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Abstract 
 
About half of the restorations made on teeth today are restorations of old fillings, which 
explain the need for a better dental material. Recently Calcium aluminates as dental materials, 
CACs, entered the market and have shown good potentials. However their main disadvantage 
is slow development of mechanical properties. By combining CACs with Glass ionomer 
cements, GICs, that obtain most of their material properties during the first couple of hours 
after placement, into a hybrid, this problem could be solved.  
 
The main reason for believing in a successful hybridization is the similar ion release taking 
place during the hydration and hardening processes in both GICs and CACs. CACs dissolve 
into Ca and aluminate ions when mixed with water, an analogue to the dissolution of glass in 
GICs into calcium and aluminum ions when mixed with a Polyelectrolyte, most commonly 
Poly(acrylic acid), PAA. With both a cross linking of the PAA and a hydrate precipitation that 
contribute to the strength development, a rapid initial strength would be obtained that 
continues to improve with time. The aim of this thesis work was to explore the possibilities of 
manufacturing this hybrid, a “Biomer”, to optimize candidate compositions and to evaluate 
the mechanical properties of the “Biomer”-candidates. 
 
The work was divided into two parts: a pre-study was performed in order to find suitable 
constituents for the Biomer and to determine whether the CAC and the GIC reactions were 
compatible, and part two was the actual manufacturing of the Biomer. During the pre-study it 
was concluded that the two systems could co-react and that the hybrid should besides CA also 
contain the commercial GIC ChemFlex, manufactured by Dentsply. As reactive agent 
ChemFlex liquid, major constituent PAA, and distilled water containing Li+ (accelerator) was 
used. Two candidates with different GIC-CA compositions were tested in terms of mechanical 
properties and the microstructure was imaged using scanning electron microscopy (SEM).  
 
The conclusion made from the results obtained was that hybridization between CAC- and 
GIC-systems was possible. The microstructure of the hybrid was dense and showed well 
distributed grains The short term mechanical properties were improved compared to the two 
systems by themselves, this due to the dual hardening process, with the cross linking of PAA 
giving initial strength and hydration supplying the material with long-term strength.  
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1. Introduction 
A good dental health is a good base for a healthy life. The lack of teeth or badly damaged 
or infected teeth does for animals often lead to starvation and death but for mankind this 
does not apply any longer. The art of replacing teeth leads back a couple of thousand 
years[1]. The first prostheses were carved out from animal bones or husks and have 
nothing in common with the dental materials used today. With the invention of 
anesthetics in the mid-19th century [1] the dental restoring industry has flourished and 
many different dental filling and luting materials have entered and exit the market ever 
since. The material that has survived the longest is amalgam, mainly due to its good 
mechanical properties and low cost, but the recent emphasis on its disputed toxicity might 
be its downfall. Even though many new alternatives have appeared only during the past 
couple of years, the market is still in the search for the perfect dental material. This 
perfect dental material should resemble the material of the natural tooth, concerning 
mechanical-, thermal- and physical- properties as well as aesthetics [2]. It should also be 
environmental friendly, non-toxic, non-allergenic and non-irritating for both patients and 
dentists. A reasonable cost and long term durability are other requirements that need to be 
fulfilled. All of the alternatives already out on the market have several disadvantages but 
the main cause of failure of dental fillings of today is secondary caries caused by bacteria 
attacking in the gap left in between the tooth and the filling as a result from poor or 
complete lack of adhesion to the tooth. Actually about half of the restorations made today 
are restorations of old fillings, which further emphasize the need of a new dental material 
[3].  
 
Apatite is the main component of enamel and dentine, the two hardest tissues in the 
human body. This leads to the question: Are there any material that can form apatite in 
vivo thus a material that cannot only bond chemically to the tooth but also can grow to 
become part of the natural tooth? One such group is calcium aluminates that are allowed 
to set in the presence of phosphate ions that can be found in the saliva [4]. Some research 
has been performed on the subject and plenty of advantages with calcium aluminates as 
dental materials are found but also some drawbacks. The major drawback is the slow 
development of mechanical properties. For the patients this means that they should not 
chew for at least 1 hour after the filling is set in place and preferably not during the first 
four hours, in order to guarantee the survival of the filling. This is not reasonable to ask of 
a patient and therefore the material must be modified in order to achieve short-term 
properties. A common way to develop new materials is to compose a hybrid of two or 
more already known materials to achieve the best properties of the constituents. One 
example of a hybrid already out on the market is the group of dental materials known as 
glass ionomer cements, a material group that is widely used [5]. However most members 
of this group of materials lacks the long-term improvement of properties, which are 
reasonable high after 24 hours. They can bond chemically to the tooth but cannot form 
apatite. Since the base in glass ionomer cements is a polymeric matrix, they tend to shrink 
during setting. However because of the bond to the tooth this does not necessary have to 
lead to secondary caries.  
 
If the manufacturing of a hybrid between calcium aluminates and glass ionomer cements 
could be performed successfully it could result in a high-quality dental material with 
initial good properties that continue to improve over time.  
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In the first chapter of this thesis work some basic facts about the most common dental 
materials of today will be given and the two main groups of materials dealt with in the 
study, calcium aluminates and Glass ionomer cements, will be presented more 
thoroughly. Chapter number two is the pre-study which result will determine whether a 
possible hybrid between glass ionomers and calcium aluminates would be achievable. 
Last comes chapter number three that is the actual manufacturing of the hybrid-
candidates, the testing of their mechanical properties as well as a SEM investigation of 
their microstructure and a XRD study to determine their composition after setting. 
 
 
1.1 Dental restorative materials 
A dental restorative material is a material used for permanent filling of cavities in teeth. 
The most common dental restoratives used are Amalgam, Resin composites, Compomers 
and glass ionomer cements.  

1.1.1  Amalgam 
Amalgam is one of the oldest tooth filling materials and has a history all the way back to 
the 700th century. Amalgam is a metal alloy consisting of equal proportions mercury and 
Ag-Sn-Cu powder lathe-cut or in shapes of spheres [6]. Mercury is used as the binding 
element since it is the only element that can bind silver, tin and copper together in a way 
that they easily can be manipulated into a cavity in the tooth [7]. The different 
constituents in the alloy give the alloy its specific properties; Silver adds strength and is 
resistant to discoloration, Tin reacts quickly with mercury but reduces the strength and 
hardness as well as increasing the shrinkage and resistance to corrosion, Copper increases 
both hardness and strength and reduces creep, Zinc reduces the oxide formation at 
powder manufacturing, and Mercury facilitates the use of amalgam [6].  
 
The main advantages with amalgam are its strength and durability but it is also a cheap 
material that is easy to handle clinically. The disadvantages however are more important 
since they are the reason that dentists as well as their patients more often chose 
alternatives to amalgam. Besides its disputed toxicity, amalgam also completely lacks the 
ability to bond to tooth structure, which can lead to secondary caries due to bacterial 
ingress in the interface. It also has very poor aesthetics due to its color that distinctly 
differs from that of the natural tooth. Minor disadvantages are its high electrical 
conductivity, high thermal conductivity and higher coefficient of thermal expansion than 
the tooth, which might lead to discomfort for the patients, and amalgam is also brittle [6].  
Further more have environmental concerns lead to a proposal to ban the usage of 
amalgam in Sweden [8]. 

1.1.2 Resin Composites 
Resin composites for restorative use consist of three major components: an organic resin 
matrix (most commonly used monomers Bis-GMA and urethane dimethacrylate), 
inorganic filler (glass) and a coupling agent (silanes). The resin forms the matrix of the 
composite material, binding the individual filler particles together through the coupling 
agent [1]. They come in three versions; visible light activated cure, chemically activated 
cure and dual activated cure (both visible light and chemically activated) [5]. 
 
The main advantage of these composites is their high compressive strength. However 
they have an irritating effect on the pulp and the shrinkage away from the tooth when 
light activated may lead to secondary caries [5]. Also there is always the risk of 
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incomplete curing of the polymer when light activated. Any lack of cure provides a poor 
foundation and may lead to fracture [1].  

1.1.3 Compomers 
Compomers also called polyacid-modified resin composites is a relatively new group of 
materials where the main idea is to combine the benefits of both glass ionomer cements 
and resin composites. Compomers are made of dimethacrylate forming a matrix with an 
ion-leachable glass as filler. To ensure some bonding between the matrix and the glass 
particles, the glass particles are partially silanized [9].  
 
Compomers are easy to handle clinically as they do not require mixing and have a non-
sticky putty-like consistency [10]. They have a fluoride release but it is significantly less 
than that of glass ionomer cements. Other disadvantages are their mechanical properties 
that are lower than those for resin composites and that they cannot bond chemically to 
dentine, as can the glass ionomers [9]. 

1.1.4 Glass-Ionomer Cements 
Glass ionomer cements, GICs, are hybrids of silicate cements and polycarboxylate 
cements. The original idea was to obtain a material with the advantages of the two, that is 
the translucency and fluoride release from the silicate cements and the kindness to the 
pulp and chemical adhesion to tooth structure from the polycarboxylates [5]. The 
conventional GICs are obtained by mixing glass powder with aqueous poly(acrylic acid), 
PAA, solutions. It can be regarded as a glass filled PAA that is crosslinked by cations and 
plasticized by water [11].  
 
The glasses in GICs contain three essential constituents namely silica (SiO2), alumina 
(Al2O3), and calcium fluoride, or fluorite (CaF2). The constituents are fused together at 
1100oC to 1500oC depending on the exact composition. The melt is poured onto a metal 
plate or into water to cool before it is ground to a fine powder. The size of the glass 
powder is important since a finer particle size gives a more rapid setting and stronger set 
cement than a coarser one. The composition of the glass determines properties like 
translucency and whether cement can be formed. If the silica content exceeds 40% the 
glass will be transparent whereas glasses high in calcium fluoride or alumina are opaque. 
The alumina to silica ratio of the glass has to be 1:2 or higher by mass to implement 
cement formation. If this condition is fulfilled there are sufficient aluminum ions to enter 
the network on behalf of the silica to make the network susceptible to acid attack [12]. 
 
To form Glass-Ionomer Cements the calcium alumino-silicate glass containing fluoride 
reacts in an acid-base reaction with a polyelectrolyte where the most commonly used one 
is PAA. As the glass powder comes into contact with the acid it starts to decompose as a 
result of the aluminum content. Aluminum can enter the silica network where it replaces 
silicon and gives the network a negative charge, which makes it susceptible to attack by 
the hydrogen ions from the acid. The product of the reaction is a hydro-gel salt that acts 
as a binding matrix [12] see Figure 1. 
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Figure 1: a) the initial stages of the setting reaction in glass-ionomer cements and b) 
the variation of ion release from the glass [1] 
 
The solidification of the GICs is divided into two parts. In the first solidification phase 
(approximately the first 10 minutes) also called the first gel phase, a highly moisture-
sensitive calcium polycarboxylate forms through ionization. About 24 hours later the 
second polymerization phase comes to an end and polymerization is complete. Three-
dimensional polymerization that arises from the trivalency of the aluminum, leads to 
formation of the spatially stable polycarboxylate complex. The poly-functionality of the 
acids used is responsible for the highly crosslinked structure of GICs [13]. 
 
Instead of using aqueous PAA solutions, a freeze dried PAA in powder form can be used. 
In this case a mixture of glass powder plus finely ground solid PAA is mixed with water 
to form cement. This mixing process slows down the setting reaction to some extent and 
enables much higher molecular weight PAAs to be used due to that the PAA particles 
have to dissolve in the added water prior to reacting. By this method the problem with 
aqueous PAA solutions gelling in storage can be avoided [11].  
 
Fluoride is an important ingredient in reactive glasses because of its ability to reduce the 
melting temperature and improve the working characteristics of the cement paste. It also 
distinctly increases the strength of the set cement and it slightly increases the 
translucency. Fluoride also contributes to the therapeutic value of the cement by the 
release of fluoride over an extended period of time [12]. 
 
To obtain a radio-opaque glass, calcium may be replaced by strontium without loss of 
translucency. Strontium has similar ionic radius to calcium and is also an alkaline earth 
metal [12]. The radio-opacity is an important factor for all implants since a radio-opaque 
material can be distinguished from the original tissue radio-graphically with the use of X-
ray. For dental materials X-ray is used when checking for gaps in the interface between 
the tooth and the dental material where bacteria can attack and cause secondary caries[1]. 
Radio-opacity is measured in mm aluminum where 2 mm aluminum, equal to 1 mm 
enamel, is the requirement according to ISO 4049 [14]. 
 
The major advantage of GICs is the adhesion to enamel achieved by the displacement of 
phosphate ions in the enamel surface, by carboxylate-groups pendant on the polymer 
chain, see Figure 2. Electrical neutrality is maintained by the displacement of calcium 
ions with the phosphate ions. An intermediate layer is formed between the bulk enamel 
and the bulk cement. The surface layer of enamel contains polyacrylate, and the surface 
layer of cement contains displaced calcium and phosphate ions [15]. 
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Figure 2: Adhesive mechanisms for glass ionomer cements [1]. 
 
Other advantages with the GICs besides its ability to chemically bond to dentin are their 
anticariogenic effect due to the fluoride release, and their coefficient of thermal expansion 
that is similar to that of the tooth. Moreover they have high compressive strength [5]. 
 
Disadvantages with the GICs are their initial low pH, which may lead to post-cementation 
sensitivity [5], and their extreme sensitivity to moisture and drying out during the first 24 
hours after placements [13]. All reactive agents containing acrylic resin shrink when they 
set, a uniaxial shrinkage creating a gap at the dentin-restoration interface, allowing 
contamination with bacteria and oral fluids [16]. The mechanical properties tend to 
deteriorate with time due to the solubility of the glass in acetic to neutral solutions that 
degrades the material [1]. 
 
Additives have a significant role in GICs, for example (+)-tartaric acid added in 
percentages between 5 and 10% improves the handling properties by extending the 
working time and sharpening the later setting stage. The (+)-tartaric acid reacts with the 
glass and forms metal carboxylates before the PAA does due to its greater acidity than the 
polymer. The time to form the metal polyacrylates varies in presence of (+)-tartaric acid, 
while the calcium salts form more slowly the aluminum ones form more rapidly. Citric 
acid has similar effects but slightly increases the water-solubility of the resulting cements, 
which explains why it is not used in clinical successful cements [17]. 
 
Factors affecting the setting rate of GICs [15]: 

• Glass composition – the higher the alumina/silica ratio, the faster the set and the 
shorter the working time. However a limit is reached at 0.75:1.0. 

• Particle size of the glass powder – the finer the powder, the faster the set and the 
shorter the working time 

• Addition of (+)-tartaric acid – Sharpens the set without shortening the working 
time 

• Relative proportions of the constituents in the cement mix, i.e. glass/poly(acrylic) 
acid/tartaric acid/water – the greater the proportion of glass and the lower the 
proportion of water, the faster the set and the shorter the working time 

• Temperature of mixing – the higher the temperature, the faster the set and the 
shorter the working time 

 
 
1.2 Polyelectrolytes 
A polyelectrolyte is a homopolymer or a copolymer of unsaturated mono-, di- and tri- 
carboxylic acids. The most common ones are PAA, poly(maleic acid) and poly(itaconic 
acid), see Figure 3.  
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Figure 3:  Poly(acrylic acid, Poly(maleic acid) and Poly(Itaconic acid)revised version 

[18] 
 
Poly(maleic acid) contains twice as many carboxyl groups than PAA and is a stronger 
acid. It would therefore be expected to be more reactive and require less reactive glass 
than those used in combinations with PAA. A problem with PAA is that its chains 
constantly change their configuration and when segments of a pair of chains approach 
each other, an intermolecular hydrogen bond can be formed. This slow continuing 
process cross-links the PAA and results in reduced solubility and causes gelation. A 
synthesized copolymer of acrylic and itaconic acid has proved to be indefinitely stable in 
a 50% aqueous solution. This copolymer is less regular and less liable to form 
intermolecular hydrogen bonds [12]. 
 
The different molecular configurations of carboxylic acids affect the adhesion to dentine 
and enamel differently. Cements based on PAA form stronger bond to enamel and 
dentine than does copolymers of acrylic acid with itaconic or maleic acid. However 
cements based on copolymers of acrylic and maleic acids are harder than those based of 
PAA, which aids in early finishing but they are also less resistant to acid attack than those 
based on PAA [12]. 
 
PAA with a molecular weight greater than or equal to 50 000 strongly bonds to 
hydroxyapatite, thus suggesting a bond with enamel and dentine. The bonding to rougher 
surfaces is less efficient than the bonding to a smooth surface. The bonding is mainly 
with the inorganic components of the tooth material, such as calcium substrates, and 
presumably with hydroxyapatite as an important contributor[19].  
 
 
1.3 Calcium Aluminates as dental materials 
Calcium aluminate based materials are future candidates on the market. DoxaDent was 
the first calcium aluminate based material and entered the Swedish market in the year 
2000. This product showed good potentials but was nevertheless redrawn from the market 
mainly due to its poor aesthetics caused by the use of ZrO2 as filler and the mixture of 
calcium aluminate phases resulting in an opaque material and also because of its poor 
handling characteristics. DoxaDent was made as tablets instead of as an injectable 
material, which brought along several problems. The performance and life length became 
a direct result of how well the material was packed into the cavity by the dentist. Doxa’s 
next generation of calcium aluminate based dental materials, called CA-EXP in this 
thesis, is still on the experimental stage, but has overcome the problem with bad 
aesthetics by the reduction of the number of CA phases and also the addition of an inert 
glass, which also makes the material radio opaque. Just like most other dental materials 
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CA-EXP is mixed in a capsule and the resulting paste can be directly injected into the 
cavity.  
 
Calcium aluminates are not only biocompatible but also bioactive. Recent studies have 
shown that they, together with phosphate ions present in the saliva, can form apatite [4], 
which is the major constituent in bones and in teeth where the apatite percentages are 
96% in enamel and 70% in dentine [3]. An interface is formed between the tooth and the 
dental material where it is difficult to detect where one material ends and the other 
begins. 
 
Beside the major advantage mentioned above calcium aluminates have other unique 
properties that make them very attractive as dental materials. They can be formed at room 
temperature and still have a rapid strength development. Their rheology and hardening 
time are easily adjusted. They also have a continuous water uptake during the hardening 
process that causes any initial porosity in the material to be filled with hydrates, thus 
leading to a high strength final product [20]. 
 
There are other bio-minerals such as calcium silicates that could have been interesting to 
work with but according to literature [21] the calcium silicate hydrates have a poor 
resistance to external attacks from sulphates, chlorides etc, whereas the calcium aluminate 
hydrates trap the foreign ions and form stable structures. Calcium silicates also have a 
slower setting than that of calcium aluminates. 
 
Besides the two pure phases CaO (lime) and Al2O3 (alumina), there are five stable phases 
of High alumina cement: (CaO)3Al2O3, (CaO)12(Al2O3)7, CaOAl2O3, CaO(Al2O3)2 and 
CaO(Al2O3)6 or in a shorter version; C3A, C12A7, CA, CA2 and CA6 [22]. In cement 
chemistry the abbreviations C and A are often used for lime and alumina and H for water. 
All of the stable phases can be found in chemically bonded ceramics, which is a general 
term for ceramics formed through chemical reactions. The two phases most commonly 
found in practice are CA2 and CA, this mainly because of the elevated reaction rates of 
both C12A7 and C3A and the very slow reaction rate for CA6 since the reactivity decreases 
with decreasing Lime to Alumina ratio (C/A) [21].  

1.3.1 Hydration of calcium aluminates 
Hydration is by definition the reaction between an anhydrous compound and water, 
yielding a new compound, a hydrate. In cement chemistry hydration is understood to be 
the reaction of non-hydrated cement or one of its constituents with water, associated with 
both chemical and physico-mechanical changes of the system, in particular with setting 
and hardening [20]. 
 
Calcium aluminate cements are formed through an acid-base reaction where water acts as 
a week acid and the calcium aluminate powder as a base. As the powder comes into 
contact with water the dissolution process starts in which the calcium aluminate powder 
dissolves into a liquid phase, forming Ca2+, OH- and Al(OH)4

-. This reaction leads to a 
rise in pH of the solution due to the formation of OH-. After a while supersaturation of the 
meta-stable Al(OH)3 –gel is reached. This in turn allows for the precipitation of calcium-
aluminate hydrates to take place. The hydrates continue to grow, and as they grow into 
each other a skeleton is formed and hardness develops. This repeating reaction is fast in 
the beginning, resulting in a hardened product within a few hours but the final hardness is 
reached first after a couple of weeks of maturing [20].  
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The hydration process for calcium aluminates can be summarized in four steps according 
to Figure 4. First comes the dissolution process where the ionic concentration of the 
solution increases and still no hydrates are formed. This is followed by an induction 
period also called the nucleation period where the nuclei reach a critical size. By the very 
end of the nucleation period a massive precipitation of the hydrates take place, which 
leads to a drop in ion concentration in the solution. A continuous simultaneous 
precipitation and dissolution process occurs [20]. 

 
Figure 4: Evolution of the concentration of calcium oxide and alumina in solution 
during the hydration of CA [20] 
 
By adding salts that can complex with Al(OH)4

- the reaction can be accelerated since the 
lime to alumina ratio then increases [20].  
 
The hydration process for calcium aluminate cements is highly temperature dependent 
meaning that different hydrates form at different temperatures. C3AH6 (Katoite) and γ-
AH3 (Gibbsite) are the stable hydrates that can form at all temperatures starting at 5oC. 
The types of metastable hydrate preceding the stable ones are determined by temperature 
and their life-length by moisture state [20]. 
 
The metastable phase CAH10 starts to form, Reaction 1, at the end of the induction period. 
The tiny elongated crystals (0.1µm) form clusters that can be found mixed with the AH3-
gel. They grow into large crystals in empty spaces such as pores and voids. Later on 
C2AH8 appears as large hexagonal plates that adheres to the CA grains, Reaction 2. Both 
metastable phases have a homogeneous nucleation. [21]. Their presence is especially 
notable below 27 oC since the conversion rate to stable hydrates is low at these 
temperatures, Reaction 3, Reaction 4 [20].  
 
Formation of metastable hydrates [20]:    
CA + 10 H ?  CAH10     (1) 

2 CA + 11 H ?  C2AH8 + γ-AH3   (2) 

 
Conversion reactions [20]: metastable hydrates ?  stable hydrates 
2 CAH10 ?  C2AH8 + γ-AH3 + 9 H   (3) 

3 C2AH8 ?  2 C3AH6 + γ-AH3 + 9 H   (4) 
 
The conversion rates of the metastable phases to Katoite and Gibbsite increase with 
increasing temperature. Thus Katoite and Gibbsite are formed more rapidly at higher 
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temperatures and above 50oC the conversion of the metastable phases is so rapid that they 
practically do not exist. A direct formation of Katoite and Gibbsite from CA can also take 
place, Reaction 5. However this reaction can only occur after some Katoite has been 
nucleated [20]. 
 
Direct formation of Katoite: 
3 CA + 12 H ?  C3AH6 + 2 γ-AH3   (5) 
 
The Chemical reactions for CA occurring at 37 oC can be summarized according to 
Reaction 6 [3]. 
 

Calcium aluminate + Water ?  Katoite + Gibbsite  (6) 
 
The stable phases are normally formed sooner in C12A7 than in CA due to its higher C/A 
ratio and its very exothermic hydration reaction. In order to increase the hydration degree 
of CA it can be mixed with small amounts of C12A7 [21]. 
 
It is possible to modify the calcium to aluminate ions ratio in solution by adding 
compounds to the calcium aluminate system, and in this way modify the setting time of 
the mixture. Different additives have different effect on the setting time. Accelerators 
such as lithium salts increase the C/A ratio and in that way reduce the setting time. Other 
cations such as Ni2+ and Co2+ accelerate the setting time by heterogeneous nucleation. 
Retarders work in the reverse way and some examples are calcium chloride, citric or 
acetic acids, glycol and glycerin. The citric acid works as an impermeable layer on the 
surface of the anhydrous grain and thus retards the reaction [21]. 
 

2 Hybrid between GIC and CAC 
As already mentioned calcium aluminates possess several advantages over many of the 
dental filling materials available on the market, but they lack initial high mechanical 
properties. This makes the material very sensitive to chewing and other external forces it 
might be exposed to during the first couple of hours. A possible solution to this problem 
could be to combine the CAC with another material to obtain initial strength and 
hardness. One material that has high initial strength is GICs and a possible hybrid 
between the two could be the solution. GICs obtain most of their properties during the 
first couple of hours and do not continue to increase on a long-term basis. They are the 
complete opposite to calcium aluminates that first after 24 hours have obtained a 
reasonable strength and hardness that continue to increase for another couple of weeks. 
By combining the two in a hybrid it would be desirable to obtain the best properties from 
both; the initial strength from GIC and the continuous improvement of the CAC, see 
Figure 5.  
 
The major reason to believe that hybridization between the GIC and CAC would work 
successfully is that both systems’ hydration and hardening processes include the same 
ions. Calcium aluminates dissolve into Ca and aluminate ions when mixed with water, an 
analogue to the dissolution of glass in GIC into calcium and aluminum ions. In the hybrid 
this ion release can result in a cross-linking of the acrylic acid and a hydrate precipitation 
that together contribute to the strength development.  
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Figure 5:  Desirable mechanical properties of a GIC-CAC hybrid 
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Part 1 – Powder production and 
material testing 
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3 Experimental 
 
3.1 Materials 
The “raw” materials used in this thesis work can be divided into sub units: reactive and 
inert phases, accelerators and retarders. The reactive phases are the calcium aluminates,  
Table 1 and the reactive glasses, Table 3 and Table 4, together with distilled water and 
Poly(acrylic acid), Table 5. Non-reactive fillers can be added to acquire desirable 
properties without interfering with the reactions, like in the CA-EXP where an inert glass 
is added to obtain radio opacity. As mentioned earlier additives play an important role in 
the reactions of both GICs and calcium aluminate based materials. They can be either of 
an accelerating or a retarding nature, 
Table 6.  
 
Table 1: Calcium aluminates produced at Doxa by a sintering process followed by 
grinding and milling 

Abbreviation Full name Grain size Density 
CA  CaOAl2O3

 d99<11.3 µm d=2.98 g/cm3  

C12A7  (CaO) 12(Al2O3)7
 d99<11.9 µm d=2.69 g/cm3 

 
Table 3: Non-commercial dental glasses. F= fine and C= coarse 

Pseudonym Description Grain size Density 
G1 Inert barium glass d99<3 µm  d=3.0 g/cm3 
G2 F Fluor glass d99<5 µm d=3.1 g/cm3 
G2 C Fluor glass d99<19 µm d=3.1 g/cm3 

G3 F Fluor glass d99<2 µm d=3.1 g/cm3 
G3 C Fluor glass d99<19 µm d=3.1 g/cm3 

G4 Inert quartz glass d99<13 µm  d=2.2 g/cm3 

G5 Inert glass d99<40 µm d=3.1 g/cm3 
G6 High radio opaque glass d99<4 µm  d=3.4 g/cm3 

G7 Glass ceramics d99<13 µm  d=2.6 g/cm3 

 
Table 4:  Commercial Glass Ionomer Cements 

Name Powder Liquid Manufacturer 
Fuji II Alumino silicate glass, PAA, Pigments PAA GC 
Ketac 
Cem  

Glass powder, Pigments Water, TTA, 
conservation 
agents 

3M 

ChemFlex Strontium alumino fluoro silicate glass, 
PAA, TTA, Pigments 

PAA Dentsply 

 
Table 5: Polymers 
Abbreviation Full name Molecular weight Form 
PAMA  Poly(acrylic-co-maleic acid) Mw=3 000  Solution 50 wt% H2O 
PAA  Poly(acrylic acid) Mw=2 000  Solid 
PAA  Poly(acrylic acid) Mw=50 000  Solution 25 wt% H2O 
PAA   Poly(acrylic acid) Mw=100 000 Solution 35 wt% H2O 
PAA   Poly(acrylic acid) Mw=250 000 Solution 35 wt% H2O 
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Table 6: Additives 
Abbreviation Full name Other Purpose 
TTA Tartaric acid   Retarder 
LiCl Lithium Chloride 18µM/liter H2O Accelerator 
Na-PAMA Poly(acrylic-co-maleic acid sodium salt) Mw 50 000 solid Dispergent 
 
Others: 
Isopropanole was used as a non-reactive mixing agent when making powder blends, see 
3.2 Powder blends. 
Phosphate buffer saline solution made out of Na2HPO4·2·H2O, Na2HPO4·H2O and NaCl 
with a phosphate concentration equal to 0.02M and with a pH˜7.4 at 25oC was used as 
storage media for the samples. 
 
 
3.2 Powder blends 
To avoid inhomogeneities in the material the dry powders (calcium aluminates, glass and 
dry additives) were mixed together in a “powder blend”. After carefully weighing the 
constituents, they were blended (ball milled) for 1 hour on a roller in a 250 ml 
polyethylene bottle together with 125g of silicone nitride balls (d=8mm) and with enough 
Isopropanole to fill the bottle. A Laborota 4003-digital roll evaporator was used for 
recuperating the Isopropanole after milling. The slurry, except for the nitride balls, was 
poured into a 1000 ml round-bottom glass flask and placed in the evaporator for about 1 
hour or until the powder had dried at a speed of 50 rpm, water temperature of 50oC, 
vacuum pressure at 130mBar. To remove the last Isopropanole from the powder blend, it 
was poured into a crystallization bowl and placed in a furnace set to 80oC for 30 –60 
minutes. The dry powder was then stored in a polyethylene bottle at room temperature. 
 
However, this procedure cannot be applied when involving GICs in the mix. Experiments 
showed that GICs reacted with Isopropanole and formed a sticky paste. The dry 
constituents in all experiments including GICs were hand mixed thoroughly before being 
mixed with the liquid part. 
 
 
3.3 Polymeric pH-solutions 
When the PAA was used in a different pH than its original pH at 1.41 it was mixed with 
Sodium hydroxide, NaOH. In order to determine the amount NaOH needed to partly 
neutralize the acid to a desirable pH, a titration was performed with the polymer and a 
NaOH solution. Small amounts of NaOH 1M solution was added to a specific amount of 
PAA in a 25wt% water solution and the pH was measured continuously with a pH-meter. 
From the titration curve the amount NaOH needed for each pH could be calculated. 
Enough water was added to achieve the wanted polymer to cement ratio when mixing the 
pH-solution with the cement powder. The pH-solutions were stored in small PE-bottles at 
room temperature. 
 
 
3.4 Mixing of raw materials to form cement  
To obtain the final ceramic material, in this study samples for testing, the measured 
amount of dry powder was mixed with the liquid phase, that had been measured using a 
50µl Hamilton syringe. In total 0.5 grams of powder was used for each mix. The mixing 



 17

took place in an ESPE RotoMix, 3M for a time period of 15 to 39 seconds with addition 
of 3 seconds centrifugation. The samples were stored at high humidity at 37oC before 
being immersed in a 0.02M phosphate buffer saline solution in a plastic container, an 
environment resembling the one in the mouth, for the desired period of time.  
 

4 Material properties 
Important material properties dealt with in this thesis work are Setting time, Consistency, 
Hardness, Diametral tensile strength, Flexural strength, Compressive strength and Stress 
created in the material during setting. In the following section all of them are introduced 
and accompanied by appropriate methods for testing the properties. 
 
 
4.1 Gillmore tests to determine setting time 
The setting time of dental materials, for example measured by Gillmore tests, is the time 
measured from the start of mixing until the material has set according to criteria and 
conditions for each particular material [19]. The setting is a spontaneous process 
recognized by a relatively sudden loss of plasticity of the original paste and its conversion 
to a solid material with a barely measurable strength. [20] 
 
To determine the setting time of the material a Gillmore needle apparatus was used, see 
Figure 6, according to ASTM standards C266-99 [23]. The material surface was exposed 
to a certain pressure and then visually examined. When no indent caused by the needle 
could be seen on the surface of the sample the material had reached the setting time. Two 
different pressures as well as needles were used, one lighter load (113.4±0.5g equals to 
0.315 MPa) using a tip diameter of 2.12±0.05mm to determine the initial setting and one 
heavier load (453.6±0.5g equals to 5.04 MPa) using a tip diameter of 1.06±0.05mm to 
determine the final setting.  
 

 
Figure 6: Gillmore needle apparatus 
 
The visual examination of the surface makes the method imprecise with large individual 
variations. Since the material must be kept in a humid environment in order for it not to 

Lighter load 

Heavier load 

Larger tip diameter 

Smaller tip diameter 
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dry out another problem occurs. If the material is taken out of that environment to be 
tested regularly it dries a little each time and the Gillmore test becomes a method testing 
how fast the material dries instead of how fast it sets. This problem can be avoided by 
first testing the material for an approximate setting time before starting the real testing. 
The approximate setting time is then used as a guideline for when the first measurement 
should be carried out.  

4.1.1 Working time 
The working time is the time measured from the start of the mixing during which it is 
possible to manipulate a dental material without an adverse effect on its properties [24]. 
The working time compromises mixing time, doughing time when appropriate and 
manipulation time [19].  
 
The mixing time is the part of the working time specified or required in order to obtain a 
satisfactory mix of the components of a dental material [19].  
 
 
4.2 Consistency 
The consistency of the raw mix is important since it determines how well the material can 
be manipulated into a cavity in a tooth. The mix should not be too flowing or too dry. To 
determine the consistency of the mix Spengler’s consistency scale [25] was used; where 1 
equals a dry powder, and 5 equals a flowing material, see Figure 7. A 4 on the scale is 
considered a good consistency for injectable dental materials. 
  

 
Figure 7:  Classification of consistency. 1=dry powder, 2=moist granules, 3=moist 
ball or paste, 4=almost flowing, 5=flowing [25] 
 
 
4.3 Vickers Hardness test 
The hardness of a material normally provides an indication of its resistance to scratching 
and abrasion. However with dental materials the factors influencing the resistance to wear 
are numerous due to the complex mechanism in the oral environment and hardness is 
only one of them. The other factors include biting force, frequency of chewing, 
abrasiveness of the diet, compositions of liquids, temperature changes, roughness and 
irregularities of each surface [2]. Hardness is also a measure of how resistant a material is 
to plastic deformation. As measuring the hardness is easy and the same sample can be 
measured many times, the hardness is in this thesis used for determining the reaction rate 
of the materials. A continuous increase in hardness means that the reactions in the 
material are ongoing.  
 
The micro hardness of the materials was tested during a predetermined time interval, in a 
Buehler micro-hardness testing machine using a load of 100g. The material was mixed, 
prepared and stored according to the description under title 3.4 “mixing of raw materials 
to form cement” and packed in acrylic cavities with a diameter of 3.5 mm. Before each 

1 2 3 4 5 
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testing the samples were polished with a silicone nitride grinding paper of 1200 grit and 
afterwards with 4000 grit, this because the surface becomes rough during storage (not a 
problem in the mouth where the teeth are grinded against each other when chewing). A 
minimum of three indents were made and measured on each sample, and at least two 
samples of each material were tested.  
 
 
4.4 Diametral Tensile Strength 
The Diametral Tensile Strength, DTS, is a compromise between an ordinary tensile test 
and a compressive test and is often used when dealing with brittle materials.  
 
The paste was prepared and immediately placed into the mold, making two DTS samples 
at the time, using a spatula. The mold was made out of stainless steel coated with Teflon 
to simplify the removal of the specimens, see Figure 8.  
 

 
Figure 8:  DTS mold, making two samples at the time 
 
The mold still holding the samples was stored in a humid environment at 37 oC for ten 
minutes. The mold was taken out and the sample surfaces were polished by hand with a 
1200 grit paper. The polishing was done in order to obtain an even surface of the samples 
and to get the samples in the right dimensions that is 6mm diameter and 3mm height. The 
samples were then taken out of the mold and stored in saline buffer solution at 37 oC until 
being mounted in the machine, a Zwick Roell Z005 Universal test machine, see Figure 9. 
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Figure 9:  Test set-up for DTS 
 
During the test the sample was mounted so that the load was applied in the diametric 
direction, see Figure 10. A polyethylene film was placed on top of and under the sample 
to evenly distribute the load applied at a crosshead speed of 10 mm/s with a 5kN load 
cell. A computer registered the load and time during the test until the breakage of the 
sample.  
 

 
Figure 10:  Arrangement for measuring tensile strength, showing where tensile stresses 
develop [1] 
 
 
From the load at fracture, P, the diameter of the disc, D, and the thickness, t, the tensile 
stress, s, expressed in MPa, was calculated by Equation 7[1]: 

Dt
P

π
σ

2
=      (7) 

 
 

Load cell 

Ceramic plate 
for support 

Space for placing the samples 
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plunger 

4.5 Flexural Strength 
The flexural strength test was based on the ASTM standard F-394 [26] with some 
modifications concerning the dimensions to better suit the applications. The dimensions 
of the samples were decreased and the discs had a diameter of 6 mm instead of the 
diameter suggested by the standards, 1.250±0.062 inches (30.18-33.32 mm). No guideline 
for the height was given but in order to use the simple linear analysis the deflection at 
fraction should be small (less than 0.5 of the thickness), this can be ensured by keeping 
the diameter to thickness ratio less than 50:1. Also to avoid wedging effects the same 
ratio should be kept greater than 10:1 [27]. The same mold that was used for making the 
DTS samples was used in this experiment as well. To obtain the desired thickness the 
samples were ground down on a 1200 grit paper, using a special holder for the samples, a 
Gatan Disc grinder 634. Before mounting the samples, the exact dimensions were 
measured and the surfaces observed in order to exclude samples with visible defects. 
 

 
Figure 11:  Test set-up for flexural strength 
 
The specimens were centered individually in the test fixture on the three-ball supports, 
see Figure 11, with a plastic film placed on top of the sample to distribute the load evenly 
and under the sample to reduce friction between the disc and the support. The loading 
plunger was carefully lowered onto the specimen and the fixture inserted into the test 
machine. A load was applied at a constant rate until failure of the sample. A 200 N load 
cell was used at a crosshead speed of 0.5 mm/s. A computer recorded the applied load 
and time. The biaxial flexure strength expressed in MPa, for each sample was calculated 
using the ASTM F-394 equations[26]. 
 
 
4.6 Compressive Strength 
Tensile tests are often difficult to perform when dealing with brittle materials such as 
ceramics and therefore compressive tests are used instead. Most of the time brittle 

Load cell Lo

Three-ball 
support 
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materials are only used under compressive loading so it is actually a more appropriate 
method.  
 

 
Figure 12:  Arrangement for measuring compression strength, showing where tensile 
and shear stresses develop [1] 
 
The compressive strength was tested according to the ISO-9917 standard [24]. The 
samples were prepared using a mold with the dimensions 4 mm in diameter and 6mm 
height. The surfaces were ground down with a 1200 grit paper while the samples were 
still in the mold, then taken out and stored in a general manner. The diameter and height 
were measured with a vernier gage to make sure the dimensions were right. The test was 
performed in a Zwick Roell Z005 Universal test machine, the same machine used for 
DTS with a similar set-up, using the same load cell of 5 kN. The crosshead speed was set 
to 10 mm/min. The samples were mounted standing up, see Figure 12, and the load was 
applied until failure of the sample, while a computer registered the load and time. The 
maximum load was used when calculating the compressive strength according to 
Equation 8, where P is the maximum load applied in Newton and d is the measured 
diameter of the specimens, in millimeters.  

2

4
d
P

c π
σ =      (8) 

 
 
4.7 Photoelastic analysis of stress  
During setting the material expands and a pressure is created in the surrounding material. 
This pressure can be determined by measuring the resulting isochromatic rings, or more 
precisely the second ring counting the zero ring furthest away from the center and the 
highest ring number on the ring closest to the center, see Figure 13. The second ring is 
narrower than the first one and therefore more precise measurements of the radius are 
possible. The strain-difference between the rings varies. The difference in strain between 
the first and second order isochromatic rings are nearly 100% while the difference in 
strain between the ninth and the tenth ring only is 10%.  
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Figure 13:  Schematic view of the isochromatic rings. Increasing number of rings and 
distances indicate increasing strain and thus stress development 
 
Plates made out of Araldite B, having a photoelastic constant of fs =10.5 N/mm, were 
used in this study. The thickness of the squared plate (40 mm*40 mm) equaled 3 mm and 
a hole, 5 mm in diameter, had been drilled out in the center. A zero-radius, before the 
material was filled into the hole, was measured as a reference. To measure the radius the 
plate was placed between an analyzer (90o) and a polarizer, see Figure 14. To transfer the 
linear polarized light to circular polarized light, two ?/4-folies were placed between the 
sample and the analyzer as well as between the sample and the polarizer [28]. 
 

Figure 14: Schematic diagram of the system for obtaining photoelastic images[28] 
 
In order to calculate the stress from the isochromatic rings, Equation 9 was used [28]: 
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Where dx= the order of isochromatic ring, Dx=the diameter of the isochromatic ring, Di= 
the zero diameter, fs = the photoelastic constant and d is the thickness of the plate. 
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Part 2 – Screening to find suitable 

constituents to be used in the 
“Biomer” 
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5 Main Objective 
The main objective with this chapter was to investigate the possibilities of manufacturing 
a hybrid between the calcium aluminates and the GICs. Would it be possible to obtain 
initial hardness and strength in the “Biomer” due to the glass ionomer cement reaction 
and later increase the mechanical properties with the calcium aluminate reaction when/if 
it takes over? 
 

6 Introduction 
A number of critical questions as a result of an effective brainstorming lay as a basis for 
the testing performed. Each question was remodeled into a practical task that was carried 
out in order to predict whether a hybrid, “Biomer”, between GIC and CAC would be 
achievable and also determine its possible composition.   
 
Critical questions: 

1. What type of glass can be used in the manufacturing of a GIC? 
2. At what pH does the calcium aluminate reaction start and/or at what pH is it 

retarded?  
3. Does the pH range in 2. vary depending on calcium aluminate phase?  
4. What is the influence of Molecular weight of the PAA on the consistency and 

reaction speed for the GIC and the combined “Biomer”?  
5. What is the pH vs. time relation for CA-EXP and pure CA?  
6. How does the pH vary as a function of the glass ionomer cement reaction? 
7. How does the pH of the combined materials vary over time and as a function 

of amount GIC?  
8. What is the pH vs. time relation for various commercial GIC and PAA+G2 

glass?  
9. How does the reactive glass grain size influence the reaction speed for GIC 

and how does the molecular “type” (acrylic or maleic acids) influence the 
reaction speed?  

10. How does an addition of reactive as well as non-reactive fillers influence the 
mechanical properties of GIC?  

 
Each task is presented as a small report containing objective, experimental procedure, 
results and discussion as well as conclusions.  
 
Since the objective was to decide whether the manufacturing of a Biomer was possible 
the standard deviations were considered to be of less importance and is not presented The 
development of properties with time was the main concern and focus in this chapter. 
 
6.1 Screening of glasses  

6.1.1 Objective 
The objective with this task was to find a reactive glass that reacts with a PAA to form 
glass ionomer cement and that hopefully can be used in a combined reaction with the 
ordinary calcium aluminate cement reaction.  
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6.1.2 Experimental procedure  
A screening of glasses was performed in order to find a suitable ionomer glass that would 
react with PAA to form glass ionomer cement. To begin with the, at the company, already 
available glasses were tested. A drop of PAA (Mw 50 000) solutions with different pH 
was added to one scoop of each glass and mixed. The consistency and setting times were 
observed. The setting was tested with a Gillmore apparatus every tenth minute until 
setting was reached. If no setting could be observed after 60 minutes the experiment was 
discontinued.  

6.1.3 Results and Discussion  
The results obtained are presented in  
Table 8. Fuji II glass was tested as a reference since it is a known functioning glass 
ionomer.  
 
Table 8:  Consistency and setting time for different glasses when reacting with PAA 
at different pH. The percentage is wt% PAA in aqueous solution. 

 

Glass pH 1.4 
25% 

Consistency pH 4 
9% 

Consistency pH 6 
9% 

Consistency pH 8 
9% 

Consistency 

G4 No set 4++ Set 
60 
min 

4+ Set 
60 
min 

4 No set 4 

G5 No set 4+ Set 
60 
min 

4+ Set 
60 
min 

4 No set 4 

G6 Set 10 
min 

Start reacting 
at once 

Set 
30 
min 

4 Set 
60 
min 

4 No set 4 

G2 
Fine  

Set 10 
min 

Start reacting 
at once 

Set 
20 
min 

Start 
reacting at 

once 

Set 
30 
min 

 

4 Begin 
to set 
after 
60 
min 

4 

G2 
Coars
e 

Set 10 
min 

Start reacting 
at once 

Set 
20 
min 

4+ Set 
30 
min 

 

4 set 60 
min 

4 

G3 
Fine  

Set 10 
min 

Start reacting 
at once 

Set 
20 
min 

5 - Set 
30 
min 

 

4 set 60 
min 

4 

G3 
Coars
e 

Set 10 
min 

Start reacting 
at once 

Set 
20 
min 

5 - Set 
30 
min 

 

4+ set 60 
min 

4 

G7 No set 5 Set 
40 
min 

5 - No 
set 

4+ No set 4+ 

Fuji II Set 10 
min 

5 - Set 
10 
min 

4+ Set 
30 
min 

4+ Set 50 
min 

4 
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Three of the glasses (G6, G2 F and C, and G3 F and C) except for Fuji II had setting 
times within 10 minutes; these setting times were obtained when allowing the glasses to 
react with PAA-solutions at pH 1.41. G2 had a more rubbery consistency than G6 and G3 
but they reacted equally fast with the PAA. 
 
The Vickers hardness, HV0,10 was tested after 10 minutes for the glasses with the fastest 
setting times, which were G6, G2 and G3, see Table 9. Fuji II was used as a reference 
here as well.  
 
Table 9:  Vickers Hardness after 15 minutes for some “reactive glasses” reacting 
with PAA with Fuji as a reference 

 
 
 
 
 
 
 
 
 
 

 
Two of the glasses were tested at two different grain sizes, one fine and one coarser. A 
coarser grain size should result in a slower setting and some un-dissolved particles left in 
the material to help achieve the desired hardness. This was difficult to determine when 
the results came out so poorly.  
 
The non-commercial GICs were difficult to pack densely in the Vickers mold. They 
showed a somewhat rubbery behavior and when pushed down in the mold on one side the 
material came up on the other.  
 
Another problem that arose was the difficulties mixing the glasses with the PAA properly 
not to obtain voids in the finished product. These voids decreased the hardness 
tremendously and made the results less reliable. 

6.1.4 Conclusions 
From looking at the results none of the tested glasses are suitable to use in the Biomer 
together with PAA since they by themselves do not show HV0,10 higher than 12 initially. 
A desired result would be at least around 35-40 after 15 minutes. If the problem with the 
rubbery behavior leading to packing problems could be avoided the glasses with short 
setting times could be suitable.  
 
Since Fuji II also obtained low hardness together with the PAA used, another reacting 
agent should be used. 
 
 

Glass PAA HV0,10 
G6 pH 1.41 25wt% 12 

G2 F pH 1.41 25wt% <10 
G2 C pH 1.41 25wt% <10 
G3 F pH 1.41 25wt% 10 
G3 C pH 1.41 25wt% 10 

   
Fuji II pH 1.41 25wt% 15 

 pH 3.0    9wt% 12 
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6.2 The pH control of the calcium aluminate reaction 

6.2.1 Objective 
In order to assure the onset of the CA reaction when mixing CA and GIC it is necessary 
for the CA reaction to be able to take place at low pH as the GIC reaction occurs at low 
pH, initially around pH 1 before increasing to a nearly neutral pH. The objective with this 
task was to determine how the pH influences the calcium aluminate reaction.  

6.2.2 Experimental procedure 
By mixing hydrochloric acid and distilled water, 7 pH-solutions were made with pH 
equal to 1, 2, 3… and 7. Distilled water was added to the acid until the desired pH was 
reached. 0.50 grams of calcium aluminate powder was measured up in a 5 ml plastic jar. 
0.015 grams of Na-PAMA (3wt% based on the powder) was measured up and added 
together with 0.185 grams of pH-solution equivalent to a water to cement ratio of 0.37. 
The Na-PAMA was added in order to get a well-dispersed material. The mixture was 
mixed in a RotoMix for 15s, taken out with a Spatula and filled into the acrylic cavities in 
the mold (d=3.5mm) for measuring Vickers hardness. The experiment was repeated for 
all of the seven pH-solutions and the consistency was documented for each mix. The 
molds were stored in a humid environment for 10 minutes before being submerged in 
phosphate buffered saline solution at 37oC. The samples were tested for Vickers hardness 
after fifteen minutes, 1, 3, 5, 7, 24, 48, 72 hours and then weekly. 

6.2.3 Results and Discussion 
The calcium aluminate powder reacted with all of the HCl pH-solutions but at different 
rates. The fastest reaction was obtained with distilled water pH 7, where the material had 
already reacted when exiting the RotoMix, and the slowest one with pH 1 that had a 
consistency of 5 according to Spengler’s consistency scale (1=dry powder and 5=liquid) 
for almost a minute before starting to react. 
 
The continued reaction speed was investigated by measuring the Vickers Hardness. None 
of the samples showed a Hardness the first hour and when three hours had passed all of 
them had hardness’s between 20 and 30. Even though the results came out a bit awkward 
the pattern with extended testing could be interpreted as though there were no particular 
difference in hardness between the samples reacting with a very acidic solution or with a 
neutral one, Figure 15.  
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Figure 15:  Vickers hardness for calcium aluminates letting react with HCl solutions at 
different pH (each value is an average of 6 indents, 3 on each sample) 
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6.2.4 Conclusions 
The conclusion is that CA can react at very low pH and still obtain hardness with time. 
However the initial reaction is faster when using a pH solution with a higher pH. 
 
 
6.3 Determination of the pH- range where the cement reaction can take 

place for different calcium aluminate phases 

6.3.1 Objective 
The objective with this task was to find out whether the pH-range for when the cement 
reaction can take place differ depending on calcium aluminate phase.  

6.3.2 Experimental procedure 
The experimental procedure was the same as for the pH control for the CA reaction, only 
exchanging CA for C12A7. 

6.3.3 Results and Discussion 
The reaction speed using C12A7 instead of CA increased at the same conditions and at pH 
1 the material had already reacted when exiting the RotoMix. No further testing on this 
material was performed. Since C3A should react even faster according to literature [20] 
no testing at all was performed with this calcium aluminate phase. 

6.3.4 Conclusions 
C12A7 also reacts at all pH in the range from 1 to 7 but here the reaction is extremely fast 
even at pH 1. The conclusion can be made that all calcium aluminates react at the same 
pH interval but at different reaction rates.  
 
 
6.4 The influence of the molecular weight of the poly(acrylic acid) on 

the consistency and reaction speed for GICs and GIC-CA 
combinations 

6.4.1 Objective 
The objective with this task was to determine the influence of the molecular weight of the 
PAA on the consistency and reaction speed for GICs and GIC-CA combinations. 

6.4.2 Experimental procedure 
Four different Poly(acrylic acids) with the molecular weights Mw 2 000, Mw 50 000, Mw 
100 000 and Mw 250 000 were added individually to 50g of a Powder blend containing 
65vol% CA, 15vol% G1 and 20vol% G2 F, in short terms called 100%-20%. Since the 
Mw 2 000 PAA is solid all the PAAs are used pure at pH 1.41 for simplicity. The PAA to 
Ionomer glass ratios tested were PAA/GIC=0.189 and PAA/GIC=0.14, and the water to 
cement ratio was held constant at 0.45. After 30s in the RotoMix, a spatula was used to 
fill the material into molds for hardness testing. The molds were then stored in 37oC in a 
humid environment for ten minutes and then submerged in phosphate buffered saline 
solution at 37oC. The samples were tested for Vickers hardness after 3, 5, 7, 24 and 96 
hours, and then weekly. 
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6.4.3 Results and Discussion 
A higher molecular weight gave a faster initial setting. Mw 2 000 had a consistency of 4+ 
after 30s mixing while the others had already started to react and therefore had a 
consistency around 3, Table 10. After one hour Mw 2 000 had not yet reach a setting (this 
could be determined since when polishing the Mw 2 000 sample the material flushed 
away with the stream) and neither one of the others had hardness. A visual effect from the 
Mw 250 000 sample studied under a microscope was that the surface was webbed 
containing islands with an even smaller webbed surface. After three hours the surface 
looked better. The hardness after three hours was the highest for Mw 100 000, followed 
by Mw 250 000 and Mw 50 000, Figure 16. Mw 2 000 still had not reached setting. After 
five hours Mw 100 000 still had the highest hardness but was now followed by Mw 50 
000 and last came Mw 250 000. The same pattern could be observed with prolonged 
testing. New tests were performed with the same PAA-solutions but with a lower 
PAA/GIC ratio (0.14 instead of 0.189). This gave a better consistency for Mw 50 000 
(3+) and Mw 100 000 (4 -) but Mw 250 000 had already started to react and had a 
consistency of 3. Mw 100 000 was still the hardest one of the three, followed by Mw 50 
000 and last came Mw 250 000. The HV0,10 results were not as high for this series as for 
the one with a higher PAA/GIC ratio. The setting was too fast at Mw 250 000, at least 
under the conditions used and the material showed signs of being inhomogeneous. 
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Figure 16 a) and b): Vickers hardness for Powder blend 100%-20% letting react with 
PAA solutions of different molecular weight (each value is an average of 6 indents, 3 on 
each sample) 
 
Table 10:  Consistencies for Powder blend 100%-20% letting react with PAA solutions of 
different molecular weight at two different PAA/GIC ratios 

PAA/GIC w/c pH Mw Consistency 
0.189 0.45 1.41 2 000 4+ 
0.189 0.45 1.41 50 000 3 
0.189 0.45 1.41 100 000 3 already started to react 
0.189 0.45 1.41 250 000 3 already reacted 
0.14 0.45 1.41 50 000 3+ 
0.14 0.45 1.41 100 000 4 - 
0.14 0.45 1.41 250 000 3 already started to react 

 
To this study a previous testing series could be added. It included the same powder blend 
and the two PAAs with Mw 50 000 and Mw 100 000 at pH 1.41(pure) and pH 2.0 (NaOH 
added). The PAA/GIC ratios equaled 0.189 and 0.094, and the water to cement ratios 
equaled 0.30 and 0.37.  
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The aim was to compare the materials at the same w/c ratio, Figure 17 b) and c), and also 
at the same consistency, Figure 17 a) and c). At the same consistency, the lower w/c ratio 
gave a higher Vickers Hardness. The more PAA added the more water was needed to 
obtain a workable consistency, but this added water resulted in a decrease in Vickers 
hardness.  
 
The PAA with the higher molecular weight gave a less dry consistency,  
Table 12, and had higher hardness compared to the PAA with the lower molecular 
weight, Figure 17 b) and c). The hardness increased with increased pH of the PAA and 
increased PAA percentage, Figure 17 a) and b) compared to c), whilst the hardness 
decreased with higher water to cement ratios. This observation is especially important in 
the early stage of the reaction. 
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Figure 17 a), b) and c): Vickers hardness for Powder blend 100%-20% letting react with 
PAA solutions of different molecular weight (each value is an average of 10 indents, 5 on 
each sample) comparing hardness at the same w/c and at the same consistency 
 
Table 12: Consistencies for Powder blend 100%-20% letting react with PAA solutions 
of different molecular weight at two different PAA/GIC ratios, two different pH and two 
different w/c ratios 

PAA/GIC w/c pH Mw Consistency 
0.094 0.30 2.11 100 000 1 
0.094 0.30 2.17 50 000 1 - 
0.094 0.37 2.11 100 000 3+ 
0.094 0.37 2.17 50 000 3 dry 
0.0189 0.37 1.41 100 000 1 
0.0189 0.37 1.41 50 000 1 
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6.4.4 Conclusions 
The higher the molecular weight the faster reaction, which results in a more rapid 
hardness-development in the material. However there is a limit where this increase in 
hardness stops and this limit is somewhere in between Mw 100 000 and Mw 250 000 
according to the results obtained.  

 
The PAA with Mw 100 000 gave a less dry consistency and higher hardness compared to 
the PAA with Mw 50 000. The conclusion can also be made that the hardness increased 
with increased pH and PAA percentage, but decreased with higher water to cement ratios. 
This observation is especially important in the early stage of the reaction. 
 
In future work the PAA with Mw 100 000 should be used. 
 
 
6.5 The pH versus time relation for CA-EXP and pure calcium 

aluminates 

6.5.1 Objective 
The objective with this task was to determine the pH versus time relation for CA-EXP 
and pure calcium aluminates.  

6.5.2 Experimental procedure 
A tablet was pressed from the powder-liquid mix in a steel mold under a pressure of 10 
MPa, thus resulting in approximately the same surface area for all tablets. The tablet was 
then placed in a humid environment for ten minutes, thereafter weighed and measured 
before being submerged in 4 ml distilled water. The pH was measured in the liquid 
surrounding the tablet, with a pH meter one hour after manufacturing and then regularly. 

6.5.3 Results and Discussion 
When the cement reaction started, ions were released and increased the pH of the 
solution. The pH increased very quickly for both CA-EXP and pure CA and had reached 
a pH above 11 within one hour, Figure 19, which is well in accordance with literature: 
calcium aluminate cements and Calcium phosphate cements are alkaline, with a pH 
ranging from 8.7 to 12.3 after 30s [29]. The results given by the literature were measured 
directly on the material with a flat-headed pH meter. With a pH higher than 8 the 
formation of apatite instead of Katoite can take place [4] so the pH obtained here is 
enough for this reaction to occur, resulting in a bioactive material. 
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Figure 19: pH vs. time for CA-EXP and calcium aluminates 
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6.5.4 Conclusions 
The pH increased very quickly for both CA-EXP and pure calcium aluminate and within 
one hour the pH equaled 11. This indicates that the cement reaction was taking place and 
ions were released. 
 
 
6.6 The pH versus time relation for various commercial GICs and G2 

F when using PAA as reactive agent 

6.6.1 Objective 
The objective with this task was to determine the pH versus time relation for various 
commercial GICs such as ChemFlex and Fuji II, as well as the non-commercial glass G2 
F when using PAA as the reactive agent.  

6.6.2 Experimental procedure 
The same procedure was used as in the previous task, still using 0.50 g powder but this 
time PAA was added with a PAA to GIC ratio of 0.14 and w/GIC ratio of 0.45 for G2 F 
and 0.21 for the others. The different w/GIC ratio was chosen after where an acceptable 
consistency could be found. The commercial GICs were flowing (5 on the scale) at the 
higher ratio and G2 F was way too dry (1 on the scale) using the lower ratio. Since both 
ChemFlex and Fuji II contain PAA this ratio is not correct and only tells how much PAA 
is added in addition to the unknown amount. 

6.6.3 Results and Discussion 
The pH vs. time graph looked similar for all Ionomer glasses tested see Figure 20. The 
pH was first decreasing down to around pH 6 and then increased very slowly up towards 
a neutral pH, which is well in accordance with literature. GICs are initially acidic (pH 
1.6- 3.7 measured with a flat-headed pH meter after 30s) and reach a final pH between 
5.4 and 7.3 [29]. The initial descend in pH was due to leakage of PAA and the following 
ascend in pH was caused by the hydrogen ion release taking place during setting.  
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Figure 20:  pH vs. time for different commercial GIC with PAA as reactive agent  

6.6.4 Conclusions 
For GICs the pH decreased, due to PAA leakage, to around pH 6 the first hour before it 
slowly started to increase towards a neutral pH.  
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6.7 The pH variance with time of the combined material as a function 
of amount GIC 

6.7.1 Objective 
Since the CA reaction increased the pH and the GIC reaction decreased the pH, it is 
necessary to determine how the pH is affected when mixing the two. The objective with 
this task was to determine how the pH changes with time with different amount of GIC in 
the CA. A change in pH can tell whether a reaction is taking place, since the calcium 
aluminate reaction involves OH- that increases the pH. A desirable pH would be above 8, 
the pH where apatite formation is favored. 

6.7.2 Experimental procedure 
A tablet was pressed from the powder-liquid mix in a steel mold under a pressure of 10 
MPa, a procedure resulting in approximately the same surface area of the pressed tablets. 
The tablet was then placed in a humid environment for ten minutes, thereafter weighed 
and measured before being submerged in 4 ml distilled water. The pH was measured with 
a pH meter every hour from the first hour after manufacturing during the first 7 hours, 
thereafter daily for three days and then weekly.  

6.7.3 Results and Discussion 
With the addition of CA to commercial GICs using only the GIC liquid (mostly PAA) the 
two reactions did not work well together and a struggle of who should be in charge took 
place. With GIC percentages of 75wt% and higher the GIC reaction was the controlling 
one and the pH only increased slightly with time but at 50wt% CA the pH increased fairly 
quickly to a pH around 9 but thereafter the increase slowed down, Figure 21.  
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Figure 21:  pH vs. time for ChemFlex with different amount of CA added as filler, 
amount ChemFlex liquid added to react with ChemFlex according to manufacturers 
recommendation and amount 7.5 Li added equaled to a w/c of 0.30 to react with the CA 

6.7.4 Conclusions 
The lower amount GIC combined with CA, the quicker rise in pH. When using 
commercial GICs, like ChemFlex and Fuji II, the pH was controlled by the GIC reaction 
at GIC percentages of 75wt% and higher that is the pH decreased at first and then went up 
slowly. At lower GIC percentages the CA reaction was in control and the pH increased 
from hour one. 
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6.8 The influence of grain size of the reactive glass  

6.8.1 Objective 
The objective with this task was to determine the influence of grain size on the reaction 
speed.  

6.8.2 Experimental procedure 
Two different grain sizes, F and C, of two reactive glasses, G2 and G3, were used in this 
study. To 0.50 grams of powder (glass and CA), PAA Mw 100 000 was added to obtain a 
PAA/GIC equal to 0.1 or 0.08 with the w/GIC ratios to go along equaling 0.37 and 0.20 
respectively. The w/c ratio was kept constant at 0.226. The mix was mixed in a RotoMix 
for 15s, before being packed into acrylic molds (d=3.5mm) used for testing Vickers 
hardness. The reaction speed was determined by measuring Vickers hardness (15 min, 60 
min, 3 h etc.), where a fast-obtained hardness is a measure of a rapid reaction speed and a 
continuous reaction a measure of dual hardening.  

6.8.3 Results and Discussion 
The grain size as well as type of glass affected the hardness development but not as much 
the final hardness, Figure 22. The finer grain size gave a smoother surface and a more 
even hardness, whereas the coarser grain size of the glass gave a slightly more rapid 
hardness development the first couple of hours. The mix containing G2 had a higher 
initial hardness but neither mix had a hardness exceeding 15 within half an hour. The 
hardness’s obtained were adequate but the consistencies for the mixes were all between 2- 
and 2, which is not acceptable. Comparing G2 C and G3 C at the same size, Figure 23, at 
lower PAA/GIC and w/c ratios, barely any difference can be noticeable. Here too the 
consistencies were unsatisfactorily. 
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Figure 22:  Vickers Hardness for CA with 40wt% glass filler content of different grain 
size with PAA Mw 100 000 as the reactive agent (each value is the average of 6 indents, 3 
per sample) 
 



 36

0

20

40

60

80

100

120

140

0 100 200 300 400
time [hours]

H
V

0,
10

35% G3 C 65% CA
w/c=0,226
w/GIC=0,20
PAA/GIC=0,08

35% G2 C 65% CA
w/c=0,226
w/GIC=0,20 
PAA/GIC=0,08

 
Figure 23:  Vickers Hardness for CA with 35wt% glass filler content of approximately 
the same grain size with PAA Mw 100 000 as the reactive agent (each value is the 
average of 6 indents, 3 per sample) 
 

6.8.4 Conclusions  
By using a coarser grain size a slightly higher hardness could be obtained the first hour. 
However the surface appeared to be less homogeneous and the hardness differed more 
within each sample than for a finer grain size. Neither of the glasses used, assisted 
sufficiently to increase the initial hardness, and will therefore not be used in the final 
“Biomer”. 
 
 
6.9 The influence of type of acid used on the reaction speed of GIC 

6.9.1 Objective 
The objective with this task was to determine the influence of the type of acid used on the 
reaction speed for GIC; acrylic or maleic acid having 1 respectively 2 reactive groups. 

6.9.2 Experimental procedure 
To determine the influence of the type of acid used; acrylic or maleic, on the reaction 
speed for GIC, tests with the two should have been performed together with a reactive 
glass, in this case Ketac Cem aplicap. This commercial GIC was chosen due to its lack of 
PAA mixed into the powder in contrary to Fuji II and ChemFlex used in previous testing. 
To be able to compare PAA and PAMA the two acids should approximately have the 
same molecular weight. The only PAMA in solution available (at the company) had Mw 
3 000 and therefore PAA with Mw 2 000 was used. The PAA powder was dissolved in 
distilled water to acquire a 50wt% solution. Ketac Cem aplicap comes in packages with 
0.163 grams of powder in each. The powder from three aplicaps was used ≈0.495 grams 
for each mix, where 0.139 grams of Polyacid was added (PAA/GIC=0.14 and 
w/GIC=0.14), then mixed in a RotoMix for 15s before being filled into Vickers 
hardness’s molds with a spatula. The molds were then stored in 37oC in a humid 
environment for ten minutes and then immerged in phosphate buffered saline solution at 
37oC. The samples were tested for Vickers hardness after 30 minutes, 1, 2, 4, 6, 24, 48 
and 72 hours, and then weekly. 
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6.9.3 Results and Discussion 
The PAA Mw 2 000 gave a very flowing consistency and never reached setting. After 
two hours without setting the testing with this polymer was discontinued. Ketac Cem 
reacting with PAMA had a very good consistency and a quick hardening. After only 30 
minutes the average HV0,10 equaled 53 and continued to increase with time until it 
averaged out after two weeks where HV0,10 equaled approximately 110, Figure 24. 
Compared to CA-EXP the initial hardness was 5 times higher and first after one week 
CA-EXP had caught up.  
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Figure 24:  Vickers Hardness for Ketac Cem + PAMA and CA-EXP for comparison 
(each value is the average of 6 indents, 3 per sample) 
 
 
The PAA with Mw 2 000 probably was not big enough to cross-link and form a binding 
network. According to literature [19] only PAAs with a molecular weight higher than 50 
000 can bond chemically to dentin, which is another reason for using a higher molecular 
weight. A PAMA solution with higher molecular weight should be used, close to Mw 100 
000 would be preferred since then it can be compared to the PAA solution with Mw 100 
000 that performed the best in earlier testing. 

6.9.4 Conclusions 
PAMA reacted well with Ketac Cem aplicap and the product had a rapid hardness 
development while the PAA failed to react at all. This PAA has failed to react in all tests 
it has been included in and the conclusion can be either that something is wrong with this 
particular solution or that it is too small to create a network to act as a skeleton.  
 
New tests should be carried out with a different PAA solution and a PAMA solution with 
matching molecular weight, preferably around Mw 100 000. 
 
 
6.10 The Influence of non-reactive fillers on the mechanical properties 

of GICs 

6.10.1 Objective 
To determine how much non-reactive filler that can be added to a glass ionomer cement 
and still keep the GIC behavior as well as the mechanical properties. 
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6.10.2 Experimental procedure 
The glass G1 was used as filler in the glass ionomer ChemFlex, at 20wt% and 40wt%. 
The powders and the liquid were mixed according to the manufacturer’s instructions. For 
the pure ChemFlex that means 1 scope of powder, approximately 0.149 grams and 1 drop 
of liquid, approximately 0.048 grams. Half of the powder was mixed with the drop of 
liquid for 5 seconds before blending in the rest of the powder and continue to mix for 
another 15 seconds. Samples for Vickers hardness tests were prepared and stored in the 
usual way.  

6.10.3 Results and Discussion  
The consistency for ChemFlex alone was around 4- and got worse with the addition of 
G1. The glass gelled in contact with the acid, which explains the tougher consistency and 
lack of hardness with increased amount filler see Figure 25.  
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Figure 25:  Vickers Hardness for ChemFlex with different amount of G1 added as filler 
(each value is the average of 6 indents, 3 per sample) 

6.10.4 Conclusions 
G1 starts to gel in contact with a strong acid and should not be added in addition to the 
reactive glass in the Biomer since the gelation effect is something unwanted.  
 
The gelling also means that G1 cannot be used as non-reactive filler, and should not be 
used at all together with an acid.  
 
 
6.11 The Influence of CA as filler on the mechanical properties of GICs 

6.11.1 Objective 
The objective with this task was to determine how the use of CA as filler affects the 
properties of GICs. 

6.11.2 Experimental procedure 
CA was added to the GIC ChemFlex, at 20wt%, 40wt% and 50wt%. The powders and the 
liquid (only ChemFlex liquid) were mixed according to the manufacturer’s instructions. 
Samples for Vickers hardness tests were prepared and stored in the usual manner.  
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6.11.3 Results and Discussion  
The consistency became somewhat dryer with the addition of CA when using only the 
ChemFlex liquid as liquid, but the HV0,10  did not decrease significantly with the addition 
of CA, not even at 50wt% CA content see Figure 26.  
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Figure 26:  Vickers Hardness for ChemFlex with different amount of CA added as filler, 
amount ChemFlex liquid kept constant and measured according to manufacturers 
recommendation as if all powder equaled ChemFlex powder (each value is the average of 
6 indents, 3 per sample) 
 
A problem that arose with the use of ChemFlex was the difficulty to mix the ingredients 
without creating voids in the material, Figure 27. These voids affected the results that 
came out very poorly. Two different ways of mixing were tested, hand mix 5+15 s (half 
the powder with all of the liquid for 5 s and then mix in the rest for an additional 15 s) 
according to the manufacturer’s instruction and also RotoMix for 12 s and then in 
addition 5s hand mix. Both methods showed similar hardness results and the same 
amount of voids could be found in both.  
 
 

 
Figure 27: Microphotograph of ChemFlex (40 times enlargement) 
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New tests were carried out with 40wt% and 50wt% and 60wt% ChemFlex with 60wt%, 
50wt% and 40wt% CA as filler using distilled water with added Li+ as reactive agent for 
the CA and the ChemFlex liquid for ChemFlex. This time larger amounts of materials 
were used, in total 0.50 grams of powder but with the same ratios. Practically no voids 
could be observed and the hardness obtained was higher, see Figure 28. 
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Figure 28:  Vickers Hardness for ChemFlex with different amount of CA added as 
filler, amount ChemFlex liquid added to react with ChemFlex according to 
manufacturers recommendation and amount 7.5 Li added equaled to a w/c of 0.30 to 
react with the CA (each value is the average of 6 indents, 3 per sample) 

6.11.4 Conclusions 
Calcium aluminate used as filler in ChemFlex, with the ChemFlex liquid as the only 
liquid, did not decrease the mechanical properties of the GIC significantly with time, not 
even at higher CA percentages (50wt%). However due to the numerous voids 
incorporated into the material, the validness of the results can be questioned.  
 
Larger amounts of material mixed in the RotoMix, still in a 5ml plastic jar, resulted in 
less voids and new tests should be performed with this method. 
 
By using larger amounts of material and adding Li+ as an accelerator for CA, the hardness 
for the mixed material (40wt% ChemFlex and 60wt% CA) exceeded the one for pure 
ChemFlex. This indicates that the CA reaction had started and that the two reactions can 
occur simultaneously. 
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7 Summary Results 
 

• CA can react at all pH in the range from 1 to 7 however the initial reaction is 
faster when using a pH solution with a higher pH. 

• C12A7 can also react at all pH in the range from 1 to 7 but here the reaction is 
extremely fast even at pH 1. 

• The pH rises very quickly with time for both CA-EXP and pure calcium 
aluminates and within one hour pH equals 11. This indicates that the cement 
reaction is taking place and ions are released.  

• The pH for GICs decreases quickly, due to PAA leakage, before it slowly starts to 
increase towards a neutral pH.  

• The lower amount GIC combined with CA, the quicker rise in pH. When using 
the commercial GIC, like ChemFlex and Fuji II, the pH is controlled by the GIC 
reaction at GIC percentages of 75wt% and higher. This is indicated by a decrease 
in pH followed by a slow rise to a neutral pH. At lower GIC percentages the CA 
reaction is in control and the pH rises from hour one, and the amount filler just 
determines how quickly it rises and how much. 

• The higher the molecular weight of the PAA the faster reaction, which results in a 
more rapid hardness development in the material. However there is a limit where 
this increase in hardness stops, somewhere in between Mw 100 000 and Mw 250 
000 according to the results obtained.  

• The PAA with a higher molecular weight gives a less dry consistency and higher 
hardness compared to the PAA with a lower molecular weight. The conclusion 
can also be made that the hardness increases with increased pH and PAA 
percentage, but decreases with higher water to cement ratios. This observation is 
especially important in the early stage of the reaction. 

• PAMA reacted well with Ketac Cem aplicap and the product had a rapid hardness 
development 

• By using a coarser grain size a slightly higher hardness could be obtained the first 
hour. However the surface appeared to be less homogeneous and the hardness 
differed more within each sample than for a finer grain size. Neither of the glasses 
added sufficiently to the initial hardness to be used in the final “Biomer”. 

• G1 gels in contact with acids and cannot be used as non-reactive filler, and should 
not be used at all together with an acid.  

• By using larger amounts of material and adding Li+ as an accelerator for CA the 
hardness exceeded the one for pure ChemFlex with a CA percentage of 60wt%. 
This indicates that the CA reaction has started and the two reactions can occur 
simultaneously. 
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8 Conclusions 
 
The conclusion is that a hybrid between calcium aluminates and GICs, a “Biomer”, is 
possible to achieve. Calcium aluminates can react and obtain hardness that continue to 
increase with time, even at low pH, which is the basic requirement for the “Biomer” since 
GICs reaction lowers the pH down to around 1 initially. By combining the two 
components the hardness continued to increase with time, which is a sign that the CA 
reaction had started and just continued to improve the hardness obtained initially with the 
GIC reaction. The rise in pH with time, from a basic pH to an alkaline pH, was another 
proof of the onset of the CA reaction of the combined material.  
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Part 3 –Manufacturing of a 
“Biomer” 
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9 Main Objective 
The main objective with this chapter was to apply the knowledge obtained in the previous 
chapter to manufacture a hybrid between the calcium aluminate cement and the glass 
ionomer cement, a “Biomer”. Included in this objective was also to determine the 
microstructure and mechanical properties of the “Biomer”. 
 

10 Introduction 
Neither of the glasses tested besides the commercial GICs could be considered suitable to 
be used in the “Biomer” since they all failed to achieve initial hardness when reacting 
with PAA. Together with calcium aluminates some of them obtained high hardness with 
time but they demanded a high water to cement ratio in order for a workable consistency 
to be obtained. Therefore the continued study was based on a commercial GIC. ChemFlex 
was chosen since the powder and liquid comes separately and is therefore easy to apply in 
any amount wanted. Ketac Cem performed well together with PAMA Mw 3 000 and 
would also be a possible candidate. However since no testing together with CA has been 
performed on this combination, it was not selected. 
 
Since the “Biomer” was based on the commercial GIC ChemFlex, ChemFlex liquid was 
part of the total liquid part. Besides ChemFlex the “Biomer” also included mono-calcium 
aluminate, distilled water and Li+ as an accelerator.  
 
Tests with two different compositions of calcium aluminate and ChemFlex were 
performed in this study. The liquid phase was composed of ChemFlex liquid, distilled 
water and Lithium ions. The ChemFlex/ChemFlex liquid ratio was kept according to the 
manufacturer’s instructions and the water/CA ratio kept at 0.30. Tests were performed in 
order to determine setting time and consistency for both material compositions, as well as 
in order to determine the mechanical properties such as hardness, flexural strength, 
Diametral strength and compressive strength. The dimensional stability was tested by 
photoelastic analysis. The microstructure and composition of the “Biomer” were studied 
in a SEM investigation and XRD respectively. 
 
As references results from previous studies with CA-EXP [30] and the technical manual 
for ChemFlex[31] were used. 
 
 
10.1 Setting time 
The setting times determined by Gillmore tests were shorter for the material with a higher 
CA content, see  
Table 14. A setting time less than three minutes would not necessary be considered to be 
too short as long as the workability does not decrease until just before setting. A dentist 
generally works quickly and the time that passes from the start of mixing of the raw 
material to the finished filling does not normally exceed one minute and thirty seconds. 
First after the material has reached final setting the dentist can start polishing and 
working on a good surface finish, which means that the time from initial setting to final 
setting should be short. This requirement was definitely fulfilled with both compositions 
of materials tested. 
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Table 14:  Setting times expressed in minutes and seconds, tested with a Gillmore 
apparatus 

 
As a comparison CA-EXP has an initial setting of 4 minutes and 30 seconds and reaches 
final setting after 7 minutes. The setting time according to the manufacturer of ChemFlex 
is five minutes while the working time is one minute and thirty seconds.  
 
 
10.2 Hardness development  
The first half an hour after manufacturing of the samples a large content of ChemFlex 
resulted in a high hardness but after one hour the CA reaction in the combined material 
had begun, thus increasing the hardness further, Figure 29. With 60wt% CA the hardness 
obtained lay in between the hardness obtained for CA-EXP and ChemFlex, something 
that would be expected from a hybrid. However with 40wt% CA the hardness 
development stopped after the first couple of hours and stayed low. 
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Figure 29:  Hardness development with time, the exact value in each point is given in 
Table 15 and 12 (each value is the average of 12 indents, 3 per sample) 
 

wt% CA Consistency Initial Setting Final Setting 
40 4 03:20 04:35 
40 4 03:00 04:10 
40 4 03:10 04:22 
60 3+ 03:30 04:25 
60 3 03:15 03:55 
60 3 02:45 03:35 



 46

Table 15:  Hardness and standard deviations for the Biomer candidates and CA-EXP, 
each value is the average from 12 indents 

Time [hours] 40% CA 60% CA CA-EXP 
0.5 19.1 ±1.8 14.0 ±1.2 11.7 ±0.7 
1 27.3 ±2.3 34.5 ±2.6 24.4 ±4.5 
2 34.2 ±2.6 42.9 ±2.8 43.3 ±6.1 
4 36.2 ±3.4 53.3 ±3.3 59.5 ±3.4 
6 44.2 ±4.3 59.5 ±3.8 66.0 ±6.0 
8 43.4 ±4.1 61.7 ±4.3 70.2 ±3.5 
24 44.6 ±3.7 77.6 ±3.0 77.1 ±5.7 
48 45.1 ±3.3 80.5 ±4.9 88.0 ±3.5 
72 45.6 ±2.9 84.7 ±3.4 93.2 ±2.7 

168 46.4 ±2.7 88.4 ±3.2 110.1 ±5.6 
336 46.9 ±3.2 94.1 ±2.6 118.2 ±4.6 

 
Table 16:  Hardness and standard deviation for ChemFlex, each value is the average 
from 12 indents 

Time [hours] ChemFlex 
0.25 31.4 ±4.7 

1 39.3 ±2.5 
2 45.7 ±3.2 
3 49.9 ±1.4 
5 55.7 ±2.0 
7 56.0 ±2.4 

24 64.4 ±1.7 
48 72.1 ±2.1 
120 75.5 ±1.0 
168 72.4 ±4.6 
336 73.7 ±1.8 

 
 
10.3 pH vs. time 
The pH for both compositions was above pH 8, Figure 30, thus both candidates reached a 
pH favorable for apatite formation.  
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Figure 30:  pH versus time for the Biomer candidates 
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10.4 Expansion during setting 
No stresses as a result of expansion during setting could be detected in the material with 
the lower CA content, Figure 31 a). This result seems accurate since ChemFlex has a 
polymer matrix that shrinks during setting, and when mixed with only small amounts of 
CA that expands during setting no stresses can be detected. For the other candidate only 
the beginning of the first order isochromatic ring could be visually examined and 
measured, Figure 31 b). According to literature [28] the correct way to perform the study 
is to measure the second order isochromatic ring but since the pressure did not increase 
enough for a second one to occur, the first order ring was measured instead. By 
measuring the first order isochromatic ring instead of the second one, the accuracy of the 
results decreases slightly since the first order isochromatic ring is thicker. In order to get 
the most accurate measurements the diameter of the center of the ring was measured with 
a 60o interval, thus the whole ring was included. The minimum resulting stress that can 
possibly be measured using Araldite B plates is 1.76 MPa, which is given by the equation 
if there is no difference in diameter. That is if Dx/Di=1 in Equation 9 on page 23.  
 

 
Figure 31 a) and b): reference radius, first and zero order isochromatic rings 
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Figure 32:  Stresses, measured in MPa, occurring in the surrounding material as a 
result from expansion during setting  
 
A slight expansion in the dental material during setting results in a tight seal between the 
dental material and the tooth. This seal prevents bacterial ingress in the interface. This is 
exactly what could be given by the material composition containing 60wt% CA if used in 
practice, Figure 32. 
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10.5 Compressive strength 
The results from the compression tests after 24 hours came out very satisfactorily. The 
compressive strengths for both candidates were higher than for CA-EXP and the results, 
for the material with 60wt% CA, were very close to the exceptional results obtained for 
ChemFlex, Figure 33. Numerous defects in the samples such as voids and damaged edges 
resulted in a large variance in the results, Figure 34, which explains the slight decrease in 
strength after two weeks for the samples containing 60wt% CA. The defected samples 
were tested since no samples came out perfect in shape. No long-term testing has been 
done on the candidates but since the compressive strength continued to increase for both 
CA-EXP and ChemFlex with time the same could be expected of a hybrid. A 
compressive strength of 180 MPa after 24 hours is adequate for a dental material 
according to ISO 9917 [24]. 
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Figure 33: Compressive strength after 24 hours in MPa (the exact values are given in 
Table 17) 
 
Table 17: Compressive strength development with time measured in MPa and 
standard deviation (each value is the average calculated from 4 samples) 
Time [hours] 40% CA 60% CA CA-EXP ChemFlex 

1 74,4 ±11,0 49,6 ±3,3 26 - 
24 89,1 ±5,7 216,9 ±15,1 150 234 
336 99,6 ±11,8 208,0 ±14,0 - - 
720 - - 225 291 

 

 
Figure 34: Example of a compressive sample with large defects 
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10.6 Diametral tensile strength 
After one hour the Diametral tensile strength was very good for the candidate containing 
40wt% CA and decent for the other. On the other hand the DTS did not continue to 
increase with time for the 40wt% CA samples like it did for the 60wt% CA that reached 
excellent results after 24 hours, Table 18. Amalgam can be used as a guideline and 
reaches a DTS around 8 after one hour. No results for ChemFlex exist for this test to be 
used as reference. 
 
Table 18: Diametral tensile strength for the two Biomer candidates measured in MPa 
with CA-EXP as reference (each value is the average calculated from 4 samples) 

Time [hours] 40% CA 60% CA CA-EXP ChemFlex 
1 9,7 ±0,8 6,4 ±0,6 6,3 - 

24 9,3 ±0,8 18,4 ±1,5 - - 
336 10,2 ±1,1 18,3 ±1,0 12 - 

 
 
10.7 Flexural strength 
It appears that both hybrid candidates obtained a superior flexural strength than 
ChemFlex; see Figure 35, and the candidate with 60wt% CA obtained an even higher 
flexural strength than CA-EXP.  
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Figure 35: Flexural strength after 24 hours for the two Biomer candidates measured in 
MPa with ChemFlex and CA-EXP as references (the exact values and standard 
deviations are given in Table 19) 
 
Table 19:  Flexural strength for the two Biomer candidates measured in MPa with 
ChemFlex and CA-EXP as references (each value given for the Biomer candidates is the 
average calculated from 10 samples) 

Time [hours] 40% CA 60% CA CA-EXP ChemFlex 
1 38,8 ±4,9 39,2 ±2,7 45 - 
24 45,6 ±4,8 70,5 ±6,0 62 39 

336 53,3 ±8,5 67,5 ±4,2 60 - 
720 - - - 49 
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The most common flaw found in the 40wt%CA samples was inhomogeneities and in the 
60wt%CA samples it was pores, Figure 36. Since most samples came out equally 
defected they were all tested and included in the test series. 
 
 
 

  
Figure 36: Flaws in flexural strength samples, inhomogeneity in 40wt% CA and pores 
in 60wt% CA. Microphotographs taken after testing  
 
 
10.8 The microstructure of the Biomer 

10.8.1 Objective 
In order to study the microstructure of the Biomer thoroughly a SEM investigation was 
performed. The objective was to visualize the microstructure, determine how well the 
glass particles had dispersed in the cement matrix and to check for any inhomogeneities 
in the material.  

10.8.2 Experimental procedure 
The samples investigated were made in molds for Gillmore testing since they are easy to 
polish in order to obtain a smooth surface. When the samples had been laying in the 
phosphate buffer saline solution for the predetermined times of 1 h, 24 h and 2 weeks, 
they were polished with 1200 grit and 4000 grit paper, and then dipped in alcohol to stop 
the reactions. They were air dried and then stored in plastic bags until the SEM study. 
The SEM used was a Zeiss DSM 960 A. Just prior to testing the samples were polished 
again, cleaned with acetone and sputtered with a layer of gold and platinum.  

10.8.3 Results and discussion  
A visual effect from the SEM images was that the GIC reaction did not stop when the 
samples were dipped in alcohol and air-dried, which resulted in images looking the same 
for all the samples from the same candidate even though they were taken out of their 
storage at different times.  
 

Area rich in ChemFlex Pores 
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Figure 37: 40wt% CA at 500 times magnification  
 
With 60wt% CA in the samples the material seemed to be more sensitive to drying out 
and cracks were found everywhere in the SEM samples. The sensitivity appeared to have 
increased with time since more cracks were found in the sample that were taken out of its 
storage two weeks after preparation.  
 

 
Figure 38: 60wt% CA at 500 times magnification 
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Figure 39: 60wt% CA at 3000 times magnification 
 
A visual effect from all samples was that the glass particles were well dispersed and no 
areas with inhomogeneities could be found in either of the samples Figure 37 and Figure 
38. 

10.8.4 Conclusions 
Both candidates were homogeneous with well-dispersed glass particles in the CA matrix. 
Unfortunately the GIC reaction was not stopped by the pre-treatment and therefore no 
differences could be observed with time. 
 
 
10.9 X-Ray diffraction – XRD 

10.9.1 Objective 
With X-ray diffraction it is possible to determine the composition of a material and the 
objective was to find out what hydrates had formed after the predetermined times of 1 
hour, 24 hours and two weeks. 

10.9.2 Experimental procedure 
The material was mixed in the usual manner and since the X-ray was conducted on a 
powder no particular mold was used. When the samples in the shape of lumps had been 
laying in the phosphate buffer saline solution for the predetermined times of 1 h, 24 h and 
2 weeks, they were dipped in alcohol to stop the reaction, then air dried and stored in 
plastic bags until just before the study. The lumps of material were ground into a fine 
powder using a mortar, sprinkled evenly in a thin layer on the examining plate and 
mounted in the X-ray machine. The computer software was preset to beam the sample at 
the angles where the hydrates Katoite and Gibbsite normally can be found, and each 
interval was beamed for 8 minutes. 

10.9.3 Results and discussion  
Only crystalline phases can be detected with XRD, which explains the lack of peaks 
where the stable hydrates Katoite and Gibbsite normally can be found. The pre-stage of 
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Gibbsite is the amorphous AH3-gel formed during the hydration process. Some peaks for 
Katoite and Gibbsite were however found for the 60wt% CA candidate that had been 
taken out of storage after two weeks (the sample that had been stored the longest). At an 
angle of 17.3o, Katoite could be found and at angles 39.2 o -29.3 o, both Katoite and 
Gibbsite could be found, see Figure 40. Another observation made was that unreacted CA 
still remained in the material after two weeks. This was especially noticeable at an angle 
of 30.1o. 
 

2 weeks 60% CA

33-0018 (I) - Gibbsite, syn - Al(OH)3 - Y: 56.43 % - d x by: 1. - WL: 1.54056 - Monoclinic - I/Ic PDF 1. - 
24-0217 (*) - Katoite, syn - Ca3Al2(OH)12 - Y: 45.85 % - d x by: 1. - WL: 1.54056 - Cubic - 
70-0134 (C) - Calcium Aluminum Oxide - CaAl2O4 - Y: 112.86 % - d x by: 1. - WL: 1.54056 - Monoclini

Operations: Import [004]
D:\Physics\MatVet\jesper\2 weeks 60% CA.RAW [004] - File: 2 weeks 60% CA [004].RAW - Type: 2Th/
Operations: Import [003]
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Figure 40:  XRD results for the 60wt% CA candidate examined after two weeks of 
storage 

10.9.4 Conclusions 
Either not a lot of stable hydrates had been formed during the hydration process or they 
were too small or amorphous to be detected by XRD. 
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11 Conclusions 
The manufacturing of a hybrid between calcium aluminates and GICs has proved to work 
satisfactorily. The initial properties were obtained by the GIC reaction and the CA 
reaction took over hand after a few hours thus improving the properties further, just as 
wanted. The candidate containing 60wt% CA and 40wt% GIC had mechanical properties 
that were not only up to standards, but even exceeding the mechanical properties of both 
systems by themselves after 24 hours. Since most samples tested had large defects or 
showed signs of inhomogeneities, the mechanical properties could probably be improved 
further by better sample preparation. Also by including additives and by regulating the 
liquid to powder ratio the properties could be optimized. The microstructure showed well-
distributed glass grains in the CA matrix and the XRD study proved that some Katoite 
and Gibbsite were formed during the hydration process.  
 

12 Follow-up work 
In order to get a complete study of the Biomer it is necessary to investigate its long-term 
properties and not only the short-term properties as was done in this thesis. This is 
important since GICs tend to deteriorate with time in the harsh oral environment. The 
question whether the Biomer is bioactive also remains to investigate, since with CA as the 
main constituent the pH increased rapidly to a pH favorable for apatite formation. By 
finding a way of mixing the powders in a powder blend the problem with 
inhomogeneities would decrease or vanish, thus a mixing procedure needs to be found. In 
the pre-study there was another alternative to ChemFlex/ChemFlex liquid to be used in 
the Biomer. It would therefore be interesting to repeat the “Biomer study” using PAMA 
and Ketac Cem glass together with CA and distilled water, containing Li+. Also by 
optimizing the w/c, w/GIC and PAA/GIC ratios the test results could be even better. An 
important task would also be to investigate the actual reactions taking place in the 
Biomer. 
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