the CS measurements have no fundamental meaning, since either a
tensile or shear failure occurs, due to either atom separation or polymer chain
slipping. Generally, the direct tensile measurements are more accurate than the CS
measurements. However, measuring the direct tensile of brittle materials entails
technical errors. Therefore, the direct measurement of DTS has to fulfil certain
prerequisites, in order for the DTS measurements to be valid. These certain
prerequisites include no plastic deformation before fracture, otherwise the DTS
measurements are invalid and therefore not representative. Therefore, Prosser et
al.109 suggested that FS measurements are more convenient and reliable to evaluate
the tensile strength of a brittle material such as cement. A dental material requires
high FS in order to withstand the repeated chewing forces229. However, many studies
reported for CS and DTS data6,27,149, whereas FS data are rarely reported70,150,109,
due to the time consuming specimen preparation.
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None of the GIC compositions showed a decrease in the mean strength values for all
three test methods or the corresponding moduli after 1 month storage in water. This
is in consistent with published literature6,158. The results illustrate that the DTS and
FS are distinctly lower than the CS values, which is in agreement with the
literature27,147,149.
The P/L ratio affects the strength of the resulting GICs. Increasing the glass powder
content at a constant polymer level, an increase in strength should be expected 230.
Fleming et al.159 investigated the influence of powder reduction with a constant liquid
volume on the compressive performance of ChemFil®. The reduction in the amount
of reinforced glass particles caused a decrease in the mean CS values. Generally,
lowering the powder amount results in the reduction of resistance against
compressive forces. This finding is consistent with the demonstrated results. The CaSr-GIC and Ca-Ba-GIC with a P/L ratio of 2:1 (Figure   3-44) exhibited lower CS
values in comparison to a P/L ratio of 3:1 (Figure   3-43).
Generally, reducing the PS of the glass powder component simplifies the polishibility
and results in a smoother restorative surface after polishing230. Smaller particles
provide a bigger surface area, which results in a larger total surface of reactive glass
that can be attacked from the acidic polymeric solution 230. Gladys et al.6 investigated
the PSD of commercial available hybrids, C-GICs and resin composites. They stated
that the hybrids offer a high diversity in glass particle distribution, while the resin
composites have a small PS and the C-GICs the largest PS. In the case of hybrids,
the manufacturer added either larger glass particles to smaller glass particles or vice
versa or an equal distribution of small and/or large glass particles was present.
However, the PSD is a factor that influences the surface characteristics of the
restorative material, such as wear and polishibility209. Furthermore, the glass particles
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do not enhance the physico-mechanical properties of C-GICs, but participate in the
acid-base reaction6.
Xie et al.27 stated that the CS of GICs results from the reinforced glass particles,
which resist against the compression forces and not the crosslinked matrix. Xie et
al.27 suggested from the SEM microstructure that small glass particles might be
responsible for high CS values. But further research is needed to confirm this
hypothesis. Regarding the glass PS, Gladys et al.6 stated that the smaller the PS, the
higher are the kinetics of the acid-base reaction, hence a larger surface area is
provided.
One of the common characteristics of C-GICs is the brittleness of these materials.
Mitra and Kedrowski147 investigated the properties of 8 C-GICs, RM-GICs and metal
reinforced GICs (MR-GICs) in a long-term in vitro study. They reported that high EModulus values in CS in combination with low DTS and FS would indicate the
tendency of the material to brittle fracture. This conclusion shows similarities to the
findings in this work. The E-modulus of a material is an indication of the stiffness of a
material and is calculated from the stress-strain curve as illustrated in Chapter
  2.2.9.4. The E-modulus is influenced by the degree of ionic crosslinking in the
cement matrix. A rise in the E-modulus can be an indication for a rise in the degree of
ionic crosslinking of the polymer chains105. If a high DCL in the cement matrix occurs,
the restorative material can become rigid or glassy. This would have the reverse
effect on the strength of GIC149. The E-modulus for Ca-Ba-GIC for CS and DTS with
a P/L ratio of 3:1 from 1 week to 1 month increased, while the strength value
decreased. The decrease in the strength value could be due to the high DCL of the
polymer chains, which make the cement rigid.
Cattani-Lorent et al.149 investigated the effect of water storage on long-term
mechanical properties of several GICs and hybrids. CS, DTS and FS measurements
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from 24 hours to 24 months were taken. The mechanical properties of the GICs did
not continuously increase over 1 year ageing time. As previously mentioned, CattaniLorente et al.149 believed that several factors such as P/L ratio 200, Mw of PAA73 and
the concentration of PAA74 and the chemical composition and the microstructure of
the glass109 contribute to the enhancement or decline of the mechanical properties in
the resulting GICs over time.
An additional factor, which might cause a decrease in strength of GICs, is the
long-term storage in deionized water. GICs absorb water; this water absorption from
the cement can increase the fluidity of the material, resulting in a decrease in
strength149. Furthermore, hydrolysis with GIC compounds can result in degradation of
the cement and a decrease in strength231. The hydrolysis can take place by one of
two mechanisms: it can replace the carboxylate anions (COO-) by hydroxide anion
(OH-) ligands that disrupt the ion-linking of the metal ion or water (H2O) ligands may
displace carboxylate anions, reducing the strength of ionic binding158. Tang and Xu158
studied the short-term mechanical properties (CS) of GICs stored in silicone oil,
distilled water and in air at different temperatures (37 ± 1ºC and 20 ± 1ºC). The
highest CS values were obtained, with specimens kept in air, followed by specimens
stored in silicone oil. The specimens in distilled water exhibited the lowest strength
value, that increased gradually over 120 days.
Wang and Stamboulis163 investigated the impact of substituting bigger cations in the
glass structure, such as Sr2+ and Ba2+ for Ca2+. They proved with FTIR spectroscopy
and MAS-NMR that the quantity of NBO increases with growth of the ionic radius.
Barium with an ionic radius of 0.135 nm232 exhibits a larger amount of NBOs
(extended glass network) compared to strontium with an ionic radius of 0.118 nm 232
or calcium with an ionic radius of 0.1 nm232. The hypothesis that larger cations disrupt
more effectively the glass network resulting in the formation of more NBOs is
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supported by the fact that larger cations lead to a decrease in oxygen density in the
glass network (expanded glass network) and allow a higher amount of cation
diffusion through the glass network163. Therefore, it is expected that since the
mechanical properties of the cements depend on the degree of ionic crosslinking that
takes place from the very first stages of the setting reaction, a faster diffusion of
bivalent and trivalent cations from the glass network into and through the cement
matrix would favour a higher DCL and consequently an increase in mechanical
properties from the very first stages of the setting reaction. This would result in the
conclusion that the Ca-Ba-Glass, because of the expanded glass network
hypothesis, would allow the greater diffusion of cations in the aqueous phase
compared to Ca-Sr-Glass and Ca-Glass. The least affected would be the Ca-GIC,
once attacked by the protons of the polymeric solution.
This hypothesis of higher degree of ionic crosslinking resulting in higher strength
values is consistent with the obtained results. Ca-Ba-GIC with a P/L ratio of 3:1
exhibits higher strength values up to 1 day for CS and DTS and up to 1 week for FS,
in comparison with Ca-Sr-GIC. However, Ca-Sr-GIC (P/L ratio 3:1) exhibits higher
strength values at 1 month for all three mechanical tests compared to Ca-Ba-GIC
(P/L ratio 3:1). Similarities in the progression of strength with the ageing time for CaSr-GIC and Ca-Ba-GIC with a P/L ratio of 3:1 for all three mechanical tests can be
observed. While strength values continued to increase for Ca-Sr-GIC during 1 month,
a decrease in strength values was observed for Ca-Ba-GIC from 1 week to 1 month,
whereas an increase was observed for 1 hour to 1 week for the same cement. The
decrease in strength for Ca-Ba-GIC could be related to the higher DCL in the cement
matrix. Cattani-Lorent et al.149 stated that crosslinking of bivalent and trivalent
carboxylates in the resulting cement in deionized water over a long period increases
up to the point where the matrix becomes rigid. Gladys et al.6 investigated the
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physico-mechanical properties of several C-GICs, composites and hybrids including
the  Young’s  modulus  over  6  months.  Gladys  et al.6 stated that the increase of the Emodulus of C-GIC over 6 months is an indication that the acid-base reaction is still
occurring.
Crisp et al.21 investigated different generations of ASPAs. They investigated the longterm hardness and CS of these raw materials. Regarding the CS, the materials
developed half of the 1 day CS value within 1 hour, and a further increase of the
strength values was observed up to one year. This was explained through the
development of Al-polycarboxylate crosslinks in the resulting cement matrix, which
enhances the mechanical properties. From the FTIR results in Chapter   3.1 the
percentage ratio in the intensity against time was plotted through the 2D Figures.
Percentage changes from 1 minute to 30 minutes or 60 minutes can be obtained, if
the FTIR peak and its association is known. The Al-polycarboxylates (symmetric and
asymmetric) peaks are located at ca. 1450 cm -1 and 1640 cm-1. Transferring the
above conclusion to the obtained results in this project, one noticed that the degree
of Al-polycarboxylates (symmetric and asymmetric) crosslinking is 9%, 4% and
38.5% for Ca-GIC (P/L=2:1), Ca-Sr-GIC (P/L=3:1) and Ca-Ba-GIC (P/L=3:1) from 1
minute to 60 minutes, respectively. The percentage ratio of intensity plotted against
time is significantly higher for Ca-Ba-GIC (P/L=3:1) in comparison to Ca-Sr-GIC
(P/L=3:1) and Ca-GIC (P/L=2:1). This is an indication that the degree of crosslinked
metal salts during 60 minutes for Ca-Ba-GIC is ca. five times higher than for Ca-GIC
and ca. 10 times higher than for Ca-Sr-GIC. This conclusion could explain the initial
high strength values for Ca-Ba-GIC and supports the fact that the hardening of the
GIC depends on the degree of ionic crosslinks in the cement matrix212.
Pearson and Atkinson150 examined the change of FS of 5 commercially available
GICs with ageing time. An initial peak in FS values for all GICs was reached within
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24 hours after mixing, which continued to slowly rise up to three months. The
increase in the FS values is correlated with the development of Al-polycarboxylate in
the GIC, which occurs within 24 hour after mixing. From the 3 measurements
obtained in this project, the initial peak for FS measurements for all three GIC
compositions was at 1 week for Ca-GIC and Ca-Ba-GIC.
Generally, it is to date not established if continued increase or decrease of strength
over a long period of time is a feature of GICs, since major variation in strength is
present149,158. This conclusion is in consistent with the obtained results. Ca-Sr-GIC
and Ca-Ba-GIC with a P/L ratio of 3:1 show similarities in progression for CS and
DTS. However, the mechanical testing results for all three GIC compositions and all
three test methods do not show a consistent change. Furthermore, an increase in
strength for all test methods from 1 hour to 1 month was observed. Additionally, it
can be concluded that a high number of NBOs in the glass component of the GIC
have a short term effect on the mechanical strength. The expanded glass network
allows a higher diffusion rate of ions into the aqueous phase, upon acid attack,
resulting in a higher DCL earlier on during setting. For all three test methods at a P/L
ratio of 3:1 for Ca-Sr-GIC and Ca-Ba-GIC higher strength values were observed at 1
hour. However, Ca-Sr-GIC overtook Ca-Ba-GIC over a duration of 1 month. It can be
concluded that the high degree of NBO in the glass compound has a short term
effect on the resulting mechanical strength. It can be assumed that the initially higher
mechanical strength initially will decrease in the long-term, due to the high degree of
ionic crosslinking, which might have a reverse effect on the mechanical properties
(increased brittleness).
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5 Conclusions
The chief aim of this project was to investigate if the substitution of bigger cations for
smaller cations has an effect on the setting reaction and the resulting mechanical
properties of the experimental GICs. Furthermore, the focus of the observation was
to investigate if the substitution may overcome the inferior mechanical properties of
the GICs and extend their clinical applications. The obtained results demonstrated
that substituting bigger cations for proportionally smaller cations has an effect (up to
1 hour) on the resulting strength (DTS, CS and FS). However, the increase in
strength endures only up to 1 hour.
The properties of the substituted glasses were compared as follows:


real time fourier transform infrared (FTIR) was used to follow the progress of
the setting reactions of the cements.



Setting time, fluoride release and the antibacterial behaviour of the three
experimental GICs were evaluated.



Nano-indentation, Vickers hardness (HV) and wear rate (or wear resistance)
were calculated.



Compressive strength (CS), diametral tensile strength (DTS), flexural strength
(FS) and modulus of elasticity were also measured.

5.1 FTIR
The FTIR spectroscopies demonstrated that the obtained results are consistent with
the hypothesis that larger cations disrupt effectively the glass network and facilate a
higher amount of cation diffusion from the glass structure into the aqueous phase.
The released ions complex with the carboxylate anions of the PAA to form metal
salts. The glass with the highest amount of NBOs, which is Ca-Ba-GIC, has the
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highest metal salt development, followed by Ca-Sr-GIC and Ca-GIC over 60 minutes.
The real time FTIR measurements showed clearly the formation of polysalt matrix
during a setting time of 60 minutes. This can be mainly observed by the metal salt
formation indicated by significant intensity changes in the range of 1350 cm-1 to
1750 cm-1 and formation of metal carboxylates observed with the appearance of a
strong peak around 1550 cm-1 (Table   3-3). Furthermore, from the FTIR results in this
project the ratio of the change in intensity against time for metal salt crosslinking
formation (symmetric and asymmetric of ½Ca2+-COO- and ⅓Al3+-COO-) of each
experimental GIC from 1 minute to 60 minutes was obtained. Ca-Ba-GIC exhibits the
highest degree of metal salt development from 1 minute to 60 minutes with 35%
followed by Ca-Sr-GIC and Ca-GIC with 24% and 14%, respectively.

5.2 Fluoride release of GICs in deionized water and AS
The fluoride release and recharge ability of all the experimental GICs in deionized
water and AS showed similar characteristics. A maximum of F - ion release in the first
hours, due to an initial burst, was observed, followed by a plateau, due to bulk
diffusion. Generally, less F- ion release in AS was observed due to the similar ion
distribution. On the other hand, high F- ion release in deionized water was observed
due to unequal ion distribution. Finally, the uptake of F- ions from a commercially
available mouth wash, showed that increasing the time during which the GIC is
exposed to a F- source would consequently increase the F- release.

5.3 Antimicrobial effectiveness of glass ionomer cements
All the experimental GICs exhibited antibacterial behaviour over 48 hours duration,
most likely because they all released an effective amount of fluorine that contributed
towards   the  GICs’   antibacterial  behaviour.  There   was   no   evidence   that   strontium   or  
barium contributed to the antibacterial effect of GICs, as the three cements, , did not
show any significant difference in their antibacterial behaviour compared to the
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control without cement. The obtained results in this work suggested that an amount
of 0.6 – 1.5 ppm of F- ions in ionised water and 0.2 – 0.9 ppm of F- ions in AS prevent
the growth of S. mutans.

5.4 Calculation of cement setting time
The setting time was calculated using a resistance to penetration test method. It was
expected that the shortest setting time should be measured for the cements with the
glass component that exhibits higher NBOs. But this was not the case as Ca-Sr-GIC
exhibited a shorter setting time compared to Ca-Ba-GIC and Ca-GIC. Furthermore, it
was observed that at a lower amount of powder content and at a constant liquid
volume an increase in the setting time was observed for all cements.

5.5 Vickers hardness
The Vickers hardness values of the three experimental GICs increased from 1 hour
to 1 month. This was explained with the formation of an infinite metal salt carboxylate
network.

5.6 Nano-indentation
The nano-indentation hardness, depending on the ageing time, slightly decreased
from 1 hour to 1 month for all three GIC compositions. The use of nano-indentation
was proved to be problematic as all the glass ionomer cements consisted of two
phases - the organic and the inorganic. The inorganic phase consisted of remaining
glass particles that could be larger than the indenter itself. This results in
inaccuracies in the measurements as the glass particles should be stiffer than the
glass ionomer cement.

5.7 Wear behaviour of GICs
The wear behaviour of the experimental GICs was observed via a reciprocating wear
test. Ca-Ba-GIC exhibited the highest wear resistance compared to the rest of the
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GIC samples measured, as the DCL in this cement was higher from the early stages
of setting.

5.8 Mechanical properties of GICs
The compressive, diametral tensile and flexural strength of Ca-Ba-GIC gave the
highest measurements at 1 hour after setting, followed by Ca-Sr-GIC and Ca-GIC.
Furthermore, from the FTIR results in this project the ratio of the change in intensity
against time for metal salt crosslinking formation (symmetric and asymmetric of
½Ca2+-COO- and ⅓Al3+-COO-) of each experimental GIC from 1 minute to 60
minutes was obtained. Ca-Ba-GIC exhibits the highest degree of metal salt
development from 1 minute to 60 minutes with 35% followed by Ca-Sr-GIC and CaGIC with 24% and 14%, respectively. This observation is consistent with the
hypothesis. The high amount of metal salt development would have consequently an
effect on the resulting mechanical properties of the experimental cements. Therefore,
following the metal salt development from the obtained FTIR results, the mechanical
strength can be predicted for the experimental GIC over 60 minutes. And the
prediction is in keeping with the obtained mechanical strength of the experimental
GICs over 1 hour.
However, over a duration of 1 month Ca-Sr-GIC had higher mechanical properties
than Ca-Ba-GIC whereas Ca-GIC exhibited always lower mechanical properties. The
above was explained considering that at early setting time the barium substituted
glass network exhibiting a higher number of NBOs and being expanded, it would
release easier barium, calcium and aluminium cations resulting in the formation of a
higher DCL in the polysalt matrix and therefore initially better mechanical properties.
Therefore Ca-Ba-GIC performed better after 1 hour of setting compared to Ca-SrGIC and Ca-GIC.
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On the other hand, at later setting times Ca-Ba-GIC did not continue to show better
mechanical properties. Although the modulus of elasticity continued to increase, a
decrease in compressive, diametral tensile and flexural strength was observed.
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6 Future work
In this project the cation substitution in the glass component was investigated and the
effect on the properties of the resulting glass ionomer cements. The ideal restorative
material, which mimics the tooth material as closely as possible, still does not exist
on the market. The current project can be used as a basis for the development of a
commercially novel GIC system.
The following points for future work can be suggested:
 Pre treating the glass composition, either with acid-wash or heat, to achieve a
controlled ion release upon acid attack.
 FTIR studies should be carried out over a long-term period.
 Trying to find a correlation between the metal salt development and the
obtained strength values.
 The reciprocating wear test should be conducted over a long-term period.
 Long-term mechanical testing (1 year) should be conducted to observe the
development of the experimental GICs.
 In this project the acidic polymer solution component was excluded from
consideration. In the future, a higher concentration/Mw of PAA (or copolymers
of acrylic acid and maleic acid) can be used, and/or TA can be added.
Although the research with GICs has been ongoing since 1972, several procedures
are still not entirely understood. For example, the precise amount of fluoride ions
which are needed to have a cariostatic effect, or whether the inorganic matrix in the
cement matrix contributes to the strength value. Working with GICs, entails a
consideration of various factors; therefore, the direction of development for any future
project has to be clearly established at its inception. If, for example, a future project
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focuses upon the antimicrobial effect of the GICs, the following points can be
suggested:


To prepare fluoride free glass,



to prepare fluoride free glass with addition of strontium and



to prepare a combined fluoride/strontium glass.

All theses glasses have to be prepared and mixed with the polymeric solution to form
GIC. Antimicrobial tests have to be conducted to see if there is evidence that there is
a synergistic effect between the strontium and fluoride ions.
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