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1 Introduction 

“A biomaterial is a nonviable material used in a medical device intended to 
interact with biological systems” [1].  
 This is the definition of a biomaterial agreed upon by a consensus of experts 
in the field. It is a definition allowing a wide variety of classes of materials 
to be defined as biomaterials and an even broader spectrum of applications.  
Normal material classes viewed as biomaterials include; metals, ceramics, 
polymers, glasses, carbons and composites. These materials are used in ap-
plications such as hip implants, dental implants, intraocular lenses, cardio-
vascular stents, dental materials etc. Common to all biomaterials is that they 
need to be biocompatible in order to function in the human body. The con-
sensus definition of biocompatibility is the following; 

“Biocompatibility is the ability of a material to perform with an appropri-
ate host response in a specific application” [1]. 

What is to be considered as an appropriate host response will differ from 
application to application and also depend upon which materials are used, 
since the devices are designed for different purposes. This thesis deals 
chiefly with calcium-aluminate materials, which is a ceramic material, so the 
focus will now be put on ceramic biomaterials or bioceramics. 

    

1.1 Bioceramic Implants 
Ceramics have been used by humans for thousands of years for a variety of 
purposes. During the last 50 years they have been developed to improve the 
quality of human life. Ceramics such as these are used for repairing or re-
constructing body parts and are termed bioceramics [2]. Bioceramics are 
typically used for repairing the skeletal system, composed of bones, joints 
and teeth - and to augment both hard and soft tissues. Common ceramic ma-
terials used include zirkonia, alumina and hydroxyl apatite.  Bioceramics are 
present in a wide range of different phases, ranging from glasses and amor-
phous calcium silicates to single crystalline sapphire. The choice of phase 
depends on the functionality and properties required in the specific applica-
tion. As stated above, all biocompatible materials performs with an appro-
priate host response. This also means that no material implanted in the body 
is totally inert; all materials elicit a response from the host tissue. These im-
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plant-tissue responses are categorized into four different categories by [2] 
and state the ultimate consequence of the response, see table 1.  

Table 1. The four categories of implant-tissue reactions and their respective conse-
quence [2].  

Implant – Tissue Reaction Consequence 
Toxic Tissue dies 
Biologically nearly inert Tissue forms a non-adherent fibrous capsule 

around the implant 
Bioactive Tissue forms an interfacial bond with the 

implant 
Dissolution of implant Tissue replaces implant 

 
An implant that is toxic and kills the surrounding tissue is normally some-
thing that must be avoided. The biologically nearly inert reaction, that causes 
a fibrous capsule to develop, is the most common type of implant-tissue 
response. This capsule is a protective response designed to “seal” off the 
implant from the tissue, and its thickness varies with the set of parameters in 
connexion with both the tissue and the implant [2]. The bioactive reaction 
forms a bond across the interface between implant and tissue, i.e. a bioactive 
interface. Such a bond has several important benefits with the most impor-
tant being that the bond prevents movement between the two connected ma-
terials and that the interface mimics the type of interface formed when natu-
ral tissues repair themselves. For such a bond to be formed the implanted 
material is required to have a certain rate of chemical activity. An important 
characteristic of a bioactive interface is that it changes with time, as do natu-
ral tissues, which are in a state of dynamic equilibrium. A specific case of 
bioactive interface occurs when the chemical change at the interface is suffi-
ciently rapid, upon which the material dissolves or resorbs and is subse-
quently replaced by the surrounding tissue. A material displaying such be-
havior when implanted is termed a resorbable material. The resorption rate, 
i.e. the time it takes for the implant to be replaced by tissue, may vary within 
a wide time span depending on the material system chosen. An implant is 
designed to attach to the tissue by a certain mechanism. Again these mecha-
nisms can be divided into four different categories [2]; Mechanical interlock-
ing, ingrowth of tissues into pores, interfacial bonding with tissues and re-
placement with tissues. The type of attachment that will be established upon 
implantation is contingent upon the same set of parameters, on both the tis-
sue and implant side, as first determined the implant – tissue response. A 
more complete understanding of the implant – tissue response or mechanism 
of attachment requires a deeper knowledge of the tissue architecture and the 
biological processes.  However, these processes will not be discussed further 
in this thesis.   
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1.1.1 Chemically bonded ceramics – CBCs 
Chemically bonded ceramics, are ceramics produced by chemical reactions 
at “low” temperatures, generally by combining a powder and a liquid [3]. 
CBCs form a subgroup of ceramics comprising five main groups; Ca-
phosphates, Ca-silicates, Ca-aluminates, Ca-carbonates and Ca-sulphates. 
All of these are used as bioceramics chiefly as injectable pastes in a range of 
applications. Use of these material systems as injectable pastes makes it pos-
sible to use “ceramics” in applications where traditionally chiefly polymers 
have been employed. All the five systems have their distinct characteristics 
and features, e.g. Ca-sulphates generally resorbs quickly, Ca-phosphates are 
bioactive and Ca-aluminates are strong, meaning, in tum, that these systems 
are suitable for different applications. This thesis deals principally with the 
calcium-aluminate system. The calcium-aluminate system has two inherent 
features that make it more suitable then the others for load bearing applica-
tions, e.g. dentistry or treatment of vertebral compression fractures. It has a 
high consumption and turnover of water during the setting and maturing 
reaction and sets comparatively fast. The high water turnover gives the sys-
tem a potentially high strength – several times that of normal Ca-phosphate – 
and it also allows for wide variations in consistency and formulation compo-
sition, making it possible to design materials for a broad range of applica-
tions. The fast setting is a crucial feature when the material is to be used in 
dentistry. In addition the material, as do also the other CBCs, has good bio-
compatible properties as well as a possible bioactive mode of interface reac-
tion with tissue.  

 

1.1.2 Biocompatibility studies 
In this thesis no specific work on the biocompatibility of CA will be pre-
sented. Biocompatibility is of great importance for the functionality and 
safety of a biomaterial when used in the body. In order to minimize the risk 
that potentially harmful materials and devices are used on humans, a rigor-
ous set of rules, guidelines and standards regulates what tests regarding bio-
compatibility needs to be performed on new materials and devices. The tests 
to be performed depends on the application and range from in vitro cytotox-
icity tests to complex animal models. One particular type of tests is of spe-
cial interest for CBC materials, ion leakage tests.  Since CBC materials sets 
and harden in vivo there is always a certain amount of ion leakage into the 
surrounding tissues, which may affect the tissue to some extent.  The amount 
of leakage will depend on parameters, such as phase composition, setting 
times, additives etc.  Specifically for CA the amount of Al-ions is crucial to 
control. CA generally has a low leakage since the material has a short setting 
time and good cohesiveness. Since the material is basic all Al-ions will be in 
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the form of Al(OH)4
-. Studies has been performed on CA both for dentistry 

and orthopedics showing that the level of Al-leakage is very low and should 
be of no concern [4]. Specifically in dentistry applications, the amount of 
material used is so small that the amount of ions that leaks out is well below 
the levels that a normal person would digest from drinking water.   

1.2 Aim of the thesis 
The overall objective has been design and evaluation of material formula-

tions intended either for dentistry or vertebroplastic as well as synthesis of 
the CA raw material. This thesis deals with calcium-aluminate as biomaterial 
in a relatively wide perspective. It aims at giving the basics of CA reaction 
chemistry and how it relates to its use as biomaterial. It covers synthesis of 
the CA raw material and the special considerations needed when the CA is 
intended as a medical device. Work is presented on a model intended to aid 
in the design of new injectable CA-formulations as well as general design 
parameters. The surface reactions of CA in bodyfluid are dealt with in some 
detail and in vitro testing of formulations intended for dentistry and verte-
broplastic has been performed. In the in vitro testing part also a thorough 
discussion, based on the tests performed, about how CA and CA-like materi-
als should be handled and tested in vitro is held.   
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2 The Calcium-Aluminate System 

2.1 Synthesis and Manufacturing 

2.1.1 Synthesis routes 
The calcium-aluminate system is often displayed as part of the ternary sys-
tem of CaO –  SiO2 – Al2O3 and contains five stable phases part from the 
CaO and Al2O3 phases, see Fig 1 and 2. Using cement notation the phases 
are denoted C3A, C12A7, CA, CA2, CA6 from the lime rich end towards alu-
mina. This phase-diagram is only valid in ambient air that contains moisture. 
In a dry atmosphere the diagram is altered, the clearest difference being that 
no formation of the C12A7 phase occurs while the orthorhombic C5A3 is 
formed [5, 6].   

 

 
Figure 1.The ternary phase diagram of the CaO-Al2O3-SiO2 system in air at 1 atm 
pressure 
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Figure 2. The binary CaO-Al2O3 system  at 1 atm pressure in air. 

There are several routes for synthesis of calcium-aluminate phases. These 
range from high temperature solid-state synthesis, using bauxite and lime to 
sol–gel and combustion synthesis with highly specified raw materials [7, 8]. 
Clearly, the choice of route will depend on the desired end-product and the 
application in which it is to be used. The principal usage of CACs is as con-
struction cements and concretes and as various cement linings. The composi-
tion of these cements is a mixture of different calcium-aluminate and cal-
cium-aluminate-ferrite phases, and contains many other contaminants due to 
naturally occurring raw mineral materials. Most frequently, the main reactive 
phase is the monocalcium-aluminate, CA. When manufacturing CACs, a 
high-temperature synthesis is used, in which the raw materials, bauxite and 
limestone, are fed into the top of a rotary kiln where they react during melt-
ing, after which the product is tapped and cooled in the lower part of the kiln 
[9]. In certain special applications where demands on precise reaction con-
trol and purity are high, e.g., for medical applications, it is necessary to use 
high-purity raw materials in a highly specified process to achieve exactly the 
same result every time. It is in these applications where the other synthesis 
routes, besides high temperature burning of minerals may be applicable. 
Both sol-gel and combustion synthesis feature well-defined phases with con-
trollable particle size Problems may, however, arise when the processes need 
to be scaled-up and demands for cost-effectiveness mount. In this thesis, all 
the calcium-aluminate was synthesized via a high-temperature solid-state 
reaction route using high-purity raw materials with highly specified proper-
ties. The raw materials – pure CaO or CaCO3 and Al2O3 – were first inti-
mately mixed and then sintered at elevated temperatures (1300–1500°C). 
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2.1.2 Phase and microstructure development during synthesis 
(paper I) 

The phase formation of Ca-aluminates has been the subject of several stud-
ies. While most studies, in many respects, reveal a consensus of opinion, 
they have also led to differing conclusions. Williamson and Glasser [10] 
concluded that for 1:1 mixtures of CaCO3 and Al2O3, heated for 3–120h at 
1045–1405°C, no specific phase is preferentially formed as a first, non-
equilibrium reaction product. They were unable to determine diffusion 
mechanisms since they judged the samples to contain inhomogeneous re-
gions that were probably larger than the diffusing distance of ions. In a later 
study, Singh et al [11] studied the formation kinetics in the temperature 
range 1200–1460°C using mixtures of CaO and Al2O3. They found that all 
stable aluminates are formed at the outset, but as the reaction proceeds, some 
disappear and the levels of equilibrium phases increase. The lime-rich phases 
C3A and C12A7 were found during the early stages of heat treatments at 1250 
and 1300°C and then decreased with time. The proportion of CA2 observed 
was little, and decreased more slowly with time. Their conclusions were that 
lime-rich phases form quickly and then combine with alumina, and that CA 
in 1:1 mixtures is not formed by direct reaction between CaO and Al2O3 but 
proceeds by conversion of reaction intermediates. A further study was car-
ried out by Mohamed and Sharp [12] at temperatures 1150–1400°C and us-
ing mixtures of CaCO3 and Al2O3. They concluded that their findings were 
in closer agreement with those of Williamson and Glasser, but also that C3A 
and C12A7 are to be considered intermediates in the formation of CA, 
whereas CA2 is formed via an initial side reaction. 
In Paper I the formation of CA through high-temperature solid-state reaction 
was investigated using a number of techniques. Phase composition was de-
termined using X-Ray Powder Diffraction (XRPD) and the Rietveld refining 
method. The micro-structure was examined by means of Scanning electron 
microscopy (SEM) and Transmission electron microscopy (TEM). Firstly, 
the phase diagram determined by [6] was confirmed by synthesis of the pure 
phases in the system and Rietveld analysis. All phases could be synthesized 
and the C12A7 composition, within the limits of the study, was confirmed to 
be C12A7 and not C11.3A7 as suggested by [13]. All experiments were con-
ducted using CaCO3 and Al2O3 as starting materials. These were mixed and 
pressed into tablets that were heat-treated using different schemes. All ex-
periments included a holding step at 900°C allowing the CaCO3 to decom-
pose and release the CO2 in the gas phase. Altering the holding time at 
900°C did not alter the final phase composition. However it could be con-
cluded that at 900°C the only phase formed is a meta-stable orthorhom-
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bic/hexagonal modification of CA. This also means that CA is the first phase 
to form. The finding, that CA is the dominating phase to form at lower tem-
peratures, is supported by studies in[14] but contradicted in [15], where only 
C12A7 is found in this temperature range. However, the choice of raw materi-
als, their particle sizes and choice of mixing methods distinguish these stud-
ies and could explain the different results. The phase formation detected 
after treatment at higher temperatures (1300, 1400 and 1500°C) agreed with 
all the other studies, and mean that the levels of C12A7 and CA2 decreased 
while the CA increased with increasing temperature and time. The micro-
structure that developed in samples after different treatments is shown in Fig 
3 – 5.  

 
Figure 3.  BSE image of sample heat-treated at 1400 C for 4.5h. The black areas are 
pores filled with embedding resin 
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Figure 4. BSE images of sample heat-treated at 1300 C for 1h 

 

 
Figure 5. BSE image of sample heat-treated at 1500 C for 9h 

In order to distinguish the phases, the SEM was used in back-scattered 
mode (BSE) to provide increased contrast based on the mean atomic number 
of the compound. In Fig 5 the grey shades of the different phases can be 
seen. The typical micro-structure is made up of large porous areas of CA2 / 
A mixtures surrounded by a layer of CA2. Then, moving outwards, a zone of 
CA comes first followed by a mixture of CA and C12A7 where the C12A7 
appears as islands within the CA matrix. This structure becomes more evi-
dent when the temperature rises; compare Fig 4 and 5. The micro-structural 
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evolution found in this work corresponds well with the work of others [12, 
14], where the formation mechanism is stated to be a diffusion-controlled 
process in which Ca2+ ions diffuse into the alumina lattice and the micro-
structure is formed in distinct layers from A to C12A7. The FIB (Focused Ion 
Beam) microscope was used to make precision cuts in samples and take out 
TEM samples at the interface between the different phases. In Fig 6 the in-
terface between CA2 and CA has been imaged in scanning TEM mode. The 
image shows a sharp transition between the phases without any apparent 
diffusion gradient between them. This was also supported by energy-
dispersive X-ray microanalysis. These results imply that the phase formation 
occurs in the direction of the interface and not perpendicular to it, see Fig 7. 
Thus, the regions visible in the images A – C12A7 are the diffusion gradient 
of the reaction. This has also been shown in [14] by performing experiments 
with reaction couples. A pellet of CaO was sandwiched between two sin-
tered alumina plates. Moderate pressure was applied to the assembly and 
heat-treated at specific temperatures for different periods of time. The sam-
ples were then sectioned and imaged in the SEM. As long as the temperature 
was not high enough to cause substantial melting the different phases dis-
played well-formed / smooth even layers, showing C3A closest to CaO and 
CA2 closest to Al2O3. Only at the higher temperatures (>1300°C) was it pos-
sible to detect any CA6. 

  
Figure 6. Bright field STEM image from the interface between CA and CA2 
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Figure 7. BSE image illustrating the phase formation of CA. Generally the Ca dif-
fuses inwards to the Al rich regions. The growth of the CA phase is occurring in the 
direction of the interface. 

2.1.3 Crushing and milling, the final step 
Conventional synthesis routes, high-temperature sintering, produce an end 
product consisting of hard lumps or blocks of calcium-aluminate. To attain a 
useful powder these lumps must be crushed and milled. Calcium-aluminate 
is very hard and abrasive and exposes the crushing and milling equipment to 
severe wear. In addition to this, the process is very power-consuming. For 
ordinary applications, e.g., construction concretes, the possible contamina-
tion from crushing and grinding equipment is not a major concern. However 
for medical applications this can present a tough problem. Typically, the 
surfaces in contact with the cement in the machines are hardened steels, of-
ten corrosion-resistant. It follows that the contaminants might be elements 
such as chrome which are potentially toxic if they leak and enter the human 
body. Another problem with materials intended for dentistry is that the con-
taminants will change the color of the cement and thus affect any attempt at 
coloring the finished material with pigments. Together, these potential prob-
lems require special equipment designed for precise control and minimum 
contamination.  Crushing can be performed in a variety of ways. Common 
crusher designs offer various jaw-crushers, rotating drums with crushing-
aids or roller set-ups with adjustable distance between the rollers. Whichever 
of these is chosen, contamination levels must be kept low. This can be 
achieved by using densely sintered ceramics as counteracting surfaces. 
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Densely sintered ceramics are very abrasive-resistant and hard, and if slight 
contamination occurs, it is from the same material system as the material 
processed. The most widespread method for milling is drum milling. Typi-
cally the material is loaded into a drum together with grinding bodies of a 
hard, heavy and abrasive-resistant material. The drum is then rotated and the 
material is milled between the falling grinding bodies and the drum wall. An 
attractive alternative is to use so-called jet air-milling. This method is based 
on causing the material to be milled collide with itself under high air pres-
sure and so avoid contamination from additional materials. The main sources 
of contamination in such mills are from the walls of the milling house and 
from tubing leading the milled material to the bin. This can be solved by 
applying abrasive-resistant coatings to the interior of the mill. An additional 
benefit of jet-air mills is that they can be used as classifiers to separate frac-
tions with different particle sizes and increase the control of total particle 
size distribution in the final cement powder. 

2.2 The Reaction Chemistry of CA 
A clear understanding of the chemical reaction of CA with water – the hy-
dration process – is important since most of the cement’s properties are the 
result of hydration [9, 16, 17]. The basic principle behind the reaction of 
calcium-aluminate with water is the same as for all chemically bonded ce-
ramics. A schematic reaction route is outlined below: 

 
1. Water is used to wet a powder 
2. The powder dissolves into ions specific to each system 
3. Precipitation begins when the solubility limit for each respective hydrate 

is reached 
4. Continuous dissolution of powder and precipitation of hydrates occur 

creating a solid body 
5. “Hydration” continues as long as un-reacted powder is present and can 

access liquid or until it becomes energetically unfavorable to precipitate 
further hydrates.    

 
When hydration of calcium-aluminate occurs, a number of different hydrates 
may form depending on the reaction environment, see table 2  
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Table 2. Crystal data for the hydrates formed at hydration [17] 
Hydrate CAH10 C2AH8 C3AH6 C4AH13 �-AH3 
Mineral name ----------- ----------- Katoite ----------- Gibbsite 
Crystal system Hexagonal Hexagonal Cubic Hexagonal Monoclinic
Unit cell (Å) a = 16,44  

c = 8,31  
a = 5,7  
c = 10,7 

a = 12,573 a = 5,73 
c = 47,16 

a = 8,64 
b = 5,07 
c = 9,72 
� = 94,57o 

 
In addition to the crystalline hydrates in Table 2 an AH3-gel phase is also 
created. In the case of hydrating C3A the formation of AH3 is questionable 
since the formula suggests that only C3AH6 would be created. The gel phase 
appears as a first phase together with C2AH8 at room temperature and CAH10 
if the temperature is sufficiently low. The C4AH13 phase is not normally 
found other than in cases where special additives have been used.  
 
The hydration process is an acid-base reaction where water acts as a weak 
acid on the basic cement powder. This reaction takes place when the cement 
powder makes contact with water and starts to dissolve congruently into the 
liquid phase, forming Ca2+, Al(OH)4

- and OH- ions. When concentration 
reaches super-saturation for the meta-stable AH3-gel or C2AH8, a small 
amount of those precipitate (If the temperature is sufficiently low CAH10 
appears as the first phase). As a consequence the ion concentration drops and 
the precipitation halts. Precipitation halts and restarts during a period repre-
sented by interval A-B in Fig 8 [18].  
 

 
Figure 8. The concentration of Ca2+ and Al(OH)4

- ions during hydration. 

Eventually the Ca2+ concentration in the solution reaches a critical value of 
approximately 20 mmol/Kg at which point the Ca2+/Al(OH)4

- ratio is some-
what greater than 0.5. At this point the induction period B-B’ commences 
during which the nuclei reach critical size and the solution starts to thicken 
and becomes basic due to excess OH- ions. Among other factors, the dura-
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tion of the induction period varies with temperature, w/c ratio and the use of 
setting-controlling additives. At the end of the induction period, massive 
precipitation begins and the ionic concentration decreases, B’-C. The end of 
the induction period marks the point at which the nucleation barrier of the 
precipitating hydrates can no longer hold back the precipitation. As stated 
above, the first hydrates to appear are meta-stable and will eventually reform 
to the stables phases of the system i.e. C3AH6 and �-AH3 in a process re-
ferred to as conversion. The reason the C3AH6 does not appear initially is 
attributed to its high symmetry (cubic) and complex crystal structure. Such 
phases have higher nucleation barriers than the less symmetric, e.g. C2AH8 
(hexagonal) [19]. The hydration process is exothermic and as hydration is 
accelerated the rate of heat generation is increased which in turn helps to 
overcome the nucleation barrier. 
 
Contingent on the C/A ratio of the cement, and most importantly, on the 
temperature, different hydrates will dominate during the early hydration of 
the cement, see Table 3. 

Table 3. Dominating hydrates at different temperatures 

Temperature <20oC 20-30oC >30oC 
Dominating phases CAH10 C2AH8 and AH3 C3AH6 
 
When hydrating CA or C12A7 the following reactions may take place to cre-
ate the hydrates in Table 3 [18]: 
 
CA + 10H     � CAH10  (1) 
2CA + 11H   � C2AH8 + AH3 (2) 
3CA + 12H   � C3AH6 + 2AH3 (3) 
2 CAH10        � C2AH8 + AH3 + 9H (4) 
3 C2AH8        � 2C3AH6 + AH3 +9H (5) 
 
The �-AH3, AH3-gel and the C2AH8 phases can grow from solution without 
needing a pre-existing seed on which to grow and therefore often precipitate 
first. The CAH10 also forms early but uses anhydrous CA grains as heteroge-
neous nucleation sites. The C3AH6 phase, on the other hand, cannot grow 
directly from solution and so must be preceded by another phase or have a 
nucleation point. Once a few C3AH6 nuclei have appeared, further C3AH6 
can grow directly on these and become the predominating phase together 
with �-AH3 and AH3-gel. Since the C3AH6 and �-AH3 are thermodynamically 
favored they will grow at the expense of the other phases. How fast the pre-
cipitation of C3AH6 becomes dominant over the C2AH8 is conditional upon 
the hydration temperature. A higher temperature contributes to faster pre-
cipitation of C3AH6, and not least important, whether accelerating additives 
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are used or not. The AH3-gel is not a stable phase and is converted to crystal-
line �-AH3. This reaction is sluggish at ambient temperatures and therefore 
the AH3-gel is commonly mistaken as a stable phase.  

Conversion is a term used to denote the transformation of the meta-stable 
hydrates, e.g. C2AH8 and AH3-gel to the stable C3AH6 and �-AH3. Whether 
or not conversion occurs is totally conditional upon the temperature during 
setting and hardening. As will be explained below, when using CA in medi-
cal applications where the temperature is above 30°C and the system is usu-
ally accelerated, there will be instant precipitation of the stable phases so no 
conversion will occur. This is important since a decrease in strength coupled 
with conversion is undesirable.  

Conversion is important for the long-term performance of the cement 
since it represents an ongoing chemical and micro-structural change within 
the hardened cement body and a significant change in density, meaning a 
change in porosity. The meta-stable phases have a lower density than the 
stable phases and upon conversion, the porosity of the cement increases, 
which will have an effect on the physical and mechanical properties of the 
cement. Conditional upon the temperature and composition of the cement the 
conversion may be totally inhibited or take place from a few hours to hun-
dreds of years. The general tendency is that a low temperature and a high-
alumina original composition require long conversion times while high cal-
cium phases at higher temperature lead to rapid conversion. 

The reactivity of the different calcium-aluminate phases varies signifi-
cantly when moving from the lime-rich towards the alumina-rich side, the 
most reactive phase being C3A and then in decreasing order C12A7 > CA> 
CA2> CA6. The C3A phase reacts almost violently with water and the reac-
tion produces considerable heat, while the CA2 reacts very slowly with lim-
ited cementing properties. The CA phase is the phase that combines suffi-
cient reactivity with controllable reaction rates and is therefore the main 
reaction phase in nearly all CACs.              

After hydration, samples with the original composition will contain a mix 
of �-AH3 and C3AH6 since an excess of A is created when all C has reacted 
to C3AH6 see reaction 3 above. Three CA generate one C3AH6 and two �-
AH3. This means that when C3A reacts with water the only hydrate present at 
the end should be C3AH6. 

2.2.1 Accelerating and retarding additives 
In most applications it is desirable to control the setting of the cement paste. 
Usually, the cement reaction is accelerated to achieve faster setting and 
strength development. In some cases, however, it may be desirable to pro-
long the setting to gain sufficient time for manipulating the cement before 
setting. Alkaline Li-salts of varying kinds constitute the most common group 
of setting accelerators. Their mode of action and other differences compared 
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to other accelerators have been studied earlier by [9, 16-18, 20-23]. When 
Li+ ions are added to a CAC paste the chief reaction is that of a highly stable 
Li-aluminate, LiH(AlO2)2x5H2O, forming immediately and suppressing the 
Al(OH)4

- concentration in the solution. This will have two effects. The one is 
that it changes the precipitation chemistry so that increased amounts of 
C2AH8 are precipitated as compared with CAH10. The other, which is con-
sidered the actual accelerating effect of Li additives, is that these lithium 
aluminates act as heterogeneous nucleation points for the calcium-aluminate 
hydrates and thereby shorten the induction period. This has been shown by 
examining the solution chemistry of cement pastes and by the fact that add-
ing pre-precipitated Li-aluminate also has an accelerating effect[20]. The Li-
aluminate acting as nucleation points also means that C3AH6 may precipitate 
directly on those sites when setting occurs at higher temperatures, thereby 
avoiding precipitation of the meta-stable phases and consequently, also con-
version. A range of carboxylic acids, citric, tartaric, gluconic and their re-
spective salts are common retarding additives. The sodium salt of citric acid 
is also an efficient water reducer [18]. Their mode of action has not been 
fully explained but a fair approach to the action of citric acid is given in [20]. 
Based on solution chemistry, it is hypothesized a) that citric acid promotes 
precipitation of the AH3-gel by chelating of calcium since citric acid and its 
derivates are known to form strong stable complexes with calcium, and b) 
that the citric acid is finally precipitated with the calcium-aluminate hydrates 
as amorphous gel. The retarding action of citric acid may thus be seen as a 
result of the precipitation of a gel-coating around the cement grains which 
could either impede the dissolution and / or inhibit the growth of hydration 
products. During the course of this study, citric acid and salts of the same 
have been used in several formulations. One effect of using citric acid as a 
retarder is its detrimental effect on strength. Tests using a powder formula-
tion for use as dental cement showed that the compressive strength was de-
creased by 50% when using citric acid and citric acid sodium salt as retard-
ers as compared with tartaric acid, tartaric acid sodium salt and nitrilotriace-
tic acid. It should also be noted that the citric acid and its sodium salt had a 
markedly stronger retarding effect than the other additives tested. 

 

2.2.2 Reaction chemistry in medical applications 
The above description of the reaction chemistry for CAC is general and 

based on reactions at room temperature using “ordinary” cement pastes with 
a mixture of phases but with the CA phase as the main component. The ac-
tual properties and reaction products occurring may however be different 
depending on reaction environment and composition of the cement formula-
tion. In this work all formulations tested were intended for medical use. This 
means that all the formulations were based on virtually phase-pure CA with 
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a specified particle size distribution, giving precise reaction chemistry. The 
contents of the formulations besides CA are chosen with regard to the appli-
cation intended, e.g. inert fillers for increased radiopacity or translucency, 
rheology-controlling additives, thickeners etc. Everything that is added to the 
system besides the pure CA and water alters the reaction chemistry and gives 
the mixed materials specific properties. Since all formulations employed are 
intended for use in the human body all the tests are performed under as in 
vivo like conditions as is practically possible. This means handling samples 
over 90% RH, at 37°C and storing all test samples in phosphate-containing 
mediums. The use of phosphate-containing mediums for storage is especially 
important for the reasons explained later in this thesis. In general when test-
ing such formulations under the conditions stated, no intermediate hydrate 
phases can be detected at any point in time. This, then, means that no con-
version takes place and that the strength of these materials does not decrease 
over time but rather increases – a desired feature for a biomaterial. The rea-
sons for this behavior may be many, the most prominent being the extremely 
small particle size of the CA, the size of the filler particles and the environ-
mental conditions used for testing. 

2.3 Predicting Strength in CAC Systems Based on 
Reaction Chemistry (Paper II) 

CAC is to be regarded as a brittle (linear elastic) or at least quasi-brittle ma-
terial [24, 25]. With regard to mechanical properties, this means that the 
strength is ultimately dependent on the amount and characteristics of the 
overall porosity. The mechanical property most widely used for characteriz-
ing cements and concretes is compressive strength (CS). This is measured by 
loading a cube or cylinder of a given size until failure under a constant load-
ing rate. When measuring CS, strength will vary according to the size and 
overall distribution of porosities in the sample. If for instance flexural 
strength is measured, the strength is determined by the size of the largest 
defect under load [26]. In all, this means that it is very important to minimize 
the size and amount of pores in the cement to achieve high strength and du-
rability. This strength-porosity ratio has also been confirmed specifically for 
calcium-aluminate pastes in [27].  A number of parameters influence poros-
ity, the two most important being the w/c ratio and the level of entrained air 
in the cement paste. Equally important to keep in mind is the setting and 
hardening environment of the cement. This is because this can influence the 
extent to which conversion will take place over time. The entrained air is 
predominantly introduced while mixing the cement and can be minimized by 
choosing an appropriate mixing method or by vibrating the cement during 
placement. The w/c ratio used for mixing the paste is the most important 
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factor for the strength of the cement and concrete. Conditional upon the ce-
ment phases present in the formulation it is possible to calculate a theoretical 
w/c ratio where all the cement will be hydrated using all the water. Based on 
the phase composition, it is also possible to calculate in which of the w/c 
ratios minimum porosity will appear. At first glance this rather simple rela-
tionship can be utilized to predict the residual porosity, and hence, strength, 
of a given cement or concrete formulation. Extensive work on theoretical 
models for these kinds of predictions has been done and experimentally veri-
fied for Portland cements in [28-31]. Some work has also been conducted 
using calcium-aluminate cements in these publications. If used in phase-pure 
forms calcium-aluminate has an advantage over Portland cements when cre-
ating these models, in that it is easier to predict the final hydration products. 
Based on the earlier works of others, and applying these results to low w/c 
ratio phase-pure calcium-aluminate systems subjected to continuous hydra-
tion, in Paper II a theoretical model was developed and verified experimen-
tally.   
 The paper is divided into two parts. In the first part a model is set up based 
on earlier work done by others [28-31]. The second part is experimental 
where model experiments have been performed to support the theoretical 
model. In this model a number of assumptions were used: 

 
1. The system contains only phase pure CA and inert 

fillers 
2. Hydration will be complete, leaving only katoite and 

gibbsite as end products 
3. The system is not accelerated 
4. There will be a certain degree of internal porosity 

present in the hydrates of the end product. 
5. It is a low w/c system and the hardening environment 

allows for continuous hydration, meaning free acces-
sible water during hardening.  

  
Assumption 1 makes it possible to omit the fillers from the modelling since 
they will not affect the chemistry of the material. Assumptions 2 and 3 sim-
plify the calculation of water consumption and density changes. Assumption 
4 relates to a discovery by T.C. Powers [28] that in the formed hydrates of 
Portland cements trapped water exists which cannot be utilised for further 
hydration of un-reacted cement. This means that there will always be a cer-
tain degree of porosity in the final hydrates. This porosity is very difficult to 
measure. However, depending on the method used, estimations can be made 
on the part of this porosity that is measurable. Assumption 5 is the most im-
portant in this work. This means that the water initially added is not suffi-
cient to hydrate all the CA, and that hydration of the CA takes place in two 
distinct processes. The first is the initial hydration using the water added to 
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the paste, creating a porous matrix of hydrates. The second process, using 
the water from the hardening environment entering the pores, creates denser 
hydrates on the surface of the cement grains. This mode of hydration in two 
distinct processes was first described in [32] and in this work has been used 
to present a view on how it affects the theories developed earlier. The result-
ing curves with regard to how the fraction of remaining pore volume relates 
to initial w/c ratio can be viewed in Fig 9. The uppermost dotted line is a 
model that does not take into account the internal pores of the hydrates. The 
middle line shows where the “breaking point” would be situated when in-
cluding these pores in the model. The lower curve shows how both the inter-
nal pores and the affect of continuous hydration in a second step have been 
considered. As can be seen from the curves, it is important to consider the 
internal porosity and the continuous hydration in order to make a proper 
prediction since both parameters considerably alter the position and shape of 
the curve.   

 
Figure 9. : uppermost line shows the original model. The middle line is the model 
accounting for internal pores and the lower line is the model accounting for both 
internal pores and continuous hydration.   

This model was tested using a model system with tablets of phase-pure CA 
and inert filler compacted by means of cold isostatic pressing to specified 
compaction degrees. Twelve filler amounts ranging from 0 to 75% (volume) 
were used and compacted to three degrees of compaction. The pressing 
method in combination with the characteristics of the powder limited the 
choice of compaction degrees to 53, 57 and 62%. The tablets were saturated 
with water and either directly sealed with plastic film for measuring the first 
hydration process or placed in water and stored at 70°C for measuring the 
second hydration process. After storage the samples were placed in ethanol 
to abort any on-going hydration. Thereafter the samples were treated in a 
number of steps for determining their porosity. For the samples with a com-
paction degree of 62% the micro-structure was studied in SEM and the 
Vickers hardness, measured.  
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The porosity results for a compaction degree of 57% are shown in Fig 10 
and the hardness values for the 62% compaction degree in Fig 11.   

 
Figure 10. : The results of the porosity measurements for a compaction degree of 
57% plotted against cement content (practically the same as plotting porosity against 
w/c ratio). 

 
Figure 11. : Hardness values for a compaction degree of 62% plotted against cement 
content (w/c ratio) 

The porosity measured for a compaction degree of 57% follows the theoreti-
cal model well, which was also the case of a 53% compaction degree. How-
ever, for 62% the agreement was not as favourable. This could be due to the 
porosity measurement method chosen. Hardness results follow the theoreti-
cal prediction very well. When the “knee” in w/c ratio is passed, hardness 
drops dramatically. The standard errors in the hardness measurements are 
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rather high due chiefly to difficulties focusing the hardness-tester on the 
rather porous and transparent cement surface. The conclusions of the paper 
are the following: 
 

� A semi-empirical model has been developed for the 
prediction of the porosity of low w/c calcium-
aluminate cement pastes subjected to continuous hy-
dration as a function of composition and initial w/c 

� A model system was tested – cements based on CA 
and glass fillers – and showed that the model could 
predict the porosity. 

 

2.4 Design Considerations for Injectable Calcium-
Aluminate Based Biomaterials 

The theoretical model discussed above can be broadened to predict more 
complex material formulations containing a number of calcium-aluminate 
phases as long as the basic assumptions of non-retarded systems and con-
tinuous hydration remain valid. It follows, when developing a formulation it 
is possible to predict the optimal w/c ratio and approximate strength with 
varying phase compositions of the formulation. Obviously, the calcium-
aluminate is only one part of a formulation; fillers are always necessary to 
achieve specific properties, such as radiopacity, optimal hydration, hardness, 
wear-resistance, translucency etc. When working with ordinary cements for 
construction, fillers are usually gravel and sand with singularly specific 
properties depending on the application of the resulting concrete. Ceramics 
and glasses are preferably used as fillers in biomaterials. Fillers must be 
compatible with the cement, meaning that the interfacial bonds between 
cement and filler become as strong as possible. Adding fillers means that the 
amount of water that can be added while retaining an acceptable porosity 
level, decreases. In turn, this leads to other additives having to be added to 
achieve injectable cement while keeping the w/c ratio low. In the case of 
materials used for medical applications, choosing these additives can be 
rather difficult. In addition to their function as dispersing agents and/or wa-
ter-reducing agents they must necessarily be biocompatible.  This extra de-
mand, as compared with normal construction cements and concretes, dis-
qualifies the majority of industrial products developed for these applications 
and means that new alternatives must be found which function adequately 
with calcium-aluminate. The particle size distributions (PSD) of the formula-
tion components are extremely important. Not only should the PSD of the 
cement be optimized with regard to reaction rates, but there might also be 
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application-specific requirements as to the largest allowable grains etc. The 
match between the PSD of the cement and the fillers should be such that a 
homogeneous micro-structure is created upon hydration to achieve optimum 
strength. Another complicating factor is that when used for medical applica-
tion, the demands on the “container” in which the formulation is delivered to 
the end-user can be very high. In some cases it must be suitable for steriliza-
tion and always be compatible with other systems that are needed for com-
pleting the procedure. Thus, when developing the formulation, considera-
tions such as ‘How can the packaging be sterilized?’ or ‘Is this powder-
capsule suitable for high-precision filling accounted for’?  must be borne in 
mind.      
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3 Bioactivity of Biomaterials  

3.1 Bioactivity In vivo and In vitro 
During the 1970s a new group of biomaterials was discovered. These were 
the so-called bioactive glasses based on glass containing oxide mixtures of 
CaO-P2O5-Na2O-SiO2 in specified portions [33]. Bioactive glasses showed 
the remarkable feature of forming a direct bond to living tissue and the new 
material was announced as “Bioactive.” The definition of a bioactive mate-
rial follows [34] : 

“A bioactive material is one that elicits a specific response at the interface of 
the material which results in the formation of a bond between the tissues and 
the material” 

 
This class of biomaterials falls between the nearly-inert materials and the 

resorbable materials and is termed bioactive resides. These materials have 
the ability to create an interfacial chemical bond with living tissue, a bond 
that is often equally as strong, or stronger, than bone [35]. Since the living 
tissue bonds with the material, no problem occurs with encapsulation, and 
the anchoring effect becomes strong. This, in turn, suggests that the survival 
time of the implant should be prolonged. Many load-bearing medical devices 
rely purely on mechanical retention. This is not an optimal solution and is 
considered the reason for failure and a shortened lifespan for many implants. 
Problems especially arise if a fibrous layer is created between the implant 
and the tissue, allowing micro-movements of the flexible fibrous interface 
and causing loosening of the implant. If, however, a strong, non-flexible and 
uniform, interfacial chemical bond were to be created between the tissues 
and implanted material, this problem could be avoided in many cases. The 
failure-rate would diminish and the expected lifespan would increase. As 
mentioned above, a material displaying this ability to actually create a 
chemical bond to living tissue is classified as bioactive. The bioactive mate-
rials first discovered, and hence, most widely studied were the bioactive 
glasses. The chemical processes occurring on the surface of bioactive glasses 
when exposed to blood plasma or simulated body fluid have been exten-
sively studied and provide some insights into the mechanisms behind bioac-
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tivity that, in turn, can be applied when studying other material systems. At 
this point, it is appropriate to introduce the concepts of in vitro and in vivo 
bioactivity. In vivo bioactivity is, as the term implies, the bioactivity of a 
material when implanted in the body. A definition of the level of in vivo 
bioactivity for a specific material was proposed by Hench in 1988 [33]. This 
definition takes into consideration the time consumed for more than 50% of 
the interface to be bonded to bone. An index of bioactivity can thus be calcu-
lated via: 
 

bb
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�     (1) 

 
– where t0.5bb is the time it takes for over 50% of the material surface to be 
bonded to bone. This index allows for ranking bioactive materials according 
to their rate of bioactivity. In vitro bioactivity is defined as the ability of a 
material to cerate apatite on its surface when submerged in SBF. This ability, 
and the time it takes for the surface of the material to be covered with apatite 
is tested when measuring in vitro bioactivity. Determining the in vitro bioac-
tivity of a material is the first step in determining whether or not the material 
is in vivo bioactive. The mechanism for in vivo bioactivity described below 
implies that a crucial prerequisite for a bioactive material is that the material 
induces calcium-hydroxyapatite (HA) nucleation and growth on its surface. 
From here on, the term ‘bioactivity’ will be reserved for in vivo bioactivity.  

3.1.1 Mechanisms of bioactivity 
The overall mechanism of how a specific material bonds to living tissues 
varies with the bioactive materials, with, however, one all-important similar-
ity. Common to all known bioactive materials, a layer of biologically active 
HA is formed on the surface when introduced into the body [33, 36]. Since 
the rigid mineral part of bones and teeth consists of nano-sized HA crystals, 
a layer of the same substance, in turn, has the ability to bind to both the im-
planted material and the bone. Hence, the in vitro study of surface apatite 
formation in a simulated body fluid (SBF) has proven useful as a first test of 
bioactivity. The simulated body fluid is a solution of inorganic salts com-
posed to mimic the ionic composition and concentration of blood plasma. 
Several similar studies of different materials have already been performed 
and proposals for the underlying mechanisms have been presented. It has 
also been shown that the alteration of a bioactive material that causes it to 
lose its HA-producing capability in vitro in SBF also causes it to cease being 
bioactive [37]. 



 37

3.1.1.1 Hydroxyapatite 
Since HA comprises such a crucial part of the bioactivity concept it would 
seem appropriate to present a short overview of this material.  
 HA is the mineral component of hard tissue such as bone, dentine and 
enamel. Several apatites exist, the most common of  them belonging to a 
group of crystalline calcium phosphates. The general stoichiometric formula, 
Ca10(PO4)6X2 includes flourapatite (X=F), chlorapatite (X=Cl) and HA 
(X=OH) [38]. Perhaps the most important form of calcium-apatite is 
“Carbo”-apatite, usually referred to as biological apatite and is the predomi-
nating apatite phase in all human hard tissue [39]. Carbo-apatite is a CO3-
substituted apatite where the CO3 may either substitute the OH-group or the 
PO4-group. Depending on where the CO3 group is situated the apatite is clas-
sified as either Type A or Type B-substituted carbo-apatite, giving different 
alterations to the crystal structure and, hence, also different physical proper-
ties, such as solubility. The most common crystal structure of apatite is hex-
agonal with lattice parameters a=b=9.432 Å and c=6.881 Å [40]. 
Stoichiometric apatite has a Ca/P ratio of 1.67, a fact that can be used in 
apatite detection with, for instance, energy dispersive X-ray spectroscopy. 
HA is the least soluble of all calcium-phosphates with the exception of fluor-
apatite, at pH values above 4.2, (see Table 4). The practical consequence of 
this is that all other calcium-phosphate compounds formed will eventually 
convert into HA, given that the pH is sufficiently high, that the ion concen-
tration ratio is adequate and that it all takes place in solution. The great im-
portance of HA in this area of bioactivity is due to the biological equivalence 
of the inorganic constituents of bone. An HA-layer formed on a material is 
recognized by the body as ‘itself’ and will not be covered by a fibrous layer. 
The layer of apatitic crystals is then able to bond to the hard tissue, thus ren-
dering the material bioactive. The bond will, in turn, eliminate the occur-
rence of micro motion between the bone and implant, and so prevent a fi-
brous capsule to develop over time.   

 

Table 4. Solubility of different calcium phosphates 

Calciumphosphate Ksp Ca conc at equilibrium 
(moles) 

Octacalcium phosphate 2 * 10-49 1.08 * 10-6 

Tricalcium phosphate 2.83 * 10-30 1.45 * 10-6 
Brushite 2.32 * 10-7 4.8 * 10-4 
Hydroxy apatite 2.34 * 10-59 4.36 * 10-7 
Fluoro apatite 3.16 * 10-60 3.47 * 10-7 
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3.1.1.2 Growth of hydroxyapatite layer 
Before any of the previously described host reactions to foreign materials 
can occur, plenty of reactions take place. In seconds, any surface inserted 
into the body will be covered by adsorbed proteins [41] . Even prior to that 
there is a short period of time when ions, water and other small molecules 
from the blood plasma make contact and interact with the naked surface 
[42]. These interactions are able to alter the surface in many ways via proc-
esses such as dissolution, reconstruction and the formation of crystals from 
ions of the plasma [43]. Since the discovery of the first bioactive glass, many 
studies have been conducted in order to disclose the reactions that evoke the 
surface to grow an HA-layer, and a theory has been presented. This is sum-
marized in Table 1 and shows the sequence of processes involved in creating 
an interfacial bond between a bioactive glass and bone as proposed by Larry 
L. Hench [33, 44]. Table 5 presents the process for bioactive glasses, how-
ever, the sequences for other bioactive materials are very similar. Step 1 
results in the creation of OH-bonds on the material surface and it has been 
proposed that these bonds constitute one of the most vital prerequisites for 
the formation of interfacial HA. The initial reaction pathway for the forma-
tion of these OH-bonds varies with the material. Calcium-aluminate can be 
taken as an example. It can be hypothesized that instead of creating Si-OH, 
reactions leading to Al-OH bonds would take place and steps 3 through 10 in 
Table 5 would then be the same as for a bioactive glass. The possible bioac-
tivity and reactions of calcium-aluminate in body fluids are presented later in 
this thesis. 

Table 5. The 10 steps of interface reactions between a bioactive glass and tissue 

Step Interfacial Reaction bioactive glass 
1 Formation of SiOH bonds 
2 Polycondensation of SiOH 
3 Adsorption of Ca2+, PO4

3-, CO3
2-, creat-

ing amorphous Ca-phosphates 
4 Crystallisation of apatite 
5 Adsorption of biological moieties in the 

apatite layer 
6 Action of Macrophages 
7 Attachment of stem cells 
8 Differentiation of stem cells 
9 Generation of extra cellular matrix 

10 Crystallisation of extra cellular matrix 
 
 
Steps 1 – 4 in Table 5 cover the inorganic chemical reactions that give rise to 
an HA-layer on a bioactive glass surface as described below. Steps 6–10 are 
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biological reactions utilised inside the body to regenerate bone. In both 
cases—implanted bioactive materials and normal bone regeneration—these 
reactions take place continuously.  
 
Step 1 

Utilizing two separate mechanisms, Si-OH groups are formed on the bio-
glass surface: via ion exchange between Na+, H3O+ and OH- and via hydra-
tion of the Si-O-Si glass network [45]. 
 
Step 2 

Via condensation and re-polymerization a SiO2-rich layer is formed at the 
surface. The layer is depleted of alkalis and alkaline earth cat-ions [45].        
 
Step 3 

The iso-electric point, (point of zero charge) is defined as the pH where a 
surface shows a net charge of zero. When pH rises above the iso-electric 
point the surface becomes negatively charged and vice versa. Since the pH 
of both body-fluid and SBF (7.4) is much higher than the iso-electric point 
of silica (2.0),[46], the surface becomes negatively charged. This is accom-
plished by forming Si-O through dissociation between some of the Si-OH 
groups and OH- from the fluid. Further on the negative surface attracts posi-
tively charged Ca2+ ions from the fluid and forms an amorphous calcium 
silicate. The glass surface is hereby assumed to attain a positive charge since 
the next reaction to take place is adsorption of PO4

3- and CO3
2- whereupon 

the formation of amorphous calcium carbonate phosphate with a low Ca/P 
ratio occurs [35, 47]  
 
Step 4 

Apatite is the calcium-phosphate with the lowest solubility with respect to 
water at pH 7.4 and therefore the amorphous calcium-phosphate on the sur-
face of the glass increases in Ca/P ratio until it reaches 1.67, the stoichiomet-
ric ratio of apatite. Eventually the calcium-phosphate crystallizes into apa-
tite. Once formed, apatite continues to grow in the super-saturated SBF con-
suming calcium and phosphate ions. Even though SBF is supersaturated with 
respect to apatite, precipitation does not occur without chemical stimulus due 
to the high energy needed to form critical nuclei [46]. In time, a bone-like 
HA is formed with incorporated minor ions such as sodium, magnesium and 
carbonate [48] 
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3.1.2 Mechanisms of bioactivity for injectable materials 
The above description of the bioactivity mechanism is a general description 
applicable to materials implanted into the body in their final form. But what 
happens when a material that undergoes chemical setting and hardening in 
situ is injected into the body’s hard tissue? As a model system for discus-
sion, the CA system will be used although not proven to be bioactive under 
the definitions used here. The most obvious difference would be the rate of 
reaction of the material. When, for instance, a bioactive glass is implanted, 
all the reactions take place at the surface. If a paste made of CA and water is 
injected, a massive chemical reaction takes place throughout the entire paste. 
Recalling the above description of CA-setting chemistry the CA will dis-
solve creating Ca2+, Al(OH)4

- and OH- ions, creating increased pH around 
the injected material. If CA were allowed to set and harden in a moist envi-
ronment the end products would be katoite and gibbsite. However in the 
presence of body-fluid containing other ions e.g. PO4

3-, HPO4
2- and CO3

2- , 
the composition of the end products, at least at the surface, will be different. 

3.1.2.1 Dynamics in the reactions of CA in body fluids 
Several parameters affect the types of crystallites that are precipitated 

from a saturated salt solution, the most prominent being ion concentration, 
solubility of the precipitated salts and pH. The solubility products of the two 
principal end-products of hydrated CA are as follows: Gibbsite has a pKs = 
32.3, hence the solubility of the different ions is approximately 10nM at a 
neutral pH. Katoite has a pKs of about 22.3 [49], meaning a solubility of 
3mM of the individual ions in pure water. If any of the ions, e.g., Ca2+ is 
present in the solution, the solubility of the ions is suppressed. The phos-
phate content in body-fluids is present as equilibrium components in the 
H3PO4 system with pK1= 2.2, pK2= 7.2 and pK3= 12.3, meaning that at neu-
tral pH, the HPO4

2- is the dominant ion and that PO4
3- is dominant at pH > 

12.3. This does not, however, mean that there is no PO4
3- present at neutral 

pH, but that the amounts are small. Precipitation of apatite according to [50], 
reaction 6, will drive the equilibrium towards more PO4

3- : 
 
5 Ca2+ + 3 PO4

3- + OH-    =>   Ca5(PO4)3(OH)                        (6)            
 

HA has a pKs of 58, which gives a solubility of the individual ions of 300nM 
in pure water. According to [51] the solubility of calcium is below 1*10-5 at 
a pH of about 8.5 suggesting that apatite can be precipitated even in fluids 
where the phosphate concentration is very low as long as Ca2+ ions are pre-
sent and the pH is increased. Of note, is that when reacting in liquid, CA 
provides both CA2+ and a high pH. Furthermore it has been suggested by[52, 
53] that the following reaction occurs in the presence of a proton acceptor, 
see (7): 
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10 Ca2+ + 6 HPO4

2- + 2 H2O    =>   Ca10(PO4)6(OH)2 + 8H+   (7)                      
 

Such a reaction may be seen as a mild defense mechanism where the body 
neutralizes basic pH by producing HA. Introducing hydrating CA in such a 
system would then trigger the following chain of reactions (8 - 10): 

 
H2PO4

- + OH- => HPO4
2- + H2O           (8) 

 
HPO4

2- + OH- => PO4
3- + H2O           (9) 

 
5 Ca2+ + 3 PO4

3- + OH- => Ca5 (PO4)3 (OH)          (10) 
 

The above reactions imply that hydrating CA in body-fluid promotes the 
precipitation of apatite. It can also easily be hypothesized that based on solu-
bility and pH, hydrated CA in the form of gibbsite and katoite may convert 
into gibbsite and apatite when in contact with body-fluid, according to reac-
tion (11). 

 
Ca3 (Al(OH)4)2 (OH)4 + 2 Ca2+ + HPO4

2- + 2 H2PO4- => 
 
Ca5 (PO4)3 (OH) + 2 Al(OH)3 + 5 H2O                                   (11) 
   

Another important reaction to take into consideration in this context is cal-
cium-carbonate precipitation. In a living system oxygen is consumed and 
carbon dioxide is produced by the cells. The CO2 is partly dissolved as a gas 
in body-fluids but is also present as HCO3

- ions. If a higher pH is locally 
introduced, e.g. the surface of hydrating CA, CO3

2- ions are produced and 
CaCO3 can precipitate. 

The sets of possible reactions presented above suggest that when intro-
ducing CA into a system containing body-fluids e.g. saliva and blood, an 
interfacial zone containing a mixture of the precipitation products will be 
created closest to the biological environment. Moving into the bulk of the 
CA, the katoite and gibbsite will become the dominant phases. 

3.1.3 In vitro bioactivity testing of calcium-aluminate (Papers 
III and IV) 

The in vitro bioactivity of various injectable materials has been tested,  
(Papers III and IV). Among them are several formulations based on CA. The 
testing methodology was based on a proposed ISO standard for testing bio-
activity [54]. In addition to testing CA-based formulations, controls contain-
ing no CA were used. The formulations tested, their main components and 
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their intended area of application can be seen in table 6. The in vitro bioac-
tivity of CA has been confirmed earlier by others [55, 56]. 

Table 6. The notations used for respective formulation in the papers, their principal 
components and intended area of application  

Material notation in 
paper 

Tested in 
paper 

Principal  
components 

Intended  
application 

CA 1 III CA, inert glass filler Dental cement 
CA 2 III CA, Glass Ionomer* Dental cement 
GIC III Glass Ionomer Dental cement 
CA-based cement IV CA, zirconia filler VCF repair 
Ca-phosphate cement IV Ca-phosphate Bone void filler 
Ca-silicate cement IV C3S Bone void filler 

* Standard glass ionomers consist of: polyacrylic acid, tartaric acid and 
acid soluble glass  

 
The materials were mixed and molded into rectangular-shaped samples. 

After setting, they were placed in 50 ml centrifugal vials containing PBS.  
The samples were stored at 37°C for various periods of time before being 
removed, carefully rinsed and analyzed using an array of techniques includ-
ing: SEM, EDX, TEM, HR-TEM, ED and GI-XRD.  

All CA-based formulations showed apatite formation on their surfaces. 
The time period for creating the apatite layer as well as the crystallinity and 
thickness of the layer varied somewhat relative to the overall formulation. 
As an example, the CA2 formulation, where the CA is mixed with an acidic 
system (GIC), needed more than 24hrs to form a crystalline apatite detect-
able with XRD, see Fig 18. The CA1 formulation showed crystalline apatite 
already after 24 hours, see Fig 17 and the GIC lacked crystalline species 
throughout the test period, see Fig 19. Also the shape of the apatite crystals 
where different on CA2 compared to the crystals on other CA based formu-
lations, see Fig 14. Some examples of the results from the SEM study can be 
seen in Fig 12 – 14. 

 
 



 43

 
  a)                   b)  

Figure 12. a) CA1 after 1h in PBS b) CA1 after 24 h in PBS 

 
a)                     b) 

Figure 13. SEM of CA2 a) after 1h in PBS b) after 7 days in PBS 

 
a)                    b) 
Figure 14.  SEM of a) CA1 after 4 weeks in PBS  b) CA2 after 4 weeks in PBS 
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The surface layer on CA2 was analyzed in TEM with ED and confirmed to 
be HA, See Fig 15b. To further confirm that the layer was HA HRTEM was 
performed. In Fig 16 HA crystals has been identified and the 002 lattice 
plane is shown. Moreover, the surface layer on CA1 was imaged in TEM, 
see Fig 15a, and no ED was conducted on this sample. In the GI-XRD analy-
ses, a reference has been included for each material. The reference is a fully-
hardened sample that has been ground to give only a signal from the bulk 
material. This is done since the diffracted X-ray signal will be a mix of sig-
nals from the top layer and from the bulk, at least as long as the surface layer 
is rather thin. The inclusion of this reference then allows for better analyses 
since the bulk signal is known. 

        
 a)                 b) 
Figure 15. a) XTEM image of CA1 after 7 days in PBS HA layer on the left side b) 
XTEM image of CA2 after 7 days in PBS HA layer on top. The HA has been con-
firmed with ED, inserted pattern shows at least two of the strongest reflections. 
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a)                  b) 
Figure 16. HR-TEM on surface layer a) HA crystal showing the 002 lattice plane. 
B) HA grain ~ 30 nm in diameter, scale bar is 2nm 

 
Figure 17. GI-XRD of CA1 after different time periods in PBS 
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Figure 18. GI-XRD of CA 2 after different time periods in PBS 

 
Figure 19. GI-XRD of GIC after different time periods in PBS 



 47

For Ca-silicate cement no crystalline HA layer could be detected during the 
30 day study. However it was possible to detect P on the surface after 1h. 
Broadening of the XRD peaks after 30 days indicates presence of apatite. 
For Ca-phosphate, clearly apatite was detected. The Ca-phosphate func-
tioned somewhat as a positive control in this test. SEM pictures of Ca-
silicate and Ca-phosphate are shown in Fig 20-21.  

 
Figure 20. SEM of the surface of Ca-silicate cement after 1h in PBS 

 
Figure 21. SEM of the surface of Ca-phosphate cement after 1h in PBS 

General conclusions from the studies were: calcium-aluminate in vitro is 
bioactive since it forms apatite on the surface when submerged in phosphate-
containing liquids. CA induces apatite formation even when mixed with a 
second acidic reaction system although at a somewhat slower rate. The crys-
tallinity of the HA varies depending on the surface on which it grows e.g. 
HA seems more fine-grained on the CA-GIC hybrid than on the pure CA. 
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3.1.4 In vivo apatite formation with calcium-aluminate in teeth 
(Paper V) 

The definition of bioactivity, described earlier, is based on new bone forma-
tion on implants implanted in bone. In healthy bone, the bone remodeling is 
rather fast and bone will grow on to a bioactive implant and anchor it to the 
tissue. In teeth, the situation is different. The only part that undergoes any 
significant regeneration is the dentine close to the pulp. Enamel is the most 
highly-calcified hard tissue in the body and could be considered an acellular 
bioceramic [57]. Dentine is less calcified than enamel and to a large degree 
consists of collagen-1 fibrils. This enables the dentine to be manipulated to 
optimize the bonding of differing materials e.g. acid-etching and glutaralde-
hyde, while no significant cell activity takes place. This signifies that the 
approach to bioactive materials in teeth would be different from materials in 
bone. In Paper V the ability of CA to form apatite in vivo has been studied 
rather than studying actual bioactivity as it is defined when implanted in 
bone. It has also been shown elsewhere that a CA-based restorative material 
after 2 years in vivo (as a filling in a tooth) showed a layer of apatite on its 
surface [58]. These results also prove that enough phosphate is present in 
saliva to form apatite on top of CA in the mouth. 

Class 1 occlusal fillings were made using a CA-based restorative material 
in wisdom teeth which were extracted for analysis after 4 weeks. (The teeth 
used were already scheduled for extraction for other reasons). Before per-
forming the filling the tooth was pre-treated with a 0.5 M phosphate buffer 
to secure the presence of phosphate ions. In addition, phosphate was added 
to the actual hydration liquid used with the filling material. As mentioned 
above, the material used was a CA-based formulation designed for use as a 
dental restorative. The principal components were CA, Ca-silicate and inert 
dental glass. The glass is added for increased radiopacity and translucency. 
After extraction the teeth were cut with a low speed diamond saw and pol-
ished. After polishing, the samples were dried at 37°C for 7 days, then ana-
lyzed using a range of techniques including: SEM, TEM, STEM, EDX, ED 
and FIB.  
The SEM studies showed that the material had formed a homogenous, gap 
free, interface with the enamel, see Fig 22 a and b. The brighter grains visi-
ble in the images are the glass filler. In Fig 23 a common problem when 
studying material-biological interfaces in high vacuum techniques is ex-
posed. The biological tissue, dentine in this case, shrinks considerably when 
put in a vacuum causing the interface to break. Note that in this case it is not 
the actual interface that breaks, indicating that the tooth material bond is 
stronger than the material. Several techniques of sample resin-embedding 
have been developed to avoid these artifacts. However they are all exceed-
ingly time consuming and do not always solve the problem. In this study the 
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problem led to the analytical studies being concentrated to the material— 
enamel interfaces. 

 
 a)                 b) 
Figure 22.  SEM images of the interface between the CA material and enamel 

 
Figure 23. FIB image of the material- dentine interface 

The TEM analysis of the interface, Fig 24, indicates that the CA hydration 
products have formed directly on the tooth wall as very small and occasion-
ally elongated crystals. Dark field-imaging of apatite in the enamel shows 
that apatite can also be found within the filling material, see Fig 25. The 
image is composed of the diffracted beams of apatite i.e. the bright areas 
correspond to apatite crystals of a certain crystallographic direction.  
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a)                    b) 
Figure 24. a) and b) TEM bright field images of the material enamel interface 

 
Figure 25. TEM dark field image where part of an enamel apatite diffraction ring 
was chosen for imaging, thus the bright areas are apatite of a certain crystallographic 
orientation  

An example of the STEM - EDX analysis is shown in Fig 27, mapping of 
oxygen. In general the EDX analysis showed that an extremely intimate con-
tact exists between the material and the tooth. The increase of oxygen at the 
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interface shown in Fig 27 is particularly interesting. The zone of increased 
oxygen content is approximately 100 nm thick and corresponds to a zone of 
apparent increased density, Fig 24a, closest to the interface as compared with 
“bulk” enamel. Taken together, this could indicate that the 100 nm zone is, 
in fact, a denser layer of chemically precipitated apatite that was created 
during setting and hardening of the filling material.   

 
Figure 26. STEM image of area used for elemental mapping in Fig 27. The black 
line indicates the line scan inserted in Fig 27. 

 

  
Figure 27.  Elemental map and line scan of Oxygen. The line and area analyzed are 
shown in the STEM image in Fig 26 
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Conclusions from the study were: 
� A tight bond is formed between the material and the 

tooth 
� Apatite crystals were detected at the interface between 

tooth and material 
� A large increase in oxygen and small amounts of Al 

could be found inside the enamel close to the interface. 
� A higher enamel density could be linked to the increase 

in oxygen.  
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4 Calcium-Aluminates for Dental 
Applications 

The calcium-aluminate system has some distinctive inherent physical and 
mechanical properties that constitute materials based on this system suitable 
for use as dental materials: 

 
� The system sets and hardens in the oral environment without addi-

tional curing aids. 
� The system maintains its physical and mechanical properties over 

time 
� The setting and hardening mechanism – dissolution followed by 

precipitation – ensures a tight seal between the material and the 
tooth 

� Materials based on the system display the ability to create apatite 
on their surface 

� The system can be modified and additions made to achieve formu-
lations for a wide range of dental applications    

 
When developing dental materials many aspects must be taken into ac-

count such as mechanical properties, handling properties and aesthetics. In 
the following section, test methodologies for the basic properties and their 
relation to industrial standards will be discussed. 

4.1 In vitro Testing of Dental Materials, using the 
standards (Paper VI, VII, VIII and IX) 

The term ‘dental material’ has a very broad definition ranging from impres-
sion materials for replication to direct restorative materials. In this thesis the 
term is reserved for materials that are used to restore the tooth, (restoratives, 
luting-cements etc.). The environment in the mouth to which dental materi-
als are subjected is extremely harsh. Temperatures can change rapidly from 
hot to cold with extremes of 0°C–70°C, inducing thermo-shock. The pH may 
change quickly from acidic to basic pH 2–11 and low pH may be retained 
for long time periods locally [59]. In addition to these “chemical” challenges 
the forces applied when chewing can reach staggering levels. They are often 
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very complex being a combination of compressive, tensile and shear forces. 
Altogether these place very high demands on the design of the materials 
used as well as on the test methodologies employed for verifying their func-
tion. To address this issue the dental community, both academia, practitio-
ners and manufacturing companies —have developed a system of consensus 
standards that specify how to test materials for an array of applications e.g. 
ISO standards and ANSI/ADA documents. These standards include a range 
of parameters that are of importance to the application in question, but which 
can also be used as a tool to rank materials within the same material class by 
incorporating methods that is designed for a certain type of material. In addi-
tion the methods outlined in the standards are considered “validated” and as 
such can be used for quality control in production of the materials without 
much further validation. The standards are divided into different categories 
based on the properties they cover, the material classes they address and the 
application for which they are intended e.g. ISO 9917:2007 denotes a stan-
dard that deals with the general properties of dental water-based ce-
ments[60]. The standards are based on accumulated knowledge of the appli-
cations and materials with which the authors have experience. This means 
that all test methods and required properties described in the standards are 
based on materials on the market and have been in use for several years. The 
major classes of materials used for restorations and luting are: 

 
� Resin Composites  
� Amalgam 
� Glass ionomers 
� Resin-modified glass ionomers 
� Resin Ionomers 
� Compomers 
� Zink Phosphates 
� Poly-carboxylates 

 
These materials represent a broad range of chemistries, material characteris-
tics and properties [59, 61] . and renders the system of standards invaluable 
when developing new dental materials, especially if the material is very 
similar to an existing product. Problems, however, may arise if the new ma-
terial constitutes a totally new class that has not previously been used in 
dental applications. Ordinarily, the standards specify basic material charac-
teristics tested in an in vitro environment. In the case of dental materials, as 
for all biomaterials intended for use in the body, no in vitro tests can replace 
testing in vivo in a clinical study. The relation between in vitro tests and 
clinical performance is not always straightforward. A material may perform 
very well in standardized in vitro tests but fail clinically and vice versa. The 
dental academic community continually develops in vitro test methods 
which better simulate the clinical situation. However, many of the tests 
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showing the closest agreement between in vitro and in vivo results are fairly 
complex and require highly dedicated and specialized equipment. These tests 
rarely find their way into the consensus standards, since one aim of the stan-
dard methods is to be simple enough for everyone to use. The regulatory 
approval process (all dental products must be approved by the relevant au-
thorities before it can be marketed and sold) relies to a great degree on the 
developed consensus standards as regards physical and mechanical proper-
ties. If, for some reason, the methods cannot be used or the numbers stipu-
lated in the standards are not reached the burden of proof before the material 
is approved will be much greater. Very seldom the standards include the 
option of using variations of methodology and sample-handling to achieve 
the stipulated results. The natural view on how to handle samples for in vitro 
testing would be that they should be handled, stored and tested under condi-
tions as closely resembling the clinical environment as possible. This implies 
that different materials should all be tested according to one methodology, 
the method most resembling the clinical environment. However since all 
materials are different, clinical handling must vary. Resin composites for 
instance are ruined if contaminated with water before they have been cured. 
Glass ionomers do not tolerate excess water contamination during setting but 
can, on the other hand, not tolerate being dried out. In the consensus stan-
dards the materials have been classified and grouped according to their in-
tended use and their material properties. For example, two standards exist for 
dental cements, one for water-based cements and the other for light–cured. 
On the basis of their properties new materials are then grouped into one of 
these existing standards while their specific properties may not be very simi-
lar to the materials for which the standard is intended. In some tests designed 
to investigate a material’s actual properties rather then their expected clinical 
performance, testing conditions have been set far from the clinical environ-
ment to suit a specific material group. This means that if a material which 
does not perform maximally under these conditions is grouped in this stan-
dard the test will not make a relevant comparison to other material classed 
within the same standard. The conclusion must be drawn, then, that the stan-
dards provide excellent guidance for determining whether or not a material 
displays the basic properties needed for the clinical application that lies 
within the scope of the standard and is also valid for comparing two materi-
als with similar chemical properties. However, the standards should be used 
with care when dealing with materials for which they were not originally 
intended since many results devolve on test environment and methodology. 
The introduction of calcium-aluminate as dental materials is a good example 
of how difficult it can be to use standardized methods for new materials. 
Papers VI, VII and VIII investigate the testing of some basic mechanical and 
physical properties for calcium-aluminate-based dental materials including 
the difficulties in using some of the consensus standards. 
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4.1.1 Laboratory handling of samples  
 

Calcium-aluminate, discussed earlier, has some specific chemical proper-
ties that render the choice of its testing environment and methodology very 
important. The temperature at which the samples react determine the hydra-
tion products that are created and thereby, to some extent, the mechanical 
properties, especially over time. The material is sensitive to drying at all 
stages during testing, for which reason, samples should be kept in a humid, 
>90% RH, or wet environment at all times. The time from molding until 
samples are kept warm and humid should be minimized, and preferably, they 
should be kept humid but not wet during setting. This is because if the mate-
rial is placed directly into a wet environment the w/c ratio of the surface may 
be altered and affect the properties. The choice of storage medium is also 
important. For materials such as calcium-aluminate which have an active 
chemistry during setting and hardening the choice of storage medium may 
greatly affect the outcome of the test, especially a long term test. If stored in 
a phosphate-containing medium such as PBS (phosphate buffered saline) 
apatite will grow on the surface. Apatite forms as a fairly dense layer and in 
time, will impede further ion exchange between the material and storage 
medium. If the samples are stored in water, CaCO3 will form instead of apa-
tite; this phenomenon is known as ‘carbonation' in cement literature [9]. It 
occurs because CaCO3 is fairly stable and water always contains a certain 
level of dissolved CO2 in the form of HCO3

- and CO3
2- ions. CaCO3 grows as 

bulky crystals, creating a very porous salt layer on the material. The porosity 
of this ‘surface-grown’ layer will create a situation where the material sur-
face is continually exposed to further carbonation. This reaction will produce 
a sample that becomes structurally weaker and that loses its sample geome-
try if stored for longer periods. If the material is intended for use in the oral 
environment, the ideal choice of storage medium would be saliva, of course. 
Many recipes for artificial saliva are available and all of them could be rele-
vant storage mediums.  It is important to ensure that the solution used does 
not contain any additions, such as sugars or sugar derivatives that retard the 
calcium-aluminate reaction. Most standards stipulate that de-ionized water 
should be used for storage. In the context of the above discussion this would 
be highly improper when working with CBCs such as calcium-aluminate. 
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4.1.2 Testing of mechanical properties  
As discussed above, the mechanical properties of a dental material are cru-
cial to its function, and the most common properties tested are compressive 
strength (CS) and flexural strength (FS). In table 7 the typical ranges of me-
chanical properties for some common dental materials are compared with 
CA based materials. 
 

Table 7. Typical ranges of common mechanical properties for different dental mate-
rial classes[59, 61, 62] 

Property Amalgam Resin  
composite 

Glass 
ionomer CA-materials 

Compressive 
strength (MPa) 300 – 500 200 – 350 100 – 230 100 – 300 

Flexural 
strength (MPa) 
3-point bending 

100 - 200 80-200 30 – 100 30 – 150 

Diametral ten-
sile strength 

(MPa) 
40 - 60 20 – 40 10 - 30 10 - 30 

 
 The combined results of these tests comprise an overall assessment of the 
mechanical properties of the material. In addition, two parameters of impor-
tance explaining the outcome of the CS and FS experiments are Young’s or 
elastic modulus (E), and fracture toughness (K1c). Both E and K1c represent 
basic material characteristics coupled with the fundamental nature of the 
material system tested. This is especially true when dealing with linear elas-
tic or brittle materials such as calcium-aluminates. Upon applying load to 
linear elastic materials the stress vs. strain curve will be linear all the way 
until failure. For a metal or polymer-based material which has the ability to 
plasticize this curve will have a different shape, see Fig 28 for a typical ten-
sile curve. It would be linear up until the yield point where the material starts 
to plasticize and the curve flattens out. Its strength increases to the point of 
ultimate strength under increasing strain after which it strength decreases 
somewhat before failure.  
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Figure 28. Typical Stress – Strain curve for a plasticizing material. �y = Yield stress 
, �uts = ultimate tensile strength, �y = yield strain, �u = strain at ultimate tensile stress, 
�f = Strain at failure 

 The strength of a linear elastic material is determined largely by the size and 
total distribution of internal defects [63], and these defects can arise from 
several sources. In the case of paste systems, a major source is air-voids 
from mixing. This needs to be minimized. The grains can be considered to 
be defects, meaning that the grain size distribution of the cement and fore-
most fillers is important for the strength. In the case of a 100% homogenous 
defect-free sample, the largest grain would become the ‘strength-controlling’ 
defect. When testing mechanical properties, their geometry is also important 
since hard edges and roughness may be defects which contribute to failure. 
The parameter that connects defect-sensitivity to strength is fracture tough-
ness, according to equation 2. 
 

critfC cYK ��1           (2) 

Where K1c = critical stress intensity factor i.e. fracture toughness, Y = geo-
metrical constant (1.12 – 1.98, depending on crack position and shape, often 
~1.7), �f = fracture stress and ccrit = size of largest defect. For calcium-
aluminates the fracture toughness is in the range of 0.7 – 1 MPam1/2. The 
direct relationship between size of largest defect and fracture strength is 
generally in closest agreement for tests using a tensile stress-induced failure 



 59

e.g. flexural strength. For compressive strength the overall distribution and 
size of defects determine strength. The connection between defects and 
strength also partially comprises a reason for a large spread in strength data 
when working with hydrating paste systems. This is because it is almost 
impossible to attain the same statistical distribution of defects and defect size 
in all the samples.   

4.1.2.1 Compressive strength 
Testing compressive strength is relatively straightforward. Dental standards 
stipulate the use of samples 4 mm in diameter and 6 mm high. Other sizes 
may be used as long as the diameter-height ratio is the same. Theoretically, 
at least in the case of brittle materials, the failure in compressive mode is 
along the slip plane. This plane lies at 30 degrees to the top surface and if the 
diameter-height ratio of the sample is too low  it will end in the bottom sur-
face of the sample and then generate an overestimation of the strength [26]. 
On the other hand, if samples are made too high, the risk is that the sample 
will bend under load and the strength is underestimated. The plane parallel-
ism of the samples is extremely important, and more for brittle materials 
than for plasticizing materials. This can be assured by a proper design of the 
sample molds and careful polishing of the surfaces. For ceramic samples, it 
is sometimes recommended that a foil be placed between the sample and the 
loading surface in order to even out stresses and minor roughness. The load-
ing-rate in the testing machine may also affect the results. Generally a higher 
loading-rate generates higher values. When comparing results the loading 
rate used in the respective tests should be checked to ensure that they are 
comparable.  
 

4.1.2.2 Flexural strength     
Several modes for testing flexural strength exist, and their principal set-ups 
are shown in Fig 29. In the case of FS the choice of mode is more important 
for the test outcome than for CS. The normal method for testing plasticizing 
materials is the 3-point bending method, while the 4-point or biaxial method 
is normally chosen for brittle materials. The statistical distribution of defects 
in brittle materials requires the volume under load to be maximized to secure 
an accurate strength measurement. Comparing the methods, both 4-point and 
biaxial testing put a larger volume under load than does the 3-point bend 
test. In the case of brittle materials the geometry and surface conditions of 
the samples are important. Ceramic standards recommend that all edges of 
the samples are chamfered and that surface roughness is kept to a minimum. 
The biaxial test has several important advantages for testing brittle materials, 
and the suitability of the various methods for testing dental materials and 
bioceramics has been discussed in [64, 65]. The chief advantages of the bi-
axial flexural strength measurements are their sample geometry where it is 
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easier to produce defect-free samples and the fact that the test is insensitive 
to the condition of the sample edges. Several set-ups exist for measuring 
biaxial strength such as ‘ball on ring’, ‘ball on three ball’ and so on. For a 
full survey of the methods and their use see [66]. 

 

 
Figure 29. Schematic views of the three most common flexural strength test modes. 

4.1.3 Dimensional stability and water sorption 

4.1.3.1 Dimensional stability 
Dimensional stability or volumetric change is an important parameter with 
regard to dental materials irrespective of the application for which they are 
intended. Materials that shrink may cause painful tension in the tooth and 
create gaps between the material and the tooth, leading to bacterial leakage 
and subsequent caries. Materials that expand may also cause painful tension 
but perhaps more importantly, cracking of the tooth or restoration. For this 
reason it is vital to be in control of the dimensional changes that a material 
undergoes during setting and maturing. Resin-based materials such as com-
posites generally shrink upon polymerization. Subsequently, when exposed 
to humid or wet conditions, they adsorb water into their structure and ex-
pand. Compomer materials are known to expand while glass ionomers are 
generally stable or shrink slightly. Several methods for measuring the 
shrinkage or expansion are available [56, 67-69]. The most common of these 
for measuring the net dimensional change is so-called ‘free linear expan-
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sion’. Samples are allowed to shrink/expand unrestrictedly and the change is 
measured. [69] describes a very precise method which utilizes laser, others 
[56] use pins measured by means of a micrometer. Free linear expansion 
measurements are generally reliable and give actual numbers that can be 
compared with other materials. However, the methodologies have drawbacks 
when measuring a material that reacts with its environment and requires it to 
be moist. For this reason, other methods have been developed for measuring 
the pressure—positive or negative—during setting and maturing of the mate-
rial, instead of its linear expansion. Shrinkage and/or expansion stress can be 
estimated using a method described in[67, 68] where the optical phenomena 
encountered in photo-elastic materials are utilized. Material is placed in cir-
cular, stress-free holes in araldite B plates. The stress as felt by the periphery 
of the hole will induce changes in the optical properties of the araldite. If 
viewed with light from beneath through a stack of polarizing filters isochro-
matic rings appear. As the stress increases 0, 1st, 2nd, and so on, order rings 
appear, see Fig 30. By measuring the diameter of the 1st order ring and em-
ploying a set of equations and assumptions the actual stress can be calcu-
lated. Typically a CA-based formulation with a free linear expansion of 0.2 – 
0.6 % has an expansion pressure of 1 – 3 MPa. For a Resin composite the 
shrinkage stresses are in the range of 2 – 3 MPa. The expansion stress can 
also be measured by observing cracking in highly specific glass tubes of 
varying diameter and wall thickness. The material is placed in glass tubes 
which are observed over time. A decreasing diameter and increasing wall 
thickness of the tube will tolerate higher expansion stress before failure, 
allowing for an interval of stress to be calculated. This method requires ex-
treme caution when cutting the glass tubes so as not to introduce flaws in the 
glass that would dramatically change the level of stress the tube can with-
stand before failure. A method has been proposed that is more closely linked 
to the clinical situation for dental luting cements. Weak porcelain crowns are 
cemented with the material to be tested and the crowns are checked for craz-
ing and micro-cracks using a transverse light after specified periods of time. 
Such a test would conclude that if the expansion of the material does not 
induce cracks in a weak porcelain crown then the material can be used for 
cementing all crowns equal to, or stronger than, these crowns 

 



 62 

 
Figure 30. Shows how the isochromatic rings appear when a photo-elastic plate is 
put under pressure from the expansion of the material in the central hole. The plate 
is viewed in a stereo microscope with light from beneath. 

To exemplify the problems of measuring free linear expansion on materi-
als like CA, consider a free linear expansion measurement of rectangular 
pins using a micrometer, see Fig 31. The zero point is measured as soon as 
the sample can be removed from the mold and is strong enough to withstand 
the force exerted by the measuring device.  

 
Figure 31. Figure of the digital micrometer set-up used for free linear expansion 
measurements. 

On placing the sample in the storage solution further liquid can migrate 
into it and react with any unreacted cement. Additionally, the surface of the 
sample reacts with the storage solution creating a on-growth of crystals on 
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the surface. When next measuring the length of the sample, the result will 
reflect both the actual expansion/shrinkage of the material and the on-growth 
of crystals. The percentage dimensional change of a longer sample will be 
less affected than in a shorter sample. The ion content and concentration in 
storage solution determines the kind of crystals that grow and how fast they 
grow. The evaporation of liquid and changing the storage medium may also 
affect the degree of crystal on-growth since the ion concentration is altered 
and the equilibrium disturbed. The normal shape of a free linear expansion 
curve is asymptotic and increases until no more calcium-aluminate is left 
unreacted or until the body is so compact that further reaction is energeti-
cally impossible. If the shape of the measured curve displays any other forms 
e.g. sudden decreases or a fluctuating behavior, errors in the measurement 
has occurred. Several things may happen: the sample is not mounted cor-
rectly, a piece of the on-grown crystal layer has chipped off or the measuring 
device has been incorrectly installed etc. Measuring the dimensional stability 
of calcium-aluminate has been discussed more thoroughly in [56].  To gain 
an overall view of the dimensional stability of a material, a combination of 
the above-mentioned methodologies should be used especially when measur-
ing a material that expands. While free linear expansion constitutes one pa-
rameter, a high linear expansion does not necessarily mean that the material 
exerts a high pressure on its surroundings. To use a simple analogy, cotton 
has a tremendous linear expansion in water but does not exert any pressure if 
constrained. This means that the overall characteristics of the material must 
be taken into account when evaluating its dimensional stability. 

4.1.3.2 Water sorption 
In the case of polymeric materials there is an intimate connection between 
water sorption and dimensional change. As mentioned above, the adsorption 
of water into the polymeric structure causes expansion. If, instead, the mate-
rial measured is a CBC, or more specifically a calcium-aluminate, there is no 
direct connection between water sorption and expansion. There are two main 
reasons for this: 

 
� reaction of unreacted calcium-aluminate consumes water, which is bound 

as crystal water 
� on-growth of crystal due to surface reactions 
 
Depending on the P/L ratio used in each specific case, varying amounts of 
unreacted CA will be present in the sample after initial reactions. As dis-
cussed above, liquid added to powder for mixing it to a paste should be kept 
at a low level for increased mechanical properties. As water from the storage 
medium enters the set structure, the CA that did not react with the water 
which was initially added will react and contribute to a sample weight gain. 
This reaction does not necessarily lead to expansion since the hydrates fill 
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the space previously occupied by the unreacted CA and water. Nevertheless, 
since CA expands with time after the initial water has been consumed this 
later stage reaction will contribute to some extent to expansion. As to the 
crystal on-growth, this factor will produce effects that vary with the storage 
medium and sample size. If samples are stored in water, chiefly CaCO3 will 
be created on the sample surface and contribute to sample weight gain. Ini-
tially, the weight will increase due to on-growth of CaCO3, then decrease 
when the CaCO3 thus formed detaches and bulk material is continuously 
used in the reaction. If the storage medium is a phosphate buffer, the weight 
gain will finally stabilize when the apatite is thick enough to depress further 
diffusion of ions to sustain the surface reaction. An example of the above for 
a CA based formulation is shown in Fig 32. Nevertheless the crystal on-
growth will render interpretation of the results very difficult. Larger sample 
sizes will minimize this effect but render the test less like an actual clinical 
situation.  
Due to the above, water sorption is not a parameter that will generate any 
relevant, complementing data to dimensional change for CBC materials. If, 
however, it is performed on large samples where the effect of crystal on-
growth is minimized, this measurement can provide some information as to 
the progress of the chemical reaction in the sample. 
 

 
Figure 32.  Example of results from a water sorption measurement with a CA based 
formulation in phosphate buffer and water. 

4.1.4 Aesthetic properties of dental materials 
The goal of any dentist when restoring a tooth is to create a restoration with 
the same appearance as the surrounding tooth. So long as the only choice of 
restorative material was amalgam this was not possible. However, with the 
introduction of resin composites the aesthetics of restorations became in-
creasingly important. With the continual development of these resin compos-
ites, and more recently, resin ionomers, it is now possible to produce restora-
tions that look like natural teeth almost irrespective of tooth color. The latest 
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contribution to aesthetic dentistry is the use of thin ceramic veneers which 
are glued to the tooth by means of resin-based luting cements. The key to 
producing an aesthetic material is to control its constituents and micro-
structure as to allow maximum light to pass through it without the light be-
ing scattered. The scattering of light occurs at imperfections in the material, 
such as porosities, surface roughness, and differences in refractive index 
between phases. Most of these imperfections can be controlled by accurate 
micro-structural design. The bonding nature between the various constituents 
in the material must transmit light. For instance, there should be no free elec-
tron cloud to reflect the light as in the case of metal bonding. A particular 
complication for dental materials is that the materials must be opaque to X-
rays (short wavelengths) while at the same time transmitting light (longer 
wavelengths). The conflict lies in the fact that X-ray opacity is produced by 
heavy elements such as Ba or Sr, which scatter light due to their high refrac-
tive index. To overcome this dilemma, special dental glasses containing 
heavy elements have been developed while still retaining a low refractive 
index.  Resin composites typically have very high filler loadings (>80 wt%) 
and can be made transparent. Of note, here, is that there is a vital difference 
between creating transparent materials based on resins and those based on 
CBCs. Resins are inherently transparent when polymerized in contrast to 
CBCs which are translucent at best, dependent upon phase composition and 
porosity levels. Moreover, the major difference in density between the glass 
fillers and the resin means that the volume % of glass fillers—the more im-
portant number for translucency properties—is much lower. Coloring the 
materials is achieved by adding pigments, and in some cases, opacifiers, to 
the formulation. A filling that transmits too much light will have a grayish 
appearance. 

Usually the transmittance of light through materials is not measured di-
rectly—the material’s translucency or opacity is used instead. This is nor-
mally measured by means of a spectro-photometer comparing values using a 
black and a white background. In Paper IX the transmittance of a calcium-
aluminate based formulation intended as a dental restorative material was 
investigated. Since it is very difficult to measure incremental increase in 
translucency by means of opacity measurements on a material as opaque as 
the CA-based material, it was decided to measure transmittance of opacity 
instead. Four formulations for different shades were tested; a white, A2, B2 
and C2 (according to the Vita shade guide, Vident). The shade was the only 
difference in the formulations, and their constituents were optimized to give 
no more than a 10% deviation in refractive index throughout. As control 
materials, a resin composite (Tetric Ceram, Ivoclar Vivadent) and a glass 
ionomer (Fuji II, GC Corporation) were selected, and an absolute spectro-
photometer [70] with variable monochromatic wavelength was used for 
measuring total transmittance of samples. Initial studies were conducted to 
examine the effect of measuring dry or damp samples, and the effect of wet 
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storage time to investigate whether or not the hydration process affected 
transmittance. It was concluded that dry samples became opaque and only 
transmitted 3% in comparison to 15% for damp samples. It was also con-
cluded that transmittance increased over time as the samples matured and the 
remaining porosity closed, see Fig 33 . In addition, transmittance increased 
as the sample thickness decreased. On account of this, the remaining meas-
urements in the study were conducted on damp 1mm-thick samples after one 
week of wet storage. As was expected, results show that the lighter shade 
(A2) transmits more light than the darker ones (C2, B2). Interestingly too, it 
was evident that transmittance was strongly conditional upon light wave-
length. Longer wavelengths (red, 700nm) had larger transmittance than 
shorter (blue, 400nm) irrespective of shade.  The CA-based materials and the 
glass ionomer showed approximately the same level of transmittance ~15% 
while the resin composite showed in the region of 35%. When comparing 
opacity measurements, the CA-based materials showed approximately the 
same opacity (75-80%) as the glass ionomer.  

 

 
Figure 33. Transmittance through CA-based material as a function of time for two 
thicknesses. The light wave-length used were 550 nm. 

The difference in transmittance with varying wavelength of the CA-based 
samples is due to the incorporation of water in the micro-structure which 
gives the material opalescence. Increased transmittance during maturing is 
attributed to the closure of porosities by precipitating hydrates. Using the 
formulation in this study it takes approximately a week for the micro-
structure to reach its final structure. Besides measuring transmittance, the 
micro-structure of the material was investigated using SEM, TEM and ED. 
This brief study showed the matured material to have a homogenous micro-
structure with glass-filler particles, hydrates and unreacted CA, the hydrates 
consisting of amorphous and fine-grained areas. 
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The work in Paper IX shows that Ca-based formulations have a potential 
for translucency. How translucent they become is a function of formulation 
design—to create an end micro-structure as homogenous as possible and 
consisting of individual parts that are as close as possible in refractive index.          
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5 Calcium-Aluminate for Vertebroplasty 

Injectable biomaterials have a wide use within the orthopedic field. They 
are used as bone cements for hip replacements, as bone void fillers etc. In-
jectable biomaterials have also been found useful for a range of specialized 
applications, one of which is the treatment of vertebra compression fractures 
(VCF). A fractured vertebra can cause a tremendous pain and long rehabili-
tation periods. A VCF can be caused by several different conditions includ-
ing; trauma, cancer, or osteoporosis. The traditional treatment of such condi-
tions has been passive, prescribing pain medication and rest until the verte-
bra heals by itself. Over the last decade an alternative treatment has been 
developed called vertebroplasty. Vertebroplasty is based on injecting mate-
rial into the vertebra to stabilize the fracture to instantly reduce pain and 
improve mobility[71, 72]. In this thesis the term vertebroplasty is used as a 
general description of what are actually two different clinical procedures. 
One of these, percutaneous vertebroplasty (PVP) is basically the injection of 
material under fluoroscopy-control through one or two fine needles into the 
vertebral body. A schematic display of PVP is shown in Fig 34. The other 
technique, kyphoplasty (KVP), is rather more complex. First, a balloon is 
inserted into the vertebra and inflated, creating an empty space. After this it 
is removed and material is injected into the space. This method is similarly 
conducted under fluoroscopy-control throughout.   

 
        a)                                            b)                                           c) 

Figure 34. Schematic figure presenting the basics of PVP. a) A painful vertebral 
fracture has occurred. b) A needle is inserted into the vertebra through the pedicle 
and cement is injected. c) The vertebra is stabilised and the pain is gone. 
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Up to now, the materials used in these procedures have been based on 

conventional bone cements, usually PMMA-based, with extra-fillers added 
for increased radiopacity e.g. barium sulfates, BaSO4 [73, 74].  In addition, 
calcium-phosphate cements (CPC) have been tried for vertebroplasty [75]. It 
is still debated, however, whether CPCs have sufficient strength for this in-
dication. Added to that, many CPCs have unfavorable injection properties, 
rendering them unsuitable for injection through thin needles. The most im-
portant properties for cements used in vertebroplasty are summarized below: 

 
� High radiopacity 
� Injectability, proper rheology for injection through thin needles 
� Reliable working and setting times 
� Biocompatibility 
� Sufficient strength 

 
A system capable of fulfilling these requirements is the calcium-

aluminate system, and more recently, a formulation for use in vertebroplasty 
has been introduced [76, 77]. This material is based on monocalcium-
aluminate as a reactive phase with additives for controlling radiopacity 
(ZrO2) and dimensional changes. To reach the desired viscosity, dispersing 
agents and thickeners have been added to the liquid used for mixing. 

5.1 Strength and Porosity (Paper X) 
  
Thorough in vitro evaluations of biomaterials are crucial to minimizing 

risks with these materials that are used in procedures on humans. Specifi-
cally for vertebroplasty the long term strength and fatigue properties are 
important properties related to clinical performance. In paper X and XI some 
of the in vitro properties of a calcium-aluminate based formulation for verte-
broplasty have been tested. Paper X deals specifically with the compressive 
strength, porosity, phase and micro-structural development over time while 
paper XI aims at evaluating the cements in a model based on artificial can-
cellous bone.  

In paper X the CS was tested in accordance with an ISO standard [78]. 
Samples were made and stored in PBS and tested after time periods of up to 
six months. In the study the CA-based formulation was compared with a 
commercial PMMA-cement for vertebroplasty, Vertebroplastic (Depuy Ac-
romed). As was discussed earlier the CS is intimately tied to the porosity of 
the samples. The porosity was measured via a drying method at 105°C at the 
same points in time as the CS. The results of the CS and porosity measure-
ments can be seen in Fig 35 and 36. 
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Figure 35.  Compressive strength of CAC at different time periods 

 
Figure 36. Porosity of CAC and PMMA at different time periods. 

 
 
The CS results reveal a peak in strength after a few weeks for the CA-

based material; after that, the CS levels out at a constant magnitude of about 
80–90 MPa over the length of the measuring period. The standard deviation 
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in the CS measurements for the Ca-based material is approximately 20 MPa. 
This can chiefly be explained by viewing the low-magnification SEM, Fig 
37 where it is obvious that the material contains a rather large proportion of 
entrained air. As explained above, the strength of a CA-based material de-
pends largely on the overall size and distribution of porosities and so the 
entrained air will create a large spread in data. The source of the air is 
mainly the mixing method used on the material. Powder and liquid are por-
tioned in a capsule (about 35g of material in each) and then mixed mechani-
cally in a rotary mixing machine. Other CS measurements on the same for-
mulation using vacuum-mixed cement returned CS values in the range of 
180–200 MPa with a low standard deviation. The PMMA based material 
does not have the same problem part because the cement is hand mixed and 
part because of the plasticizing nature of the material. The CS for the 
PMMA material also increases during the first weeks and then levels out at 
about 80 MPa for the duration of the test periods. Thus the CS of both mate-
rials is comparable seen over time.  

  

 
Figure 37. Low magnification SEM image displaying the entrained air from mixing.  

 The porosity measurements performed on the CA based formulation 
showed results consistent with the CS with a minimum at about 10 % corre-
sponding to the peak in strength and then leveling at about 15%. 

The study of phase development over time was performed using two dif-
ferent techniques. Powder XRD was used to follow the crystalline phase 
development and give estimation on the speed of reaction. Specifically the 
intensity of the katoite and gibbsite peaks were compared with the main CA 
peak, see Fig 38 and 39.   
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Figure 38. XRD peak for katoite at different periods in time. Note the slight peak-
shift between measurements due to the fact that no corrections were done to an in-
ternal standard. 

 
Figure 39. XRD peak for CA after specific time periods. Note the slight peak-shift 
between measurements due to the fact that no corrections were done to an internal 
standard. 



 73

The hydrate phases katoite and gibbsite increased rapidly with time and 
the CA phase decreased. After six months, only hardly-detectable levels of 
CA were left in the samples. ZrO2 has been added for increased radiopacity 
in the formulation. Fig 40 shows the initial micro-structure (after 24h) re-
vealing ZrO2 particles evenly distributed throughout the sample with some 
minor agglomerates, hydrates and unreacted CA. The SEM was also used to 
assess the transformation of CA into hydrates over time. Comparing Fig 40 
and 41 a clear difference in the contrast of the larger grains indicates that the 
CA has transformed into hydrates. This corresponds well with the XRD data. 

 

 
Figure 40. The microstructure of the CA based material after 24h of storage. 

 
Figure 41. The microstructure of the CA based material after 6 months of storage 



 74 

5.2 In vitro Biomechanical Testing (Paper XI) 
Biomechanical testing is a broad concept. It includes everything from simple 
CS tests (above) to complex cyclic loading tests of entire cadaver spines. 
The use of in vitro human, and or, animal models for testing is desirable 
since these will provide results as close to the actual, clinical situation as 
possible. For development and comparison purposes, however, this is not 
always the best way. The samples display substantial variations in properties 
depending on sex, age and the medical condition of the subject from which 
they are taken. This both increases the numbers of samples needed to 
achieve a statistically secure series and highlights, perhaps, the largest draw-
back—availability. Moreover, in many cases animal samples have properties 
so distant from humans that the tests become irrelevant. For this reason a 
better solution when working with, and developing, materials is to find ap-
propriate models by utilizing synthetic substitutes. In Paper XI a model for 
testing materials intended for vertebroplasty, using synthetic cancellous bone 
was tested. The model was based on a previously developed semi-contained 
bone defect model [79] and extended by using several different synthetic 
bones of varying porosity and strength. Based on the work in [79], the model 
has been found valid for testing cements intended for vertebroplasty. The 
main purposes of the investigation were to see if the results were affected by 
the various properties of the synthetic bones and to assess whether or not this 
methodology provides useful complementary data to conventional CS and 
diametral tensile strength (DTS) tests. The basic design, see fig 42, of the 
model is to cut 20 x 20mm cubes of the synthetic bone, drill a 12mm hole 
through the cube and fill the defect with material. The cubes thus filled are 
loaded perpendicularly to the long axis of the hole in the same mode as in a 
DTS measurement. For loading, a universal mechanical testing machine 
(MTS 858 mini Bionix, MTS Corp) was used. The test was aborted if the 
sample fractured or if a maximum extension of 10 mm was reached. 

 
Figure 42. Schematic drawings of the samples used for testing. 
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      Tests of cubes without defects and cubes with empty defects were in-
cluded in the study to verify the test set-up. The CS values of the intact 
cubes were compared with the stated values from the manufacturer of the 
synthetic bone. Five different synthetic bones were used whose CS varied 
from 0,28 to 5,4 MPa with decreasing degrees of porosity. Two materials 
were included in the study, a CA-based material and a commercial PMMA 
product (Vertebroplastic, Depuy Acromed). Three groups with filled defects 
for each of the synthetic bones were tested. The first group was filled with 
the CA-based material and stored for one week at 37°C in PBS before tested. 
Group 2 was filled with PMMA, stored dry, and the third group filled with 
PMMA stored 1 week at 37°C in water.  Both PMMA groups showed con-
sistent results irrespective of the porosity of the synthetic bone. The PMMA 
samples deformed heavily under load and a typical sample after testing is 
shown in Fig 43b. Additionally, though the strength was not affected by the 
water storage the number of actual fractured samples decreased in this group 
compared with the group stored dry. This can be explained by the fact that 
PMMA-based materials may double their fracture toughness when stored in 
liquid [80]. For the CA-based material there was a clear tendency for 
strength to increase with decreasing porosity of the synthetic bone. For these 
samples the mode of fracture followed the nature of a fracture that occurs 
when performing DTS measurements with a fracture perpendicular to the 
long axis. In DTS testing—a form of tensile testing—maximum stress occurs 
perpendicular to the loading axis; a representative fractured sample is dis-
played in Fig 43a.  A possible explanation for the increased strength with 
decreasing bone porosity is the infiltration pattern created when the material 
is injected into the defect. In high-porosity bone a high infiltration is created 
which, in turn, creates multiple irregularities where cracks may be initiated 
upon loading. For the plasticizing PMMA material this is irrelevant since the 
material will deform and create a uniform area under load as the load in-
creases. 
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 a)                                                           b)                                                                 
Figure 43. a) CA-based sample after loading. b) PMMA sample after loading 

The results from the study indeed suggest that this model can provide impor-
tant complementary data to conventional strength testing when testing mate-
rials that are to be injected into pre-existing structures. The infiltration pat-
tern may have an effect on the overall strength and this also suggests the 
cohesiveness of the cement to be an important parameter. A more cohesive 
cement will not fully infiltrate the pore structure of the cancellous bone and 
therefore can withstand a higher load than if the cement fully infiltrates the 
structure. This would at least be true for linear elastic materials where the 
geometry of the samples is important for the resulting strength. The strength 
of the CA-based samples tested ranged from 2 to 20 KN. These forces are 
considerable and it can be speculated that they should constitute rare levels 
of load for a human vertebral body to be subjected to. This model could be 
further improved to resemble more closely the actual clinical situation in 
which vertebroplasty procedures are performed. For instance, a cube with an 
internal ellipsoid hole and a small hole through which the cement can be 
injected would be an improvement.  

The CA-based formulation tested in paper X and XI has within, the limits 
of these studies, proven to have the necessary strength and stability required 
for use in VCF treatment. The comparison with PMMA material is made and 
the conclusion is that although different the CA-based formulation performs 
at least as well as the PMMA.  The tests performed are one part of the in 
vitro evaluation necessary in order to reach the point where this material is 
tested on humans in a clinical trial.    
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6 Summary and Future Outlook 

Calcium-aluminate has, as outlined above some inherent material properties 
that make it suitable as biomaterial in several applications. The results pre-
sented in this thesis support that calcium-aluminate has the necessary in vitro 
properties to perform in dentistry as well as in orthopedics. The applications 
aimed for should however be chosen with care since all materials have prop-
erties that make them unsuitable for certain use. It is a long way from initial 
formulation work to a marketable product. However, much of the future 
potential of a product is founded through proper material knowledge and 
decisions made with that as a base. To master the synthesis and design as-
pects of material formulation is crucial in order to achieve products that per-
form satisfactorily. This also means that it is important to continue to gener-
ate knowledge around these aspects and make use of state-of-the-art mate-
rial-science to achieve this. The key to succeed in developing a potentially 
successful product is, besides lots of money, to mix clinical experience with 
equal parts of biology and material science. Often one or even two of these 
are missing during the development phase and most often this result in un-
necessary mistakes and sub-performing materials. An accurate and effective 
in vitro evaluation of new formulations is important in the development 
process. The methods used and the parameters tested should be continuously 
developed in order to find new possible applications for calcium-aluminate 
based biomaterials and to ensure the performance of the existing. Knowing 
that calcium-aluminate based materials now are being tested on humans for 
at least two different applications the future should hold many interesting 
and challenging research opportunities in the area.     

 
 



 78 

Summary in Swedish 

Kalciumaluminat som Biomaterial 

        � Syntes, Design och Utvärdering 
 
Den här avhandlingen syftar till att beskriva syntesen av och de grund-
läggande fysikaliska och mekaniska egenskaperna hos kalciumaluminat 
(CA), och CA baserade materialformuleringar, med inriktning mot dess an-
vändning som biomaterial inom odontologi samt vertebroplastik.  

CA är ett keramiskt material hörande till undergruppen kemiskt bundna 
keramer (CBC). Kemiskt bundna keramer är en grupp material som härdar 
genom att reagera med vatten och då lösa upp sig för att sedan rekristallisera 
som hydrat. I reaktionsprocessen, som sker vid rumstemperatur, konsumeras 
vatten och binds i de kristalliserade hydraten. För CA som får reagera vid 
temperaturer över ca 30°C bildas två stabila hydrat, mineralerna Katoit och 
Gibbsit. Katoit är ett kalciumaluminathydrat och bildas som nanometerstora 
kristaller medan gibbsit är aluminiumhydroxid och bildas först som amorf 
gel för att över tid omvandlas till kristallin gibbsit. Det finns flera material-
system som hör till gruppen CBC och de flesta används som biomaterial i en 
eller flera typer av applikationer. Det mest kända är kalciumfosfaterna som 
när de härdar bildar apatit. Apatit är huvudbeståndsdelen i all hårdvävnad i 
människokroppen och är därför den ideala slutprodukten för ett biomaterial. 
Kalciumsulfater är ett annat materialsystem som används främst för applika-
tioner där det är önskvärt att det implanterade material löses upp eller ”re-
sorberas” med tiden. När material resorberas ersätts det med nybildat ben 
och med tiden blir defekten helt läkt. CA är ett icke resorberbart material 
d.v.s. det implanterade materialet kommer att finnas kvar i kroppen under 
hela livstiden. CA har några egenskaper som särskiljer systemet från övriga 
CBC-material och därför möjliggör dess användning i andra applikationer. 
CA har ca fyra gånger högre mekanisk styrka än calciumfosfat, binder be-
tydligt mer vatten i hydraten, och har kortare sättningstider än övriga CBC-
material. CA är dessutom väl resistent mot nedbrytning i sura miljöer. Styr-
kan och resistensen mot sura miljöer är två viktiga egenskaper som gör att 
CA kan användas för dentala applikationer. Dentala material utsätts ofta för 
relativt extrema påfrestningar såsom stora och snabba temperaturskillnader, 
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höga mekaniska pålastningar och angrepp från syraproducerande bakterier. 
Den höga vattenomsättningen under härdning gör också att det är möjligt att 
designa formuleringar med CA som reaktiv del som har varierande viskositet 
och härdningsegenskaper inom vida gränser. Det i sin tur innebär att det är 
möjligt att ta fram formuleringar för många olika applikationer. Att designa 
en formulering för en speciell applikation innebär att många faktorer och 
parametrar måste beaktas. Materialet måste ha rätt konsistens, sättningstid, 
arbetstid, röntgenopacitet, färg o.s.v. För många applikationer så är den me-
kaniska styrkan den kanske viktigaste parametern. I avhandlingen presente-
ras en modell för hur den mekaniska styrkan och hårdheten kan estimeras 
baserat på fas-sammansättning, mängd tillsatt filler och initial mängd tillsatt 
vatten. Med en sådan fullt utvecklad modell kan mycket värdefull tid och 
många fruktlösa experiment undvikas i utvecklingsprocessen. 

Grunden för att designa en formulering för en specifik applikation är kal-
ciumaluminatråvaran. I denna avhandling beskrivs hur CA kan syntetiseras 
via en högtemperaturprocess och hur mikrostrukturen utvecklas under synte-
sen. Vidare beskrivs hur krossning och malning går till för att få ett ut-
gångsmaterial och vilka speciella krav som ställs på CA som skall användas 
inom medicinteknik jämfört med CA som används inom byggindustrin.  

Ett material som är tänkt att användas i kroppen måste naturligtvis accep-
teras av kroppens vävnader utan att orsaka några allvarliga reaktioner. Ett 
samlingsbegrepp, biokompatibilitet, brukar användas för att beskriva ett 
materials eller implantats egenskaper kopplade till vävnadsrespons. I denna 
avhandling behandlas inte biokompatibiliteten hos CA, mer än genom utvär-
dering av en specifik egenskap, bioaktivitet. Kortfattat kan sägas att ett mate-
rial är bioaktivt om det efter implantation bildar kroppslik apatit i gränsytan 
mot vävnad. Bildandet av ett apatitskikt gör att förankringen av implantatet 
mot vävnad blir god och att ingen inkapsling och ev frånstötning av implan-
tatet sker. För att kunna säga att ett material är bioaktivt krävs att det bevi-
sats in vivo att materialet binder till ben. Bioaktiviteten rankas ofta efter hur 
mycket av implantatet som täckts med nybildat ben efter en viss tid. En indi-
kation på att ett material är bioaktivt kan fås genom att utföra in vitro försök 
där materialets förmåga att bilda apatit på ytan när det förvaras i simulerad 
kroppsvätska utvärderas. Att ett material är in vitro bioaktivt innebär inte att 
det nödvändigtvis är in vivo bioaktivt, men är en god indikation. I denna 
avhandling har CA’s förmåga att bilda apatit på ytan i simulerad kroppsväts-
ka in vitro bevisats. Dessutom har en mindre studie gjorts för att visa att CA 
kan bilda apatit in vivo i tänder. 

Mycket arbete har ägnats åt att utvärdera fysikaliska och mekaniska egen-
skaper hos olika CA baserade formuleringar tänkta för dentalt bruk. Ofta 
utvärderas dentala material enligt fastlagda konsensusstandarder med detal-
jerade metodbeskrivningar. CA är kemiskt och brottmekaniskt annorlunda 
jämfört med de flesta andra dentalmaterial och därför beskrivs och diskute-
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ras tillämpligheten av standarderna och hur CA bör hanteras och testas in 
vitro i detalj i flera avsnitt.  

Vilka materialparametrar som är viktigast att studera avgörs delvis av ma-
terialet som studeras, men också av i vilken applikation materialet skall an-
vändas. I den senare delen av avhandlingen presenteras studier av en CA-
baserad formulering tänkt att användas för vertebroplastik. Vertebroplastik 
är en operationsmetod utvecklad för att ge smärtlindring till patienter som 
lider av frakturerade ryggkotor, ofta som en direkt följd av framskriden oste-
oporos (benskörhet). I korthet så injiceras ett material in i den kollapsade 
ryggkotan via en eller två nålar som placerats med spetsen inne i kotkroppen 
via pediklarna. Injektionen föregås i vissa fall av att en ballong förts in och 
blåsts upp för att skapa ett hålrum i kotan, metoden kallas då för Kyfoplastik. 
Om ingen ballong används kallas metoden perkutan vertebroplastik. En 
schematisk bild över proceduren kan ses i Fig 34. För att ett material skall 
fungera väl för vertebroplastik krävs ett antal specifika egenskaper. Materia-
let måste ha en optimerad viskositet som tillåter injektion genom ofta långa 
och smala nålar, samtidigt bör viskositeten inte vara för låg eftersom det 
ökar risken för läckage av material ut ur kotan under ingreppet. Läckage kan 
i värsta fall, om det sker in i ryggmärgskanalen, leda till att patienten förlams 
eller avlider. Det är dessutom viktigt att materialets viskositet är så homogen 
som möjligt över hela arbetstiden. Ingreppet genomförs under kontinuerlig 
fluoroskopröntgen och i vissa fall med flera avbrott för att utföra CT och 
kontrollera så att allt ser bra ut och att inget material läcker ut. Detta medför 
att materialen måste vara väl synliga på röntgen och därför är materialens 
radiopacitet en mycket viktig parameter. Materialet måste också vara meka-
niskt hållbart och tåla upprepad belastning under lång tid. Om materialet är 
designat för att inte resorberas är det också viktigt att det vidhåller sina ke-
miska, fysikaliska och mekaniska egenskaper över tiden. I denna avhandling 
presenteras två arbeten gjorda med material för vertebroplastik. Det första 
behandlar mekanisk styrka kopplad till porositet över tid samt den mikro-
strukturella utvecklingen kopplad till fassammansättning. I arbetet jämförs 
också styrkan med en kommersiell PMMA baserad formulering. I det andra 
arbetet testas en CA-baserad formulering och ett kommersiellt PMMA mate-
rial in en in vitro modell för att mäta styrka som involverar artificiellt trabe-
kulärt ben. Modellen ger kompletterande data till ”traditionella” mätningar 
av styrka då den i detta fall inte mäts på perfekta geometriska kroppar. Mate-
rialet injiceras i artficiellt trabekulärt ben och får då ett fyllmönster som på-
minner om den kliniska situationen.  
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