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The gold standard for bone replacement today, autologous bone, suffers from several
disadvantages, such as the increased risk of infection due to the need for two surgeries.
Degradable synthetic materials with properties similar to bone, such as calcium phosphate
cements, are a promising alternative. Calcium phosphate cements are suited for a limited
amount of applications and improving their physical properties could extend their use into areas
previously not considered possible. For example, cement with increased strength could be used
as load bearing support in selected applications. The focus of this thesis is, therefore, on how
the physical properties of acidic calcium phosphate cements (brushite cements) are affected
by compositional variations, with the ultimate aim of making it possible to formulate brushite
cements with desired properties.
In this thesis a method to measure the porosity of a cement was developed. This method is
advantageous over existing methods as it is easy to use, requiring no advanced equipment. A
model estimating the porosity of the hardened cement from the initial chemical composition
was further formulated and the accuracy affirmed. Utilization of this model allows the porosity
to be optimized by calculations rather than extensive laboratory work. The effect on strength
and porosity of several compositional variations were also assessed and it was found that
the optimal composition to achieve a high strength was: monocalcium phosphate particles
in sizes <75µm, 10 mol% excess of beta-tricalcium phosphate, 1 wt% disodium dihydrogen
pyrophosphate, and 0.5 M citric acid in a liquid-to-powder ratio of 0.22 ml/g. This composition
gave the highest compressive strength historically measured for this type of cement, i.e., 74.4
(±10.7) MPa. Although such a high strength may not be necessary for all applications, it allows
for the use of brushite cements in new applications. Furthermore, a high strength of the bulk
allows for alterations to the cement that cause a decrease in strength. One application is fast
degrading materials, allowing rapid bone ingrowth. A fast degradation is obtained with a high
macroporosity, which would reduce strength. The high strength composition was therefore
utilized to achieve brushite cement with a high macroporosity.
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Introduction

An increasing demand for high-quality implants has lately arisen, due to the
growing elderly population. These implants will remain in the body for extended periods of time. The longer lifespan of the implants has brought about
new challenges related to a higher risk of failure over time. To circumvent
this problem, new approaches involving degradable materials (i.e., materials
that are degraded with time and replaced with new tissue) have gained more
attention. Filling of bone voids is one area in which such materials could be
an appropriate option. By using an implant material that can degrade over
time and be replaced with new healthy bone, the risk of failure could decrease.
The adult human skeleton is composed of 206 different bones.1 Bone is a
dynamic tissue and continues to remodel throughout an individual’s lifetime.
The cells present in bone (i.e., osteoblasts, osteoclasts, and osteocytes) degrade old and malfunctioning bone, replacing it with new bone. Even so,
large defects arising from, for example, osteosarcoma, non-union of fractures, or infections, will disturb the natural cycle, and the defect might not
become completely healed. The gold standard for bone replacement today is
the use of autologous bone, which is bone harvested from a non-loadbearing site (e.g., the iliac crest) of the same patient. However, autografting
has some major drawbacks, including pain and morbidity at the harvest site,
as well as the need for two surgeries, which increases the risk of infection.
Furthermore, the autograft does not contribute to any structural support,
since it is mainly made up of loose bone chips. To avoid these drawbacks, an
alternative is to use synthetic implant materials with properties similar to
those of bone. Bone tissue consists of an approximately 60–70% mineral
phase, mainly nanosized rods made from calcium phosphate (i.e., calcium
deficient hydroxyapatite [CDHA]). Therefore, a calcium phosphate material
could serve as an alternative to bone autografts. In addition, calcium phosphates can be degraded by bone cells while simultaneously being replaced
by new healthy bone. This could represent an advantage over other degradable materials that are not degraded by cells.
The work presented in this thesis involves calcium phosphate cements.
Specifically, it focuses on a particular type; acidic calcium phosphate cement
(also called brushite cements), looking at how to improve the final physical
properties of this type of cement. The overall intention is essentially to enable production of a cement with good handling properties while reducing
11

the risk of implant failure, through two different routes, as follows: (1) faster
bone ingrowth or (2) higher strength. A faster bone ingrowth can be
achieved by incorporation of large pores, which would decrease the risk for
implant failure. Furthermore, the strength of the material determines the
probability of structural failure. If the mechanical properties of the implant
are matched properly with the mechanical properties of bone, the risk of
structural failure is reduced and the implant remains in the body for a longer
time without failing. However, high strength is often associated with low
porosity for a given material. Hence, there is normally a trade-off between
high strength and high porosity. To increase both the porosity and strength
simultaneously, it is necessary to study the effect that changes in the initial
composition have on the physical properties of the hardened cement.
The Aims and objectives are presented in the following section. Following
this, sections on Bone void fillers, Calcium phosphate biomaterials, and
Calcium phosphate cements provide the reader with the necessary background for the work presented in this thesis. Next, the section on Brushite
cement presents the state of the art within the field. This is followed by two
sections, Precursor materials and Cement preparation, which give information on the experiments preformed. The four subsequent sections—Reaction
products, Handling, Porosity, and Mechanical properties—present the main
findings of the work. At the end of the thesis, a section on Analytical techniques is included.

12

Aims and objectives

The objective of this thesis is to connect changes in composition and variations during production of a brushite paste with properties of the hardened
cement; the ultimate aim of doing so is to make it possible to formulate
brushite cements with certain desired properties. Such properties could be
high strength, high porosity, long shelf life, or a clinically relevant setting
time (ST). There are many publications on brushite cements; however, some
areas related to this topic are still unexplored. In particular, the effects of
composition on properties such as handling, porosity, and strength have not
yet been fully established.
To achieve this aim, a model relating composition to porosity (Paper I)
was created with the intention of minimizing extensive laboratory work
since the porosity could be estimated with only some rapid calculations. A
method to measure the total porosity of calcium phosphate cements without
the need of advanced equipment was further developed (Paper II). Furthermore, empirical composition–property relationships with three different
variables (citric acid concentration, monocalcium phosphate monohydrate
(MCPM) particle size, and MPCM-to-beta-tricalcium phosphate (β-TCP)
ratio) were investigated for water-mixed cements (Paper III). The effect of
water content (Paper VI) and particle size (Paper VII) on the mechanical,
handling, and setting properties of so-called premixed cements were also
investigated. To gain a better understanding of the setting of premixed cements, the setting behavior was thoroughly investigated in Paper VIII. The
empirical results presented in the abovementioned papers made it possible to
develop a material with the highest strength historically measured for this
type of cement (Paper IV), as well as a macroporous cement (Paper V).

13

Bone void fillers

Bone is a complex tissue with a highly hierarchical structure.2 It largely
comprises a porous network of collagen (providing toughness) filled with a
calcium phosphate mineral (providing strength). Approximately 70% of
bone is mineral, 5% is water, and 25% is organic material; of the organic
material, about 2–5% is made up of cells and 90% of collagen type I.3 There
are two different types of bone, namely cortical–or compact–bone with a
porosity of around 10%, and cancellous–or trabecular–bone with a porosity
of up to 90% (55–70% interconnected porosity4). Bone is a highly adaptable
tissue and remodels to match the needs related to its specific function; for
example, it resorbs when little or no external force is applied for a longer
period of time, or rebuilds when a higher strength or toughness is needed.
There are three main types of cells responsible for this bone remodeling,
namely osteoblasts, osteoclasts, and osteocytes. Bone cells can normally
repair damaged bone after a fracture or surgery. However, if the defect exceeds a critical size (typically in the range of 1 cm), bone reconstruction
does not occur rapidly enough, and fibrotic tissue (scar tissue) is instead
formed within the defect.
Filling the defect with a bone substitute is a well-investigated option
when it comes to preventing the formation of fibrotic tissue. The implant can
either be degradable or nondegradable; this means that some implants will be
degraded and disappear from the site of implantation within a certain period
of time, while the nondegradable implants will reside within the defect for
indefinite lengths of time. Degradable options are often advantageous, as the
bone tissue can replace the implant material as it degrades, resulting in the
formation of new bone throughout the defect.
Important aspects to consider in relation to degradable implants, among
other things, are handling properties, degradation rate, bone-inducing capacity, and in some cases, mechanical properties. The implant should be easy to
use and the handling properties need to be carefully considered. Mechanical
properties are important for materials that are considered load-bearing, since
the strength of the material affects both the lifetime of the implant and the
remodeling of the surrounding tissue. Ideally, the implant should exhibit
high strength and not break under the load. Furthermore, the Young’s
modulus (the material stiffness) should be as close to that of bone as possible. Materials with a modulus lower than bone deform too easily; on the
other hand, materials with too high a modulus could contribute to the loosen14

ing of implants4 due to the lower load to which the adjacent bone is exposed,
or adjacent fractures5 (in the case of vertebroplasty). As bone is a highly
adaptable tissue, the strength and stiffness vary among individuals, with age,
due to disease, and according to the site within the body. Approximate values of some mechanical properties can be found in Table 1.
Table 1. Mechanical properties of bone
Compact bone6-10

Compressive strength (MPa)
130–300

Young’s modulus (GPa)
0.5–40

Cancellous bone6,11,12

0.6–10

0.05–0.9

Degradation of a bone implant normally occurs through dissolution, cell
mediated degradation, or a combination of the two.13 Higher solubility at
neutral pH (7.0) generally results in greater degradation through dissolution.
In contrast, if the solubility is lower than that of the mineral phase of bone,
the material is considered to be more or less nondegradable.14 The degradation rate is strongly correlated to the porosity of the material: increased porosity gives increased degradation rate due to the higher surface area, where
dissolution or cell mediated degradation can occur. The introduction of interconnected macropores has also been shown to increase the degradation
rate of most materials by facilitating cell penetration.15 Furthermore, the
introduction of macropores can increase the rate of bone ingrowth. To
achieve good bone ingrowth, the pores should be around 100 µm, while to
achieve enhanced capillary blood vessel formation, sizes above 300 µm are
recommended.16 Implant material used to fill bone voids should optimally
resorb at the same pace as that at which the new bone is formed, generating a
seamless transition from biomaterial to new bone, and avoiding the risk of
fibrotic tissue ingrowth.4
Using a material with osteoinducing properties generally increases the
bone ingrowth, allowing for faster degradation and remodeling. Such materials known today are mostly calcium phosphate based, where a higher solubility gives a greater osteoinductive effect; indicating that it is the calcium
and phosphate ions that are responsible for this effect.17

15

Calcium phosphate biomaterials

The discovery of calcium phosphates in bone has been attributed to the
Swedish scientist Johan Gottlieb Gahn, who published a report on the subject in 1769.18 Calcium phosphate–based synthetic materials have been considered a bone biomaterial option for approximately 100 years. The first
report on a synthetic calcium phosphate used in vivo was published in 1920
by Fred Albee and Harold Morrison.19 The study showed that a 5% (ambiguously termed) triple calcium phosphate solution improved healing of a
complete radius fracture in rabbits.19
There are three main groups of calcium phosphates, as follows: orthophosphates based on PO43-, metaphosphates based on PO3-, and pyrophosphates based on P2O74-. In the field of calcium phosphate cements, calcium
orthophosphates are primarily considered, although dicalcium pyrophosphates (Ca2P2O7) are gaining increasing interest. Some common calcium
orthophosphates (hereafter referred to as calcium phosphates) are listed in
Table 2, including their abbreviations, calcium-to-phosphate ratio (Ca/P),
and chemical formula. The solubility of the calcium phosphates can be seen
in Figure 1. Hydroxyapatite (HA) is the least soluble at neutral to basic pH,
while dicalcium phosphate anhydrous (monetite, DCPA) is the least soluble
at acidic pH.14,20,21 Precipitated hydroxyapatite (PHA) differs from regular
HA in that it has a lower crystallinity and Ca/P ratio. This is associated with
a higher solubility than that of the highly crystalline HA. However, this varies greatly with the degree of crystallinity, Ca/P, and grain size (where
smaller values increase the solubility; e.g., PHA with a Ca/P close to 1.5 is
said to have a solubility similar to that of β-TCP14).
Calcium phosphate–based biomaterials are available in various forms, including cements, granules, putties, and scaffolds.13 Depending on their
chemical composition and porosity, they are degradable in vivo to a certain
extent. HA–based materials are widely considered inert (if the material is not
of a high total porosity and macroporosity); while, the other calcium phosphates are generally considered to be degradable.
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Table 2. Some common calcium orthophosphates
Compound

Abbreviation

Ca/P

Chemical formula

Monocalcium phosphate monohydrate
Monocalcium phosphate anhydrous
Dicalcium phosphate dihydratea
Dicalcium phosphate anhydrous
Alpha-tricalcium phosphateb
Beta-tricalcium phosphate
Precipitated hydroxyapatite/calcium
deficient hydroxyapatitec
Hydroxyapatite
Tetracalcium phosphateb
a
Metastable phase
b
Synthesized only at high temperatures
c
X ranging between 0 and 1

MCPM
MCPA
DCPD
DCPA
α-TCP
β-TCP

0.5
0.5
1
1
1.5
1.5

PHA/CDHA

1.5-1.67

HA
TTCP

1.67
2

Ca(H2PO4)2 · H2O
Ca(H2PO4)2
CaHPO4 · 2 H2O
CaHPO4
Ca3(PO4)2
Ca3(PO4)2
Ca10-x(HPO4)x(PO4)6x(OH)2-x
Ca10(PO4)6(OH)2
Ca4(PO4)2O

Figure 1. Solubility diagram showing how the concentration of calcium varies with
pH in solutions saturated with different salts.14,20,21

Granules are the most widely used calcium phosphate due to their low cost
and good biological properties.22 They are available in sizes from around
0.05 mm up to 5 mm, and are often mixed with blood (which could explain
their good biological properties) before filling in a defect with a spatula;
however, they provide no structural support. Scaffolds (or blocks) can be
preshaped to fit the defect, resulting in a higher structural support if they are
well matched with the defect size and shape. Both granules and blocks can
only be used in open defects; in contrast, cements and putties, can be injected into closed defects. Furthermore, the most pronounced difference
between a putty and a cement is that a cement reacts and hardens within the
defect, while a putty consists of unreactive particles dispersed in a liquid and
no setting reaction occurs. The setting reaction is associated with some structural support for the cements.13
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Calcium phosphate cements

The main reasons for using cements (or putties) instead of premade scaffolds
or granules is that they can be introduced into the cavity through a needle,
which means that no open surgery is needed, reducing the invasiveness and
risk of infection during the operation. The injectable materials can further be
introduced into cavities that cannot be opened, such as into osteoporotic
bone, which is not possible with non-injectable materials. When discussing
bone cements (excluding all cements intended for dental use only), three
main types of cements are mentioned, two of which are ceramic (calcium
sulfate and calcium phosphate), and one polymeric (poly(methyl methacrylate), PMMA). PMMA cements are prepared via radical polymerization of
the monomer methyl methacrylate. They have higher strengths compared to
their ceramic counterparts, values in the range of 70–120 MPa in terms of
compression and up to 50 MPa in tension.23 However, PMMA bone cements
are nondegradable.
Calcium sulfate was first used as a bone void filler as early as 1892 by
Dreesman et al.24 Calcium sulfate implants degrade through dissolution
rather than cell-mediated resorption. Furthermore, this degradation is much
faster than that of calcium phosphate cements, and most implants are completely dissolved within a few months.25 Nevertheless, this rapid dissolution
could be problematic, as it is faster than the ingrowth of new bone, and
therefore the void may not be filled throughout the process.
The setting of ceramic cements occurs through a dissolution–precipitation
process, where one or more soluble ceramic salts are dissolved in an aqueous
solution and precipitated into a less soluble phase, causing the cement to
harden. More specifically, the precursor powder dissolves, forming an aqueous solution that is supersaturated with one ceramic phase; the nuclei of this
phase will then start to form. As more and more precursor powder dissolves,
the nuclei will grow, forming larger and larger crystals. As the crystals develop and more nuclei are formed, the crystals will start to interact and entangle, resulting in a set cement (Figure 2). Depending on the cement chemistry, the particle size of the precursor powder, and the reaction conditions,
this could take anywhere from a few seconds to a few weeks.
If more than one ceramic salt is used in the precursor powder mixture, it
is important for the relative particle sizes to be considered. The particles of
the most soluble phase should be larger than those of the least soluble phase,
inducing a similar dissolution rate and preventing washout of one phase.20
18

Figure 2. Illustration of the progress of precipitation in a solution over time.

Calcium phosphate cements are often divided into two subgroups depending
on the pH during setting, as follows: (1) cements with PHA as the set phase,
reacting under neutral to basic pH, and (2) cements with dicalcium phosphate dihydrate (brushite, DCPD), or in some cases monetite, as the set
phase, reacting under acidic conditions. The first studies on PHA cement
were published 1982 by Brown and Chow26 and LeGeros et al.27, while a
study on brushite cements was first published some years later, in 1989, by
Mirchi et al.28
There are two possible types of reaction paths for the setting of calcium
phosphate cements. The first is an acid–base reaction, where one acidic and
one alkaline calcium phosphate source react, forming a neutral product. Examples are tetra calcium phosphate (TTCP, alkaline) reacting with monetite
(neutral) forming PHA26 (with x = 0 [Table 2], neutral; equation 1), or βTCP (slightly alkaline) reacting with MCPM (acidic) forming brushite29
(neutral; equation 2). The second type of reaction is a simple dissolution–
precipitation reaction where the precursor powder and the set phase have the
same Ca/P, but different solubilities at neutral pH, for example, alphatricalcium phosphate (α-TCP, higher solubility) forming PHA30 (with x = 1
[Table 2], lower solubility; equation 3).
(
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Due to the different precursors and final phases in the two types of calcium
phosphate cements (PHA and brushite), there are some differences between
the two type of cements that are worth mentioning. These are listed in Table
3.
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Table 3. General differences between unaltereda PHA cements and unaltered
brushite cements

ST
pH during setting
Production of precursors
Precursor solubility

PHA

Brushite

Slow
Neutral to basic
Produced at higher temperatures (e.g., TTCP and α-TCP)
Low

Fast
Acidic
Produced at lower temperatures

The acid component (e.g.,
MCPM or phosphoric acid) is
highly soluble, while the alkaline
component is not soluble; however, a higher solubility is
achieved when the pH is decreased
Particle size of powder
Smaller
Larger
a
The cement is said to be unaltered if only the precursor powders and water are mixed.

The ST of unaltered cements differs a lot between the PHA and brushite
cements. The PHA cements set slowly, and could take up to a few weeks to
fully harden (equations 1 and 3), while the brushite cements set rapidly and
harden within a minute (equation 2). For clinical purposes, the suggested
optimal ST for calcium phosphate cements is 10–15 minutes,31 and several
methods to alter the ST have been tested with good results. Some approaches
to decreasing the STs for PHA cements are as follows: (1) addition of a nonreacting phase to the precursor powder to act as a nucleation point (e.g.,
nanosized PHA particles),30 (2) addition of an agent that increases the dissolution rate of the precursors (e.g., phosphoric acid, Na2HPO4,),32 and (3)
decreasing the particle size of the precursors to increase the dissolution
rate.33 Opposing approaches are used for brushite cements, for example,
reducing the precursor solubility. Furthermore, reduction of the particle
growth rate by the addition of agents that bind to the surfaces of nuclei and
work as steric hindrance have been tested with good results. These approaches will be described in the next section on Brushite cements.
The alkaline precursor used for brushite cements does not have to be as
soluble as the precursors used for PHA cements, since the high acidity during brushite cement setting increases the solubility of the precursor. The
higher solubility of the alkaline precursors used in PHA cements is generally
associated with high-energy-demanding production (e.g., α-TCP and TTCP
in equations 1 and 3).34 Most commercially available calcium phosphate
cements have PHA as the set phase. In Table 4, a few of the commercial
products are listed; a detailed review was published by Bohner in 2010.32
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Table 4. Examples of some commercially available calcium phosphate cements.
Producer

Product name

Main phase

Biomet (USA)
Graftys (FR)
Stryker (USA)
Synthes (USA)
Synthes

Calcibon®
Graftys® HBS
HydroSet
Norian®
cronOSTM inject

PHA
PHA
PHA
PHA
Brushite

One limitation of the currently available commercial calcium phosphate
cements is their relatively low strength (especially in tension) and fragility.
Therefore, in sites where the cement is subjected to large external forces,
additional support from, for example, metallic plates and screws is needed
until the defect has healed.35 To reduce risks related to the additional support, rapid remodeling is desirable. In vivo and in vitro studies have shown
that brushite cements exhibit a higher rate of passive (dissolution) and active
(cell-mediated) degradation than PHA cements.36,37
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Brushite cements

Calcium phosphate cements reacting under acidic conditions are generally
called brushite cements, although some cements actually have monetite as
the set phase, as will be seen below. Brushite cements always contain one
alkaline calcium source and one acidic phosphate source. The alkaline component can be anything with a Ca/P>1 (e.g., calcium hydroxide, TTCP, HA,
α-TCP, or β-TCP).34 However, because of the energy-demanding production
of most of the mentioned calcium phosphates, β-TCP is the most frequently
used.34 The acidic phosphate source should have a Ca/P<1, and phosphoric
acid,38 MCPM28 or monocalcium phosphate anhydrous (MCPA)39 are mainly
utilized. There are also examples where pyrophosphoric acid40,41 and polyphosphoric acid42 have been employed as the acidic phosphate source, resulting in hardened brushite cements containing an extra dicalcium pyrophosphate dihydrate phase. In this thesis, all cements are based on the βTCP/MCPM (or MCPA in Paper VI) system (equation 2), and will thus be
the main focus of this section.
Brushite is a monoclinic crystal with a structure very similar to that of the
calcium sulfate gypsum and the arsenate pharmacolite.43 It is metastable with
respect to its anhydrate (monetite) at room temperature (RT); however, its
surface energy (interfacial free energy) is lower than that of monetite, which
has been referenced to explain why brushite is the main precipitated phase at
RT.44 Another explanation has been the high energy needed to dehydrate
calcium ions in solution,45 favoring the formation of the dihydrate over the
anhydrate. The brushite crystals both grow and dissolve rapidly; this has also
been attributed to brushite’s low surface energy.
In contrast to PHA cements, brushite cements exhibit a fast setting reaction, which needs to be slowed down in order to attain adequate STs. In general, two approaches are used, as follows: (1) reduction of the dissolution
rate of the reactants, and (2) prevention of crystal growth and aggregation.
The dissolution rate can be reduced by increasing the particle size of the
precursors, or by additives that create a sub-ideal environment for precursor
dissolution. Additives that chelate with ions in the solution or with ions on
the growing crystal surface can also prevent nucleus formation, crystal
growth, or crystal aggregation due to the sterical hindrance that is created.
Citric acid,46,47 different pyrophosphates,38,40,48 sulfates,38 and glycolic acid47
have all been found to increase the ST of brushite cements. Another advantage related to the addition of these retardants is the improved crystal organi22

zation arising from the slower crystal growth, resulting in a better crystal
compaction and a higher strength. Furthermore, it has been suggested that
using several additives, acting on different crystallization planes could further increase the mechanical properties.46,49,50

Premixed brushite cements
Up to now, the focus of this thesis has been on conventional ceramic cements, that is, cements where the powders are mixed with an aqueous solution. If the powders are instead mixed with a non-aqueous liquid, such as
glycerol or ethylene glycol, a so-called premixed cement is achieved.51,52 The
setting of such a cement does not start until it is immersed in an aqueous
solution (e.g., water, phosphate-buffered saline [PBS], or body fluids); thus,
unlimited working times are attained. The advantages of this type of cement
include the following: (1) stressful handling in the operating room is avoided
due to unlimited working times, which also means that the same batch can
be used throughout the entire surgery, and (2) the batch-to-batch variations
are minimized, since the cement mixing is performed in the factory during
cement preparation. Premixed calcium phosphate cements with both
basic52-54 and acidic55,56 setting reactions have been previously studied, showing a proof-of-concept.
One advantage of using acidic cements in this application is their inherently fast setting reaction. Replacing the aqueous solution with a nonaqueous one would prolong the setting reaction, not in any of the conventional ways previously mentioned, but rather through the lack of water present within the paste. The setting of these cements is thus controlled by the
exchange between glycerol and body fluids (Figure 3). This exchange is
relatively slow, and a new concept of a too-slow-setting acidic cement (approximately 30 minutes or longer) has been generated. One of the challenges
with premixed cements is therefore decreasing the ST of acidic cement,
something that has not previously been explored. Furthermore, premixed
acidic cements differ from conventional acidic cements, since they mainly
include monetite as the set phase rather than brushite, as explained later.55,56
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Figure 3. Illustration of a premixed paste reacting with body fluids (water) to
achieve a set cement.
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Precursor material

Beta-tricalcium phosphate
β-TCP from Sigma Aldrich with product no. 21218 was used for all papers.
The β-TCP powder had a median particle size of 13.6 (±0.1) µm, measured
by laser diffraction (Mastersizer X, Malvern Instruments Ltd.) in isopropanol. Scanning electron microscopy (SEM) images, however, indicated
smaller sizes (approximately 1–5 µm; Figure 4), and the size measured with
laser diffraction is likely aggregates. The powder has a chemical purity of
>96%. However, X-ray diffraction (XRD) with Rietveld refinement using
BGMN software showed a β-TCP content of 91%, along with 9% betadicalcium pyrophosphate (β-CPP). β-CPP is insoluble at neutral pH, but the
solubility increases as the pH decreases. Although β-CPP is a contaminant in
the β-TCP powder, pyrophosphates, in general, have been found to significantly decrease the nucleation rate of PHA.57 Amorphous dicalcium pyrophosphate dihydrate (ACPP) has furthermore been shown to prevent formation of PHA during brushite cement degradation and to increase the degradation rate of brushite cements in vivo.58,59 Although β-CPP is not as soluble as
ACPP, and might not have the same advantages related to pyrophosphate ion
dissolution, β-CPP was not considered problematic and the powder was used
as delivered.

Figure 4. SEM micrograph (secondary electron mode, SE2) of β-TCP powder.
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Monocalcium phosphate monohydrate
Two different MCPM powders were mainly used, one from Alfa Aesar with
product number A12123 (chemical purity >97%), and one from Scharlau
with product number CA0211005P (chemical purity >98%). XRD and Rietveld analysis of the powders showed a small content of monetite (approximately 3% in the Alfa powder and 8% in the Scharlau powder). The particle
sizes of the two MCPM powders were determined through sieving, and the
Alfa powder had 90 wt% of particles larger than 200 µm, while the Scharlau
powder had 90 wt% of particles smaller than 200 µm. The powder from
Scharlau was further sieved to <75 µm in Paper IV. When studying the
powders with SEM (Figure 5), it became apparent that the particles were
actually agglomerates of smaller MCPM crystals.
The MCPM was dried at 110°C for 3 days in Paper VI to achieve a complete conversion of MCPM to MCPA (as confirmed with XRD and Rietveld
refinement), in order to better control the water content in the premixed cement being investigated.

Figure 5. SEM micrographs (SE2) of MCPM Alfa (left) and MCPM Scharlau sieved
to <75 µm (right) powders. Please note the different magnifications.

Setting retardants
In this thesis, two different retardants were used, namely aqueous citric acid
(C6H8O7) at concentrations of 0.5 M and 0.8 M, and disodium dihydrogen
pyrophosphate (SPP, Na2H2P2O7, >99%, 71501, Sigma Aldrich) mixed with
the powder in amounts between 1 and 3 wt%. In contrast to β-CPP, SPP is
highly soluble in water and is available as sodium ions and pyrophosphate
ions after liquid addition to the powders. Both citric acid and pyrophosphates
decrease the solubility of β-TCP60 (however, citric acid increases the solubility of MCPM). Furthermore, citric acid both decreases the crystal growth
rate, by chelating with the calcium ions on the growing surface, and increases the surface energy of brushite.46 The increased surface energy results
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in a decreased nucleation rate (as described in Brushite cements). Pyrophosphates are also considered to decrease the nucleation rate of brushite.57
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Cement preparation

Cements in this thesis are based on β-TCP and MCPM (or MCPA, Paper
VI) powders in molar ratios from 1:1 to 7:3 (and 3:7 in Paper VIII). SPP
was added to the powders at 1 to 3 wt% in Papers I–V. The liquid used was
water or aqueous citric acid (0.5 M, and 0.8 M) in Papers I–V (with an addition of surfactants in Paper V), and glycerol in Papers VI–VII. Generally,
the powders were first homogenized, after which they were thoroughly
mixed with the liquid. The mixing methods were as follows:
• Papers I–III: hand mixing in a cup or on a mixing pad (Figure
6a);
• Paper IV: mechanical mixing in a Falcon tube for 1 minute using
a Cap-Vibrator (Ivoclar Vivadent; Figure 6b);
• Paper V: mechanical foaming of the liquid for 30 seconds using
a custom-made mixer (stainless steel blade adapted to a Dremel
4000), followed by careful incorporation of powder into foam;
and
• Paper VI–VII: mechanical mixing for approximately 2 minutes
using a vacuum mixer (Twister, Renfert), followed by short mixing on a mixing pad to remove air (Figure 6c).
The achieved paste (Papers I–IV and VI–VII) or foam (Paper V) was
molded into shapes suitable for the respective analysis method. Unless stated
otherwise, the cement samples were set in PBS at 37°C for 24 hours before
analysis was performed (Figure 6d).
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Figure 6. Illustration of (a) mixing on mixing pad, (b) mixing in a Falcon tube using
a Cap-Vibrator, (c) mixing using a Renfert vacuum mixer, and (d) cement setting.
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Handling

Independently of the properties of the hardened cement, if the handling and
setting properties are not acceptable, the cement’s functionality will suffer.
Injectability, ST, storage conditions, and the way in which the paste is prepared therefore need to be considered.

Injectability
Although the injectability of a paste is of high importance, no consensus has
been reached in terms of how it should be measured. Basically, two different
approaches have been used, as follows: (1) measuring the amount of material
that can be ejected from a syringe61,62 or (2) measuring the force needed for
this ejection.62 Depending on the properties of the investigated paste, one or
the other approach will be more relevant. Many cement pastes experience a
phase separation between powder and liquid, so-called filter pressing, during
ejection, and it is here interesting to measure the amount of material that can
actually be ejected (i.e., method 1). However, some cement pastes (such as
the ones investigated in this thesis) do not undergo this phenomenon (all
material can be ejected), and thus the ejection force gives more information
about the paste properties (i.e., method 2).
Bohner and Baroud62 suggested a model that relates the degree of filter
pressing with properties of the paste, cannula, and rate of injection, suggesting that small particles, a short cannula with large diameter, and a slow rate
of injection reduce the prevalence of filter pressing. Furthermore, filter
pressing is strongly related to the liquid-to-powder ratio (L/P) and plastic
limit (PL, i.e., the lowest L/P possible to wet the powder). The larger the
difference between the L/P used and the PL, the less filter pressing is
achieved. The PL is highly affected by the particle size (large decrease PL),
particle size distribution (broad or bimodal decrease PL), and particle morphology (round decrease PL), among other things. It is likely that the large
difference in grain size between MCPM and β-TCP (resulting in a bimodal
size distribution) and the relatively large MCPM particles used in brushite
cements (compared to the very small particles used in PHA cements) will be
associated with a low PL, diminishing the probability of filter pressing at the
L/P used. The effect of a bimodal size distribution was clearly observed in a
paper by Gbureck et al.,61 where the addition of small brushite particles (ap30

proximately 1 µm) to an α-TCP-based (approximately 10 µm) PHA cement
clearly improved injectability by reducing the degree of filter pressing.
If considering pastes that do not exhibit filter pressing, the force of ejection is a more relevant measure. In this case, the use of smaller particles presents thicker pastes (higher forces are needed to eject the paste through a
syringe), due to both the shorter mean free path between particles (i.e., less
liquid between particles, Figure 7), which is associated with higher friction,
and the higher surface area, which is associated with larger attractive forces
between particles. The mean free path (λ) is calculated according to equation
4,63 where d is the particle diameter and Vl is the volume fraction of liquid.
=

(4)

Figure 7. Illustration showing how the mean free path (λ, arrows) differs with the
particle size. The particles in both illustrations have the same total cross-sectional
area (spheres would have the same total volume).

The mean free path further explains why the ejection force of pastes increases with a decreasing L/P (a lower value of Vl gives higher shear forces
between particles). The effects of both the L/P and particle size were clearly
observed in Paper VII. Higher forces were needed to eject pastes made with
small particles compared to those made with larger particles. Furthermore, a
higher L/P resulted in a distinct decrease in the ejection force. The results
presented in Paper VII also indicate that it is not only the particle size that is
important, but also the particle morphology. The MCPM used in this paper
was from Alfa and the particles were irregular (Figure 5). The addition of
inert spherical β-TCP granules (150–500 µm) clearly reduced the ejection
forces needed. All of these pastes are non-reactive, as they are all prepared
with glycerol. Thus, the forces measured should not vary much with the time
after paste preparation. However, in pastes that exhibit an immediate reaction (such as the water-mixed cement pastes), the time between mixing and
injection will affect the injectability significantly, and therefore this needs to
be considered.62
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No experiments where the ejection force is measured have been carried
out with water-mixed cements. However, it is clear during preparation that
thicker pastes are generated with smaller particles and a lower L/P, similarly
to the results presented in Paper VII for the premixed cements. Furthermore, it was observed in Paper IV that complete injectability was achieved
(>90%) even for the cement prepared with small particles, a narrower size
distribution, and low L/P, indicating that the difference in size between
MCPM and β-TCP still is large enough to prevent filter pressing.

Setting time
The ST of a cement is generally evaluated using the Gilmore needle method
(described in Analytical techniques; briefly, a pin with a weight on is placed
on the cement surface and the cement is considered to have set when no
mark can be seen). Both initial and final ST can be measured, and are defined by the mass of the weight and the diameter of the tip. Initial ST corresponds to a load of 0.3 MPa, while final ST corresponds to a load of 5 MPa.
It is generally considered that no mixing should be performed after the initial
ST has been reached, and the surgeon should first close the wound after the
final ST. It has further been suggested that the initial ST should be 4–8 minutes and the final ST should be 10–15 minutes.31
Depending on the final strength of the material, the use of the Gilmore
needle method is relevant to a greater or lesser extent. When weak cements
are considered (<5 MPa, as in Paper V), the strength correlated to the final
ST is never reached and the final ST can thus not be measured. Here, the
initial ST can give an idea of how fast the setting reaction occurs, but the
purpose of initial and final ST is not the same as for stronger cements. It was
clear from Paper V that the ST correlates to the L/P, which is not surprising,
as there is also a correlation between L/P and strength (as discussed in Mechanical properties). Since final ST according to the Gilmore needle method
essentially measures how fast the material can withstand a load of 5 MPa, a
material with a higher final strength should exhibit faster setting than a cement with a lower final strength, if the exact same setting reaction is considered.
The Gilmore needle method is not optimal for premixed cements, as seen
in Paper VIII. The setting of premixed cements is controlled by the exchange of glycerol and water, and premixed cements thus harden from the
outside and in, not throughout the entire bulk simultaneously (as is the case
for water-mixed cements). This setting is therefore associated with a growing thickness of the hardened surface layer and when placing a Gilmore needle on the surface, the sample either breaks completely or withstands the
load, with no obvious intermediate. It was suggested in Paper VIII that the
setting of these cements should instead be measured by determining the
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amount of glycerol present within the sample, or by measuring the thickness
of the growing surface layer.
It could also be debated whether the same guidelines for ST according to
the Gilmore needle method should apply to premixed cements. In practice,
the surgeon gently taps the surface of the hardening cement to see whether it
is hard enough to close; in the case of premixed cements, the surface reaction occurs instantly (within 30 seconds if an unaltered MCPM-β-TCP cement is used), although the bulk of the material is not fully hardened. Closing the wound before reaching the final ST would thus not disrupt the set
layer. However, the bulk can still be deformed even after the final ST is
reached.

Storage conditions
The inherently rapid setting reaction of MCPM-β-TCP cements is associated
with storage problems. As the setting can occur with only small amounts of
water present, MCPM and β-TCP cannot be mixed prior to cement preparation. In the worst case scenario, all MCPM in such dry mixtures of MCPM
and β-TCP will be consumed, and monetite formed, after only one day of
storage.64 It was seen in a study by Gbureck et al.64 that the powder mixing
regime, the storage conditions, and the presence of setting retarding additives had a significant impact on MCPM stability during storage. To increase
this stability, a non-destructive mixing regime, dry atmosphere, low temperature, and inclusion of setting retardants (e.g., citric acid) were suggested.64
For conventional water-mixed cements, the most straightforward approach to achieving a long storage time is to add setting retardants (e.g.,
citric acid) to the powder. However, since the ST of premixed cements already is longer than what is desirable, the addition of setting retardants is not
an optimal solution. The results presented in Paper VI show that reducing
the amount of water present in the cement paste clearly prolongs the time the
paste can be stored. Furthermore, the results presented in Paper VIII
showed that setting at low temperatures decreased the conversion from
brushite to monetite, indicating that a paste stored at low temperatures would
not exhibit the phase transformation to the same extent. In addition, it was
observed in the study by Gbureck et al.64 that the presence of β-CPP in the βTCP clearly improved the storage stability, which is likely the reason for the
relatively good stability of the premixed cements investigated in Paper VI.

33

Preparation
In the dental industry, the mixing of cements has become an art, with a
whole range of equipment available for the mixing procedure. However,
such technology has not been exploited to the same extent in the field of
bone void fillers. Although there are some examples of innovative mixing
equipment, such as the rotary mixer used for Norian® SRS, and the two
compartment syringe used for Graftys® HSB, there are still plenty of developments that could be accomplished. As was seen in Paper IV, improving
the mixing of the cement could increase the injectability, decrease the porosity, and increase the strength of the hardened cement. Furthermore, when
developing a new product, the mixing procedure needs to be thoroughly
controlled to limit variations in properties due to handling.
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Reaction products

This thesis describes studies of the reaction between β-TCP and MCPM (or
MCPA in Paper VI) under varying conditions. Papers I–V describe the
reaction in the presence of SPP and citric acid, with an excess of water,
while Papers VI–VII describe the reaction when the amount of water is
controlled by the glycerol–water exchange.

Phases
The phase compositions of the hardened cements were qualitatively investigated with XRD (Papers VI and VII). Rietveld refinement was additionally
used in Papers I–IV and VIII to achieve quantitative phase compositions. In
theory, a 1:1 molar ratio between β-TCP and MCPM would result in a complete conversion to brushite (equation 2). However, Rietveld refinement of
the investigated cements showed unreacted β-TCP present in all cements
except the one where a large excess of MCPM was used (Figure 8). The
residual β-TCP has previously been attributed to precipitation of brushite or
monetite on the β-TCP surface, forming a shell that prevents further reactions.65 The difference in solubility between MCPM and β-TCP could also
explain the residual β-TCP: If the reaction occurs in the presence of aqueous
media (e.g., the samples are immersed in PBS during setting), it is probable
that the dissolved calcium and phosphate ions are diffused out to the surrounding media. The diffusion of acid phosphate ions from the setting cement will both result in a depletion of phosphate ions and a decrease in the
solubility of β-TCP (since the local drop in pH that the phosphate ions normally would cause increases the solubility of β-TCP), giving rise to excess
β-TCP.
Rietveld refinement further showed that there was β-CPP present in the
cements after setting. This was expected due to the low solubility of β-CPP;
however, small amounts might have been dissolved during setting due to the
acidity that the dissolution of MCPM creates. No traces of either MCPM or
SPP were found with XRD, which was also expected.
Cements that were mixed with an aqueous solution (water or citric acid)
all had brushite as the main phase after setting, the only exception being the
cement where a large excess of MCPM was used—here, monetite was the
main phase and only insignificant amounts of brushite were seen. Further35

more, a higher concentration of citric acid resulted in more monetite formation, which is in agreement with previous publications.66 Although monetite
is more stable than brushite, its nucleation and crystal growth is much less
energetically favored than that of brushite.44 It is generally considered that
brushite is formed as an intermediate, which is then decomposed to monetite,
thereby releasing water (equation 5).64 However, in a study by Lundager
Madsen,45 where dicalcium phosphate (DCP) was precipitated from solution,
it was seen that monetite was formed directly (without brushite found as an
intermediate) at high supersaturations in relation to DCP. However, at lower
supersaturations, monetite was only formed directly at the higher pH investigated (pH 5–6 rather than pH 4).45 In contrast, during aging of the precipitate, it was observed that monetite formed from brushite at lower supersaturations when a lower pH was utilized.45 The direct formation of monetite at
high supersaturations, but not at lower supersaturations, could be explained
by the high energy that is needed to dehydrate calcium ions in solution. At
high supersaturations, there is an increased probability that calcium is chelated with phosphate ions (instead of water) in relation to lower supersaturations, reducing the need for dehydration of calcium ions during the direct
formation of monetite from solution. Furthermore, it seems that for direct
precipitation, higher pH is preferred, while conversion during aging (equation 5) is preferred at low pH. To my knowledge, no study has yet explained
the mechanism responsible for this feature.
∙2

→

+2

(5)

In agreement with the results presented in the included papers, it has previously been shown that an excess of MCPM would increase the monetite
content. This is considered to be due to the even lower pH of these cements
compared to those with MCPM in equal amounts as β-TCP or with β-TCP in
excess.67 The effect of a low pH was further observed in a study by Cama et
al.,68 where monetite cements were formed by the addition of sodium chloride to the liquid, which indirectly lowered the pH during setting.
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Figure 8. Results from quantitative XRD analysis with Rietveld refinement taken
from Paper III and VIII. All samples were prepared using MCPM from Scharlau.
Three samples were mixed with glycerol, while the rest were mixed with water or
aqueous citric acid. Samples with a P/L of 0.4 g/ml and the samples mixed with
glycerol contained no SPP. All samples were cured in PBS at 37°C unless otherwise
noted.

The formation of monetite has further been attributed to a lack of water, both
in premixed acidic cements55,56 and in the previously mentioned study by
Gbureck et al.,64 where monetite was formed in a mixture of β-TCP and
MCPM during dry storage. This was also seen in Papers VI–VIII, where
monetite was the main phase after the setting of premixed cements (Figure
8). The monetite formation when low amounts of water are present could be
due to two things, namely (1) high supersaturations, resulting in direct
monetite formation, and (2) the driving force to continue the reactions, associated with monetite formation from brushite to release water to continue the
reaction. The temperature effect on monetite formation in premixed cements
was investigated in Paper VIII, where a clear correlation between temperature and monetite formation was noted, with higher temperatures inducing
monetite formation (Figure 8). This can be explained in two ways, as given
below.
1. When the reaction occurs at low temperatures, the reaction rate is
slower. The rate at which glycerol is exchanged with water, however, is not as highly affected. This means that more water is present
during the setting of the cement. The higher water content induces a
lower supersaturation, favoring brushite formation rather than
monetite formation.
2. The dehydration of brushite is energy consuming, and will not occur
to the same extent at low temperatures.
Monetite is considered to degrade faster than brushite in vivo.69 The dehydration of brushite to monetite is also associated with a higher porosity, due to
the higher density of the monetite crystals (2.9 g/cm3 compared to 2.3 g/cm3
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for brushite). This means that monetite cements have lower strength compared to brushite cements with the same initial composition.69

Morphology after setting
Information concerning the chemical reactions that occur in cements can be
obtained by studying the cement morphology after setting. SEM was used in
Papers III–V and VII to study the morphology at relatively low magnifications (100–200x), since the focus of those papers was on pore morphology.
However, the impact of composition on particle size and shape can also be
studied if higher magnifications are used (up to 10,000x), (in Paper VI), as
will be discussed in the following sections.

Effect of the MCPM particle size
From the high-magnification SEM images of compositions in Papers III
and IV (Figure 9), it is clear that larger MCPM particles result in larger
brushite particles. Similar results have been observed for PHA cements,
where larger α-TCP particles result in larger PHA grains.70 This behavior is
explained by the faster dissolution of smaller particles, resulting in a higher
degree of supersaturation, favoring the formation of nuclei rather than crystal
growth (which is favored at a lower degree of supersaturation).70

Figure 9. SEM micrographs using secondary electron mode, from compositions
tested in Paper III; (a) is made with MCPM from Alfa Aesar (90% >200 µm), and
(b) is made with MCPM from Scharlau (90% <200 µm). Water as the mixing liquid
and an L/P of 0.35 ml/g is used.

Effect of the liquid
SEM images show that samples prepared with 0.5 M citric acid (Figure 10a)
and the sample prepared with anhydrous glycerol (Figure 10b) had similar
particle size and morphology. However, the images were taken in the InLens
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mode* and the thickness of the crystals was not easily distinguished. The
addition of small amounts of water to the anhydrous glycerol (Figure 10c)
resulted in cements with more and smaller particles after setting. The water
added to the glycerol dissolved in it, forming a dilute solution. When mixed
with the powders, this likely created a microenvironment where a dissolution–precipitation reaction could occur, resulting in the formation of crystal
nuclei simultaneously all over the bulk of the cement, giving rise to many
small particles.

Figure 10. SEM micrographs using InLens mode, from compositions tested in Paper IV (a) and Paper VI (b) and (c). All samples are made with MCPM from Scharlau: (a) is made with 0.5 M citric acid, (b) with glycerol, and (c) with glycerol +
3.4 wt% water.

The compositions where double-distilled water was used as the liquid
seemed to have rounder particles compared to the cements where aqueous
citric acid was used, where thinner and often larger particles were found.
This was observed most easily in the compositions containing surfactants
(Figure 11a, b, and e with citric acid vs. c and d without). The more platelike structure achieved with the addition of citric acid can be attributed to the
retarding effect of citric acid. Citric acid has been shown to slow down the
crystal growth in one direction,46 and it is likely that it is this direction which
is responsible for the thickness of the crystals. Furthermore, the addition of
*

The InLens detector is close to the electron beam, while the SE2 detector is to the side. More
topographical information is therefore obtained with the SE2 detector compared to the InLens
detector. The images achieved in “InLens mode” thus look flat compared to the images taken
in “SE2 mode.”
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surfactants seemed to increase the size of the particles, with Pluronic (Figure
11a and c) giving a larger effect than Tween (Figure 11b and d). These results indicate that the surfactants decrease the dissolution rate of the precursors, giving rise to a lower supersaturation and fewer crystals. The effect of
citric acid was also much more apparent in the compositions containing surfactant (Figure 11a/b with surfactant vs. e without), which is likely due to
the larger grains obtained with surfactants.

Figure 11. SEM micrographs using secondary electron mode, from compositions
tested in Paper V (a)–(d), and Paper III (e). All are made with MCPM from Scharlau, sieved to <75 µm; (a) and (c) contain 1 wt% Pluronic, and (b) and (d) contain
1 wt% Tween in liquid. In addition, (a), (b), and (e) are made with 0.5 M citric acid
and contain 1 wt% SPP, while (c) and (d) are made with water and contain 3 wt%
SPP.
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Porosity

Since porosity highly affects both mechanical properties (in Mechanical
properties), the rate of bone ingrowth, as well as the degradation rate of materials, it is an important property to control. Furthermore, calcium phosphates are good vehicles for drug delivery, and a calcium phosphate with
high macroporosity could be a good option for drug loading. Different types
of porosity have been discussed; however, in this thesis, two types are mentioned and are defined as follows: (1) microporosity is the porosity associated with the distance between grains in the set cement, while (2) macroporosity is the porosity caused by incorporation of air during mixing or by dissolution of large crystals during setting. Porosity is defined as the volume
fraction of pores within a sample and can be measured in a variety of ways
(the methods most commonly used for calcium phosphate cements are detailed in the section on Analytical techniques). The method of choice and the
sample preparation strongly affect the porosity measured, as investigated in
Paper II.
There are a several reasons for pores to be formed in a cement, as listed
below; these both depend on the properties of the precursors used (1–3) and
on the preparation method (4).
1. There is a difference in the total volume of the precursors and the set
phase (Paper I).
2. There is a phase present in the precursor mixture that does not participate in the reaction (Papers VI–VIII).
3. There are voids created between grains due to suboptimal packing of
the precursor powders.
4. There is air incorporated, intentionally (Paper V) or unintentionally
(Paper IV), during mixing.

Measuring the porosity of a brushite cement
The porosity of cements can be measured in a variety of ways, and the
choice may depend on the field of research. The methods used for Portland
cements (calcium silicate cements, building industry) and plaster of paris
(calcium sulfate cement, bone void fillers) are not necessarily the same as
those used for calcium phosphate cements. As the calcium phosphate cements investigated in this thesis should be used in vivo (i.e., in the presence
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of body fluids), it is of great importance to measure the porosity of wet samples. However, all porosity methods used on calcium phosphate cements
today are executed on dried samples. This implies that to carry out a reliable
measurement, it is important to understand how the sample behaves during
sample preparation, drying, and analysis. The results presented in Paper II
show that the sample drying of brushite cements has a greater influence on
the measured porosity than the chosen porosity method. Drying can induce a
phase transformation if the so-called non-evaporable water (i.e., water that is
integrated in the crystal structure) is evaporated during drying, resulting in a
phase transformation (in this case a transformation from brushite to monetite, equation 5). The water released during phase transformation both causes
a change in the crystal structure (from monoclinic, brushite, to triclinic,
monetite) and creates pores in its absence. The transformation is also coupled with an increase in crystal density due to the different densities of
brushite and monetite (2.3 g/cm3 and 2.9 g/cm3, respectively). It was observed in Paper II that the drying of such cements should be performed at
temperatures that are as low as possible to avoid this phase transformation.
No obvious phase transformations were observed when the drying was performed at RT (20–24°C). However, at higher temperatures (i.e., 37°C and
60°C) a clear transformation was seen with 4% monetite before drying and
64% and 78% for 37°C and 60°C, respectively, after drying (78% corresponded to a complete transformation).
Calcium phosphate cements are usually analyzed via mercury intrusion
porosimetry (MIP; PHA cements),71 helium pycnometry (brushite
cements),42,72,73 or calculations using the tabulated density of the bulk (PHA
cements).74-77 These methods all have advantages and disadvantages and are
thoroughly discussed in Paper II and in the section on Analytical techniques. A method commonly used for Portland cements, where no advanced
equipment is needed, was evaluated for calcium phosphate cements in Paper
II. The method assumes that all pores are filled with water before drying,
and the volume of the pores within the sample is equal to the volume of the
evaporated water. The steps described in Figure 12 should be followed to
reliably measure porosity with the water evaporation method. The porosity is
then calculated according to equations 6 and 7, where mw is the weight of the
wet sample, md is the weight of the dry sample, ρw is the density of water
(i.e., 1 g/cm3 at RT), Vw is the volume of the evaporated water, and Va is the
apparent volume achieved in step 3 (Figure 12).
V =
Φ=
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(

)

(6)
(7)

When using a drying protocol that does not cause a phase transformation
(i.e., drying in vacuum at RT for 24 hours), the porosity measured did not
vary much between the compared methods. The water evaporation method
described in Figure 12 and Paper II was thus deemed to be an equally reliable method to helium pycnometry and the other conventional methods.

Figure 12. (1) Ensure a fully wetted sample by curing in PBS or water for 24 hours.
(2) Weigh the sample. (3) Measure the apparent volume (using a caliper or Archimedes method). (4) Dry the sample in vacuum (250 mbar or lower) at RT for 24
hours. (5) Weigh the dried sample.

Volume changes during the reaction
The total volume of the precursors is not the same as the volume of the reaction product. Changes in volume due to changes in crystal structure, combi43

nation of two phases in one, and so on, will induce the formation of pores.
The total volume of the precursors (e.g., β-TCP + MCPM + water) is always
larger than the volume of the product (e.g., brushite), and pores will be
formed. A model describing this behavior for both PHA and brushite cements was developed and evaluated in Paper I. The model takes into account both the reactive phases and the inert phases (e.g., filler particles), and
can be used for any calcium phosphate cement. However, the model does not
consider the degree of packing or the pores incorporated during cement mixing and molding. It clearly shows that porosity is strongly affected by the
L/P (the porosity decreases with a decreasing L/P) and filler content (the
porosity increases with increasing filler content; Figure 13).
The modeled values can be compared with the results acquired in Paper
III (Figure 13), where the excess β-TCP is considered a filler (i.e., when a
45:55 mol ratio between MCPM and β-TCP is used, the filler content is
10 mol% ≈ 10.4 wt%). The results show that the model estimates are usually
within the standard deviations of the empirical data, indicating that the
model describes the reaction accurately (Figure 13). However, for samples
prepared with equimolar amounts of MCPM and β-TCP, the model underestimates the porosity, especially when a low L/P (0.25 ml/g) is used. An underestimation of the porosity by the model could be due to incorporation of
air during cement mixing, and is more likely to occur for cements with a low
L/P. The reason for the unexpectedly high porosity in the equimolar ratios
could be MCPM depletion. As mentioned in the Reaction products section,
there is residual β-TCP even in the compositions with equimolar ratios, indicating that some of the MCPM diffuses out from the specimens during setting. Hence, the porosity is somewhat increased.
To reduce the presence of air due to mixing, the samples in Paper IV
were mixed using a Cap-Vibrator (Figure 6c). When comparing the porosity
measured for this composition (13.4±0.7%) with the modeled value (14.7%),
it was observed that the model actually slightly overestimates the porosity.
While studying the SEM images of the same composition (Figure 1 in Paper
IV), it was observed that there were spherical pores of approximately 20–40
µm in diameter visible, likely arising from inclusion of air during mixing or
from dissolution of the spherical MCPM particles (Figure 5, right). If the
pores stem from the dissolution of MCPM particles, the model is only providing a slight underestimation; however, if the pores stem from the incorporation of air, there are larger differences between the measured value and the
modeled value than what was first expected. These differences could be due
to the fact that some of the precursor powder is dissolved during mixing. The
model assumes that there are only unreacted powders and liquid during
molding. In reality, some of the MCPM (and β-TCP) is dissolved, allowing
for a lower initial volume during molding compared to that used in the calculations, and decreasing the porosity associated with volume deduction.
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Figure 13. The bars show the results from Paper III; dashed lines are the estimated
values for respective compositions according to the model in Paper I. The value of
each bar is the average of the pooled results from both MCPM types and all citric
acid concentrations. Error bars show standard deviations for the respective groups
(n=24 for L/P=0.25 ml/g, and n=36 for L/P=0.35 ml/g).

The effect of particle size on porosity
The particle size of the precursor powders is likely to have some effect on
the porosity of the set cement. Studies on PHA cements have shown that the
total porosity is not strongly affected by the particle size; however, the pore
size distribution is. Pore sizes are generally found to be larger when larger
particles are used.78 As all pores considered were micropores (i.e., pores
between crystals), the larger pores emerged from the longer distance between crystals when larger crystals were precipitated.70 The results presented
in Paper III, however, indicate that a lower porosity is obtained when using
larger particles. An explanation could be that pores are more likely to occur
due to incorporation of air during mixing in thicker pastes because of the
lower L/P or smaller particles (due to the shorter mean free path, as described in the Handling section).
Small particles, however, can be advantageous, since they can increase
the degree of packing by filling voids created between larger particles. A
study on brushite cements indicated that there actually could be an optimal
size distribution,73 where the porosity is minimized. It was seen that a low
porosity was achieved when a broad size distribution of small particles was
utilized (0–63 µm). When only the larger fraction (45–63 µm) or the smaller
fraction (0–45 µm) was tested, the porosity increased. The results presented
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in Paper VII also indicate that a broad size distribution is indeed preferable,
here for premixed cements. With a broad distribution (0–600 µm), both high
injectability and high strengths were achieved, compared to low injectability
but high strengths when only small particles were used (<100 µm), and high
injectability but low strengths when only large particles were used (400–
600 µm). Similar results were observed in preliminary studies for Paper IV,
where a broad distribution was preferred over a narrower one.
The pore size and shape were also affected by the size of the MCPM
used. When using MCPM from Alfa, containing large particles, macropores
with the same shape as the particles were observed. This was most obvious
when the premixed cements were studied (Figure 14), as no dissolution of
the MCPM particles occurred before molding. The incorporation of macropores could increase the degradation rate of the material, enhance the bone
ingrowth, and allow for vascularization within the material. Therefore, the
formation of macropores through the use of a sacrificial phase that does not
participate in the setting reaction has been studied. Mannitol79 and sodium
chloride68 have been tested for brushite/monetite cements, while various
sacrificial phases—both organic and inorganic—have been tested for PHA
cements.74,80-83 Large MCPM particles could thus be used to achieve a
macroporous material, without having to employ phases that do not participate in the setting reaction. Such additional phases could change the environment during setting, and result in, for example, unwanted side reactions
or an altered reaction rate.

Figure 14. Cements prepared in Paper VII, where MCPM from Alfa was sieved to
different sizes, here (a) <100 µm and (b) 400–600 µm.

The effect of preparation method on porosity
The preparation method can have a significant effect on porosity, as was
seen in Papers IV and V. The porosity was minimized in Paper IV using a
Cap-Vibrator, which minimizes the air incorporated during mixing. The
Cap-Vibrator also allows for the use of a lower L/P, as the mixing is more
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efficient (higher shear forces between particles are achieved) than regular
hand-mixing.
A preparation method to obtain highly porous cements was previously
developed by Ginebra et al.84 The liquid (containing a surfactant, in this case
albumen) was mechanically foamed, and a stable liquid foam was achieved.
The foam could then be mixed with the powder and a highly porous cement
was obtained after setting. The same method was used in Paper V; however,
here, synthetic surfactants (Tween® 80 and Pluronic® F-127) were used
instead. The results presented in Paper V, show that cements with a total
porosity of up to 76% could be prepared, including a macroporosity of 56%
and pore interconnections of approximately 80–100 µm (which could increase the bone ingrowth,16 as mentioned in the section on Bone void fillers).
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Mechanical properties

Calcium phosphate cements are generally fragile materials, with relatively
poor strength. Increasing their strength could increase the number of possible
clinical applications of the materials. Primarily, if mechanical properties
similar to those of PMMA bone cements could be reached, the potential
clinical applications would be numerous, as there would not be as many
incitements to use the permanent PMMA cements over the biodegradable
and osteoinductive calcium phosphate ones. However, it has to be mentioned
that achieving similar toughness for ceramic cements to PMMA cements is
essentially impossible.
Due to the low ductility of ceramic materials and the difficulties in preparing perfect samples, compressive strength (CS) measurements are normally preferred over tensile testing. The results presented in this thesis indicate that factors influencing CS include the following:
1. Porosity (Papers III, IV, and V);
2. Filler content (Paper III);
3. Particle size of precursor and final product (Papers III, IV, VI,
and VII); and
4. Liquid component (Papers III, VI, and VII).

The effect of porosity on strength
The porosity of a material has a great impact on its mechanical properties,
with lower strengths coupled to higher porosities. However, it has to be mentioned that this correlation is only relevant if the same phases are present in
the cement, and it is not possible to compare different types of cements.
There are two main empirical models of how porosity affects the CS that
have been used for calcium phosphate cements. These consider the cement
either as a continuous array of closed cells (equation 8), or as a solid matrix
with isolated holes (equation 10).85 Where σc is the CS, σc0 the CS at zero
porosity, ρa the apparent density, ρs the skeletal density, (ρa/ρs is the relative
density), Φ the volume fraction of pores (porosity), and m and q are constants.
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=

(8)

Φ=1−

(9)

=

(10)

Gibson and Ashby86 compared theoretical models of deformation of threedimensional cell structures with the empirical equation 8 and concluded that
it is valid for relative densities between 0 to 0.63 (i.e., Φ>0.37), and that m
should be approximately 1.5.86 Furthermore, Tonyan et al. suggested that m
should be between 1 and 2,85 while q (equation 10) has been empirically
suggested to be everything below 10, preferably between 3 and 6.85 Equation
10 has been shown to be valid both for PHA cements87 (q not declared) and
brushite cements73 (q=4.6). This approach was used on the cements prepared
in Paper III, and gave a theoretical CS at zero porosity of 62 MPa and
252 MPa for cements prepared with MCPM from Alfa and Scharlau, respectively. The corresponding q values were 6.0 and 8.4, respectively. If a porosity of 13.4% (corresponding to the formulation in Paper IV) is inserted in
the equation for cements made with MCPM from Scharlau (i.e., σc=252e8.4Φ
), a theoretical CS of 82 MPa is obtained, to be compared with the empirical value of 74.4 (±10.7) MPa (Paper IV). This shows that the model
indeed seems to be accurate for this type of cements. However, if the results
in Paper III are instead modeled with equation 8 (with m=2), the outcome is
not representative. With this model, theoretical CS values at zero porosity of
24 and 43 MPa for cements prepared with MCPM from Alfa and Scharlau,
respectively, are achieved. These low values of σc0 are far from the measured
maximum CS. The poor match to empirical data is likely due to the relatively low porosity of these formulations (Φ=0.17–0.38), which deviates
from the model criterion of Φ>0.37.
To my knowledge, Equation 8 has only been used for calcium phosphate
cements in combination with equation 10 when considering macroporous
cements (equation 11).84 In equation 11, microporosity and macroporosity
are considered separately. Microporosity contributes to ρamicro/ρs, which is the
relative density of a similar but only microporous cement, while only contributions from the macropores give Φmacro.
=

(11)

Equation 11 was used on the cements prepared in Paper V. Here (in contrast with cements prepared in Paper III), the relative densities were indeed
<0.63 and the model seemed to fit the results accurately. The value of m was
set to 2, and the achieved values for σc0 and q were 50 MPa and 3.91, respec49

tively, for Tween, and 92 MPa and 5.60, respectively, for Pluronic. The cements were prepared with 1 wt% SPP and 0.5 M citric acid. Again, if the
achieved equations are applied to the results presented in Paper IV
(ρa/ρs=0.87, and P=0), theoretical CS values of 38 MPa and 70 MPa for
Tween and Pluronic, respectively, are attained. Comparison of these results
with the empirical value of 74.4 (±10.7) MPa indicate that Tween affects the
strength negatively, while Pluronic does not have a significant effect on the
strength.

The effect of filler content on strength
The addition of filler (i.e., inert particles or fibers) can improve various
properties depending on the filler type. It can improve strength, ductility,
hardness, degradation rate and/or bone inducing ability, just to mention a
few characteristics. This was seen in Paper III, where the excess β-TCP
acted as filler and altered the CS and porosity of the material. The impact on
the cement properties depends, among other things, on the amount of added
filler, the strength/ductility/hardness/degradation rate of the filler compared
to the cement, the interactions between filler and cement, and the size and
shape of the filler. The focus of this thesis is on CS, and thus ductility, hardness, resorption rate, and so on will not be highlighted here, although they
are usually related.
If a higher strength is desired, the strength of the filler must be greater
than that of the cement matrix. This reduces the probability of failure
through the filler. The strength of a cement containing a filler can be simplified according to equation 12,88 where σtot is the total strength, σc is the
strength of the cement matrix, A is an efficiency factor (the cement-filler
interaction), Vf is the volume fraction of filler, and σf is the strength of the
filler.
= 1−

+

(12)

The efficiency factor mainly depends on two things, specifically the surface area of the filler particle, and the strength of the cement-filler bond.88 A
higher surface area (e.g., small particles and rough particle surface) gives
more interactions between particle and cement, and A is thus increased. The
cement-filler bond is a bit more complex. The bond strength is affected by
both the strength of the cement and the binding between cement and filler. If
the chemical composition of the filler induces crystal growth on the surface,
the filler will be tightly incorporated in the cement matrix. The worst-case
scenario is large, smooth and chemically inert filler particles (such as a nonionic polymer beads), where there will only be very limited interactions between filler and cement.
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The β-TCP filler in Paper III should have a high interaction with the precipitating cement, as it is in fact one of the precursors for the reaction. This
implies that crystal growth likely occurs on the surface of the β-TCP particles, covering them in brushite (or monetite). This can also be the reason for
the residual β-TCP present when an equimolar ratio between MCPM and βTCP were used, as previously observed by Bohner et al.49 The tight binding
with the cement phase is likely to have a positive effect on the total strength
of the cement. However, as previously mentioned, the strength of the cement-filler bond is also highly affected by the strength of the cement. The
strength of the cement is in turn affected by its porosity, which increases
with increasing filler content (as seen in Papers I and III). This implies that
increasing the filler content will increase the porosity of the cement, decrease the strength of the cement, decrease the efficiency factor (A), and thus
decrease the contribution of the filler on strength.
When the effect of the filler is decreased, the strength of the actual cement
becomes more important; hence, there is always a maximum where the filler
has the highest impact on strength (illustrated in Figure 15). This was also
seen in Paper III, where a maximum was seen for most of the combinations
at approximately 10 mol% filler. The clearest trend was seen for cements
prepared with MCPM from Scharlau with an L/P of 0.25 ml/g and 0.5 M of
citric acid as the mixing liquid. These cement also had the highest overall
strength, indicating that the cement strength indeed has a high effect on the
efficiency of the bond.

Figure 15. Illustration of how the cement and filler contributes to the total strength
of the sample.
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The effect of particle size on strength
In this thesis, no alteration was made to the β-TCP powder; however, the
effect of particle size of the MCPM powder was investigated in Papers III,
IV, and VII, showing that the particle size (of MCPM) influences strength.
The results in Paper VII showed that smaller grains gave higher strengths
for the premixed cements. Similarly, in Paper III, for the water-mixed cements, smaller grains gave higher CS values. Although a higher porosity, in
theory, should give a lower CS, it was seen that the CS actually was much
higher for cements prepared with MCPM from Scharlau than those prepared
with MCPM from Alfa, although the Scharlau cements generally had higher
porosities. For example, when a 45:55 molar ratio of MPCM to β-TCP, with
an L/P of 0.25 ml/g and 0.5 M of citric acid as the mixing liquid was used,
the CS and porosity for Scharlau cements were 82 (±4) MPa and 23 (±2)%,
respectively, while the corresponding results for Alfa cements were 21
(±3) MPa and 18 (±2)%, respectively. These data indicate that other things,
such as pore size and shape and grain morphology, play great roles.
It was seen in the SEM images that the pores present in the cements prepared with MCPM from Alfa were much larger than those in the cements
prepared with MPCM from Scharlau; although the absolute value was lower,
it can be assumed that the larger pores induced a lower strength. Furthermore, it was seen that the larger particles of MCPM from Alfa resulted in
larger crystals after reaction (Figure 9), which is often related to lower
strength, as seen in Paper VI (for premixed cements). In Paper VI, the addition of small amounts of water to the glycerol of the premixed paste gave
cements with higher CS compared to similar cements without added water.
This increase was seen even though the L/P for the compositions where water was added was higher than for that without added water (the glycerol to
powder ratio was fixed). The higher L/P should be associated with a higher
porosity according to the L/P–porosity relationship, and connected to a lower
CS, contrary to the presented results. The increase in CS was here explained
by the greater amount of crystals, as well as their smaller size after reaction
(Figure 10b [without water] and c [with water]), related to the larger amount
of nucleation points coupled to the water mixed in the glycerol.

The effect of liquid type on strength
In this thesis three different liquids were used, namely double-distilled water, citric acid (0.5 M, and 0.8 M), and glycerol. Surfactants (Tween and
Pluronic) were added to the liquids in Paper V to enable foaming.
The cements prepared with glycerol generally had lower strengths than
those prepared with water or citric acid. Maximum strengths for glycerolcontaining cements were typically around 15 MPa (Paper VII), while the
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cements mixed with citric acid could reach up to 90 MPa (Paper IV). The
difference in strength can be related to the fact that glycerol does not participate in the setting reaction, taking up a volume that will eventually be converted to pores. The cements prepared with glycerol therefore have a higher
total porosity and a lower strength.
The impact of citric acid on strength is a bit more intricate. It was clear
from Paper III that the higher the concentration of citric acid, the lower the
strength of the material. In a paper by Barralet et al.,89 the results showed an
increase in strength with an addition of up to 0.8 M citric acid, but a decrease
for higher concentrations. Moreover, it has been suggested by Mariño et al.47
that citric acid concentrations above 0.8 M should not be used due to an increased risk of washout of citrate ions. The decrease in strength seen in our
cements could be the result of interactive effects between SPP and citric
acid; however, this has not been investigated. Although citric acid decreases
the CS of the set cement for a specific L/P, it increases both the ST and the
solubility of MCPM, allowing for the use of a lower L/P. This, in turn, has a
positive effect on strength.
In contrast to the results presented for citric acid addition, it is generally
considered that setting retardants (such as citric acid) should provide increased strength due to smaller grains obtained and better crystal organization. However, the grains obtained after addition of citric acid were not
smaller than the ones obtained in the cements prepared with water. Furthermore, the difference in crystal morphology seen in this thesis might not be
preferential for the crystal organization, but may instead increase the porosity between grains due to a suboptimal crystal packing, thereby resulting in
decreased strength.

53

Concluding remarks

The work presented in this thesis demonstrates that variations in the initial
cement composition could have large effects on the properties of hardened
calcium phosphate cement. The general effects of the respective variables
are summarized in Table 5.
Table 5. The effect of different compositional variations on set cement properties.
Injectability

Porosity

Strength

Crystal size

Increased L/P

Higher

Higher

Lower

No effect

Citric acid instead of water

Higher

Higher

Lowera

Glycerol instead of aqueous
solution
Larger MCPM particles

Not investigated

Higher

Lower

More sheetlike
Smaller

Higher

Lower

Lower

Larger

Lower

Higher

No clear effect

Min. at
45 mol%
Lower

Max. at
45 mol%
Higher

No clear effect

Broad MCPM particle size
Higher
distribution
Decreased amount of MCPM Not investigated
High energy mixing

Higher

No effect

a

Strength is decreased with the addition of citric acid; however, the L/P can be significantly
decreased and higher strengths are indirectly achieved.

The results presented in Table 5 show that to achieve high-strength acidic
calcium phosphate cements with good handling properties, the following
characteristics are desirable: (1) a low L/P, (2) citric acid in as low a concentration as possible, (3) small (approximately 75 µm for water-mixed cements) MCPM particles with a broad size distribution, (4) an excess of approximately 10 mol% β-TCP, and (5) a high energy-mixing regime. This
was realized in Paper IV, where an acidic calcium phosphate cement with a
CS of 74.4 (±10.7) MPa was achieved. This is the highest CS published on
this type of cement.
If a highly porous cement is desired without additional phases being required, the easiest solution would be to use large MCPM particles and substitute the aqueous phase with glycerol. Furthermore, as shown in Paper V,
a high macroporosity can be achieved by foaming the liquid before cement
mixing.
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Future perspectives

The work in this thesis only presents a few options on how to alter the properties of brushite cements. Many topics still need to be investigated, and a
selection is listed below.
Visualization of the chemical reactions. Something that is generally
lacking within the field of calcium phosphate cements is a method where the
entire setting process can be followed both visually and chemically at the
same time (e.g., through the combined use of SEM, Fourier transform infrared spectroscopy [FTIR], and/or XRD). The development of such a method
would make it easier to screen more variations in, for example, particle size
and composition, creating a better understanding of the mechanisms controlling the setting of such cements. Furthermore, such a method could be of
interest when monitoring the decomposition or aging of such materials. Several studies have been published where setting over time is monitored,66,70 or
where the influence of additives on grain growth is investigated;46 however,
further development and a general consensus is still missing.
Additives. Here, only two additives have been tested (i.e., citric acid and
SPP). These were selected based on previous findings. However, there are
plenty of other interesting additives left to investigate that could affect not
only the ST, porosity, and cement strength, but also the cohesion of the
paste, ductility of the set cement, degradation rate, and so on. Such additives
could be sulfates38, other pyrophosphates,38,40,48 glycolic acid,47 or
polymers.90
Particle size. The effect of the MCPM particle size has been investigated
empirically, but the β-TCP particle size was never considered. Empirical
investigations indicate that an optimal size distribution within MPCM and
between MCPM and β-TCP can be identified. However, no theoretical models or calculations have been performed. This could be the next step in developing a free-flowing injectable cement, with good particle packing in
terms of the particle sizes and distributions, and an optimal L/P. This will
allow for a low porosity while diminishing the possibility of air incorporation during mixing.
In vivo properties. Almost no emphasis has been placed in this thesis on
the in vivo properties of brushite and monetite cements. Although in general,
these cements are considered to be biodegradable and osteoinductive, attempts could be made to increase the degradation rate without affecting the
strength. For instance, the effects of the calcium pyrophosphate, already
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present in the cements, as well as the difference between monetite and
brushite, need to be extensively evaluated.
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Svensk sammanfattning – De sura
kalciumfosfatcementens fysikaliska
egenskaper

En vuxen människas skelett består av 206 ben. Skelettet anpassas hela tiden
efter behov, det byggs upp eller bryts ner beroende på hur mycket last specifika delar av skelettet utsätts för. Skelettet kan även självläka utan ärrbildning vid små skador. Vid skador större än cirka 1 cm kan det dock hinna
bildas ärrvävnad innan skadan i benet hunnit läka. Ärrvävnaden hindrar då
en fullständig läkning och en spalt utan ihopläkt ben kan uppstå. Man kan
förhindra bildandet av ärrvävnad och på så sätt hjälpa skelettets läkning genom att fylla skadan med ett material som bryts ner i samma takt som benet
ersätter det. Det vanligaste materialet att fylla en sådan skada med är så kallat autologt ben, det vill säga ben från en icke lastbärande del av patientens
eget skelett (främst från höftkammen). Eftersom en extra operation behövs
för att ta ut benbitar ur kroppen ökas risken för infektion, vilket är en av de
främsta nackdelarna med autologt ben. Att använda ett syntetiskt material
med egenskaper som liknar det egna benet är därför ett alternativ som innebär färre operationer och därmed en lägre infektionsrisk.
En fördel med syntetiska material är att de till stor del kan designas utifrån ett definierat behov. Det är därför viktigt att veta hur man ska göra för
att styra dess egenskaper. Egenskaper som kan vara intressanta att styra är,
bland annat, materialets styrka och porositet. En ökad porositet kommer
både öka beninväxten och nedbrytningshastigheten av materialet. Porstorleken spelar dessutom stor roll, då porer på ca 100 µm ökar beninväxten och
de på ca 300 µm ökar andelen blodkärl som kan bildas i materialet.
Ett cement är något de flesta kan relatera till. Man blandar ett pulver med
en vätska, gjuter blandningen i en form och får efter ett tag en fast kropp. De
cement man oftast tänker på är de som används inom byggindustrin eller
vanligt gips. Fördelarna med cement är många, men inom ortopedin är det
framförallt möjligheten att kunna injicera materialet som är tilltalande. Att
använda ett injicerbart material innebär att ett mindre invasivt ingrepp kan
göras eftersom en öppen operation då inte är nödvändig. För att cementet ska
kunna brytas ner i samma takt som ben bildas är det fördelaktigt om det är så
likt ben som möjligt. Kalciumfosfatcementen är en grupp cement som har
benlika egenskaper, i och med att de har en kemisk sammansättning som är
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näst intill identisk med den kemiska sammansättningen av mineralet i ben.
Det finns två olika typer av kalciumfosfatcement, vilka delas in efter pH
värdet under själva reaktionen. Brushit, eller monetit, fås som slutprodukt
om reaktionen sker vid surt pH och hydroxylapatit vid basiskt eller neutralt
pH.
I den här avhandlingen har framför allt de sura kalciumfosfatcementen
undersökts, med fokus på hur variationer i komposition påverkar egenskaper
så som porositet, styrka och hantering för kirurgen. Eftersom de sura kalciumfosfatcementen vanligen kallas brushitcement kommer den benämningen
att användas i fortsättningen. I artikel I utvecklades en modell som gör det
möjligt att beräkna porositeten av ett brushitcement om man vet dess initiala
sammansättning, vilket innebär att man skulle kunna förutsäga några av cementets egenskaper genom relativt enkla beräkningar istället för att genomföra experiment i labbet. I artikel II utvecklades och utvärderades ett sätt att
mäta porositeten för den här typen av cement. Fördelarna med den metod
som föreslås i artikel II jämfört med dagens standardmetoder är att den är
snabb och inte kräver någon avancerad utrustning. I artikel III och VI till
VIII undersöks hur olika faktorer påverkar brushitcementens egenskaper,
slutsatserna från dessa undersökningar utnyttjas sedan i artikel IV och V för
att utveckla ett extremt starkt brushitcement samt ett makroporöst brushitcement.
När ett cement härdar löses först pulvret upp i vätskan som då blir mättad
med specifika joner och kärnor av den slutliga fasen början bildas. Med tiden
växer kärnorna till kristaller som aggregerar och efter en viss tid har man ett
härdat cement. Den här processen är snabb för brushitcement som generellt
är färdighärdade redan inom någon minut, vilket inte är optimalt ur ett kliniskt perspektiv. En härdtid på mellan 10 till 15 minuter skulle vara att föredra då det innebär att läkaren hinner förbereda cementet och injicera det utan
stress. En längre härdtid är inte önskvärt eftersom det medför att läkaren
skulle behöva vänta under opperationen, då man vill vara säker på att cementet har härdat innan såret försluts. För att förlänga härdtiden kan man tillsätta
en eller flera kemikalier som antingen saktar ner upplösning av startmaterialet eller saktar ner kornbildning och tillväxt av kristaller. De två tillsatser
som har används i den här avhandlingen är dinatriumdivätepyrofosfat och
citronsyra och framförallt effekten av citronsyra har undersökts i detalj. Resultaten visar tydligt att tillsats av citronsyra i vätskan inte bara förlänger
härdningstiden utan även påverkar morfologin på kristallerna (vilka blev
tunnare och större), porositeten (vilken ökade något) och styrkan (vilken
minskade något). Även om styrkan minskade något med tillsatsen av citronsyra, kunde effekten upphävas av att en mindre mängd vätska användes. Då
en minskad mängd vätska ger en ökad styrka så kunde cement innehållande
citronsyra tillverkas med en högre styrka än cement gjorda utan.
Brushitcement tillverkas vanligtvis med ett stökiometriskt förhållande
mellan de två ingående komponenterna: beta-trikalciumfosfat (β-TCP) och
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monokalciumfosfatmonohydrat (MCPM). Vi kunde dock visa i artikel III
att ett litet överskott av β-TCP (ca 10 mol%) gav en markant ökning av styrkan. Kornstorleken hos MCPM hade också en tydlig inverkan på det härdade
provets styrka och porositet. Cement gjorda med större MCPM-korn gav
lägre porositet och styrka, och hade större kristaller efter reaktionens slut
jämfört med cement gjorda på mindre MCPM-korn. Då en minskad porositet
ofta innebär en högre styrka var resultatet något oväntat. Den lägre styrkan
förklaras dock av de större kristallerna, vilka vanligtvist är kopplade till just
en lägre styrka. Resultaten visade dessutom att en bred kornstorleksfördelning av MCPM både ökade injicerbarheten av cementpastan och styrkan hos
det härdade cementet. Det konstaterades därför att mindre korn med en bred
storleksfördelning är att föredra om hög styrka och god injicerbarhet önskas.
Det sätt cementen blandas på kan även påverka egenskaperna hos både
cementpastan och det härdade cementet. Resultat presenterade i den här avhandlingen visar till exempel att om man använder en högenergetisk blandmetod (en så kallad cap vibrator) kan man få ökad injicerbarhet av cementpastan, samt ökad styrka och minskad porositet hos det härdade cementet.
Genom att använda en sådan blandmetod och utnyttja lärdomarna från tidigare studier, kunde vi ta fram det starkaste brushitcementet som hittills rapporterats.
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Analytical techniques

Mechanical testing
When investigating materials that can be subjected to external forces, it is of
high importance to determine their mechanical properties. For brittle CPCs,
the most widely investigated mechanical property is CS; however, the diametral tensile strength (DTS) is sometimes also measured, as in Paper IV.
The CS of a material is the maximum stress (σmax) that the material can
endure in compression before failure. It is determined by applying an increasing load to a sample with a specific cross-sectional area (A0) until it
breaks. This measurement is normally performed using a universal testing
machine, measuring the maximum force (Fmax) that can be applied to the
material. The sample geometry generally used for CS measurements of calcium phosphate cements is a cylinder with a 1:2 ratio between its diameter
and height. The sample size is generally 6 mm in diameter and 12 mm in
height, according to the ASTM F 451–0891 standard for acrylic bone cements. The compressive stress is calculated according to equation 13.
=

(13)

DTS is measured similarly to CS; however, the sample is placed on its
edge, inducing tensile forces perpendicular to the applied compressive load.
For this measurement, a sample size of 8 mm in diameter and 3 mm in
height was used in Paper IV. The DTS is calculated according to equation
14, where d is the sample diameter and h is the sample height.
=

(14)

Both CS and DTS were measured in this thesis using a Shimadzu universal testing machine with a crosshead speed of 1 mm/min. The samples were
all polished using an 800- or 1,200-grit SiC polishing paper, and thin plastic
films were placed between the sample and the crosshead to reduce the effect
of defects generated during molding and polishing.
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X-ray diffraction
XRD is a technique used to determine the phase composition of a crystalline
material. Such a material composes a long-range periodical arrangement of
atoms, with crystal lattices in the sub-nanometer range. The lattice size allows for interactions between the lattice points and the interfering X-rays
(which have a wavelength of 0.154 nm for conventional Cu-Kα X-rays).
When X-rays are scattered elastically (i.e., the scattered wavelength is the
same as the incoming wavelength, Figure 16), both constructive and destructive interference can occur. For highly crystalline samples, most scattered
beams are cancelled out, while the scattered beams following Bragg’s law of
diffraction (Figure 16, equation 15, where n denotes an integer, λ is the
wavelength of the X-rays, dhkl is the lattice plane distance, and θ is the angle
between the incident beam and the scattering plane) are highly intensified by
constructive interference. The XRD pattern attained when the intensities of
the scattered X-rays are collected over a range of angles is specific for each
crystalline material, and can be used to determine the material composition.
=2

Θ

(15)

Powder diffraction with a Bragg Brentano theta:theta setup, Cu-Kα irradiation, and a nickel filter was used throughout the work in this thesis. Two
different X-ray diffractometers were utilized, namely a Siemens D5000 in
Papers VI and VII and a Bruker D8 in Papers I–IV.

Figure 16. Illustration of elastic X-ray scattering against lattice points in a crystalline material.
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Rietveld refinement
Rietveld refinement was used to quantify the phases in Papers I–IV. In
Rietveld analysis, a theoretical XRD pattern is calculated from phase parameters retrieved from crystallographic databases (e.g., lattice structure, cell
parameters, and atomic positions), and is compared to the measured pattern.
The calculated pattern is then improved through an iterative process, resulting in a calculated pattern that matches the measured pattern excellently, and
from which all refined parameters can be attained. In the present work,
BGMN software (BGMN, Germany) was utilized for the refinement.

Porosity
The porosity of a material can be determined using a wealth of methods;
these can be more or less appropriate for use on calcium phosphate cements.
Some of these methods were evaluated in Paper II.
Various expressions are employed to describe the density and volumes
used in the porosity calculations; a clarification of the terminology used in
this thesis follows. Apparent density (ρa) describes the density of a sample
when the outer dimensions are used to measure its volume. Skeletal density
(ρs) describes the density achieved when calculating the volume of the actual
solid material, excluding pores. If both skeletal and apparent densities are
determined, the porosity is calculated according to equation 9, as previously
described, and repeated below for ease of reading.
Φ=1−

(9)

The apparent volume (Va) was measured in water through the Archimedes
principle in Papers II–IV, and through the measurement of the outer diameters using a caliper in Paper V. The apparent density was determined
through equation 16, where mdry is the dry weight of the sample.
=

(16)

Water evaporation
The accuracy of the water evaporation method was evaluated in Paper II,
and is illustrated in Figure 12. Briefly, it is assumed that if a wet sample is
dried, the volume of the evaporated water is equal to the volume of the pores
within the sample. The porosity was calculated according to equations 5 and
6. The method was also used for all samples in Paper III.
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Helium pycnometry
Helium pycnometry is a porosity method which measures the skeletal volume of a sample by determining the pressure difference between an empty
chamber with a calibrated volume and the same chamber containing a sample. The pycnometer is calibrated against a sphere with a fixed volume, and
to achieve the most accurate results, samples with similar volumes to the
calibration sphere are preferred. The cement sample is therefore normally
crushed prior to analysis to enable a higher sample volume within the chamber. The porosity is measured through equation 9. This method is considered
highly accurate due to the very small size of the helium molecule, which
means that the helium molecule can penetrate very small pores (in the nm
range). However, like most methods, helium pycnometry can only be performed on dried samples, and the structural changes during drying need to be
taken into consideration. Furthermore, each measurement take about 15–30
minutes, and thus the number of samples that can be analyzed is limited.
Helium pycnometry was performed in this thesis using an AccuPyc 1340
(Micromeritics) with a maximum pressure of 19.5 psi and a chamber size of
1 cm3, using 20 purges and 10 runs, in Papers I, II, IV, and V.

Mercury intrusion porosimetry
MIP is the most advanced and expensive of the mentioned porosity methods.
It is commonly used for PHA cements, but has not been tested extensively
on brushite cements. In MIP, mercury is intruded into the sample and the
pressure difference during intrusion gives information about the porosity and
pore size distribution. However, the both high cost of mercury and its toxicity reduce the accessibility of this method. Moreover, although in theory,
MIP gives information on pore size distribution, there are some limitations
connected to the way the analysis is performed; two are generally mentioned, namely (1) the ink-bottle effect and (2) the network effect (Figure
17). Both of these effects result in an outcome where smaller pores are reported than what is actually the case. The ink-bottle effect is due to necking
of pores at the surface; these pores are thus considered to have the size of the
neck, and not the size of the actual pore. The network effect gives similar
results, but is due to smaller pores present closer to the surface than larger
pores. The larger pores are thus considered to have the size of the neck connecting the two pores. Due to these effects, the result obtained from MIP is
actually not the pore size distribution, but rather the pore interconnectivity
distribution. Furthermore, these effects results in an underestimation of the
pore interconnection sizes, and the actual sizes should be around three times
the reported value.92 This was clearly illustrated in Paper V, where the size
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distribution measured with MIP was about one-third of that measured by
image analysis.

Figure 17. Effects present during MIP analysis: (a) the ink-bottle effect and (b) the
network effect.

MIP was measured using an AutoPore III (Micromeritics) in Paper II and
an AutoPore IV 9500 (Micromeritics) in Paper V, assuming a contact angle
of 130° and a surface tension of 485 mN/m.

Use of the theoretical density
A common way to calculate the density of PHA cements is to assume that
the skeletal density is equivalent to the density of bulk HA (i.e., 3.16
g/cm3).74-77 However, this method normally overestimates porosity, as the
density is generally never as high as the theoretical value. Amorphous parts
and additional unreacted phases both decrease skeletal density. To extend
this method, XRD analysis with Rietveld refinement was performed in Paper II on set samples, and the theoretical density was calculated, taking unreacted phases into account. The results showed that using XRD data gives
quite accurate porosity values for brushite cements; however, the porosity
values achieved for the PHA cements were much higher than those achieved
with helium pycnometry. This is in agreement with the assumption that
amorphous components have a large impact on sample density, as PHA cements are generally more amorphous and contain smaller crystals than
brushite cements.

Scanning electron microscopy
The scanning electron microscope is a high-resolution instrument that is
widely used to study the microstructure of surfaces. Conventionally, studies
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of surfaces have been performed using an optical microscope; however, the
use of electrons instead of photons enables a higher magnification due to the
shorter wavelength of the electrons (typically around 50,000 times shorter
than visible light). In SEM, electrons are accelerated toward the sample surface where interactions occur, which produces signals that can be detected in
various operating modes. The three most commonly used operating modes,
which give both structural and chemical information, are backscattered electrons, secondary electrons, and characteristic X-rays. In this thesis, secondary electrons (produced during inelastic scattering of the incident beam)
were mainly analyzed, giving only structural information. Although only
secondary electrons were used, both SE2 mode and InLens mode were utilized, as described in Morphology after setting.
In the present work, three different microscopes were used, as follows: a
Zeiss LEO 1550 in Papers III and IV, a Zeiss Neon 40 in Paper V, and a
Zeiss LEO 440 in Papers VI and VII. All microscopes were operated with
acceleration voltages between 3 and 5 kV. A thin gold/palladium layer was
sputtered onto the sample surface before analysis, to reduce charging of the
sample.

The Gilmore needle method
The ST of a cement is normally evaluated following a simple procedure; a
needle with a certain weight and tip diameter is placed on the sample surface
at regular intervals. The cement sample is deemed set when no visible mark
can be observed on the sample surface. With this method, both the initial ST
and the final ST can be measured, with the initial ST needle having a lower
weight and a larger tip diameter compared to the final ST needle. There are
two different ASTM standards regarding needle sizes and weights, namely
Gilmore needles (Table 6)93 and Vicat needles.94 In this work, the Gilmore
needle method was used in Papers II and IV–VII.
Table 6. Weight and tip diameter for Gilmore needles.
Initial ST
Weight (g)
113.4±0.5
Tip diameter (mm)
2.12±0.05
Equivalent to a load of (MPa) 0.31

Final ST
453.6±0.5
1.06±0.05
5.04
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