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Abstract

Calcium phosphate silicate cement (CPSC) describes a family of materials in which the
powder component is composed of the mixture of hydraulic calcium silicates and calcium
phosphates. CPSC was developed and characterized in this work with the broad goal to address,
and possibly overcome, the disadvantages of calcium silicate and calcium phosphate cements
used in medical and dental fields. The main objective of this work was to synthesize and
characterize CPSC, focusing particularly on the hydration process of CPSC. The cements
consisting of various amounts of triclacium silicate (Cs;S) and calcium phosphate monobasic
(CPM), were synthesized by the sol-gel process, followed by heat treatment at 1550°C and
planetary ball-milling. It has been determined that after mixing with water, Cs;S hydrates to
calcium silicate hydrates (C-S-H) and calcium hydroxide (CH); within 10 min CPM reacts with
CH to form dicalcium phosphate dihydrate (DCPD), which further reacts with CH and
precipitates hydroxyapatite (HAP). It is proposed that the phosphate ions incorporate into C-S-H
to form another type of hydrates C-S-P-H. The morphology of the hydrates depends on the
process of hydration and the composition of CPSC. At the early stages of hydration, the
hydration products form “almond-shaped” particles that serve as a nucleation site for the
hydrates. The hydrates take tubular shape and form bundles clustered along the radial direction
of the tubes. CPM influences the hydration kinetics of C3S by increasing the duration of the
hydration acceleration period rather than increasing the hydration rate, especially for the higher
content of CPM in CPSC. CPM also increases the porosity of CPSC and reduces the content of
CH, thought to be the “weak link” in the set CPSC. As a compromise between the two effects,
the optimal content of CPM appears to exist at about 10 wt% of CPM in CPSC. After immersion
in simulated body fluid, HAP forms on the surface of CPSC indicating that CPSC is bioactive in
vitro. Cytotoxicity assay and cell adhesion assay against human gingival fibroblast indicated that
the biocompatibility of CPSC is significantly enhanced.
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1 INTRODUCTION

1.1 Background

Since its invention by Brown and Chow in 1986 [1, 2], calcium phosphate cement (CPC)
has been an interesting, useful and widely studied material. Upon being mixed with water, CPC
self-sets and forms hydroxyapatite (HAP) for Brown & Chow’s formulation. CPC can only have
three different end-products: apatite, brushite [the mineral of dicalcium phosphate dihydrate
(DCPD)], and amorphous calcium phosphate (ACP) [3]. The study on ACP showed that the
cement is rapidly converted to HAP [4]. Therefore, all CPC formulations can be divided into two
categories: apatite CPC and brushite CPC in according with their end-products [3]. Brushite CPC
can only set at a pH value lower than about 6, when the pH is higher, the cement transforms into
HAP [3]. The advantages of set CPC include the mineral similarity to the composition of natural
bone [5, 6], good biocompatibility [7-9], and excellent bioactivity and osteoconductivity [10-13].
Calcium phosphate cements have therefore been used for a variety of orthopaedic and dental
applications, including repair of craniofacial defects [14, 15] and periodontal bone defects [16],
reconstruction of alveolar bone defects [17], and other dental applications [8, 11]. The drawback
of CPC is its relatively low strength; thus it can only be used for non load-bearing applications
[18]. The average compressive strength of the calcium phosphate cement (the Brown and
Chow’s formula) was reported to be about 36 MPa after completion of the setting reactions in 24
h [19], which is significantly lower than the average compressive strength of human cortical
bone (greater than 100 MPa [20]). The main reasons for the relatively low strength are (i) low

fracture toughness, reported generally below 0.3 MPa m'?

[21, 22], and (ii) their porosity, which
is about 43 vol% after cement sets and the connected pores form relatively large flaws and thus

weaken the cement [20, 23]. The diameter of pores was about 8 to 12 microns [20, 23].

Therefore, many researchers have been trying to reduce the flaw sizes and to increase fracture
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toughness, leading-to different strategies to improve the mechanical properties of CPC [21, 24,

25].

Calcium silicate-based cements (i.e. similar to Portland cement, with hydraulic phases of
tricalcium silicate and dicalcium silicate, with or without calcium aluminate) are another type of
cements, which are also used in biomedical applications. For example, Mineral Trioxide
Aggregate (MTA) and BioAggregate (BA) are two commercially available calcium silicate-
based cements for dental applications, such as pulp capping, pulpotomy dressing, root
perforation repair, and root-end sealing [26-29]. Calcium silicate cements have reasonably good
mechanical properties. For example MTA can reach 58 MPa in compression after 3 d of setting
[30]. Such calcium silicate cements (CSC) are also biocompatible and bioactive [31-34]. During
setting, calcium silicates react with water and form calcium silicate hydrate (C-S-H) gel and
calcium hydroxide [Ca(OH),, abbreviated to CH]. CH is slightly soluble in water (pK, = 5.26 at
20 °C [35], equivalent to 0.83 g of CH soluble in 1 liter water at 20 °C), resulting in a high pH of
12 to 13 in the setting solution. The disadvantage of CSC as bone cements is therefore their high
setting pH. This high pH, however, imparts CSC antibacterial properties and is therefore
beneficial in some dental applications (e.g. as root canal fillers) but may be detrimental in others.
Due to CH solubility in water, its presence in the set cements is considered as a “weak link”,
resulting in decreased mechanical properties [36]. Therefore, it would be desirable to decrease
CH content in set cements in order to increase their strength and, possibly, also decrease the
setting pH. A number of investigators have reported improvement of the compressive strength of
Portland cement by adding "silica fume" (silicon oxide particles, generally smaller than one
micron [37]) in order to decrease CH content in hydrated cements [38, 39], wherein the silica

fume reacts with part of CH during setting, leading to the formation of C-S-H.



In order to overcome the drawbacks of CSC biological cements as per above, the present
author and Lu [40-43], in 2005, were first worldwide to propose a novel calcium phosphate
silicate cement (CPSC), which consists of phosphate salts in addition to hydraulic calcium
silicates. The motivation for the development of such formulations was the expectation that
during CPSC setting, along with the formation of C-S-H and CH resulting from calcium silicate
hydration, the phosphates would react with the CH to precipitate HAP. It was anticipated that
this process would enhance the mechanical properties and decrease pH. The present work is

largely devoted to verifying these hypotheses.

Polymethylmethacrylate (PMMA) - based bone cements are currently the most common
orthopaedic surgical cements, with over one million procedures performed worldwide annually
in hip, knee, and other joint replacement [44]. PMMA is an acrylic polymer that is formed by
mixing a powered methylmethacrylate polymer and a liquid methylmethacrylate monomer used
as an initiator of the radical polymerization. The cement has been used in surgical fixation of
artificial joints for over 50 years [45]. The mechanical properties of PMMA cements are good,
i.e. tensile strength ~35 MPa, shear strength ~42 MPa, compressive strength ~93 MPa, bending
strength ~64 MPa, and bending modulus 2,552 MPa [46]. However, PMMA bone cement has a
number of drawbacks [45]. The polymerization of PMMA is an exothermal reaction, increasing
temperature at the center of the cement mantle up to 124 °C in vivo (depending on the cement
formulation) [45]. This may be responsible to the thermal necrosis of bone, impaired local blood
circulation, and predisposition to membrane formation at the cement-bone interface. The second
drawback is the toxicity of the unreacted liquid monomer, which may also cause chemical
necrosis of the bone due to the release or leakage of the monomer before polymerization of the
cement [45]. The third problem is that the cement cannot chemically bond to bone (i.e. the

acceptable bond strength is achieved mainly due to interlocking of the bone tissue and the
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prosthesis surface). The cement acts therefore like a mortar or grout filling the voids between the

surface of the prosthesis and the interstitial spaces in the surrounding bone.

1.2 Research Hypothesis and Motivation

CPSC consists of hydraulic calcium silicates such as tricalcium silicate (CsS, Ca3;SiOs) and
dicalcium silicate (C,S, Ca,SiO4) and phosphate salts, such as calcium phosphate monobasic
[CPM, Ca(H,PO4),]. It is hypothesized that during CPSC setting, CH resulting from the
hydration of calcium silicates reacts with the phosphates and thus precipitates HAP, in the
process largely removing CH from the set cement and reducing pH of the cement paste.
Meanwhile, the resulting C-S-H would form a composite structure in-situ with the precipitating
HAP crystals. The schematic of the expected hydration route of CPSC is given in Figure 1.1. If
this hypothesis is true, CPSC would be expected to have enhanced biocompatibility, bioactivity

(at lower setting pH), and improved mechanical strength, in comparison to the pure CSC.
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Figure 1.1 Schematic of the expected hydration route of CPSC. Ca3;SiOs and Ca(H,PQO,), are
used as pure calcium silicate cement and phosphate salt, respectively, in this study. (Note: x and
z are the coefficients related to Ca;SiOs and C-S-H, respectively; y is the number of molecules of
H,O required for the complete hydration of Ca3SiOs. Because C-S-H is non-stoichiometric and
has variable composition, x, y and z cannot be precisely determined at this stage. It is believed
however that 1.7Ca0-SiO,-4.0H,O 1is the best representation of C-S-H resulting from C;S
hydration [47]; therefore the best estimation of x, y, and z would be around 5.4, 28.5 and 5.4,

respectively.)



1.3 Objectives and Scope

The overall goal of this research is to synthesize and characterize the novel CPSC as the
next generation bio-cement for medical applications. The particular focus is to investigate and
understand the hydration process of CPSC, including the microstructure development during the
cement hydration, to evaluate the physical, and chemical and biological properties of CPSC, and
to compare the results with those of pure calcium silicate cement (CSC), so that the research

hypotheses could be verified.

As mentioned above, CPSC is a novel cement for medical and dental applications.
Accordingly, there is no existing knowledge regarding its hydration mechanism, mechanical and
biological properties. The purpose of the present work is to systematically study CPSC
processing, hydration mechanism, and correlate them with the set cement properties. This
information may then be used to decide the specific formulations of the cements for specific

applications in vivo.

The specific objectives of this research were as follows:

1) To explore and develop practical methods for CPSC cement synthesis;

2) To identify the CPSC hydration products, to characterize their morphologies and to
investigate the cement microstructure during the hydration process at/mear the physiological
temperature;

3) To characterize set CPSC, including its mechanical properties, bioactivity, and
biocompatibility;

4) Based on the new knowledge generated in objectives 2 and 3, to propose and verify the

hydration mechanism of CPSC and test the main research hypothesis of this thesis;



5) To determine the optimal composition of CPSC that may provide a combination of both

good mechanical properties and good biological properties.

Calcium silicate-based cements, such as mineral trioxide aggregate (MTA) and CPSC,
once set, are believed to be non-resorbable (or poorly-resorbable) and practically insoluble [48-
50], thus have good resistance to corrosion in biological environment. Therefore, they are
different from calcium phosphate cements (and bioglasses), which are not stable in biological
environments [23]. The degradability of these materials provides favourable bio-chemical
environment benefitting growth of new tissues [23]. However, many applications, such as
orthograde and retrograde filling treatments in endodontics, require the cements to be relatively
stable in biological environments [51], i.e. non/slowly resorbable, and the calcium silicate-based

cements containing calcium phosphates fit these requirements.

CPM was used in CPSC as a phosphate provider and a consumer of CH produced from the
hydration of calcium silicate by an acid-base reaction during cement setting. CPM 1is one of the
most soluble calcium phosphates (solubility of about 18 g/l in water at 25 °C) with the lowest pH
of the resulting solution (the stability range of pH = 0.0 — 2.0 in aqueous solution at 25 °C) [52];
therefore, the adoption of CPM in the formulation of CPSC should benefit the neutralization of

the high setting pH.

Since CPSC is a novel cement, it is important to understand its synthesis process, the
properties of set cement and its microstructure development during the setting reactions. As
mentioned above, because CPSC consists of hydraulic calcium silicates (including tricalcium
silicate, dicalcium silicate, or a mixture of the two) and calcium phosphates or their

combinations, the CPSC system is a complex system. Therefore, this work is limited to one
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particular variant of CPSC, including C;S and CPM as the hydraulic calcium silicate and a
phosphate salt, respectively. The mixture of C;S and CPM was used as powder components of
CPSC and distilled water was the setting liquid component. In order to achieve well-defined
reactants, a sol-gel process was used to synthesize pure C;S. CPSC powders were then obtained
by ball-milling C;S and up to 25 wt% of CPM powders. To understand the hydration process, the
microstructure of the CPSC with 10 and 20 wt% CPM was investigated in detail and compared
with that of pure C;S cement, as a function of the progress of the hydration process. The
analytical methods used included scanning electron microscopy (SEM), X-ray diffraction (XRD),

differential thermal analysis and thermogravimetric analysis (DTA-TGA).

Since the hydration of CSC is a complex process, the precise mechanism of tricalcium
silicate hydration is still unclear and the detailed structure of C-S-H, one of the main products of
the hydration, is not completely known even though the cement hydration has been extensively
investigated for more than one century [53]. Therefore, the present work is an attempt to
incrementally add knowledge and understanding regarding the hydration of the new composite

cement of tricalcium silicate and CPM.

To find suitable applications for the cements in medical fields, it is necessary to understand
their physical, chemical and biological properties. Therefore, in this research the compressive
strength and three-point flexural strength of set CPSC were evaluated. The biological properties,
such as in vitro bioactivity and biocompatibility, were evaluated as well. The research work

included the following tasks:

1. Prepare CPSC by ball-milling various mixtures of CPM and C;S that was synthesized

through a sol-gel process.



Compare, at pre-set time points, the microstructure development during the hydration
process between CPSC and CSC (i.e. containing only CsS )

Identify the hydration mechanism and products of CPSC, utilizing different analytical
techniques, such as DTA-TGA and XRD.

. Determine the influence of the addition of CPM into C;S on the mechanical properties,
specifically compressive strength and flexural strength.

Investigate the behaviour of CPSC in simulated body fluid (SBF).

. Demonstrate the in vitro response of human gingival fibroblasts to CPSC.



2 LITERATURE REVIEW

2.1 Introduction

This literature review overviews previous work on hydration models of tricalcium silicate
with/without phosphate compounds and the effects of different calcium phosphates which could
occur during the CPSC hydration. After reviewing previous work, an overview of in vitro

bioactivity and biocompatibility of bio-cements is also presented.

2.2 Tricalcium Silicate as Hydraulic Cement

2.2.1 Hydration of tricalcium silicate

Tricalcium silicate is the major hydraulic cementitious component known to humanity and
consists of up to 70% of Portland cement [54]. The hydration of C;S controls the setting and
development of early age strength of Portland cement, and primarily takes place within 28 days
and completes to a large degree in about one year [54]. The hydration of CsS is rather complex,
and has not been fully understood [53]. The products of C3;S hydration are CH and C-S-H. C-S-H
is of non-stoichiometry and poor crystallinity and also of variable compositions; therefore, there
is no certain formula for C-S-H and the structure of C-S-H was not fully clear [54]. The

hydration reaction of C3S with water can be described by the following equation [53]:

Ca3SiO0s + (3 + m — n) H,0 = nCa0-Si0-mH,0 (C-S-H)

+ (3 — n) Ca(OH), (CH) 2.1)
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where nCaO-Si0,-mH,0 is the general formula of C-S-H and both » and m may vary over a wide
range, i.e. n = 1.4 to 2.0 and m = 1.3 to 4.0, depending on the hydration conditions [53, 54].
Tricalcium silicate dissolves in water; for example, a C;S sample with a specific area of 310
m*/kg was stirred in pure water at w/c (the weight ratio of water to cement) of 5000 and it
dissolved completely in about 30 min [55]. The dissolution rate was at least 1.4 x 10~ mol per
second per square meter of the surface area. Under most experimental conditions, due to a
protective surface hydrate coating, the dissolution rate of Cs;S is much reduced. For example, at
the “normal” w/c = 0.3 to 0.6 (i.e. values typically used to set the cement), the reaction of 70% of
CsS in Portland cement with water needs about 28 days and of all C;S needs one year [54]. At
room temperature, an initial w/c of about 0.42 is necessary for a complete reaction [54]. If w/c is
less than 0.42, either some of Cs;S will not hydrate, or hydrates will be of low water content.
Extreme values of w/c are reported in literature in experiments evaluating the hydration products
and their solubility in water. For example, if w/c is greater than about 280, the CaO/SiO, ratio in
C-S-H will be less than 1.7 [55]. If w/c exceeds 2200, all of the hydration products will dissolve

completely [55].

Due to the differences in preparation of Cs;S and in experiment conditions, there is
considerable divergence of the opinions in literature on the mechanisms of C;S hydration.
According to the calorimeter curves, it is generally agreed that upon mixing with water, C;S
hydrates in five stages, Figure 2.1 [56, 57]. The processes taking place at different stages can be

summarized as follows:
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Figure 2.1 Schematic representation of the different stages taking place during the hydration of

CsS (w/c < 1.0) [56]

Stage I (Pre-induction period): marked by rapid heat liberation. C3S hydrolyzes and Ca”",
OH’, and H28i042' ions immediately dissolve in the solution followed by the formation of a C-S-
H coating on the anhydrous C;S surface, which retards its dissolution [55]. The duration of this

period is typically a few minutes.

Stage II (Induction period): a period of relative inactivity, in which heat evolution is low
and Ca’" slowly continues passing into solution. The mechanisms causing this slow period are
still debatable and two broad groups of theories have been proposed: protective layer theories
and delayed nucleation theories. The protective layer theories postulate that the formation of a
protective layer, which might be a layer of hydrated product [58-62] or an electric double layer
of SiO-rich layer with adsorbed Ca®" ions [57, 63, 64], acts as a barrier to significantly slow
down the transport of water to the anhydrous surface and/or that of Ca*”, OH, and silicate ions
into the liquid phase. Towards the end of the induction period, the initially formed layer becomes

more permeable, which makes a renewed fast hydration possible [59]. The layer may undergo
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changes in composition and /or morphology, adsorb water, or breakdown due to osmotic
pressure generated between the layer and anhydrous phase; and the renewed acceleration of the

hydration continues when this layer is disrupted.

Alternatively, delayed nucleation theories suggested the induction period is caused by
delayed nucleation of CH and /or C-S-H. Initial hydration of CsS releases Ca*" into liquid phase
and causes supersaturation of the liquid phase with respect to CH, due to a poisoning of the
surface of the CH nuclei by silicate ions [61, 65, 66]. The supersaturation slows down the
formation of the “first-stage” C-S-H and stops further rapid dissolution of C;S [66-68].
Eventually, the concentration of Ca(OH), in liquid phase becomes high enough to overcome the
poisoning effect and to precipitate CH. In other words, the induction period terminates when a
“second-stage” C-S-H begins to nucleate and grow in a large number. This period lasts typically

a few hours.

Stage III (Acceleration period): crystal Ca(OH), precipitates from solution and C-S-H
forms in the water-filled space. Typically this period begins at a few hours after mixing with
water and reaches a maximum within about 5-10 h. The detailed process of the acceleration
period is not precisely known, but one of the most acceptable models follows the Avrami

equation [53]:

-In(1 - @) = kyt (2.2)

where « is the degree of hydration, ¢ is the time, and £, is the reaction rate constant for a

nucleation-controlled process. During this period, setting takes place.
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Stage IV (Deceleration period): hydration products continue to form into large empty
spaces and decrease the porosity of the system and the paths of ionic transportation between
liquid and solid. In the deceleration period the most commonly used equation to describe the

kinetics of the C;S hydration is the Jander equation (2.3) [53]

[1—(1-a) "=k (2.3)

where (as before) o is the degree of hydration, ¢ is the time, and &, is the reaction rate constant

for a diffusion-controlled process.

Stage V (Final slow period): a diffusion process with a rapid increase in the mean diffusion
distance due to the overlap of the hydrated coating of neighbouring grains caused by the

decreased porosity as a consequence of stage IV.

These stages determined by studying calorimeter curves roughly correspond to the stages
defined by Jennings et al [69] based on microstructural studies of the products in C;S pastes:
stages | and II linking to the early stage of hydration; stages III and IV to the middle stage, and

stage V to the late stage [54].

2.2.2 Microstructure of C-S-H in C;3S paste

Of over 30 crystalline calcium silicate hydrates known, afwillite (3Ca0O-Si0;,-3H,0) is the
thermodynamically stable phase in the environment of water and CH at room temperature [54].
The product of hydration of Cs;S and cement pastes, nCaO-SiO,'mH,0, is a poorly crystalline

phase. The value of the n (the molar ratio of CaO/Si0O,) ranges from 1.4 to 2.0, and the most
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reported value for n is near 1.7 when formed under saturated or near saturated conditions,

regardless of the water content of the preparation [47].

Due to the indistinctness of the boundaries between pores and solid C-S-H particles, the
value of m (the molar ratio of H,O/SiO,) can only be defined in relation to the hydration
conditions and /or specified drying conditions. For example n =1.7 and m = 4 were obtained in
nearly saturated C;S pastes (the pores are totally filled with water), and n = 1.7 and m = 2.1 at
11% RH (the interlayer spaces are presumed saturated) [70]. After “D-drying” (the partial
pressure of the water vapour = 5 x 10™ torr), n = 1.7 and m = 1.3 to 1.5 [71]. These values are
approximately equivalent to the drying to constant mass at 105 °C [54]. Except at the very
beginning of hydration, the H;O/SiO; ratio of C-S-H in C3S pastes does not change with the

hydration process, but slightly increases as the initial mixing of the w/c ratio increases [53].

The detailed structure of C-S-H is not completely known, however, it is generally agreed
that it consists of condensed silicate tetrahedral sharing oxygen atoms with a central, calcium
hydroxide-like CaO, sublayer [53]. The silicate tetrahedral forms linear chains that are kinked
and repeat at the interval of three SiOy4, of which two of them (called “paired” SiO4) share two of
their oxygens with the CaO, sublayer and a third one (called “bridging” SiO4) connects two pairs
of paired SiO4 to form a continuous SiO4 chain. Such arrangement is called “dreierkette”. If
some or all of the bridging tetrahedral are missing, the SiO4 chain splits into fragments
containing 2, 5, ...(3n-1) tetrahedral. On the nano-scale level, the C-S-H formed from CsS pastes
at room temperature are structurally related to two crystalline phases: 1.4 nm tobermorite
([Cay(Siz09H);]Ca-8H,0) and jennite ([Cag(Si3O9H),(OH)s]Ca-6H,0); both having the
dreierketten layer structure. In 1.4 nm tobermorite, the “1.4 nm” is the layer thickness and the
central O-Ca-O sublayer of each layer share all the oxygen atoms with the Si-O in SiO4
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tetrahedral chains on both sides. The interlayer space between the individual layers is filled with
Ca®" ions and water molecules. On the other hand, the structure of jennite is very similar with
that of 1.4 nm tobermorite, and the main difference is that only one side of O-Ca-O sublayer
links to SiO4 tetrahedral chains and on the other side the SiO4 tetrahedral is replaced by OH

group and silicate chains alternate with rows of OH groups on both side of the layer.

Several models [72-78] have been suggested for the structure of C-S-H from C;S and
cement pastes. Of all the models, a mixed tobermorite-jennite model proposed by Taylor is
worth mentioning here [72, 79]. The model suggested that C-S-H phase from C;S and cement
pastes contained elements of both 1.4 nm tobermorite and jennite structures, and the elements
perhaps merged into each other with individual dreierketten layers. It is assumed that each
bridging tetrahedron carries one H atom and one of the two end-group tetrahedra of each anion
also carries an H atom. The ranges of the CaO/SiO; ratios of 1.4 nm tobermorite and jennite are
from 0.83 to 1.25 and from 1.5 to 2.25 respectively. The CaO/SiO, ratio of C-S-H depends on

the ratio of 1.4 nm tobermorite to jennite and the length of silicate chains.

At the early stage of the hydration of tricalcium silicate paste, C-S-H hydrate consists
mainly of monomeric orthosilicate (SiO4") and some amount of dimeric silicate (Si,O;).
During the middle stage, C-S-H contains primarily dimeric silicates and later dimmers
polymerize to give pentamers, octomers, etc. This process can be described as the monomer
silicates progressively inserting and bridging dimmers to form the ‘dreierkette’ structure. After a
long hydration time, hydrates become more tightly packed. Figure 2.2 shows the changing of the

silicate ion content with hydration time by trimethylsilylation methods [80].
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Figure 2.2 Percentage of recovered monomer (open symbols), dimmer (half-open symbols), and
polymer (closed symbols) in the total silicon of Cs;S or alite pastes by a trimethylsilylation

method. Different shaped symbols denote different C;S or alite specimens. (Reproduced with

permission [80])

C-S-H can be divided into two types on the micro-scale level in mature paste, i.e. so-called
“outer product” and “inner product”. “Outer product” forms early and mostly outside the original
boundaries of the anhydrous particles and contributes to setting and hardening. This type of C-S-
H is less dense and has a prevailing fibre-like texture. In contrast, “inner product” forms later
and is mostly within the original particle volume, as the result of slow, diffusion — controlled
mass transfer. This type of C-S-H is dense, compact and featureless and contributes to later
hardening. With the hydration process, C-S-H phases have different morphologies. According to
the observations by SEM [81] and TEM (transmission electron microscopy) [69], two major

classifications of types of C-S-H during various stages have been suggested and are listed in

Table 2.1.
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Table 2.1 C-S-H morphology observed by SEM and TEM during different stages of CSC
hydration [69, 81]

Stage SEM TEM

I and II (Early stage) | Type I: Fibrous particles | Type E: Thin flakes or foils which
become tubes like cigars when dried

1T and IV (Middle Type II: Reticular Type 0: Amorphous
stage) network (interlock or

T 1 and 1’: Needle sh
honeycomb structure) ype 1 an eedle shape

radiating from C;S grain

Type 3: Partly crumpled foils

V (Late stage) Type III: small, irregular | Type 3: Crumpled foils
flattened grain.

Type IV: Agglomerate

Type 4: Dense gel

2.2.3 Techniques to investigate hydration

2.2.3.1 X-ray diffraction

X-ray diffraction (XRD) is a powerful technique used to study crystalline materials. The
diffraction pattern includes information about peak positions and intensity, and it is unique for
each crystalline material. The positions of the peaks are indicative of the crystal structure and
symmetry of the contributing phase. The positions are determined by the spacing of the

crystallographic planes according to Bragg’s law:

nA=2d sinf (2.4)

where #; is an integer,

A is the wavelength of the radiation used,
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d is the distance of the crystal planes, and

0 is the angle of the diffraction peak.

The peak intensities are related to both the structure and composition of this phase. For a

particular experimental system, the peak intensity /), from a phase a can be written [82]:

_ KeK(hkl)aXa

a (25)
W p (ul p),

where K, is a constant for a particular experimental system,
Kmiya 1s a constant for the (hkl) diffraction line of phase a in a mixture,
X, is the weight fraction of phase a,
P4 1s the density of phase a;

(1/p). 1s the absorption coefficient of the poly-phase specimens.

The ratio of the intensity of phase a to that of phase s in one specimen can be written as

Equation 2.6 to eliminate the absorption factor (/p)..

I(hkl)a — k& (2.6)

I (hkl)'s X,

The linear relationship between the intensity ratio (Zuim./Iniys) and the mass ratio (X,/X;) of
phases a and s establishes a basis of the internal standard method of quantitative analysis. This
method requires a well-known standard, s and a variety of diffraction patterns run on prepared
samples in which the varied ratios of X,/X; are pre-known. The & (a constant) can be obtained
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from the slope of the internal standard calibration curve by plotting X,/X; vs. the corresponding
Lnipa/I iy s. The addition of a known amount, X, of an internal standard to a mixture of phases
(which may include amorphous material) allows the quantitative analysis of each of the
components of the mixture. The substances such as rutile (TiO;), corundum (Al,Os3), Si, KBr,
CaF,, and quartz (Si0,) have been used as the internal standard for the quantitative analysis of
the cement samples [54, 83]. A satisfactory analysis using this method requires the sample with a
particle sizes that is uniform and small (normally below 5 pm) and adequate mixing with an

internal standard.

The kinetics of the hydration of C;S is normally determined by monitoring the consumed
CsS (o) with time. The internal standard method is widely used to determine the unreacted C;S,
though the precision is low for values of o below about 10%. Conventionally, a single peak of
the reference standard and of the phase was determined, such as the X-ray peak of 41.3 ° 260
CuKa for CsS [84]. Also, with increases in computing power, wider ranges of 26 are used to

improve precision and accuracy [54].

2.2.3.2 Scanning electron microscopy (SEM)

SEM can provide information of specimens on surface topography and surface films with
secondary electron imaging (SEI). Backscatter electrons (BSE) can give average atomic number
information (also crystallographic information on surface). SEM is equipped with an energy
dispersive X-ray (EDX) spectrometer to enable the chemical analysis of bulk specimens. For
quantitative analysis, a flat, polished surface is essential. On fracture surfaces of cement and
calcium silicate pastes, four morphological types of C-S-H gel were distinguished by SEM [81].

Type I, prominent at early stage, was the fibrous shape, the fibres being up to about 2 um long
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and less than 0.2 um across. Type II was described as forming reticular networks or honeycomb
structure. Type III, prominent in mature pastes, was small, irregular flattened morphology and
appeared to be more massive and inconspicuous in character, typically 0.3 um across. Type IV,
also prominent in mature pastes, was the inner product and showed a dimpled appearance due to

having packed small grains or regular pores, which were 0.1 pm in size.

2.2.3.3 Differential thermal analysis — thermogravimetric analysis (DTA — TGA)

In the differential thermal analysis (DTA) technique, the temperature difference (termed
differential temperature) between the sample and a reference material, associated with physical
or chemical changes, is continuously recorded as either a function of the temperature of the
furnace, reference material or of time as the sample is heated at a uniform rate. The method has
been used to study cement chemistry both qualitatively and quantitatively. Thermogravimetric
analysis (TG or TGA) allows the determination of weight changes that take place when a sample
is continuously heated at a uniform rate. The first derivative of change of mass (DTG) can also
be used for the purpose of identification due to its sharp peaks. However, TGA cannot detect
crystalline transitions as they do not involve weight losses. A combination of DTA and TGA has
been widely used to study cement systems, including the transition between polymorphisms of
clinkers, the hydration process, and hydration products. The polymorphisms of C;S and the

transition temperature are showed below [54]:

620°C 920°C 980°C 990°C 1060°C 1070°C
TWhW e T, T, o Mje M, © My & R

where T; = the first triclinic, T, = the second triclinic, T3 = the third triclinic, M; = the first

monoclinic, M, = the second monoclinic, M3 = the third monoclinic, R = rhombohedral.
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In the DTA of cementitious materials, thermal effects are normally reported in terms of the
peak temperature, the range of the peak temperatures, peak width, peak height, and peak area
[85]. Many factors such as the instrument system, rate of heating, degree of dryness of the
sample, the amount of the sample, particle size and crystallinity, packing density and more affect
the results. On a DTA curve of a hydrated C;S paste, endothermal effects for calcium silicate
hydrates, CH, and calcium carbonate are below 200 °C, 450 — 550 °C, and 750 — 900 °C,
respectively [86] (This graph is shown in Figure 2.3). Under normal conditions of hydration, it is
difficult to prevent the reaction of CH with CO; in air. From the TG plots at 105-1007 °C, the
amount of bound water in hydrating cement has been calculated by El-Jazairi and Illston [87, 88]
by accounting for the weight losses during dehydration (W), dehydroxylation (W), and
decarbonation (W,.). The amount of bond water (Ws_120) and CH (W¢y) can be obtained from

Equations (2.7) and (2.8), respectively [87,88]:

Wa.t20= Wan + Wae + 0.41 Wy (2.7)

where the factor 0.41 corrects for the water loss equivalent to that of decarbonation, assuming

that the carbonate is formed by the carbon dioxide reaction with CH from hydration.

WCH: 4.11 de +1.68 Wdc (28)

where the factors 4.11 and 1.68 are stoichiometeric factors for dehydroxylation and dehydration.

The CaO/SiO; ratio (the molar ratio of CaO to SiO, in hydrates C-S-H) of the C-S-H
produced in the hydration of CsS has been determined using a combination of DTA and TG [89].

For a known amount of vacuum-dried paste, TG determined the percentage of the ignited weight
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(P) and the percentage of CH formed (Pcy) at different periods of hydration. DTA was used to
estimated the amount of unhydrated CsS (Pcss; the percentage of unhydrated C;S) remaining in

the sample. The CaO/SiO; ratio was calculated by Equation (2.9a) [89]:

Ca0/Si0; = 3.000 — 3.081 Pcyy/ (P; - Pess) (2.9a)

In the same way, the CaO/SiO; ratio can also be calculated by Equation (2.9b) if the
ignited weight (W), the weight of CH formed (Wc¢y) and the weight of unhydrated C;S (We;s)

are known,

Ca0/Si0, = 3.000 — 3.081 Wen /(Wi - Wess)  (2.9b)

Both methods of DTA and TGA have been used to follow the hydration of CsS as a function of
time [86, 90]. In Figure 2.3 [86] the small endothermal effect below 200 °C, which was caused
by the removal of loosely bounded water and firmly held water from the C-S-H gel, was the

evidence of the onset of hydration.

The endothermal effect at about 480 °C was attributed to the hydration of Ca(OH)s.
Ramachandran [90] compared the relative amounts of CH formed at different times of hydration
using DTA and chemical methods and gave the curves of the amounts of CH vs. the time of the
hydration of C;S (Figure 2.4). The higher values derived from the chemical analysis compared to
those from the thermal method may be due to the attack of the C-S-H phase by the solvents used

in the chemical method.
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Figure 2.3 DTA curves of tricalcium silicate hydrated in water (Reproduced with permission

[86])
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Figure 2.4 Amounts of CH vs. the time of the hydration of C;S (Reproduced with permission

[90])

2.3 Calcium Phosphates

Calcium phosphates (in this review phosphate means orthophosphate, i.e. containing PO4
groups) are the most important inorganic constituents of biological hard tissues, of which the
mineral phase is carbonated hydroxyapatite. In the ternary system Ca(OH), — HsPO4 — H,O,
there are eleven known non-ion-substituted calcium phosphates [52]. In this review, only
calcium phosphates possibly related to this research will be discussed, refer to Table 2.2 below.
They include monocalcium phosphate monohydrate (MCPM), CPM, DCPD, dicalcium
phosphate anhydrous (DCPA), octacalcium phosphate (OCP), ACP, and HAP. The important
parameters, such as Ca/P ratio (the molar ratio of element Ca to P in a calcium phosphate

compound), basicity — acidity and solubility, of the calcium phosphates are strongly affected by
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the solution pH. Table 2.2 lists the solubility product constants for the calcium phosphate
compounds at 25 and 37 °C [52, 91, 92]. Calcium phosphates are easily soluble in acids but
insoluble in alkaline solution [52]. The solubility of these compounds in water depends on the
molar ratio of Ca/P. The lower the Ca/P ratio, the more acidic and water-soluble the calcium

phosphate is.

Table 2.2 Ca/P ratio and solubility of some calcium phosphates at 25 and 37 °C [52, 91 - 93]

Compound Ca/P Formula -logK,, at -logK,, at
ratio 25°C 37°C
MCPM 0.50 Ca(H,PO4),'H,O 1.14 -
CPM 0.50 Ca(H,POg4)> 1.14 -
DCPD 1.00 CaHPO42H,0 6.59 6.63
DCPA 1.00 CaHPO4 6.90 7.02
OCP 1.33 CagH,(PO4)6-5H,O 96.6 98.6
ACP 1.20- CaHy(PO4),nH,O ~ ~
2.20

n=3-4.5; 15-20% H,O

HAP 1.67 Ca;o(PO4)s(OH), 116.8 117.2

(~ Cannot be measured precisely.). [a] Stable at temperatures above 100°C.

The solubility phase diagrams of the ternary system Ca(OH), — H3PO4 — H,O at 37 °C are
demonstrated in Figures 2.5(a) and 2.5(b) [94]. They show the logarithm of the total calcium
concentration (log [Ca]) and of the total phosphate concentration (log [P]) of the saturated
solutions as a function of pH for seven calcium phosphate compounds: tetracalcium phosphate

(TTCP), DCPD, DCPA, OCP, a-tricalcium phosphate (a-TCP), B-tricalcium phosphate (B-TCP),
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and HAP. The diagrams indicate that these compounds are soluble when pH < 7, and in the
alkaline regions the concentration of Ca increases as the pH increases. Except for DCPD and
DCPA, the concentration of P decreases as pH increases [94]. In general, at a given pH any
compound whose isotherm lies below another is relatively less soluble and more stable.
Although MCPM and CPM are not included in the diagrams, in according to their data of Ksp
(Table 2.2), it would be reasonable to assume that the MCPM and CPM isotherms lie above
DCPC and DCPA. From these solubility phase diagrams it can be seen that at 37 °C HAP is the
least soluble salt among all calcium phosphates in a solution pH above about 4.2, where DCPD
becomes the least soluble salt at pH below 4.2 [94]. Therefore, in the pH above 4.2, other
calcium phosphate compounds suspended in an aqueous solution tend to dissolve and re-
precipitate as HAP. The reaction equations of CPM and DCPD in the solution of the pH above

4.2 would be:

5C3(H2PO4)2 + H20 = Ca5(PO4)3OH + 7H3PO4 (2103)

5C3HPO42H20 = Ca5(PO4)3OH + 2H3PO4 + 9H20 (210b)

For all calcium phosphate compounds except TTCP and TCP, the ratios of Ca/P are lower
than that of HAP, resulting in the production of H3PO,4 in the solution as a by-product. The
accumulation of H3POy in the solution would decrease the pH value of the calcium phosphate
solution to a point (the singular point) that the solution becomes saturated with respect to both
compounds, i.e. the calcium phosphate compound and HAP. When an alkali, such as Ca(OH),, is
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introduced into the solution, the alkali neutralizes H;PO4 and the reactions (2.10a) and (2.10b)
shift to the direction to form HAP. Due to the triprotic equilibrium existing in the phosphate-
containing solution, the effect of pH on the formation of calcium phosphates is linked to the

relative concentrations of the four protonated forms of phosphate acid (Figure 2.6) [95].

Log [Ca]

oH 13

(a)
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Log [P]

(b)

Figure 2.5 Solubility isotherms of various calcium phosphate salts in equilibrium with their
solutions for the ternary system Ca(OH),-H;PO4-H,O at 37 °C. (a) log [Ca] versus pH of the

solutions and (b) log[P] versus pH of the solutions (Reproduction with permission [94]).
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KI KII KIII
H,PO, < H,PO; < HPO} < PO,

K;=7.50x 107, K;=620x 10%, K;y=1.70 x 1012

Figure 2.6 pH variations of ionic concentrations in triprotic equilibrium for phosphoric acid
solutions. Variations in pH alter the relative concentrations of the four protonated forms of

phosphoric acid (Redrawn from [95]).

2.3.1 MCPM and CPM

MCPM [Ca(H;PO4),'H,0] and CPM [Ca(H,POs4),, also named monocalcium phosphate
anhydrous], are the most acidic and water-soluble calcium phosphate compounds. The Ca/P
molar ratio is 0.5; and pH of the saturated aqueous solution is less than 2.0 [52]. Due to their
acidity, both MCPM and CPM are not biocompatible; however, either material can be used in

medicine as a component of biomaterials.
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2.3.2 Dicalcium phosphate dihydrate (DCPD)

DCPD (CaHPO42H,0; the mineral brushite) easily precipitates from aqueous solutions
and converts to DCPA by drying. DCPA can be precipitated from aqueous solution but at above
60°C [96]. DCPD crystals consist of paralleled CaPO4 chains, between which crystal water
molecules are interlayered [52]. Due to the absence of water inclusions in its structure, DCPA is
less soluble than DCPD. Thermodynamically, DCPD is more stable than OCP and HAP below
pH 4.2 at ambient temperature and 37 °C [93]. However, DCPD is in its predominant phase up to
pH 6.5, resulting from the effect of kinetic factors, where above this pH ACP and OCP form
more easily [97]. They are thermodynamically metastable with respect to HAP and serve as

precursor phases.

2.3.3 Octacalcium phosphate (OCP)

OCP (CagH»(PO4)s'SH,0) has a triclinic structure; however, a portion of OCP displays
remarkable similarities to the hexagonal structure of HAP. This portion of OCP has been
referred to as the ‘apatite layers’, in which atomic arrangements of calcium and phosphate ions
are similar to those in HAP. Another portion of OCP containing water molecules is referred to as
the ‘hydrated layers,” in which atomic arrangements of calcium and phosphate ions and water
molecules are similar to those in DCPD. Alternating apatite and hydrated layers, which are
parallel to the face (100), consist of the structure of OCP [96, 98, 99]. The closeness in crystal
structure between OCP and HAP is one reason that the epitaxial growth and the formation of

lamellar mixtures by these two phases are observed.

OPC is an important biological mineral component because it plays a significant role as a
possible precursor during the formation of carbonated apatite in the skeletal tissues. OCP was

first proposed to be essential in the mineral-forming process of hard tissue as an intermediate
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phase with a unique intracrystalline relationship with the final HAP-like phase [100, 101]. A
“central dark line” often seen by transmission electron microscopy in the hexagonal cross-
sections of mature enamel crystallites is possibly a remnant of the initial OCP template [102,
103]. OCP is an unstable transient phase and tends to transform to HAP through dissolution and

re-precipitation, as other calcium phosphates do.

2.3.4 Amorphous calcium phosphate (ACP)

ACP (CaHy(PO4),nH,0, n = 3 — 4.5; 15-20% H,0) is characterized by a lack of long-
range order and usually may be prepared by rapidly mixing the supersaturated solutions
containing calcium and phosphate ions. Thermodynamically, ACP is an unstable phase and
easily converts to HAP in aqueous solution, unless stored in dry conditions or stabilized by other
molecules or ions [104]. The lifetime of ACP in aqueous solution is influenced by the pH, ions,
ionic strength and temperature. Increasing the concentrations of calcium and phosphate ions and
the solution pH makes ACP form easily. However, if the solution is sufficiently dilute, such as
[Ca®"] = 1.67 mM and [PO,’"] = 1.00 mM and pH 7.4, HAP is the first solid phase precipitated
without forming an amorphous precursor [105]. ACP has a relatively constant chemical
composition over the pH range 7.4 — 9.25 and the solid-phase composition is postulated to be
Ca3(PO4)1 37(HPOy4)o, 1.e. Ca/P = 1.45, about 10% HPO42', no OH  ions [106]. ACP with a Ca/P
ratio as low as 1.18 at pH 6.6, 1.53 at 11.7, even to 2.5 has been reported [52]. Under TEM,
dried ACP solids display a curvilinear appearance rather than the faceted and angular shape of
crystalline calcium phosphates [107] and the size is about 20 — 300 nm in diameter. The
transformation kinetic, which can be described by a “first-order” rate law, is a function only of
the pH of the mediating solution at constant temperature. The solution-mediated transformation
is controlled by the conditions which govern both the dissolution of ACP and the precipitation of
the HAP nuclei [108].
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2.3.5 Hydroxyapatite (HAP)

Hydroxyapatite [HAP or OHAP; Cas(PO4);OH, also written as Ca;o(PO4)s(OH),] crystals
may have either monoclinic or hexagonal unit cells. HAP is the second most stable and least
soluble calcium phosphate after fluorapatite [52]. The detailed HAP structure was described in
elsewhere [109] and has been widely accepted as an aggregation of the Cag(PO4)s cluster (so-
called Posner’s cluster) [110]. The amorphous clusters hydrolyze almost instantaneously to more
stable phases and serve as seeds during HAP crystallization via a stepwise assembly process
[111]. The monoclinic form is more stable than the hexagonal one, even though both are very
similar; however, in biological apatite the hexagonal form of HAP is a more common [109]. In
comparison with the monoclinic HAP, the hexagonal form has more disordered hydroxide ions
within each row, pointing either upward or downward in the structure. This causes substitutions
or ion vacancies to compensate the induced strains; therefore, hexagonal HAP is rarely the
stoichiometric phase [109]. Fluoride, chloride, and carbonate ions can be incorporated into the

HAP structure to form substituted HAP very easily.

Generally, HAP synthetic techniques can be divided into solid-state reactions and wet
methods [96, 112]. The formation of calcium phosphates from supersaturated solutions is
dependent upon the combination of pH and temperature rather than on the initial Ca/P molar
ratio of the solution [96]. Table 2.3 lists the dependence of calcium phosphate formation on pH /

temperature.

2.3.6 Calcium polyphosphates (CPP)
Calcium polyphosphate (CPP) is one of the condensed phosphates, consisting of PO4”
tetrahedra linked through oxygen atoms to form three-dimensional networks, ring structures, or

linear chain inorganic polymer [113]. CPP decomposes through hydrolytic degradation, during
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which water molecules break down the P-O-P bonds resulting in detachment of phosphates from
the end of chains or formation of two shorter chains that continue to degrade and eventually form
phosphates [114]. The final degradation products of CPP, i.e. phosphate and calcium ions, are
important to metabolism, and studies proved that at a suitable degradation rate, CPP is in vitro
[115] and in vivo biocompatible [113, 116]. The degradation rate depends on the sintering
condition, microstructure, particle size, and geometry of the implants [116-119]. With suitable
synthetic techniques, porous CPP scaffolds with relatively high compressive strength and
stiffness have been obtained [113]. CPP is a promising material to fabricate porous bone

substitute implants for load-bearing skeletal sites.

Table 2.3 The dependence of calcium phosphate formation on pH/temperature [96]

pH/ temperature, °C Calcium phosphate formed
4-6/ 25 DCPD

4-6/ 37 DCPD

6.5/ 37 OCP

7.5-9/ 37 HAP (poorly crystallized)
4/ 60 DCPD

5/ 60 OCP

7-9/ 60 HAP

4/80 OCP

6-9/80 HAP

4-9/95-100 HAP

Molar Ca/P = 1; concentration = 10 mM.

The pH/temperature effect is modified in the presence of
other ions, e.g. Mg2+, CO32', P,0,".
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2.4 Calcium Silicate with Phosphates

Calcium phosphate silicate cement is the next generation biological cement first proposed
by Lu and Zhou in 2005 [40-43]. CPSC describes a family of materials, in which the powder
component is mainly composed of the mixture of hydraulic calcium silicates and calcium
phosphates with/ without crystal water. Hydraulic calcium silicates include Cs;S and C,S, or
mixtures thereof. Calcium phosphates include such as CPM, MCPM, DCPD/DCPA, and /or
mixtures thereof, etc. The hydration liquid is pure water or aqueous solutions of calcium chloride

or sodium phosphates of various types.

In calcium silicate-based cements containing inorganic phosphate ions, the substitution of
P°" for Si*" may take place in clinker alites due to the presence of phosphates in the raw material
used in producing cement [54]. The concentration of P,Os for most cement is around 0.2 % and
higher contents of P,Os cause C;S to decompose into C,S and free lime (CaO). During high
temperature processing, P,Os and C,S phases form a solid solution. Therefore, the high content
of P,Os in cement reduces its strength development during the cement setting. A study [120]
showed that 2.25 % P,0s should be the maximum amount allowed in cement clinker and that for
every percent of P,Os present in cement, C3;S was reduced by 9.9 % and C,S increased 10.9 % in
solid solution. On the other hand, phosphate compounds may be included (admixed) in
composite cements with hydraulic calcium silicates; such composite cements belong to the
CPSC group. However, limited studies on the cements of the CPSC system have been made so

far.

A study [121] showed that the addition of MCPM (10 to 30 wt%) to CsS had a complex
effect on the cement setting time. With the addition of 20 wt% of MCPM into CsS, the initial and

final setting times of the cement pastes decreased three times as compared with those of pure
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tricalcium silicate paste, i.e. from 90 min to 30 min and from 180 min to 90 min, respectively.
When the content of MCPM was 30 wt%, however, the initial and final setting times, i.e. 75 and
150 min, were much higher than those of the cement paste containing 20 wt% of MCPM. The
acceleration of the CsS hydration was expected due to an acid-base reaction between MCPM and
CH produced by the hydration of C;S. With the addition of 30 wt% of MCPM, a lower rate of
polymerization of C-S-H gels produced by the hydration of C;S likely causes the prolongation of
setting times. Another study [122] on CPC comprising ACP and DCPD, with the addition of (-
C,S, showed that the setting time decreased with the amount of B-C,S, i.e. the initial and final
setting times changed from 35 min and 50 min for CPC to 23 min and 33 min for CPC with 20
% B-C,S. However, other studies [123-125] on the varieties of CPSCs showed that the setting
times became longer with the addition amounts of calcium silicates in comparison with pure
CPCs. These studies also indicated that for CPCs with a low content of calcium silicates, the
variation of pH of the cement paste in simulated body fluid (SBF) solution did not change
significantly; however, with the addition of more MCPM in C;S, its pH in SBF was notably
reduced. For examples, for pure C3;S and the cement containing 10 wt% MCPM, the pH
increased rapidly and reached maximum at 11.5 — 12.0 after 5 h, but for the cements with 20 %
and 30 % MCPM, the pH reached the maximum of 10.5 after 8§ h and of 9.0 after 10 h,
respectively [121]. These studies demonstrated the changes in setting times and the pH of
cement pastes during setting. The reactions between calcium silicates and calcium phosphates
during cement setting or their hydration products were believed to be responsible to the changes.
However, these studies did not provide the solid experiment data to illuminate the reaction
mechanisms between calcium silicates and calcium phosphates during setting; and these
reactions and their products are crucial to understand the hydration of calcium phosphate
silicates cements, in turn to understand the microstructure development of the cements and their

properties, to control and/or adjust the hydration processes by using different formulations or
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hydration conditions, and further to find suitable applications. The present research work
investigates the reaction mechanisms between C;S and CPM (0 — 25 wt%) with distilled water

using DTA-TGA, XRD, and quantitative XRD with quartz as an internal standard.

Mechanical properties are affected by the composition of CPSC. A study [122] on the
cements of CPC with 0 to 20 % B-C,S showed that the compressive strength increased with the
addition of 8 wt% of B-C,S from 26.5 + 1.5 MPa to about 47.5 £ 2.0 MPa. The enhancement was
mainly attributed to the filler effect of the hydrated amorphous C-S-H gel [122]. After
investigating the cements of DCPD with 20 — 40 % CsS, Han and Chang [123] suggested that the
formation of hydroxyapate in the cement of DCPD + C3S was another reason that improved the
compressive strength, besides the filler effect of C-S-H phase. However, another study [125] on
the compositions of a-TCP + 5 and 10 % C;S observed that the compressive strength of the
cement of a-TCP + 10 % CsS was lower than that of pure a-TCP after up to 14 days of setting.
The authors suggested that the C-S-H phase might coat on the a-TCP particles and reduced its
hydration rate and the strength at early stages [125]. The homogeneous distribution of cement
components was important to the mechanical property; the appearance of microcracks, due to the
non-uniform distribution of MCPM (20 and 30 %) in Cs;S matrix, reduced the compressive
strength [121]. Although these authors proposed some mechanisms that explained the improved
or decreased mechanical properties for CPSC cements, there is still lack of understanding of the
microstructure and mechanical property development of CPSC during setting. The present work
investigated the microstructure and mechanical properties of CPSC composed of CsS with 0 — 25

wt% of CPM for various periods of hydration time using SEM/EDX and XRD.
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The hydration mechanisms of CPSC systems have not been reported in literature, but some
related reactions between calcium phosphates and calcium hydroxide/ oxide, or Portland cement
are reviewed here. Generally, calcium phosphate cement consists of one or a mixture of more-
acidic components and one or a mixture of more-basic components [3]. Upon being mixed with
water or an aqueous solution, it sets and forms a network of crystals of one or more calcium
phosphates of intermediate acidity [3]. This occurs around room or body temperature through the
process of dissolution and re-precipitation. The solubility and the relative stability vs. pH for
crystalline calcium phosphate compounds in solutions at room and /or body temperature are

shown in Tables 2.2 and 2.3 and Figure 2.5.

The first discovered CPC [1, 2], consisting of DCPD / DCPA and TTCP [Cas (PO4),0]

(1:1 molar ratio), forms HAP upon being mixed with water according to the following reactions:

2 CaHPO,42H,0 + 2 Cas(PO4),0 = Cajo(POs)(OH), + 4 H,O (2.11)

2 CaHPO4 +2 Ca4 (PO4)20 = Cam(PO4)6(OH)2 (212)

Since then many formulations have been developed, and here are two examples: DCPD +

CaO [126] and DCPD + Ca(OH), [127]. The reactions are shown below.

6 CaHPO4'2H20 +4 CaO = Ca10(PO4)6(OH)2 +14 HzO (213)

6 CaHPO,2H,0 + 4 Ca(OH), = Ca;o(PO4)s(OH), +18 H,O0  (2.14)
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A study [128] on a cement composed of MCPM and CaO (Ca/P around 1.67) mixed with
water or various concentrations of phosphate buffer solutions (PBS) indicated that the hydration

reaction of the cement was completed in two steps as follows:

3 Ca(H,PO,),-H,0 + 3 CaO + 6 H,0 = 6 CaHPO,-2H,0 (2.15)

6 CaHPO4'2H20 +4 CaO = Ca10(PO4)6(OH)2 +14 HzO (213)

The reaction (2.13), especially when the liquid was PBS, was slower than the reaction
(2.15) that took place immediately upon mixing with liquid [128]. When water was used as the
liquid phase, the reaction (2.13) produced HAP in less than 24 h [128]. Another study [129]
optimized the formulation of the cement consisting of MCPM and CaO and discovered that the
most suitable formula was at the molar ratio of Ca/P = 1.35 and the weight ratio of w/c = 0.53;
and thus OCP was speculated as the final product of the hydration reaction by the authors. In this
case, the maximum values of the compressive strength and the diametral tensile strength were 6
and 1.6 MPa, respectively, within 5 h of setting and the amount of precipitated HAP was about 7
wt% in the set cement. Other formulations of the cements containing MCPM or CPM as starting
materials, such as MCPM + 3-TCP [B-Ca3(POs):] [130], MCPM + TTCP + CH [131], MCPM +
HAP [132], have been investigated and DCPD was either the final product or the intermediate

product, depending on the Ca/P ratio and solution pH.

Hu and his co-workers [133-135] synthesized the materials of different compositions in the
system CaO-Si0,-P,05-H,O by a sol-gel process, followed by calcining at 700 °C for 2 h. They
found that when mixing the materials with water at different temperatures, the final reaction

products were HAP, crystalline and gel phases of C-S-H and C-S-P-H with/ without CH. The
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amounts of these phases depended on the composition of the starting material. The following

reactions represent the hydration reactions.

3B-Ca3(POy); (from calcining) + CaO + H,O = Ca;o(PO4)s(OH), (2.16)

CaO + SiO; (gel) + H,O = C-S-H (crystalline) + C-S-H (gel) (2.17)

C-S-H (gel) + amorphous P,Os = C-S-P-H (gel) (2.18)

The C-S-H and C-S-P-H phases showed fibrous and acicular microstructure and their
compositions were Ca0:SiO; = 0.6 — 0.8 for C-S-H gel and Ca0:Si0,:P,0s = 1:1:0.5 for C-S-P-
H gel. The CH phase formed when the content of CaO in the start materials was more than 58
wt%, which corresponded to the content of CaO in silicocarnotite (5Ca0O-SiO,P,0s). The
optimal composition for the maximum tensile splitting strength was 59.2 wt% CaO, 17.2 wt%

Si0; and 23.5 wt% P,0s, and the C-S-H phase contributed the strength to the material.

Ordinary Portland cement (OPC) mixed with different phosphates (sodium and calcium
phosphates) was studied by Ma et al [136]. The phosphate-modified OPC produced more heat
and showed much faster hydration rates than OPC. The faster the hydration reaction is, the more
strength the sample exhibits. Generally, the presence of sodium and calcium phosphates resulted
in improved flexural strength, but a modest ratio of w/c was needed to achieve high strength for
the OPC-phosphate system. The phosphate-containing hydration products formed in this system
at room temperature were X-ray amorphous, but SEM shows that the modified OPC developed

distinct hydration products morphologically. For example, fibrous, poorly crystalline HAP
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formed in the calcium phosphate-modified OPC was observed under SEM. After hydrothermal

treatment at 160 °C, this phase transformed to crystalline HAP.

Although these studies are related to the present work, the hydration mechanisms of CPSC
including C;S and 0 — 25 wt% of CPM and distilled water, have not been reported.
Understanding CPSC hydration processes at 37 °C, in terms of its kinetics, the hydration
products, and the microstructure development, is important. Additionally the properties of CPSC
as bio-cement including setting, hardening, pH of the cement pastes, the mechanical properties,
bioactivity as well as biocompatibility, are very important to find suitable applications. As
mentioned above, in the present work, the compositions of CPSC powders consisted of
tricalcium silicate and 0, 5, 10, 15, 20, and 25 wt% of CPM. They were synthesized through a
sol-gel process followed by sintering and planetary ball-milling. The investigation focuses on
such prepared CPSC exposed to distilled water at 37 °C to understand the hydration mechanisms
including the hydration products and hydration kinetics. CPSC cement pastes were studied
including the phase compositions, pH, the microstructure development, the mechanical
properties development (compressive strength and three — point flexural strength), in vitro

bioactivity with SBF solution, and in vitro biocompatibility against human gingival fibroblasts.

2.5 In Vitro Bioactivity

A material is in vivo bone bioactive if the material implanted into bone defects develops
chemical bonding between the material and living bone instead of being isolated by fibrous
tissues from the surrounding bone. Kokubo and his co-workers [137] first proposed that the
formation of bonelike apatite on a material’s surface is the essential requirement for the material
to bond to living bone when implanted in a living body. Also, this in vivo apatite formation can

be reproduced in simulated body fluid (SBF), in which ion concentrations are nearly equal to
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those in human blood plasma [137]. The ability to form bone-like apatite on the surface of a
material in SBF has been called in vitro bioactivity. The ion concentrations of SBF and human
blood plasma are shown in Table 2.4 and the preparation of SBF is described in the reference

[137].

Table 2.4 Nominal ion concentrations of SBF in comparison with those in human blood plasma

[137]

Ion concentrations (mM)

Na* K" Mg* Ca** CI' HCO;y HPO/” SO~ pH

Human blood 142.0 50 1.5 25 103.0 27.0 1.0 0.5 7.2
plasma 7.4

SBF 142.0 50 1.5 2.5 147.8 4.2 1.0 0.5 7.40

Many investigations on the mechanisms of the formation of apatite layers have been
made with different materials, including those in the CaO-SiO,-P,0s system [121, 123, 138 —
143]. It was found that a silica hydrogel layer or silanol (Si-OH) groups in Si-containing
materials induced apatite nucleation [141]. Once the apatite nuclei are formed, they can
spontaneously grow by consuming the calcium and phosphate ions from SBF, since SBF is
already highly supersaturated with respect to apatite. Materials without silanol group or silica
hydro gel lose their apatite-forming ability, for instance, silica glass and crystalline quartz cannot
form apatite layers. Calcium ion released from materials into SBF accelerates apatite formation
because calcium ion increases the ionic activity product of apatite in SBF and the pH of SBF, i.e.

the concentration of OH’, since both Ca*" and OH™ are components of apatite. Although studies
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showed that CPSC and CsS are in vitro bioactive by immersion into SBF, the comparison of in
vitro bioactivities of CPSC vs. C;S is not known. The present work made an attempt to
demonstrate the in vitro bioactivity of CPSC by studying the layer of HAP formed on CPSC in

SBF.

2.6 In Vitro Biocompatibility

Biocompatibility is the ability of a material to perform with an appropriate host response
in a specific application [144]. The evaluation of biocompatibility is a process conducted on a
variety of biomaterials, medical devices, and related products to identify the presence of toxins
or any other potentially harmful effects; the safety evaluation includes in vitro and in vivo studies.
Cytotoxicity is a major factor of biocompatibility and is generally determined by in vitro cell
culture studies [145]. In comparison with in vivo studies, cytotoxicity assays provide simple,
convenient, controllable, repeatable, and cost-effective means for an initial evaluation of
biological response to materials and are useful predictors for the assessment of biomaterial
biocompatibility. The tetrazolium salt MTT assay, which measures mitochondrial dehydrogenase
activity in living cells, is a sensitive, quantitative, and reliable colorimetric assay and a well-
accepted assay to evaluate the cytotoxicity of biomaterials [146]. Cell attachment and spreading
on biomaterial surfaces are critical phenomena for successful tissue-biomaterial interaction
because the attachment and spreading of cells dominate normal cell growth and protein synthesis,

while poor adhesion and lack of spreading will lower cell proliferation rate [147, 148].

A previous study showed that the addition of a small amount (2.5 to 7.5 wt%) of C;S to an
a-Ca3(PO4), — based cement enhanced in vitro biocompatibility in comparison with a-
Ca3(PO4)r—based cement [125]. The authors explained the improvement of in vitro

biocompatibility as the stimulation effect of silicate ions in a-Ca3(PO4), + C3S on cell
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proliferation. Another study [123] demonstrated that in vitro biocompatibility of DCPD + 40
wt% CsS was better than that of DCPD + CaO (Ca/P = 1.67). The high pH (9.5 to 10.2) caused
the latter cement for the toxicity, while silicate ions in the former cement stimulated cell
proliferation. Although the above investigations showed that CPSC had an enhanced in vitro
biocompatibility, the hypothesis proposed in Section 1.2, i.e. the improvement of CPSC in vitro
biocompatibility in comparison with calcium silicate cement, still needed to be verified and
constituted one of the objective of the present work. To our knowledge, there is no previous
literature on the comparison of the in vitro biocompatibility of CPSC with calcium silicate
cements. The aim of the bio-properties (in vitro bioactivity and biocompatibility) evaluation was
to investigate the influence of the addition of CPM on the properties of CPSC cement, consisting
of C3;S and CPM, and to compare the results, in terms of in vitro bioactivity, cytotoxicity, and

cell adhesion and proliferation, with those obtained for CsS.
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3 MATERIALS AND METHODOLOGY

3.1 Material Preparation

3.1.1 Preparation of tricalcium silicate

Tricalcium silicate powder was synthesized through a sol-gel process. The following
chemicals were used in the production of C;S: calcium nitrate tetrahydrate [Ca(NOs), 4H,0;
Fisher], tetracthyl orthosilicate [TEOS, Si(OC,Hs)s; Sigma-Aldrich], distilled water, ethanol
(denatured; Fisher), and nitric acid (HNOs; Sigma-Aldrich). The molar ratio of CaO/SiO, was
3.0 and nitric acid was used as a catalyst. In the first step of the procedure, Ca(NOs), 4H,O was
dissolved in a minimum amount of ethanol under continuous stirring. Then, distilled water
(TEOS: distilled water = 1:4 in mol) and nitric acid were added during stirring. After getting a
homogeneous solution, the required amount of TEOS diluted with the same weight of ethanol
was added into calcium nitrate solution and continuously stirred for another 24 h. Then, the
solution was maintained at room temperature for 48 h until a transparent gel formed. The gel was
dried at 150 °C and then fired at 1550 °C for 4 h in a platinum crucible to reduce contamination
and as-synthesized C3;S powder was obtained. The powder was stored in a desiccator for further

experiments.

The phase composition of the as-synthesized Cs;S powder was determined by XRD (XRD;
Multiflex, Rigaku Co, Japan) using Cu Ka radiation at 40 KV and 20 mA and diffraction data
was collected in the range of 10 - 60 ° in 2 theta (6) at the rate of 2 °/min with a step size of 0.04
degree. The morphology was examined under SEM, equipped with an energy dispersive X-ray

spectroscopy analyser (SEM/EDX; Hitachi S-3000N, Electronic System Ltd, Tokyo, Japan).
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The content of free CaO in the as-synthesized C;S powder was determined by the method
described in Reference [149]. Briefly, a standard CaO was first prepared by calcining 0.2000 g
of dry, primary standard grade calcium carbonate (CaCOs) at 982 °C for 30 min in a platinum
crucible. About 0.1 g (accurate to + 0.1 mg) of the standard CaO and 2 g of dry standard sand (-
50 Mesh) were thoroughly mixed in a dry 250 ml Erlermeyer flask. After 50 ml of ethylene
glycol was added, the flask was heated for three min on a hot plate with a surface temperature of
232 °C. The mixture was filtered under suction through a dry, medium fritted glass filter into a
125 ml Erlenmeyer flask. The residue in the 250 ml flask and the fritted glass were separately
washed three times with alcohol. Using 10 drops of phenolphthalein as indicator, the liquid was
titrated with 0.1 N hydrochloric acid. The above procedure was repeated with a 1.000 g cement
sample instead of the standard CaO. The percentage of free CaO in cement was calculated using

the following equation:

M cwolean 10004 3.1)

Percentage of CaO =
LCaO

NS

cem

where M, is the weight of standard CaO, g
Lcao 1s the volume of 0.1 N HCI for standard CaO, mL
M. 1s the weight of cement, g

Lo 18 the volume of 0.1 N HC for cement, mL.

3.1.2 Preparation of cement powders
CPSC powders were prepared by ball-milling the mixture of as-synthesized Cs;S powder

and different percentages of CPM (Sigma) in ethanol, with a planetary ball-mill machine
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(Pulverisetts 5, Fristsch, Germany) for 20 min, using zirconia jar and ® 20 mm zirconia balls
and the ball to powder weight ratio was 3:1. The CPSC compositions are shown in Table 3.1.
After being ground CPSC powders were dried in an oven at 110 °C for 24 h and characterized
under SEM. Four of the cement powders (0CPM, SCPM, 10CPM and 20CPM) were chosen to
measure Brunauer-Emmet-Teller (BET) specific surface area using nitrogen adsorption/
desorption at 77 K using a Quantachrome-1MP BET analyzer equipped with a 1-mm Hg

pressure transducer (Quantachrome Instruments, Boynton Beach, Florida USA).

Table 3.1 The CPSC compositions, wt%

Group 0CPM 5CPM  10CPM  I5CPM  20CPM  25CPM

GsS 100 95 90 85 80 75

CPM - 5 10 15 20 25

3.2 Characterization of the Hydration of CPSC

CPSC powders were mixed with distilled water at w/c = 10. The cement pastes were stored
in sealed plastic bottles and stored in a water-bath of 37 °C for the pre-set periods of time up to
28 days. Then, the pastes were filtered with filter papers [Q2 (1 — 5 pm); Fisher brand
quantitative grade circle, Fisher] in a glove box, which was flushed with CO,-free argon gas to
prevent carbonation. The filtered solids were immediately immersed in ethanol for 2 h to stop the
hydration and were subsequently air-dried for 24 h, and finally stored in a desiccator for further

use. The solid materials were divided and used in the following experiments.
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3.2.1 The pH of cement pastes

To measure the pH variations of the cement pastes after being mixed with water, the
cement powders were mixed with distilled water in plastic bottles at the ratio of w/c = 10. The
plastic bottles with the cement pastes were stored in a 37 °C water bath during the measurement.
The pH was determined and recorded for the first hour with a pH meter (Oakton Acron pH 5
equipped with an Oakton WD-35801 electronic probe, Oakton Instruments, Vernon Hills, IL

USA) in air.

3.2.2 Hydration study using XRD

The qualitative and quantitative XRD studies were carried out on the set cement pastes
crushed in ethanol using alumina mortar and pestle. The powders were air-dried for 24 h and
vacuumed with a rotary pump for 1 h. The XRD data was collected using Cu K, radiation at 40
kV and 40 mA and the scan range 10 — 60 ° in 20, scan speed 2.000 °/min, and sample width 0.02
degree. For the quantitative XRD study, an internal standard was used with custom calibration
curve. The standard sample mixtures of Cs;S and quartz (SiO;; used as the internal standard) at
their weight ratios (X./X;) of 8/92, 15/85, 25/75, 50/50, 70/30, and 90/10 were mixed and XRD
scanned at the same conditions as above, except for the scan range 25 — 45 ° in 26. The slope &
from the internal standard calibration curve was obtained by plotting X./X; vs. corresponding /.//;
(intensity ratio) of C3S (at d = 2.19 A) to quartz (at d = 3.34 A) calculated in the peak areas. The
cement paste samples for quantitative analysis were prepared by mixing the cement pastes,
which set for pre-set periods of time, with 10 wt% of quartz (the same quartz sample) in ethanol
using alumina mortar and pestle for 10 min, air-drying for 24 h, and vacuuming with a rotary
pump for 1 h. The XRD measurements were done on the samples at the same conditions as those
for the calibration curves. The percentage of unhydrated CsS in the cement pastes was calculated

using the following equation (3.2):
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Percentage of unhydrated C;S = % (L/L5) % (3.2)

where £ is the slope of internal standard calibration curve in Eq. (2.6) and 1./1; is the measured

intensity ratio of C;S to quartz calculated in peak area in the tested pastes.

3.2.3 Hydration study using DTA-TG

DTA-TG analysis was employed to determine the hydration products and carried out in
helium (99.999%) at a flow rate of 0.5 L/min using a DTA-TG instrument (96 Line TGA-DTA,
Setaram Instrumentation, France). The heating rate was 10 °C/min from room temperature to
1200 °C. The powder samples of cement pastes were the same as those for the qualitative XRD
measurement and the sample weight was about 25 mg in platinum crucibles. The data was
processed with the instrument software package (SETSOFT 2000) and expressed as the
percentage of the ignited weight at 1100 °C. The molar ratios of CaO/SiO, and H,O/SiO; of C-S-

(P-)H hydrates were calculated with Egs. 3.3(a) and (b) and 3.4 (a) and (b), respectively.

Ca0/Si0, = w (3.3a)
M CyS
AW,
H,0/Si0, = % (3.4a)
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where AWy is the percentage of the weight loss of total CH (W ¢y, mg) to W, %, and calculated
by AWcy = Wewn /| Wi, where Wy is obtained by Eq. (2.8), i.e. Wey = (4.11 Wy + 1.68 W),

Wi is the ignited weight of the sample at 1100 °C, mg,

a is the degree of hydration obtained from the XRD analysis, %,

AWy, is the percentage of the weight loss of the hydrate dehydration (W, mg) to W, %,

W 1s weight loss during dehydroxylation, mg,

W . 1s weight loss during decarbonation, mg,

Wan 1s weight loss during dehydration, mg,

Ms;s is the molar weight of CsS, 228.33 g/mol,

My 1s the molar weight of CH, 74.10 g/mol,

M0 1s the molar weight of water, 18.02 g/mol.

The equations (3.3a) and (3.4a) can be simplified to

Ca0/Si0; =3.000 - 3.081 AWcy / o (3.3b)

H,0/8i0, = 12.671 AWy, / a (3.4b)

3.2.4 Hydration study using SEM / EDX

The microstructure and morphology of 0CPM, 10CPM, and 20CPM were examined using
SEM. Due to a lack of integrity of the cement specimens with the w/c ratio of 10 at the early
hydration stage, the specimens were in powder form. The morphology of the hydration products
was not easy to recognize. Another group of samples (0CPM, 10CPM, and 20CPM) with the w/c

ratio of 0.5 were prepared and examined under SEM.
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3.2.5 Apparent porosity of hydrated cements

After measuring their mechanical properties, the specimens were immersed in ethanol for 2
h, to stop hydration, and then air-dried. The apparent porosity were determined using the test
method described in [150] and kerosene was chosen as the saturation liquid instead of water to
avoid any reaction with the specimen. The air-dried specimens were dried in an oven at 105 °C
to a constant weight and the dry weight, B, was determined (for all the weight, gram was the unit
with the accuracy 0.001 g). Then the test specimens immersed in kerosene were vacuumed in a
vacuum chamber to an absolute pressure of not more than 6.4 kPa for 60 min. At least three
measurements were used for each determination. The suspended weight, S, was determined in
grams for each test specimen suspended in kerosene after saturation. The saturated weight, W,
was determined by removing all drops of the liquid with a wet smooth linen from the surface.
The exterior volume was calculated by Eq. (3.5) and the apparent porosity of the specimen was

calculated by Eq. (3.6).

V=(W-S)/y (3.5)

P=[(W-B)/y/V]x 100 %

=[(W-B)/(W-5)]x 100 % (3.6)

where V is the exterior volume of the specimen, cm’,
W is the saturated weight, g,
S is the suspended weight, g,
y is the density of kerosene, g/cm’,
P is the apparent porosity, %,
B is the dry weight, g.
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3.3 Mechanical Properties Measurements

After mixing with polyethylene glycol (PEG) as a binder, CPSC — PEG pastes were
produced and cast into moulds, which were gently shaken in order to allow air bubbles to escape.
The moulds were clamped between glass plates faced with wet cloth and cured in 37 °C distilled
water. For compressive strength, cylinders 6 mm in diameter by 12 mm in height were made;
and for three-point flexural strength 25 x 3 x 2 mm bars were made. The clamps were removed
after 24 h and the cement specimens were de-moulded after another 48 h; the specimens were
still kept in 37 °C distilled water for pre-set periods of 4, 7, 14, and 28 days, respectively. The
compressive strength and three-point flexural strength measurements were carried out with a
universal testing machine (Instron 3369, Instron Co., USA), as shown in Figures 3.1 and 3.2. The
crosshead speed was 0.5 mm/min for compressive strength and 0.2 mm/min for three-point
flexural strength. The fixture span was 20 mm and loading span was 10 mm for the flexural
strength. The compressive and three-point flexural strengths were calculated using the following

equations, respectively. Eight specimens were used for each determination.

4F

Compressive strength (MPa) = —; (3.7)
Flexural strength (MPa) = 23;]; (3.8)

where F'is the maximum load, N,
D is the diameter of the specimen, mm,
L is the distance between the supports, mm (= 20 mm),
b is the width of the specimen, mm,

h is the height of the specimen, mm.
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Figure 3.1 Schematic diagram and conditions of (a) compressive strength test and (b) three-point

flexural strength test

Figure 3.2 The equipment (Instron 3369) to measure compressive strength and flexural strength.
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3.4 In Vitro Bioactivity Evaluation

To determine the in vitro bioactivity of CPSC, 7 day set sample discs (10 mm in diameter
by 2 mm thick) were immersed in SBF at 37 °C for 7 days. The preparation of SBF followed the
procedure described elsewhere [137]. The ratio of SBF volume (ml) to the sample surface area
(mm?) was approximately 0.1. The half volume of the SBF solution for immersion was renewed
every 24 h during the soaking period. After being soaked for 7 days, the samples were
characterized using XRD and SEM equipped with energy dispersive X-ray spectroscopy

analyser (SEM/EDX; Hitachi S-3000N, Electronic System Ltd, Tokyo, Japan).

3.5 In Vitro Biocompatibility Evaluation

3.5.1 Cytotoxicity assay

Both cytotoxicity and cell adhesion were evaluated with human gingival fibroblasts
(seventh to eighth passage), due to the availability of the cells. The cells were obtained from
previously established stocks and cultured from healthy patients [151]. Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, Grand Island, NY), containing 100 pg/mL penicillin G, 50
pg/mL streptomycin, 0.25 pg/mL fungizone, and 10% fetal bovine serum (Gibco, Grand Island,
NY), was used as the cell culture medium. Cytotoxicity is a major factor of biocompatibility and
is generally determined by in vitro cell culture studies [145]. Considering the resemblance to
clinical applications for injectable cements, which set in the body, the cytotoxicity of CPSC
cements was evaluated using the extract of freshly mixed cement paste. After mixing at w/c =
0.5, the cement pastes were immediately placed into 24-well tissue culture plates (Sarstedt Inc,
Newton, NC) at 300 mg/well and exposed to ultraviolet light for 20 min before 1.5 ml of DMEM
was added per well. The extracts were obtained and filtered (0.22 pm) after extraction for 24 h
and 3 days at 37 °C in 100 % RH atmosphere containing 5 % of CO,. To observe a possible

dose-dependant effect, the extracts were serially two-fold diluted using DMEM and each dilution
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had five parallel experiment groups and one background group. DMEM served as a negative
control. After the extracts were obtained, pH values of the extracts were measured and the ionic
concentrations of Ca, Si, and P in the extracts were analyzed with an inductively coupled plasma

optical emission spectroscopy (ICP-OES; Vista-PRO, Varian Inc, Palo Alto, CA).

Human gingival fibroblast cells were seeded to 96-well flat-bottomed plates (Nunc,
Roskilde, Denmark) at 5x10° cells per well and incubated for 24 h to allow the attachment of the
cells. Then, the culture medium was removed and replaced by the extracts from different extract
groups at 50 pl/well. After incubation for 3 d, cell viability was determined by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using a CellTiter 96®
assay kit (Promega, Madison, WI) according to the manufacturer’s instructions. Optical densities
of each well were recorded at 570 nm using a microplate reader (Model 3550, BIO-RAD
Laboratories, Hercules, CA). Cell viability was calculated as the percentage of the experiment
group to the control group and the background absorbance was subtracted from the experimental

ones.

3.5.2 Cell adhesion assay

Cell adhesion on biomaterial surfaces is critical for successful tissue-biomaterial
interaction; the attachment and spreading of cells dominate normal cell growth and protein
synthesis, while poor adhesion and lack of spreading will lower cell proliferation rate [147, 148].
For cell adhesion assay, two groups of disc samples (5 mm in diameter by 1.6 mm in thickness),
of CPSC with w/c of 0.5 were prepared by curing them at 37 °C and 100 % RH for 3 d. The
samples in group 1 were examined under SEM immediately after the three day curing. The
samples in group 2 were placed into a 24-well plate with gingival fibroblasts at a density of
5x10" cells/ml/well and cultured at 37 °C in 100 % RH atmosphere containing 5 % of CO, for 3
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day. For SEM examination, cells attached on the specimens were washed twice with phosphate-
buffered saline (PBS, pH 7.4), fixed in 2.5 % glutaraldehyde for 10 min and in 1 % osmium
tetroxide for 1 h, and dehydrated in ascending concentrations of ethanol (50 %, 70 %, 80 %, and
100 %) for 5 min at each concentration. The samples were then dried with a critical point drier
(Samdri-795, Tousimis Research Corporation, Rockville, MD) and sputter-coated with gold-
palladium (Hummer VI, Technics West Inc. CA). Cell morphology and EDX analysis of the

sample surfaces were examined using SEM/EDX at 20 kV.

3.6 Statistical Analysis

Univariate analysis of variance (ANOVA) was used to evaluate the obtained data. The
results were considered statistically significant at a p-value less than 0.05. When a significant
difference was observed, individual comparisons were performed using the Turkey test [152].
The statistical calculation was carried out using the software “IBM SPSS Statistics” Version 19

(IBM Corporation, Armonk, New York, USA).
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4 EXPERIMENTAL RESULTS AND DISCUSSION 1: CEMENT SYNTHESIS AND

CHARACTERIZATION

4.1 Introduction
This chapter describes the results of the experimental work on process engineering of
CPSC. It includes 1) the synthesis process of the cements; ii) the characteristics of the hydrated

CPSC pastes.

4.2 Synthesis of C3S and CPSC Powders

The XRD pattern of the as-synthesized C;S powder showed that the sample contained only
Ca3SiOs and free CaO (calcium oxide) in Figure 4.1, as compared with the powder diffraction
file (PDF) of Ca3SiOs (PDF Card 00-031-0301) and calcium oxide (PDF Card 00-048-1467).
The content of free CaO in the as-synthesized C;S powder after sintering at 1550 °C was 0.03 %.
The procedure to determine free CaO in tricalcium silicate powder was described in Section
3.1.1. The as-synthesized C;S powder morphology is shown in Figure 4.2. After mixing and
planetary ball-milling, the particle sizes of the CPSC powders determined with SEM were less
than 5 pm (Figure 4.3). Element mapping demonstrated that calcium, silicon, and phosphorus

were uniformly distributed in CPSC (Figure 4.4).

Sol-gel processes are the wet-chemical techniques for making advanced materials
including ceramics [153]. The chemistry involved in sol-gel processes is based on the hydrolysis
and condensation of the organo-metallic precursor compounds. The chemical processes include
the association of solutions and/or the solid colloidal state with a liquid medium. For the mult
compound systems, the various elements can be controlled down to the atomic level, therefore

sol-gel processes can offer high homogeneity and purity and lower processing temperatures
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compared with traditional ceramic powder methods. In addition, the structure of sol-gel powders,

including the particle shape, size and size distribution, can be easily controlled [153].

CaO CaOo

As-synthesized C3S

PDF 031-0301 Ca3SiOs

I Y Ll ”

10 20 30 40 50 60
2 Theta, degree

Figure 4.1 XRD pattern of as-synthesized C;S powder.

In the present work, the C;S powder was synthesized with a sol-gel process followed by
sintering at 1550 °C for 4 h. From this process the C;S powder was of high purity (greater than
99.9%) and dense particles and grain size was up to 30 um. A previous study [34] showed that
the sintering temperature to form C;S with a sol-gel method was higher than 1300 °C and the
content of free lime decreased with the sintering temperature. After sintering at 1550 °C for 4 h,
the synthesized C;S had 0.03 % free CaO, which was lower than 0.64% [154] and 0.07% [34]
obtained when sintered at 1450 °C. The traditional methods of the solid-phase reaction needed a

higher temperature and longer sintering time, up to 1850 °C for up to 24 h [155-157].
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Figure 4.2 SEM micrograph of as-synthesized Cs;S powder: (a) a lower magnification (x1.0k); (b)

a higher magnification (x10k).
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Figure 4.3 SEM micrographs of cement powders after planetary ball milling for 20 min. (a):

0CPM; (b): SCPM; (¢): 10CPM; (d): 15CPM; (e): 20CPM; (f): 25CPM.

62



(b)

63



(d)

Figure 4.4 The element mapping images of 10CPM after mixing and grinding. (a) morphology,

(b) Calcium, (c) Silicon, and (d) Phosphorus.
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Planetary ball mills are high-energy ball mills, which are more efficient than traditional
ball mills. After planetary ball-milling for 20 min, CPSC cements were ground to less than 5 pm
(Figure 4.3) and the morphology of the powders showed irregular shapes and agglomeration of
smaller particles occurred. When the particle size is less than 5 um, the relative standard
deviation of the measured intensity by XRD is less than a few percent [82]. A statistical error of
+ 5% for major phases in an intensity-related quantitative analysis should be considered
reasonable. Figure 4.4 shows that the elements of calcium, silicon and phosphorus from CPM
were uniformly distributed in CPSC cements. The BET data (Table 4.1) of the cement powders
indicated that CPM was more easily ground than C;S, probably due to the lower hardness of
CPM. Assuming that the specific surface area of Cs;S in CPSC was the same as that in 0CPM, i.e.
3.00 m*/g, from the data in Table 4.1, the specific surface area of CPM could be calculated in the
range of 21.4 to 25.6 m*/g. With the high purity, low free CaO, high homogeneity, and uniform
mixture of CPSC, the synthesis processes, including the sol-gel method to synthesize C;S and
sintering at 1550 °C for 4 h followed by planetary ball milling to grind the mixture of CPM and

C3S, has been declared as a suitable process to fabricate CPSC cement powders.

The CaO/SiO; molar ratio of the C-S-H hydrates produced from the hydration of C;S was
represented by an average value of 1.7 [47]. According to this value, the calculated content of
CPM in CPSC would have to be 36.4 wt% so that CH produced from the hydration of C;S could
be completely consumed by CPM to precipitate HAP. The CPM amount of 36.4 wt% in CPSC
could be defined as “Reference Maximum Amount (RMA).” However, the preliminary results
indicated that the addition of CPM over 30 wt% dramatically decreased the mechanical
properties of set CPSC. For example, compressive strength of CPSC with 30 wt% CPM was 63.3

% of that for CPSC with 20 wt% and 32.9% of that for CPSC with 10 wt% CPM. The complete
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data on compressive strength is in Section 6.4 Therefore, the compositions of 0 — 25 wt% of

CPM in CPSC were chosen for further studies in the present work.

Table 4.1 The specific surface area measured with the BET method for cement powders

Cement 0CPM 5CPM 10CPM 20CPM

Specific surface

2 3.00 3.92 5.09 7.52
area, m’/g

4.3 Characteristics of C3S and CPSC Cements

4.3.1 The pH of C3S and CPSC suspensions

In the literature, the studies on the hydration of C;S have been carried out for different w/c
ratios (the ratio of water to cement by weight). For cement paste, w/c is typically 0.3 to 0.6 and
many studies have also been done in aqueous suspension (high w/c), termed “bottle hydration”
[54]; a w/c ratio up to 500 was used in a previous study [155]. Although the kinetics of C;S
hydration in “bottle hydration” is different from that in CsS paste, the use of diluted suspensions
prolongs the early reaction steps and facilitates the study of the early stages of the reaction. In

the present work, the study of the hydration of CPSC was carried out at w/c = 10.

The changes in pH as a function of time for C;S and CPSC pastes during the first-hour of
hydration at 37 °C are shown in Figure 4.5. For all the cement samples, the pH changes almost
followed the same pattern in this period of time, with the exception of the initial pH value of the
paste. In the beginning of measurement, pH increased for 2 min and then remained relatively

constant for 2 to 4 min, followed by a slight decrease until 10 min of the test, after which it
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increased again. 0CPM (pure C;S) had a highest pH in comparison with CPSC cements during
the whole period of measurement and also the pH reached to the highest after the relatively
constant periods. After mixing with water, pH of 0CPM was 11.83 £ 0.03 and raised to 12.03 +
0.04 within less than 2 min. 0CPM kept the pH at 12.03 4+ 0.04 until 8 min followed by a slight
decrease to 11.98 + 0.04 at the 10™ min before it started to increase again. After hydration for 20
min, 0CPM reached pH 12.35 £ 0.04 , which was higher than those of the CPSC cements, and it
remained the highest pH until the end of the measurement. A previous study on hydration of C3S
in stirred suspension solutions (w/c = 500 — 1000) showed that at around pH = 11.5 at 25 °C,
Ca”" and OH ions generated from the hydration of C3S in the solution appeared a “plateau”
period, during which an equilibrium was established between one of the calcium silicate hydrates
and the solution [158]. Another similar study showed that at 10, 25, and 40 °C the “plateau” pH
values were about 12.0 (i.e at pOH = 2.0) in stirred suspension solutions at w/c = 500 [155] and
proposed that two calcium silicate hydrates were produced from the hydration of C;S. The
earlier formed hydrate was fine-grained and grew on CsS grains to form a hydrate layer. Based
on reported data [155, 158], it is expected that the first rapid increasing in pH is due to the
hydration of C3;S and formation of CH; at the same time, the earlier hydration product C-S-H
formed and precipitated on the surfaces of anhydrous CsS grains, thus slowing down the increase
of pH. After about 10 min C;S continued to dissolve until the solution was supersaturated with

respect to the second C-S-H and the pH of the solution continued to increase.

For 5CPM, the pH increased from 11.83 + 0.04 to 11.98 =+ 0.03 within the first 1.5 min and
remained unchanged for about 2 min, then decreased to 11.92 + 0.04 after 10 min, and increased
to 12.07 £ 0.04 after 1 h. SCPM had a similar pH level to that of C;S within the first minute of
hydration. The pH of 10CPM increased to 11.77 + 0.04 from 11.72 £ 0.04 in the first 40 seconds

of hydration followed by a gradual decrease to 10.70 + 0.05 after 10 min and then increase to
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11.86 = 0.04 after 1 h. 15CPM, 20CPM, and 25CPM had a similar pattern to 10CPM, but their
pH decreased with the content of CPM in cement, suggesting a suppressing effect of CPM on the
pH of CPSC pastes at the very early hydration due to its acidity. CPSC cements did not show the
second period of fast increase in pH as obviously as OCPM, indicating that the hydration

mechanisms of CPSC after the first 10 min might be different from that of pure CsS.
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Figure 4.5 The pH variation of C3S (O0CPM) and CPSC pastes at the w/c = 10 during the first

hour of hydration at 37°C.

When CPSC cement, containing C;S and CPM, is mixed with water, hydration of C;S and

dissolution of CPM take places. Both processes go through liquid phases with dissolution /
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precipitation reactions forming intermediate or thermodynamically stable products; therefore, the
pH variations of the liquid phase are important to the reaction kinetics and the final products [54,
94]. When the pH of cement suspension increases due to C;S hydration, the reactions (2.10a) and
(2.10b) move to the right so that CPM dissolves in the solution more easily and it is expected

that, as a result, more HAP forms.

According to the solubility phase diagram of the ternary system Ca(OH),-H;PO4-H,O at 37
°C (Figure 2.5), at the pH values higher than 11.0 in a liquid phase containing calcium phosphate
compounds, HAP would be the most stable phase of calcium phosphates. At the pH values
recorded for the CPSC cements (11.0 < pH < 11.8 at the very beginning and 11.6 < pH < 12.1
after 1 h hydration), HPO4> and PO, would be the major species of phosphate ions in the
solutions (according to the pH dependence of ion concentrations of phosphorus acid solutions
showed in Figure 2.6). Since the pH values of C;S and CPSC pastes were higher than 11.0,
CPSC would be suitable for certain dental applications where high pH would provide the benefit

to killing bacteria, for instance, dental root canal filling.

4.3.2 Phase composition of C3S and CPSC pastes

The XRD patterns of CPSC pastes after hydration for 7 d at 37 °C in distilled water are
shown in Figure 4.6. After 7 d of hydration of 0CPM, the peaks of unhydrated C;S and C-S-H
(located at 2 theta of 29.5, 32.8, and 50.1 degrees) and CH (located at 2 theta of 34.1, 18.0, 47.1,
and 50.8 degrees) were observed. For the CPSC cement pastes, HAP appeared beside C-S-H, CH,
and unhydrated C;S; and the peak intensity of HAP increased with the content of CPM in CPSC,

but those of CH and C;S decreased (Figure 4.6).
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Figure 4.6 XRD patterns of 0CPM, 5CPM, 10CPM, 15CPM, 20CPM, and 25CPM pastes after setting for 7 d at 37°C and 100% RH. (a)

whole range between 10 — 60 degree (2 theta), (b) the enlarged part between 30 to 35 degree (2 theta).
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Figure 4.7 XRD patterns of 10CPM after hydration for 4, 7, 14 and 28 d.

The XRD patterns of 10CPM pastes after hydration for 4, 7, 14, and 28 d at 37°C in
distilled water as an example for CPSC are shown in Figure 4.7. The peaks of CH, C-S-H,
Ca3Si0Os, and HAP were observed and with hydration time, the peak intensities of the CH and C-
S-H, and HAP phases increased and those of Ca3SiOs decreased. XRD analysis showed that CH
decreased and HAP increased with the content of CPM in CPSC, indicating that CPM reacted
with CH to form HAP through an acid-base reaction. In the present research, the maximum of 25
wt% of CPM in the cement (i.e. 25CPM samples), was lower than RMA (36.4 wt%). Therefore

extra CH was expected to be leftover in the set cement after the CPM was consumed.
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4.4 Summary

1. The "best-practice" process developed in this work to prepare CPSC included the
following steps:

i) synthesize the precursor for Cs;S through a sol-gel process, combining in proper
proportions the starting materials including calcium nitrate tetrahydrate, tetraethyl orthosilicate,
and distilled water and alcohol as a solvent and nitric acid as a catalyst.

i) fabricate Cs;S by sintering the precursors at 1550 °C for 4 h; the high purity of the
resulting cement powder (i.e. impurities level < 0.1 %) was maintained through the use of high
purity starting materials, and well-controlled environment (such as the use of Pt crucibles).

ii1) obtain the CPSC powder by planetary ball milling the mix of C;S with various amounts

of CPM for about 20 min, to reduce its average particle size to less than 5 um.

2. The addition of CPM into CPSC affected pH of CPSC pastes and the phase
compositions. CPM reduced pH of the CPSC cement pastes and the content of CH in the set
cements and increased the content of HAP, and it also accelerated the consumption of C;S.

These effects were more obvious for the high content of CPM in CPSC.
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5. EXPERIMENTAL RESULTS AND DISCUSSION 2: CPSC HYDRATION

MECHANISMS

5.1 Introduction

This chapter describes the results of the quantitative XRD of the hydrating CPSC, using
quartz as an internal standard, includes the results of DTA-TGA studies of the hydrating CPSC,
and discusses the hydration kinetics and hydration products, especially the molar ratios of

Ca0/Si0, and H,0/Si0; in the hydrates.

5.2 Hydration Kinetics

For the quantitative XRD analysis, quartz with the median particle size of 2.75 pum was
used as an internal standard. The reasons to choose quartz as internal standard are that its XRD
peaks do not overlap with those for C;S and it does not react with other compounds in the system
studied [83]. The reference peak was 26.6 deg 20 CuKo (d = 3.34 A) for quartz, which is the
strongest one in the XRD pattern of quartz, and 41.1 deg 26 CuKa. (d = 2.19 A) for C3S, which
is the relatively strong one in the XRD pattern of C;S, moreover, these peaks do not overlap with
others. An internal standard calibration curve was produced from the compositions of 8/92,
15/85, 25/75, 50/50, 70/30, and 90/10 (ratio of CsS to quartz in weight) and is shown in Figure

5.1

The relationship between the weight ratio of C;S to quartz and the intensity ratio of the

corresponding peak areas was represented by the following equations (R = 0.9999):

1/1;=0.0933 (X./X,) + 0.0027 (5.1a)

or
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XX, = 10.715(1/I,) — 0.0286 (5.1b)

where X./X; = the weight ratio of CsS to quartz in the mixed cement pastes,

1./I; = the intensity ratio of the peak area of C;S (at 260 = 41.1 °) to quartz (at 260 = 26.6 °).

The peak areas were calculated by the software MDI JADE 7 provided with the XRD machine.

y = 0.0933x + 0.0027
R? = 0.9999

0.8

Ic/ls

Xc/Xs

Figure 5.1 The internal standard calibration curve. X./X; is the weight ratio of CsS to quartz and

1./1, 1s the intensity ratio of the peak area of 41.1 degree for Cs;S to that of 26.6 degree for quartz.

The cements of 0CPM, 5SCPM, 10CPM, and 20CPM at w/c = 10 hydrated for pre-set times

at 37 °C were mixed with the 10 wt% of the standard quartz. C;S that remained unreacted in the
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hydrated pastes was determined with Equation (3.2) from the XRD data and the plot of the
percentage of hydrated Cs;S (the hydration degree, &) against the hydration time is shown in
Figure 5.2(a). Each piece of data was derived from an average of no less than 12 measurements.
The average hydration rate (the hydration degree per hour) with the hydration time was
calculated and is shown in Figure 5.2(b). The complete data and data processing for quantitative
XRD analysis and the procedures for generation of Figures 5.2(a) and 5.2(b) can be found in

Appendix.
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Figure 5.2 (a) The percentage of hydrated C;S (&) with hydration time and (b) the average
hydration rate (the first derivative of the hydration degree to hydration time) with hydration time

for the cements of 0CPM, 5CPM, 10CPM, and 20CPM at w/c = 10 at 37 °C.

For 0CPM, hydration started to accelerate at about 30 min, which may be the end of the
induction period, and the hydration degree was 4.5 £ 0.1%. Up to about 6 h, the degree of
hydration, ¢, reached 73.8 + 6.7% and the hydration was relatively fast between 30 min and 6 h.
The hydration rate reached the maximum at one hour [Figure 5.2(b)] and then decreased over
time. With hydration longer than 6 h, the hydration slowed down considerably and after 28 d,

C;S hydrated almost completely.
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For 5CPM, 10CPM, and 20CPM, the induction periods ended later than that of pure CsS,

i.e. at between 1 and 2 h for SCPM, 1 h for 10CPM, and 30 min for 20CPM, respectively.

However, the periods of the fast hydration lasted longer than that of pure C;S; afterwards

hydration degrees were higher than that of pure C;S. The beginning and end of the periods of the

fast hydration, the degree of hydration, the duration of the fast hydration, and the calculated

average hydration rates are listed in Table 5.1 (For comparison purpose, the fast hydration was

defined as the hydration rate greater than 1 %/h).

Table 5.1 Hydration degree and rate at the beginning and end of the fast hydration periods for

various samples of CPSC cements

Time, h Hydration degree, % Duration  Average  Total % of
of the fast hydration hydrated
hydration, rate CsS,

Beginning End  Beginning End h %/h %

0OCPM 0.5 6 45+0.1 73.8+6.7 5.5 12.6 69.3
5CPM 2 24 43+0.5 87.1+4.1 22 3.8 82.8
10CPM 1 24 74+0.7 899+72 23 3.6 82.5
20CPM 0.5 12 10.5+0.6 864+21 11.5 6.6 75.9

For any isothermal solid phase reactions, the product — time (« - ¢) curves (Figure 5.3) can

be generally divided into the following five stages [159], which are similar to the stages

observed from the calorimeter curves shown in Figure 2.1. A, an initial stage, during which the

chemical reaction starts to take place; B, the induction stage, during which the stable nuclei are

developed (at low «); C, the acceleration stage, during which the nuclei grow and new nuclei
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may also form; D, the maximum point of the reaction rate; E, the deceleration stage, which
continues until completion of the reaction [159]. The rate-determining step can be either (i) a
chemical reaction, i.e. one or more bond redistribution steps, which generally takes place at a
reaction interface, or (ii) diffusion, i.e. the migration of participants to, or from, a zone of
preferred reaction. In most cases, a transition regions or intermediate behaviour takes place as
well [159]. According to the stages described above, the different stages for the hydration of

0CPM, 5CPM, 10CPM, and 20CPM were divided and listed in Table 5.2.

1
E
0.8
0.6
o]
D
0.4
0.2
C
A B
0
to tos
Time

Figure 5.3 The general plot of the isothermal product — time (o — #) curve from the start point to
the completion point of a reaction. The reaction is divided into different stages described by
letters. A, initial stage; B, induction stage; C, acceleration stage; D, the maximum point of the

reaction rate; E deceleration stage [159].
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Table 5.2 The different stages for the hydration of 0CPM, 5SCPM, 10CPM, and 20CPM

Induction Acceleration  Transition zone Deceleration Completion
stage stage between accel. stage stage
and decel.
0CPM 10to30min  30minto4h 4tol2h 12hto2d  After2d
5CPM l10minto2h 2to12h 12to 24 h 24to4d After4d
10CPM I0mintolh 1tol12h 12to 24 h 24to4d After 4 d
20CPM 10to30min  30minto 12h - 12to2d After2d

The detailed kinetics to describe cement hydration is still debated [55]. Various models
have been proposed to explain the process of hydration. One of the most acceptable models
follows the Avrami equation, i.e. Eq. (2.2). More general form of Eq. (2.2) is the equation (5.2a)

[160]:

-In(1 - @) = k¢ (5.2a)

where £k, is the rate constant; ¢ is a constant, which depends on the three factors in Eq. (5.2b)

[160]:

q = [(uv) +w] (5.2b)

where u is the factor related to the morphology of the growing phase, i.e. u = 1 for growth as

needle, 2 for sheets, and 3 for isotropic growth;
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v is the factor related to the rate — limiting process, i.e. v = 1 for pure phase-boundary
control and 2 for pure diffusion control;

w 18 the factor related to the rate of nucleation, i.e. w = 0 for no nucleation and 1 for
continuous nucleation at constant rate.

The g-parameters values in the rate law Eq. (5.2a) are summarized in Table 5.3 [159].

Table 5.3 The g values for the equation (5.2a) [159]

Model Nucleation rate Phase boundary Diffusion
control control

Three — dimensional (1) Constant 4 2.5
growth (Spherical
particles of reactant) (2) Zero (instantaneous) 3 1.5

(3) Deceleration 3-4 1.5-25
Two —  dimensional (1) Constant 3 2.0
growth (Laminar
particles of reactant) (2) Zero 2 1.0

(3) Deceleration 2-3 1.0-2.0
One — dimensional (1) Constant 2 1.5
growth (Lath-shaped
particles of reactant) (2) Zero 1 0.5

(3) Deceleration 1-2 0.5-1.5

When applying Eq. (5.2a), if a given kinetic process becomes rate controlling at ¢ = ¢

(where a = ay), Eq. (5.2a) can be transformed to Eq. (5.2¢) [161]:
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-In[1 — (a -ap)] = kAt — 19)? (5.2¢)

If the kinetics of a given hydration process conforms to the equation (5.2c), a plot of
Inln[1/1-(« -a)] against In(z — #y) will be linear over the range of a. The plots for the acceleration
of the hydration of 0CPM, 5CPM, 10CPM, and 20CPM are shown in Figure 5.4. The slope of

the plot is the exponent ¢ and the intercept is In(k,) and both are listed in Table 5.4.
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Figure 5.4 The plot of Eq. (5.2¢), i.e. InIln[1/1-(a-ay)] against In(z-#y), for the acceleration stage of

the hydration of 0CPM, 5CPM, 10CPM, and 20CPM. a (%) is the degree of hydration and ¢ (h)

is the hydration time.
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Table 5.4 The values of the exponent ¢ and rate constant In(k,) of the acceleration stage for the

hydration of 0CPM, 5CPM, 10CPM, and 20CPM

to, h o, %o q In(k;) k,, calculated R squared

0OCPM 0.5 4.5+0.1 1.06+£0.03 -1.34+0.02 2.62+0.05x 10"  0.9994
5CPM 2 43+03 136+021 -333+0.38 3.58+1.5x107 0.9758
10CPM 1 74+£07 127+0.12 -3.00+£020 4.98+1.0x 107 0.9904

20CPM 0.5 105+£0.6 1.15+0.04 -2.47+0.06 8.64+0.5x107 0.9963

The hydration kinetics of 0CPM, i.e. pure C;S, includes several distinct rate controlling
steps. The first such step is the dissolutions of C;S; however as C;S dissolves into water very
easily [55], this step is rapidly followed by the formation of a layer of C-S-H on C;S. The
dissolution of C;S is therefore not the rate controlling step [161]. The hydration data for 0CPM
indicated that two kinetically distinct stages controlled the rate of hydration after the induction
stage. The first one, phase boundary control, initiated during the induction stage and prevailed
through the acceleration stage and the second one, diffusion control, started at the onset of

deceleration stage.

The value of ¢ obtained from Eq. (5.2¢) was near unity (1.06 £ 0.03) for the acceleration
stage of the hydration of 0OCPM. The microstructure of the hydrated 0CPM paste observed by
SEM (Section 6.2) showed that the C-S-H, which formed during this stage, was essentially fibre
shape, i.e. nearly one-dimensional. This indicated that # = 1 in Eq. (5.2b) for the hydration of
CsS during this stage and predicted that v and w would, respectively, be 1 and 0, i.e. one-
dimensional phase boundary controlled growth at zero nucleation rate. This was probably

because the nuclei rapidly formed and occupied the nucleation sites during the formation of the
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C-S-H layer in the pre-induction stage, resulting in the elimination of the sites of nucleation,
leading to the zero nucleation rates through the course of subsequent hydration (the acceleration
and deceleration stages). The rate of growth of the needle-shaped C-S-H hydrates (one
dimension) was previously predicted to control the hydration after the induction stage. An
investigation by Brown et al. [161] showed similar results and these authors also discussed the
possible reasons for the value of ¢ in Eq. (5.2a) near unity rather than near 3, as predicted from
calorimetric data. Based on the integration of the rate of heat liberation, the effects of C;S
dissolution, C-S-H formation, CH formation, and any subsequent solid-state transformations

would be included in the exponents [161].
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Figure 5.5 The plot of Eq. (2.3), i.e. [1-(1-0)""]? against ¢ for the deceleration stage of the
hydration of 0CPM, 5CPM, 10CPM, and 20CPM. « is the degree of hydration, % and ¢ is the

hydration time, h.
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For the deceleration stage, the hydration data of 0CPM, SCPM, 10CPM, and 20CPM fitted
Eq. (2.3) very well (Figure 5.5), indicating that the kinetics of the deceleration stages of these
cements were diffusion-control processes. The rate constants of the hydration of 0CPM, 5CPM,
10CPM, and 20CPM are listed in Table 5.5. The observation by SEM (Section 6.2) demonstrated
that the particles of C3S were covered by hydrates on the all surfaces during the deceleration

stage.

Table 5.5 The rate constants for the deceleration stage of the hydration of 0CPM, SCPM, 10CPM,

and 20CPM
ky, h! R squared
0CPM 6.91+0.36x 10™* 0.9972
5CPM 2.06+0.02x 107 0.9999
10CPM 3.02+0.14x 107 0.9979
20CPM 3.65+0.66 x 107 0.9685

From the data above, it is clear that the hydration of CPSC was different from that of pure
CsS. For the acceleration stage, the values of ¢ for the hydration of SCPM, 10CPM, and 20CPM
were greater than one, indicating that the acceleration stages of hydration were phase boundary
controlled with deceleration of nucleation rates. In this case, the parameters of Eq. (5.2b) u = 1
(needle-shaped hydrates, one dimension), v = 1 (phase boundary control), and w was between 0

and 1 (deceleration of nucleation rates). The deceleration of nucleation rates indicated that
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nucleation took place to some extent during the acceleration stage of the hydration of CPSC. As
demonstrated in Section 6.2, the development of the microstructure of 0CPM pastes showed that
the hydrates grew and developed into needle-shapes distributed evenly on the surfaces of C;S
grains. However, the hydration products formed during the hydration of CPSC, for example,
10CPM, distributed unevenly (Figure 6.3b), and the surfaces of the hydration products were the
favourite sites to grow. The hydration products grown on the isolated hydrates were evidently
displayed in Figure 6.3(b). After certain time (e.g. 12 h for 10CPM) the hydration products
covered the whole surface of the particles (Figure 5.6) indicating that the surface area uncovered
by hydration products would also provide nucleation sites for new hydrates after further

dissolution of C3S with the hydration process.

The CPSC with more CPM was faster in hydration (i.e. nucleation and growth of hydrates)
than the one with lower content of CPM due to the acceleration effect of CPM on the hydration
process. The nucleation sites on the unhydrated grain surfaces would be consumed faster and the
nucleation sites diminished more noticeably for the CPSC with a higher content of CPM. For
example, it took 12 h for I0CPM to cover the whole particles by hydration products, but only 2 h
for 20CPM (Figures 5.6 and 6.2¢). The value of g decreased in the order of SCPM > 10CPM >
20CPM (Table 5.4). The increase in reaction constant k. with the content of CPM in CPSC, i.e.
5CPM < 10CPM < 20CPM (Table 5.4), revealed that the acceleration effect of CPM was more
evident when the content of CPM was higher in CPSC. The reaction constants for SCPM,
10CPM, and 20CPM were lower than that of OCPM probably due to different nucleation and

growth mechanisms of the hydration products for the two kinds of cements.
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Figure 5.6 SEM micrographs of the fracture surfaces of 10CPM paste hydrated for 12 h at 37°C.

The deceleration stage of hydration of SCPM, 10CPM, and 20CPM was a diffusion-
controlled process, the same as that for 0CPM, and the hydration data were fitted Eq. (2.3) very
well (Figure 5.5). The reaction constant k, in this stage increased with the content of CPM in
CPSC and the values of k,; for CPSC were also higher than that of 0CPM (Table 5.5). The reason
was probably due to the increase in porosity with the content of CPSC (Section 6.3), i.e. the high
porosity could provide more surfaces to hydrate. In addition, during the hydration of CPSC,
HAP precipitated accompanied by the formation of extra water, which increased with the content
of CPM (Section 5.3 and Figure 1.1). This extra water could form pores, voids, or channels in set
cements, which facilitated transport of reactants, hence resulting in the higher rate of hydration.
However further studies are needed to understand the nucleation behaviour of the hydration

products of CPSC.
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It was interesting to see that the period of high hydration rates was divided into two sub-
periods by a relatively low hydration rate for the CPSC in Figure 5.2 (b), but the hydration of
OCPM showed only one period of high hydration rate. The periods with high hydration rates
were very close to the acceleration periods for the hydration of CPSC (Table 5.2). The beginning
of the second sub period for I0CPM and 20CPM was, respectively, at the hydration of 4 h and 2
h, which were coincidently the same times when DCPD disappeared from the system. It is
expected that DCPD precipitated in less than 10 min after CPM dissolved into water when the

cement was mixed with water.

The first sub-period of high hydration rate was probably due to the precipitation of DCPD
and/ or HAP, which would provide more nucleation sites for the C-S-(P-)H phase to accelerate
the hydration of C3S, and the second one might be attributed to the formation of more C-S-(P-)H.
The data of the solubility product constants of HAP [Cas(PO4)3;(OH), pK, = 58.6 at 37 °C [94]]
and C-S-H (pK,, = 11.22 — 11.28 at 22 °C [162]) indicate that the concentration of Ca”" to reach
saturation with respect to HAP at 37 °C around pH 11.5 is much lower than that for C-S-H
hydrate. XRD analysis showed that DCPD disappeared first, likely converting into HAP or
incorporating into hydrates C-S-(P)H. These two sub-periods of acceleration together increased
the duration of the acceleration period of the CPSC hydration therefore increased its hydration
degree, although the maximum hydration rates of the two sub-periods were lower than that of the
acceleration period of OCPM. After the total acceleration periods, the hydration degree of
20CPM (86.4 £+ 2.1 %) was statistically significantly higher than that of 0CPM (p < 0.001), and
the hydration degrees of SCPM (66.1 + 3.8 %) and 10CPM (69.9 + 8.0%) were not statistically

significantly different from that of 0OCPM (67.9 = 3.1 %) (p > 0.05), Table 5.2.
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Table 5.2 shows that the acceleration period started relatively early (e.g. 30 min for 20CPM,
1 h for 10CPM, and 2 h for 5SCPM) and lasted a longer time (e.g. 11.5 h for 20CPM, 11 h for
10CPM, and 10 h for 5SCPM) for the CPSC with high CPM. It is expected that CPSC with more
CPM would produce more HAP, which would in turn produce more nucleation sites for hydrates
C-S-(P-)H and result in a better acceleration effects. In addition the formation of HAP was
accompanied by the production of water (i.e. refer to Eq. 5.7), and as such would produce pores
and voids, which would provide the diffusion channels to continue hydration. However, the
acceleration period of 0CPM started early (about 30 min) and lasted a short time (about 3.5 h) in
comparison with the CPSC (10 to 11.5 h), see Table 5.2. For more than 20 wt%, CPM increased
the duration of the acceleration period and the degree of hydration, instead of having an
accelerating effect on the hydration rate of C;S; but for smaller amounts (5 and 10 wt%) CPM
did not show deceleration effect on the hydration in terms of the hydration degree at the end of
acceleration period. These results do not agree with the traditional concept that phosphate is a
retarder for the hydration of C;S [54]. The quantitative XRD results showed that certain
compositions of CPSC, for example, 10CPM have about 90% of C3S hydrated after 1 d and more
than 97% of CsS hydrated after 4 d. This could provide some information how much C;S would

remain unhydrated after the cement was implanted for a certain time.

5.3 Ca0/SiO, and H,0/SiO; in the Hydrates

The DTA curves of the hydrated cements of 0CPM, 10CPM, and 20CPM for the preset
periods of time are shown in Figure 5.7 and the weight changes during the thermal analysis are
in Figure 5.8. For 0CPM a weak endotherm was observed below 200 °C accompanying with a
mass loss for each hydration period [Figures 5.7 (a) and 5.8 (a)]. After the hydration for 10 min,
the peak between 400 — 500 °C was not discernible and after 30 min a tiny endothermal peak

appeared at 420 °C. After 1 h and longer time of hydration, the sharp endothermal peaks became
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more evident at around 400 — 500 °C and their intensities became enhanced. The loss of mass
could be noticed at around 400 — 500 after 30 min of hydration. The relatively broad
endothermal peaks between 640 — 760 °C were shown on the DTA curves, accompanied by
weight losses for all hydration times. Two endothermal peaks at 921 and 982 °C were observed
for the hydration up to 12 h, but there were no mass changes for these thermal effects. For
hydration from 12 h to 28 d, exothermal peaks at around 864 °C were noticed, accompanied by

no discernible changes in mass.

Previous studies suggested that it was difficult, maybe impossible, to obtain C-S-H free
from calcium carbonate [163]. In DTA-TG analysis, both the dehydration of CH and the
decomposition of CaCO; have endothermal effects. Due to different experimental conditions,
such as the sample size, the state of sample and the rate of heating, DTA curves for the same
compound may be also different. Biffen [163] reported that the dehydration of CH and the
decarbonation of calcium carbonate took place in the ranges of 425 — 534 °C and of 650 — 830 °C,
respectively. For comparison, Ramachandran et al. [164] gave their ranges as 450 — 550 °C and
of 750 — 900 °C and El-Jazairi ad Illston [87] defined the ranges as 440 — 580 °C and 580 — 1007
°C, respectively. In the present work, the dehydration of CH and the decomposition of CaCOs3
took place in the ranges of 400 — 500 °C and 640 — 760 °C, respectively. The CH peaks appeared
after a longer hydration time in comparison with C;S, starting at 4 h for both 10CPM and
20CPM. It was reported that dehydration reactions of calcium silicate hydrates occurred in the
range of 105 — 440 °C by El-Jaairi and Illston [87]; more specifically, four dehydration

temperatures (around 100, 180, 350, and 400 °C) were indicated by Fordham and Smalley [165].

The temperatures of these thermal effects and the corresponding mass changes for 0CPM,
10CPM and 20CPM at different periods of hydration are listed in Tables 5.6, 5.7 and 5.8,
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respectively. The preparation procedures in this experiment followed Taylor’s suggestion that
the specimen prepared by pumping with a rotary pump for 1 h to remove excess water is suitable
for thermal analysis [54]. Some unduly drastic drying procedures, e.g. heating at 105 °C or
equilibration to constant weight in atmospheres of low relative humidity, such as “D-drying”,
partially dehydrated the C-S-H phase [54]. The second column in Table 5.6 is the first peak
temperature, which was due to the dehydration of C-S-H hydrates [165]. The third column lists
the percentage of the total dehydration of hydrates C-S-H to the ignited weight (i.e. the sample
weight after heating to 1100 °C); all the percentages in these tables are given in relation to the
ignited weight. The column “Dehydroxylation of CH” shows that the peak temperature of CH
decomposition and the corresponding percentage of the weight loss. “Decarbonation of CaCOj3”
shows the decomposition temperature of CaCO; during the experiment and the corresponding
percentage of the weight loss. The last two columns are the transformation temperatures of C-S-
H to wollastonite and the transition temperature between C3;S polymorphisms, which are
discussed below. Tables 5.7 and 5.8 have one column more than Table 5.6, which is named “2™
endo peak” and gives the temperature of the second endothermal peak. This peak is due to the

decomposition of DCPD and the TG curve missed showing its change because the amount of

DCPD was small (discussed below).
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Figure 5.7 DTA curves of the cements hydrated for different periods of hydration times, (a)
0CPM, (b) 10CPM, and (c) 20CPM. The peaks between 400 and 500 °C are for the

decomposition of CH and those between 600 and 800 °C are for the decomposition of CaCOj;.
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Figure 5.8 Thermograms of the cements hydrated for different periods of hydration times, (a)
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Table 5.6 The temperature of thermal effects and the corresponding weight loss of 0CPM for different periods of hydration*

Hydration 1% endo AWy, Dehydroxylation Decarbonation of Temperature of C- Temperature of phase

Period peak of CH CaCO; S-H to wollastonite  conversion of C3S
°C % Temp,’C AW;,% Temp,C AW,.,% °C °C °C

10 min 137 -3.0 - - 705 -7.1 - 920 983

30 min 132 -3.8 418 -0.1 702 -8.6 - 920 983

lh 130 -3.7 435 -0.4 704 -8.3 - 921 983

2h 98 -5.9 437 -0.9 710 -11.3 - 920 982

4h 102 -8.1 441 -2.9 703 -11.6 - 920 982

6 h 100 -9.9 449 -4.2 710 -12.0 862 921 982

12h 100 -10.0 450 -5.5 697 -11.3 864 921 982

24 h 109 -10.0 451 -5.7 697 -10.2 864 - -

2d 110 -10.4 448 -6.2 686 -8.9 864 - -

4d 116 -11.4 452 -6.2 703 -12.1 853 - -

7d 117 -9.7 448 -6.2 688 -9.1 855 - -

14d 122 -9.5 445 -4.4 701 -12.3 856 - -

28d 87 -5.3 444 24 714 -15.1 857 - -

*AWan, AW, and AW, are the percentages of the weight losses due to dehydration of hydrates, dehydroxylation of CH, and decarbonation of
CaCO;s, respectively. The percentage of weight loss relates to the ignited weight at 1100 °C.
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Table 5.7 The temperature of thermal effects and the corresponding weight loss of 10CPM for different periods of hydration

Hydration 1st endo 2™ endo AW, Dehydroxylation =~ Decarbonation of Temperature of C-S- Temperatures of phase

Period peak peak of CH CaCO; H to wollastonite conversion of C3S
Temp,’C Temp,’C % Temp,’C AWy4,% Temp,C AW,.,% °C °C °C

10 min 109 189 -2.8 - - 681 -3.5 864 920 982

30 min 109 189 -2.8 - - 690 -4.2 864 920 982

lh 115 189 -3.1 - - 697 -4.8 864 920 982

2h 114 189 -4.0 - - 699 -5.5 864 920 982

4h 115 189 -4.1 432 -0.1 696 -6.5 864 920 982

6 h 113 - -4.7 434 -0.5 708 -7.0 864 920 982

12h 104 - -7.3 440 -2.6 693 -7.0 864 920 982

24 h 103 - 9.1 440 -6.1 707 -16.6 864 - -

2d 104 - -11.1 450 -6.0 678 -10.8 864 - -

4d 111 - -11.0 448 -5.7 690 -7.6 864 - -

7d 106 - -10.8 450 -5.7 669 -5.8 864 - -

14d 104 - -8.8 443 -4.2 698 -11.2 857 - -

28d 102 - -8.3 444 2.4 724 -21.1 857 - -

AW 4, AW 4, and AW, are the percentages of the weight losses due to dehydration of hydrates, dehydroxylation of CH, and decarbonation of
CaCO;s, respectively. The percentage of weight loss relates to the ignited weight at 1100 °C.

98



Table 5.8 The temperature of thermal effects and the corresponding weight loss of 20CPM for different periods of hydration

Hydration 1st endo 2™ endo AW, Dehydroxylation ~ Decarbonation of Temperature of C-S- Temperature of phase

Period peak peak of CH CaCO; H to wollastonite conversion of C3S
Temp,’C Temp,’C % Temp,’C AWy4,% Temp,C AW,.,% °C °C °C

10 min 121 189 -4.2 - - 682 -3.2 779 921 982
30 min 111 189 -3.9 - - 668 2.7 778 921 982
l1h 130 189 -4.2 - - 682 34 780 921 982
2h 117 189 -5.5 - - 695 -4.8 780 921 982
4h 104 - -7.3 427 -0.5 697 -6.1 780 921 982
6h 108 - 9.1 443 -1.1 693 -6.5 780 921 982
12h 100 - -12.4 450 -3.2 689 -7.8 862 - -
24 h 103 - -12.0 455 -3.2 681 -7.8 860 - -
2d 101 - -12.9 456 -3.6 679 -6.3 861 - -
4d 101 - -12.5 454 -3.6 689 -8.4 860 - -
7d 105 - -10.4 451 -3.4 677 -5.7 861 - -
14d 104 - -8.9 449 -2.9 697 -94 855 - -
28 d 108 - -8.6 444 2.2 711 -16.6 855 - -

AW 4, AW 4, and AW, are the percentages of the weight losses due to dehydration of hydrates, dehydroxylation of CH, and decarbonation of
CaCO;s, respectively. The percentage of weight loss relates to the ignited weight at 1100 °C.
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The phase transitions of C3;S polymorphisms were responsible for the endothermal effects
at 921 and 982 °C [54, 166]. When the hydration was not complete, the unhydrated C;S caused
phase transitions during the heating in DTA experiments, but there were no mass changes. The
peaks of the phase transitions were not noticeable when the hydration was longer than 24 h for
0CPM, at which the degree of hydration was about 78.4 + 7.8 % (seen as the curve of 24 h in
Figure 5.7a). For 10CPM and 20CPM, the peaks of the C;S phase transitions (seen as the curve
of 24 h in Figure 5.7b and the curve of 12 h in Figure 5.7¢) disappeared after 24 h and 12 h of
hydration, respectively, and the hydration degree was 89.9 + 7.2 % and 864 £+ 2.1 %,
respectively. The intensities of the peaks became smaller with the hydration time for all the

cements, confirming that the amounts of un-hydrated C;S reduced with the hydration process.

The weak exothermal peak at about 800 — 900 °C was attributed to the formation of
crystalline wollastonite from C-S-H [85]. For 0CPM the exothermal peak at 864 °C disappeared
after the hydration for 12 h, at which the hydration degree was 77.1 £ 1.7 %. For less than 6 h of
hydration, however, no peaks occurred in the range of 800 — 900 °C, suggesting that at least two

compositions of C-S-H hydrates would exist.

One type of C-S-H formed mainly in the early and middle hydration stage (< 67.9 = 3.1 %
of the degree of hydration) and did not decompose at around 864 °C; and the other formed in the
middle and later hydration (> 67.9 + 3.1 % of the degree of hydration) and decomposed to
wollastonite at around 864 °C (Figure 5.7a and Table 5.6). Many researches reported that two
forms of C-S-H hydrates might result from hydration of Ca3SiOs [83, 155, 167]. The CaO/SiO,
and H,O/Si0, molar ratios of C-S-H hydrates with the hydrated process were calculated using
Egs. (3.3b) and (3.4b), respectively, from the DTA-TG data and plotted against the hydrated
degree of C3S in Figures 5.9 and 5.10.
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Figure 5.9 CaO/SiO; ratio of C-S-H hydrates plotted against hydration degree of CsS for 0CPM,

10CPM and 20CPM.

The CaO/SiO; ratio of C-S-H hydrates from C3;S had a range of 1.3 to 1.7 (Figure 5.9),
somewhat lower (and with lower average) than that of 1.6 to 2.0 reported in literature [54]. The
literature showed that there was no general agreement among the previous results in terms of the
CaO/Si0, ratio, especially at low degrees of hydration [167-170]. Some studies [56, 170]
showed that the CaO/SiO; ratio was 1.5 to 2.2 below 20% of the hydration degree followed by

decreasing to 1.4 to 1.8 with no consistent changes with further hydration. Other studies gave the
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CaO/Si0; ratio of 0.8 to 1.5 below 20% of the hydration degree and the ratio rose to 1.4 to 1.9
with progressive hydration [167, 168], which our results were consistent with. The variations of
the CaO/Si0; ratio might be due to the differences of tricalcium silicate reactivity, the hydration
conditions and the analytical methods [167]. The CaO/SiO; ratio of the hydrates was 1.3 — 1.5
between 10 to 30 % hydration and 1.5 — 1.7 between 30 to 90% hydration (Figure 5.9); and the
latter did not vary much and the corresponding exothermal peaks at 853 — 864 °C in DTA curves
were due to the conversion from the C-S-H hydrate to wollastonite [85]. This C-S-H could be
called middle stage C-S-H or C-S-H (M) in here and the early stage C-S-H could be called C-S-
H (E). The higher CaO/SiO; ratio from longer hydration would cause a relatively low conversion
temperature due to polymerization of silicate ions [85]. Figure 5.10 showed that the H,O/SiO;
molar ratios in the hydrates of 0CPM were about 2.2 — 5.3 at 10 to 30% hydration and 1.6 — 2.2
at 30 to 90 % hydration. The stoichiometry of the C-S-H produced from pure C;S at w/c = 10
and at 37 °C could be therefore represented by the formula (1.3 — 1.5)Ca0-SiO,(2.2 — 5.3)H,0 at
the hydration degree of 10 — 30 % and (1.5 — 1.7)Ca0O-SiO,-(1.6 — 2.2)H,0 at the hydration
degree of 30 — 90 %. In comparison with the late stage of hydration (i.e. the hydration degree >
30 %), the low hydration degree (< 30 %) resulted in a relatively low CaO/SiO; ratio in the
hydrates and relatively high water content as confirmed in a previous study [83]. The results of
this work for C;S (OCPM) at 30 — 90% hydration are thus consistent with the previous study, in
which the C-S-H hydrates were represented by 1.7Ca0-SiO;,-2.1H,0 resulting from the C-S-H
equilibrated in an atmosphere of 11% RH [70]. This water, so called chemically-bound water, is
only present in the interlayer space and its content is much lower than that in the hydrates of
1.7Ca0-Si0,'4.0H,0, which resulted from a saturated paste with the pores totally filled with
water [54]. The preparation procedure of the specimens for the measurement of DTA-TG, i.e.
air-drying followed by vacuum drying for one hour, had probably removed all the water from the

pores of the hydrates.
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The 10CPM and 20CPM cements had some differences in thermal behaviour from 0CPM
(Figures 5.7 b & c and 5.8 b & ¢). DTA curves of 10CPM and 20CPM at about 189 °C show new
(i.e. absent for 0CPM ) small endothermal peaks in the early hydration of up to 4 h for 10CPM
and 2 h for 20CPM. The respective weight changes for these endothermal effects were not
discernible in TG curves. The XRD analysis showed that DCPD peaks occurred in the hydrated
10CPM and 20CPM corresponding to the hydration periods, i.e. 10 min to 4 h for I0CPM and 10

min to 2 h for 20CPM, respectively (Figure 5.11).

Previous study [131] on the formation of HAP from the reaction of MCPM, TTCP, and CH
in dilute suspensions showed that the dissolution of MCPM was very fast (finished in only 2 min)
and resulted in the formation of DCPD even though pH was in the range wherein HAP is the
most stable phase. The authors believed that DCPD formation was favoured kinetically, although
thermodynamically HAP was the most favoured phase; the subsequent process included however
consumption of DCPD and formation of HAP [131]. Another explanation may relate to the fast
dissolution of CPM in the environment of hydrated C;S which could cause decrease in the local
pH to the range in which DCPD is the stable phase, although the bulk pH was in the range that
was favourable for HAP. When the hydration was almost complete, the hydration products of
10CPM and 20CPM were HAP, CH, and C-S-(P-)H (also calcium carbonate, which probably
formed during sample storage). DCPD was dehydrated to DCPA at around 180 °C [171] and
HAP did not decompose up to 1350 °C [93]. Therefore the peak at 189 °C was attributed to the

decomposition of DCPD.

The above presented facts indicate that the following chain of events could be taking place

during hydration of CPSC bio-cements: (1) CPM in the environment of C;S + water transforms
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into DCPD, and then (2) DCPD reacts with CH to form HAP, while (3) the hydration of CsS is

taking place for the whole period. This scenario is consistent with the relationship between the

species of phosphates and pH (Figure 2.5 on Page 28), i.e. in the pH 11 to 12 (Figure 4.5 on Page

68), the dominant phosphate ion was HPO,*. During the whole range of hydration of 10CPM

and 20CPM, the XRD results did not show any peaks at 4.7 ° (2 theta), which is the characteristic

peak of OCP, indicating that OCP did not form, at least within detection limit of XRD (Figure

5.12).]
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Figure 5.10 H,O/Si10; ratio of C-S-H hydrates plotted against hydration degree of CsS for 0CPM,

10CPM and 20CPM.
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Figure 5.11 XRD patterns of 10CPM (a) and 20CPM (b) in the early hydration. DCPD occurred in 10CPM up to 4 h and in 20CPM up to 2 h.

CH appeared in both 10CPM and 20CPM after hydration for 4 h.
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Figure 5.12 XRD patterns of I0CPM and 20CPM for the hydration periods selected randomly in
the range of 2 theta of 3 to 10 degree. No peaks showing at 4.7 ° (2 theta) indicates that no OCP

formed during the hydration of CPSC.
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The CaO/Si0; ratios of the hydrates from 10CPM and 20CPM showed a similar trend with
a rapid increase of the ratio in the first 30% of hydrated C;S followed by a slight decrease from
30 to 60 % and stabilized thereafter, Figure 5.9. As compared to the pure CsS, the ratios for
10CPM and 20CPM were higher than that from pure C;S and the higher the content of CPM, the
higher the CaO/SiO; ratio. The CaO/SiO; ratios were 0.6 — 2.1 at the hydration degree of 10 —
30% and 1.8 — 2.1 at the hydration degree of 30 — 90 % for 10CPM and 1.5 — 2.3 at the hydration

degree of 10 — 30% and 2.0 — 2.3 at the hydration degree of 30 — 90 % for 20CPM, respectively.

Although no indication of the formation of C-S-P-H phase could be seen directly in the
XRD patterns (Figures 4.7 and 4.8), the different morphologies (discussed in Section 6.2) of the
hydrates of 10CPM and 20CPM from those of pure C;S would infer that the changes in
morphology of hydrate products were caused by the presence of CPM, either by the formation of
HAP and / or C-S-P-H hydrates. For 10CPM and 20CPM, the hydrates which transformed to
wollastonite formed for almost the whole hydration periods. The transformation temperatures of
the hydrates of 10CPM for the whole hydration period and of the hydrates of 20CPM for the
hydration period longer than 12 h (equivalent to > 86.4 = 2.1 % of the degree of hydration)
(Figure 5.7 and Tables 5.7 and 5.8) to the completion of hydration were close to that temperature
of the hydrate C-S-H (M) of CsS i.e. between 857 — 864 °C. Although the XRD analysis did not
show any evidence of the new phase of C-S-P-H, the CaO/SiO, ratios for 10CPM and 20CPM
were very different (higher than) from those of the C-S-H hydrates from CsS, e.g. 1.5 to 1.7 for
the hydrates of CsS at the hydration degree of 30 — 90%, and 1.8 — 2.1 and 2.0 — 2.3 for those of
10CPM and 20CPM at the hydration degree of 30 -90%, respectively. The possible explanations
are: (1) ACP formed and incorporated into the C-S-H hydrates and decomposed during heating
in the DTA-TG experiment because HAP does not decompose up to 1350 °C [93]; (2) phosphate
ions incorporated into the hydrates and C-S-P-H formed, and the XRD reflection of C-S-P-H
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were the same as that of C-S-H, i.e. at 2 theta of 29.5, 32.8 and 50.1 degrees. The hydrates of
20CPM at the early hydration (i.e. < 6 h, equivalent to < 54.1 + 1.8% of the degree of hydration)
had the transformation temperatures of 778 — 780 °C and were about 80 °C lower than those of
C-S-H (M); it could be assumed therefore that the hydrates of 20CPM at the early hydration (< 6
h) were C-S-P-H. The above analysis indicates that the addition of CPM in CPSC promoted the
formation of C-S-H (M) and the addition of 20 % of CPM would form C-S-P-H in the early

hydration (< 6 h).

After studying the hydration phases in the system CaO-Si0,-P,0s-H,O, Hu and Roy [133,
134] showed that both gel and crystalline phases of C-S-P-H existed and were important phases
to produce high-strength to chemically bonded ceramics in the system CaO-SiO,-P,0s-H,0. The
C-S-P-H gel was similar to C-S-H gel in terms of morphology and functions to serve as bond
between hydrate crystals and to provide strength to cement pastes [133, 134]. Their results
showed that the C-S-P-H phase had the atomic ratio of Ca:Si:P near 1:1:0.5 and usually formed
in the samples whose compositions were close to the composition of silicocarnotite
(5Ca0-Si0,°P,0s5), with whose composition the chemically bonded ceramics demonstrated
highest strength [133, 134]. In the present work the hydrate C-S-P-H was not identified, but the
differences of microstructures between OCPM (C;S) and 10CPM and 20CPM provided
information that CPM affected the microstructure development of C3S. It would be reasonable to
assume that the hydrates for late stage of hydration would incorporate less (or no) phosphate ions,
especially after the phosphate ions were consumed by the precipitation of HAP. Further
investigation on this topic is needed to better understand the incorporation of phosphate into C-S-

H and the formation and structure of C-S-P-H.
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The H,O/Si10, ratios for the hydrates of 0CPM, 10CPM, and 20CPM are shown in Figure
5.10. It can be seen that there is no apparent differences in the ratios for the three cements,
indicating that the content of CPM does not significantly affect the H,O/SiO, ratio for the
hydrates. However, the progress of the hydration process affects the ratio, i.e. at the low degree
of hydration (10 — 30%), the H,O/Si0; ratio for both of 10CPM and 20CPM was 2.2 — 5.3 at the
and for higher degree of hydration (30 - 90%) the ration was 1.6 — 2.2 (see also Section 3.2.3 for
the calculation of the H,O/Si0, ratios). It was assumed that the maximum content of P,Os in the
hydrates was the same as in the starting materials. Therefore the hydrates for 10CPM and
20CPM could be written as:

For 10CPM

(0.6 —2.1)Ca0-SiO; xP,05+(2.2 — 5.3)H,0, in which 0 <x <0.11 for &= 10— 30 %,

(1.8 — 2.1)Ca0-SiO; xP,05°(1.6 — 2.2)H,0, in which 0 <x <0.11 for =30 — 90 %;

For 20CPM

(1.5 - 2.3)Ca0-SiO; yP,05+(2.2 — 5.3)H,0, in which 0 <y < 0.24 for &= 10 — 30 %,

(2.0 — 2.3)Ca0-Si0; yP,05-(1.6 — 2.2)H,0, in which 0 <y < 0.24 for &= 30 — 90 %;

On the basis of the results above, the hydration process of CPSC in water is proposed to

involve the following reactions {Reaction (5.3) was taken from Reference [55]}:

Ca3Si0s + H,O (excess) > 3Ca*"(aq.) + 40H (aq.) + H,Si047(aq.) (5.3)
Ca(H,POy), + excess water > Ca*"(aq.) + 2H (aq.) + 2HPO4* (aq.) (5.4)
Ca”*" +HPO,* + 2H,0 > CaHPO,2H,0 (5.5)
Ca3Si0s + H,O > C-S-H + Ca(OH), (5.6a)
Or  Ca3SiOs + H,O + PO, > C-S-P-H + Ca(OH), (5.6b)
6CaHPO,.2H,0 + 4Ca(OH), > Ca;o(POy4)s (OH), + 18H,0 (5.7)
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Ca3SiOs + H,O - C-S-H + Ca(OH), (5.8)
(Note: The reactions (5.6a), (5.6b), and (5.8) cannot be balanced because the C-S-H and C-S-P-H
phases are not stoichiometric and have variable compositions; therefore there were no specific

formulas available for C-S-H and C-S-P-H.)

5.4 Summary
Based on the results of quantitative XRD with quartz as an internal standard and DTA-
TGA studies of the hydrating CPSC, which was fabricated by the process routine described in

Chapter 3, the following observations are made:

1. It is proposed that the following steps were involved in the hydration of CPSC:
1) tricalcium silicate and CPM dissolved into the liquid phase and hydrolyzed;
Ca3Si0s + H,O (excess) > 3Ca’"(aq.) + 40H (aq.) + H,Si047(aq.)
Ca(H,POy), + excess water > Ca*"(aq.) + 2H (aq.) + 2HPO4* (aq.)
i1) CPM converted to DCPD immediately from such solution;
Ca’" +HPO4” + 2H,0 > CaHPO,4 -2H,0
i) C3S continuously hydrated to produce CH and C-S-H gel, and such C-S-H gel
incorporated the phosphate ions available in the solution to result in calcium-silicate-phosphate-
hydrate (C-S-P-H) gel.
Ca3SiOs + H,O - C-S-H + Ca(OH),
Ca3Si0s + H,O + PO, C-S-P-H + Ca(OH),
iv) DCPD subsequently reacted with CH produced from the hydration of C;S to
precipitate HAP

6CaHPO,4.2H,0 + 4Ca(OH), > Caj9(PO4)6 (OH), + 18H,0
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v) Finally C;S hydrated completely and the above processes ceased. The hydration-stop
point for the cements studied in this work was typically about 28 days.

Ca3SiOs + H,0 = C-S-H + Ca(OH),

2. The final hydration products of CPSC were HAP, CH, and C-S-H / C-S-P-H. The
content of each product in the set cement depended on the starting composition of CPSC. The
composition of the hydrates C-S-(P-)H also varied with the starting composition of CPSC and
the hydration process. Based on the experimental data in this work, the compositions of the
hydrates C-S-(P-)H were estimated to be as follows:

For 10CPM

(0.6 — 2.1)Ca0-SiO; xP,05(2.2 — 5.3)H,0, in which 0 <x <0.11 for &= 10 — 30 %,

(1.8 = 2.1)Ca0-Si0O; xP,05:(1.6 — 2.2)H,0, in which 0 <x <0.11 for o= 30— 90 %;

For 20CPM

(1.5 —2.3)Ca0-SiO; yP,05:(2.2 — 5.3)H,0, in which 0 <y <0.24 for &= 10 — 30 %,

(2.0 — 2.3)Ca0-Si0; yP,05:(1.6 — 2.2)H,0, in which 0 <y <0.24 for =30 — 90 %;

The composition of the hydrates C-S-H for pure C;S was estimated to be

(1.3 - 1.5)Ca0-Si0,(2.2 — 5.3)H,0 for = 10-30 %

(1.5 — 1.7)Ca0-SiOx(1.6 — 2.2)H,0 for a= 30— 90 %.

3. CPM influenced the kinetics of the hydration of C;S. The hydration rate of such CPSC
was reduced in comparison with that of pure C;S. However, the duration of the hydration
acceleration period increased for CPSC in comparison with that of pure C;S. It has been
determined that in the acceleration stage, the kinetics of CPSC hydration is phase boundary

controlled with deceleration of the nucleation rates and follows the Avrami equation, which is
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-In(1 - @) = k,t*. For the deceleration stage, the kinetics is diffusion-controlled and follows the
Jander equation, [1 — (1 - 05)1/3]2 = kqt. At a higher amount of CPM (20 wt%) in CPSC, the
hydration degree of Cs3S in CPSC was higher than that in pure C;S cement; but at a smaller
amounts of CPM (5 and 10 wt%) in CPSC, the hydration degree of Cs;S in CPSC was similar to
that in pure C;S cement. It was noted that this result does not agree with the traditional concept

that phosphate is a retarder of the hydration of C;S.

4. Tt is proposed that the calcium silicate phosphate hydrate (C-S-P-H) is one type of the

hydrates resulting in set CPSC although its detailed composition is not clear at present. It appears,

however, that the C-S-P-H provided strength to set cements, similarly as C-S-H.
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6. EXPERIMENTAL RESULTS AND DISCUSSION 3: MICROSTRUCTURES AND

MECHANICAL PROPERITES OF CPSC

6.1 Introduction

This chapter describes the microstructural evolution of 0CPM, 10CPM and 20CPM with
hydration time, and also describes the results of apparent porosity and the compressive and
flexural strengths measurements for CPSC for different curing times. The effects of CPM in

CPSC on the strengths are also discussed.

Of the three components of the hardened cement, i.e. hydrated material, non-hydrated
residual cement and pores, the first constituent is mainly responsible for the attained strength
[53]. Since the hydration products of hardened CPSC pastes are the phases of C-S-(P-)H, HAP,
and CH, the properties of hardened CPSC paste depend on the individual phases present and also
of the overall assembly of phases, i.e the texture of the phases. The term “texture” includes the
size and form of individual phase as well as the way they are packed together and the nature of
the porosity (shape and volume-size distribution). The hydration products, such as C-S-(P-)H and
HAP, especially which grow within the capillary pore space, are critical for the cement integrity;
and they form the continuous phase and bind the cement together and provide the strength for the
hardened cements. Therefore it is important to understand the microstructure evolution of the

cements with the hydration process.

6.2 Microstructures

Microstructure evolution of 0CPM, 10CPM and 20CPM pastes with time was recorded
using SEM following the hydration process at 37 °C. Figures 6.1 — 6.8 contain micrographs of set
0CPM, 10CPM and 20CPM pastes.
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After 1 h hydration of 0CPM paste, the hydrates appeared on the surfaces of the original
CsS grains [Figure 6.1(a)]. The hydrates were round button-shaped and lay on the C3;S surfaces
or embedded in the particles. The size of the hydrates was about 0.2 to 0.6 pm. On smaller C;S
particles the hydrate particles were much closer to each other than on larger Cs;S particles,
indicating that there were more nucleation sites on the surfaces of smaller particles than on those

of larger C;S particles.

For 10CPM paste [Figure 6.1 (b)], the hydration products were narrow oval-shaped and
their size was about 0.4 to 1 um in length and 0.1 to 0.4 um in width and about two to four times
bigger than the hydrates from OCPM. The narrow oval-shaped hydrates were either individual or
grew together. The number of the hydrate particles per unit area of cement particle was much
smaller than that from OCPM paste. For 20CPM paste [Figure 6.1 (c)], the hydration products
had a similar shape to those from 10CPM, but their surfaces were not as smooth as those from
10CPM. The clusters of hydrates seemed to consist of smaller particles which were near the limit
of SEM resolution. The size of the clusters was about 0.2 to 0.6 um in length and about 0.2 pm

in width and smaller than the hydrates from 10CPM.

The number of the hydrate particles for 20CPM was greater than that for 10CPM,
indicating that 20CPM had a faster nucleation rate than 10CPM. Almost all the hydrates from
10CPM and 20CPM were lying on the original C;S grains. The irregularly distribution of the
hydrates suggested that the hydrates from 10CPM and 20CPM had favourite sites to nucleate. It
was obvious that the smaller particles of Cs;S grains had more favourite sites than bigger ones

[Figure 6.1 (b) & (c)].
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Figure 6.1 SEM micrographs of the fracture surfaces of 0CPM (a), I0CPM (b), and 20CPM (c)

pastes hydrated at 37 °C for 1 h.

After 2 h hydration, the hydrate particles of 0CPM continued growing on the surfaces of
the original cement particles and also the number of the hydrates increased [Figure 6.2 (a)]. All
the hydrates were acicular shape (type I hydrate C-S-H [81]) radiating from particles and
uniformly distributed on the surfaces of anhydrous C;S grains. The size of hydrates remained
almost the same, i.e. 0.2 to 0.6 um long and not more than 0.1 pm thick, and the round button-
shaped hydrates disappeared. During this period of hydration, the number of hydrates increased
conspicuously but it seemed that the size of the hydrates was almost not changed. The edges of
anhydrous C;S grains were still the favourite sites for the hydrates to nucleate as observed in

Figure 6.2 (a).
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Figure 6.2 SEM micrographs of the fracture surfaces of 0CPM (a), 10CPM (b), and 20CPM (c)

pastes hydrated for 2 h at 37 °C.

10CPM had a different scenario: the hydrates of 10CPM grew bigger and the size of some
hydrates reached about 2 pm long and 0.6 pm wide, but the number of the hydrate clusters did
not increase noticeably [Figure 6.2 (b)], and this might be caused by the exhaustion of the
favourite sites for nucleation. The hydrates of 20CPM were substantially increased in number
and some of the original anhydrous C3S particles were covered by hydrates, the size of which did
not change markedly [Figure 6.2(c)] and remained 0.2 to 0.6 um long and 0.1 to 0.2 um wide
with almond-like shapes. The HAP phase produced from the hydration of 20CPM would be the

favourite sites for the hydrates C-S-(P)-H to nucleate.
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Figure 6.3 SEM micrographs of the fracture surfaces of 0CPM (a), 10CPM (b), and 20CPM (c)

pastes hydrated for 4 h at 37 °C.

After 4 h hydration, the number of the hydration product particles (type I) from 0CPM
increased evidently and the fibrous hydrates covered whole C;S grains [Figure 6.3 (a)]. The
fibres from neighbouring particles touched each other and some entangled and interlocked
together to form type II hydrate (reticular network) [81]. The sizes of the fibrous hydrate
particles increased and most of the fibres were about 0.6 to 1 um long. Figure 6.3 (a) showed that
some hydrate particles fractured transgranularly, indicating that strong interconnection of the

fibrous hydrates formed between some of hydrating particles.
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The morphology of 10CPM paste after 4 h of hydration was different from that of 0CPM
[Figure 6.3 (b)]. The hydration products were not uniformly distributed, but they continued
growing on the isolated hydrates, instead of the whole surfaces of C;S grains. This provided
further information that the hydrates C-S-(P-)H from 10CPM had favourite nucleation sites,
which would be the calcium phosphate phases, i.e. DCPD and/ or HAP. The fibrous hydrates
bundled together along radial direction and formed clusters of the sizes of 1 — 2 pm long and
about 1 pum thick. The clusters "radiated" from the surfaces of anhydrous particles at angles,
rather than erectly radiating from the surfaces as the hydrates in pure C;S. The hydrates with the
shape of narrow oval shown in the 2 h hydration disappeared and it seemed that the newly-

formed fibrous hydrates grew on the previous ones and wrap around them.

Figure 6.3 (c) gives a SEM micrograph of 20CPM. After 4 h of hydration, the morphology
of the hydration products of 20CPM was different from that after 2 h hydration. The hydrates had
changed from small (0.2 to 0.6 um long and 0.1 to 0.2 pum wide) almond-like shapes to bundles
of cigar-shaped tubes (about 1.0 um long and 0.2 pum wide). Each bundles consisted of more than
two "cigars" each about 0.1 pm thick and more than 0.6 um long. This morphology was similar
to that of type E hydrates from the C;S hydration described in a previous study [69], but the
difference was that these tubes were bundled together in radial directions and piled on the
surfaces of anhydrous particles rather than radiating from these particles and some of the long
tubes were bent over and still lay on the surfaces. The hydrates covered the whole unhydrated
particles, which could not be observed from the fracture surface [Figure 6.3(c)]. The hydrates of
the cigar-shaped tubes did not seem to form a network in 20CPM as the hydrates did in 0CPM.
On the fracture surface of 20CPM, it was shown that the separation of the bundled cigar-shaped
tubes took place when 20CPM fractured. This less cohesive morphology of 20CPM cement is

supported by their lower compressive and bending strength (discussed later in this chapter).
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CH crystals

Figure 6.4 SEM micrograph of 0CPM showing that CH crystals appeared after hydration at 37

°C for 4 h. Arrow shows CH crystals.

Another feature for 0OCPM paste was that CH crystals appeared and meshed together with
the original cement grains and C-S-H (Figure 6.4). However, no CH crystals could be observed

in 10CPM and 20CPM pastes at this stage of hydration.

The differences in the morphology of the hydrates and their arrangement affected the
cement strength (also see Section 6.4). For O0CPM, the hydrates were individual fibres and
radiated from the anhydrous grains. The hydrates grew and entangled and a network formed with
the hydration process. In contrast, I0CPM had the bundled hydrates, which grew and entangled
although the hydrates deposit at angles with the surfaces of anhydrous grains; and moreover the
network with these hydrates would be stronger than that with the individual fibres. However, for
20CPM, because the bundled hydrates piled on the grain surfaces, the hydrates might grew
together with the hydration process, but they would not form a network as in 0OCPM and 10CPM.
The smooth and layered structure of the fracture surfaces of 20CPM in Figures 6.5 (c) & (c-1)

and 6.6 (c) & (c-1) give evidence for the discussion above.
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Figure 6.5 — SEM micrographs of the fracture surfaces of 0CPM (a) & (a-1), 10CPM (b) & (b-1),

and 20CPM (c) & (c-1) pastes hydrated for 24 h at 37 °C.




After 1 d hydration, the morphologies of the three cement pastes showed some changes in
comparison with those for the first 4 h of hydration. 0CPM paste developed more networks of the
hydrate fibres (type II hydrate) between neighbouring particles, leading to transgranular fracture
through the hydrates. The hydrate agglomerates (type IV hydrate) appeared in the microstructure.
CH crystals and C-S-H hydrates were comprised of the monolithic matrix of the paste and the
anhydrous C;S grains were hardly seen on the fracture surface [Figure 6.5 (a) & (a-1)], at the

stage the QXRD results showed that about 80% of CsS had hydrated [Figure 5.2(a)].

For 10CPM, the hydration products developed well and covered over all the original
cement grains during the first day of hydration. The fibrous hydrates formed bundles and
interlocked with each other between neighbouring particles; this led to transgranular fracture in
most particles. CH crystals appeared in the microstructure and formed a compact structure with
hydrates. The original cement grains hydrated about 90% [Figure 5.2 (a)] and were not easily

noticed on the fracture surfaces [Figure 6.5 (b) & (b-1)].

For 20CPM hydrated after one day, the hydration products covered all the cement grains
and entangled with each other, but the micrographs showed that 20CPM had a lower degree of
transgranular fracture than 0OCPM and 10CPM [Figure 6.5 (¢) & (c-1)]. The broken surfaces were
relatively smooth and demonstrated some layered structure, hinting of a weaker connection (not
a strong network) between the hydrates. Like 0OCPM and 10CPM, 20CPM did not show any
unhydrated cement grains on the fracture surfaces. Figure 6.5 (c-1) showed that some single
cigar-shaped hydrates formed, for which the molar ratios of elements were Ca/Si = 3.53 and Ca/P

=5.27(Ca:Si: P=67.9:19.2:12.9).
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Figure 6.6 — SEM micrographs of the fracture surfaces of 0CPM (a) & (a-1), 10CPM (b) & (b-1),

and 20CPM (c) & (c-1) pastes hydrated for 4 d at 37 °C.
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Figure 6.7 — SEM micrographs of the fracture surfaces of 0CPM (a) & (a-1), 10CPM (b) & (b-1),

and 20CPM (c) & (c-1) pastes hydrated for 7 d at 37 °C.




After hydration for 4 d and 7 d, the microstructure of 0CPM, 10CPM and 20CPM pastes
consisted of the hydrates and CH (Figures 6.6 and 6.7). The observation from the fracture
surfaces showed that 0CPM and 10CPM pastes became less porous (more packed) than those for
the shorter hydration times, but 20CPM paste did not change much and was more porous in
comparison with OCPM and 10CPM. For all three cements, the fractures took place
transgranularly, but it seemed that 20CPM after 4 d of hydration broke at connecting areas
between the hydrates of the neighbouring particles. In the fracture surfaces of all three cements,
reticular networks (type II) and dense gel (type IV) hydrates co-existed with CH. The hydrates
and CH connected well, except for 20CPM, in which some pores existed in between. The
discussion above suggested that 20CPM might have lower strength than 0CPM and 20CPM. In

all the cements, no anhydrous cement grains were observed on the fracture surfaces.

After 28 d of hydration, CH crystals grew and engulfed the hydrate particles, and the
hydrates and CH crystals tightly connected. In this case, the fracture went through hydration
products, the hydrates and CH. All the different morphological types of hydrates, including
fibrous hydrates, reticular networks, irregular hydrate grains, and dense gel hydrates, were
present in all the cements. However, the different morphologies of the hydrates and their
different organization in the different cements could still be easily noticed. 0CPM paste had
tapered C-S-H hydrates, which grew and entangled together to form reticular network and further
grew to form dense gel. 20CPM paste had "cigar-shaped" hydrates, which piled on one another
and preferred to bundle together in the radial direction of the “cigars”, and formed dense gel with
the hydration process. The microstructure of 20CPM paste was more porous than 0CPM. For
10CPM, the morphology of the hydrates and their organization were between those of 0CPM and
20CPM. The hydrates were less tapered than those of 0CPM and bundled together in the radial
direction of hydrates and grew in length direction.
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Figure 6.8- SEM micrographs of the fracture surfaces of 0CPM (a), 10CPM (b), and 20CPM (c)

pastes hydrated for 28 d at 37 °C.

6.3 Apparent Porosity
The fractured specimens used to measure the mechanical properties were collected to
determine the apparent porosities of all the cements for different curing times. Table 6.1 lists the

apparent porosities for different CPSC and different curing periods.
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Table 6.1 The apparent porosities of CPSC cements cured in 37 °C distilled water for different

times, vol%

4d
7d
14d

28d

0CPM

229+2.6
22.7+1.5
23.1+ 1.1

26.1 £1.6

5CPM

283+ 1.2

23.8£2.7

23.5+1.0

290.0£4.2

10CPM

22.6+0.9

243+£13

245+04

27.7+€1.7

15CPM

30.8+0.4

283+0.8

293+1.1

295+3.2

20CPM

352+1.3

350+3.8

333+1.9

334+£23

25CPM

37.7+34

399+2.1

343+1.9

36.0+0.5

*The data is in the form of average of three measurements + standard deviation.

From Table 6.1, it is clearly seen that the apparent porosities of the cements increased with

the amount of CPM in CPSC. For small amount of CPM in CPSC, such as SCPM and 10CPM,

its porosity was not increased significantly but when the amount of CPM was more than 15 wt%

in CPSC, the porosity increased considerably. For example, after hydration for 7 d, the porosity

of 0CPM was 22.7 £ 1.5 %, and the porosities of SCPM and 10CPM were 23.8 + 2.7 % and 24.3

+ 1.3 %, respectively, but the porosities of 15CPM, 20CPM, and 25CPM were 28.3 + 0.8%, 35.0

+ 3.8 % and 39.9 £ 2.1 % respectively. Figure 6.9 shows the plot of apparent porosity vs. the

content of CPM in CPSC.
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Figure 6.9 The apparent porosities of 0CPM, 5CPM, 10CPM, 15CPM, 20CPM, and 25CPM for

different curing times.

During preparing the specimens for testing of mechanical properties, it was noticed that
more liquid was needed for the CPSC cement with a high content of CPM in order to obtain a
proper consistency of the cement e.g. to properly fill the mould. For example, a preliminary
experiment showed that the water-to-cement ratio needed to obtain proper workability of the
cements was 0.40 for 0CPM, 0.47 for 10CPM, and 0.62 for 20CPM The high specific surface
area of the CPSC with a high content of CPM might be responsible for the requirement of more
liquid to wet the cement particles and to provide the necessary workability. The BET results

showed that the specific surface areas of CPSC cements increased considerably after each 5 wt%
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of CPM was added to the cement, indicating that the average particle sizes of the CPSC
containing more CPM were much smaller than those with less CPM (Table 4.1). The XRD
analysis and DTA results showed that CPM converted to DCPD within 10 min of hydration,
suggesting that the reactions (5.3) through (5.5) might take place rapidly and the water required
for the conversion from CPM to DCPD might be adsorbed immediately during mixing the
cement with water. Besides, the reaction (5.7) indicated that more water would be produced if
CPSC contained a high content of CPM, and the produced water could form voids in the
hardened cements, resulting in higher porosity. The calculations based on the reaction (5.7)
demonstrate that each addition of 5 wt% of CPM would produce about 1.5 wt% more water in

set CPSC cement.

While this phenomenon could be detrimental for CPSC cements admixed with sufficient
amount of water at the outset of the hydration (e.g. providing excessive porosity), it could be a
desirable feature of the systems setting in the environments deficient in water. This particular
situation takes place for CPSC used in endodontic applications, i.e. as ready-made injectable
dental root canal sealers, for example, Endosequence BC Sealer [172]. Such sealers are prepared
with non-water carriers to make them easily injectable, and set only by adsorbing water from the
environment, e.g. from the dental root canal walls through the dental tubules. In such unique case,
the system resembles an auto-catalytic reaction wherein once the initial setting starts, it will self-
propel due to in-situ generation of water (i.e. through reaction 5.7). It is anticipated that the
phenomenon described above is at least partially responsible for the staggering success of CPSC-

based dental sealers throughout world markets [172].

Other similar applications of such water-generating ready-mixed CPSC with long shelf-

life could be envisaged outside of the medical or dental fields. For example, concrete repair kits
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with easily injectable mix of CPSC with water-soluble polymeric carrier could be used to fill the
defects, with the setting initiated by surface water spray or simply environmental factors (i.e.

humidity or rain).

6.4 Mechanical Properties

The mechanical properties measurement for CPSC cements included compressive strength
tests and three-point flexural strength tests. The strengths were determined on the specimens of
all the cements with different amount of CPM for the pre-set curing times at 37 °C. The

measurement details were provided in Section 3.3.
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Figure 6.10 The compressive strength of C;S (OCPM) and CPSC vs. curing time in 37 °C

distilled water.
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Figure 6.11 The three-point flexural strength of C;S (OCPM) and CPSC vs. curing time in 37 °C

distilled water.

The compressive strengths of the cements for different curing times are shown in Figure
6.10. The compressive strengths for all cements increased with curing time and the increasing
rate decreased with time, as clearly seen for early hydration. For hydration longer than 14 d, the
increase in compressive strength was not obvious. 10CPM had the highest compressive strengths
during the whole range of curing up to 28 d. SCPM and 0CPM had very close values from 7 to

28 d, but 0CPM was the lowest in compressive strength (17.9 £ 3.2 MPa) for 4 d in comparison
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with all CPSC. 15CPM, 20CPM and 25 CPM had lower compressive strengths than 0CPM when
curing time was longer than 7 d, at the same time the strength decreased with the increase in the
amount of CPM in the CPSC. The statistical analysis showed that the compressive strengths of
10CPM were significantly higher than those of 0CPM during the whole time range of 4 to 28 d

(p < 0.0001).

The three-point flexural strengths of the cements for different curing times are shown in
Figure 6.11. The flexural strengths of all the cements increased with curing time and the increase
was fastest when the curing time was shorter than 7 d. After 7 d of hydration, the flexural
strengths for all the cements did not increase significantly. For the whole range of curing time up
to 28 d, the flexural strengths of I0CPM were the highest. The flexural strengths of 0CPM and
5CPM were close to each other for the curing time longer than 7 d. For 15CPM, 20CPM and
25CPM, the strengths decreased with the content of CPM in the cements, for example, the
flexural strengths after 7 d of hydration were 16.6 £ 2.7 MPa for 15CPM, 15.6 + 2.4 MPa for

20CPM, and 14.6 + 3.1 MPa for 25CPM, respectively.

It is proposed that the hydration process of CPSC followed the reactions (5.3) to (5.8) and
the formation and growth of the hydrates C-S-H and /or C-S-P-H phases entangled and
polymerized to form a solid network as time proceeded to obtain strength. After the hydration for
4 d, the hydration degree for the cements reached 86.3 + 7.5 % for 0CPM, i.e. CsS, 94.8 + 6.8 %
for 5CPM, 97.5 £ 2.8 %, for 10CPM, and 100 + 4.9 % for 20CPM respectively [Figure 5.2(a) on
Page 75]. As the hydration proceeded, the hydration degree increased and the strengths of the
cements increased. After a 14-d hydration, all the cements almost reached to the completion of

hydration and the strengths did not increase obviously. The degree of polymerization of C-S-H
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(C-S-P-H) hydrates continued even after the hydration completed, and this could provide more

strength [54].

As discussed in Section 6.2, the content of CPM in CPSC affected the morphology of the
hydrates and their arrangement, i.e. microstructure, which in turn affected the mechanical
properties. The hydrates in C;S cement had fibrous morphology and the individual fibers
individually “radiated” from the surfaces of the anhydrous C;S particles. With the progress of the
hydration process, the hydrates formed a network and further tightly packed grains, which is
expected to provide the mechanical strength for the hydrated C;S. However, the addition of
phosphates to C;S modified the hydration process and hydrates morphology. For example,
although the hydrates in the samples 10CPM were also fibre-shaped, they bundled together to
form clusters, and these hydrate clusters deposited on the surfaces of anhydrous CsS particles.
With the progress of the hydration process, the hydrate clusters formed the denser-packed
network, which is expected to provide higher mechanical strength than the network consisting of
the individual fibres (e.g. as in pure C;S). Although the hydrates of 20CPM also bundled
together to form the clusters, these hydrate clusters piled on the unhydrated CsS particles [Figure
6.3 (c)] without forming a network as in OCPM and 10CPM. This less cohesive morphology

resulted in lower compressive and flexural strength of 20CPM cement.

During the hydration of CPSC, CPM converted to DCPD first and then formed HAP by
reacting with CH produced from the hydration of C;S. In this process, CH was consumed by
reacting with calcium phosphate and the “weak link” points reduced. Due to the relatively small
particle size of CPM (the specific surface areas showed in Table 4.1), the particle size of HAP is
also expected to be relatively small and thus act as a filler in the hardened cement microstructure.

Additionally, the small particle size resulted in a reduction in the size of the individual pores and
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voids in the hardened cement, although the total porosity of CPSC increased slightly, such as
10CPM. In comparison of the micrographs in Figures 6.6 (a) and (b) and 6.7 (a) and (b), it can
clearly be seen that the pores in 0CPM pastes were larger than those in 10CPM pastes. Therefore
the addition of CPM into pure C3;S cement is expected to improve its mechanical properties.
However, the more CPM was added, the more liquid phase (water) was needed to mix with the
cement [plus more pores produced through water released in the reaction (5.7)], and this resulted
in more pores in the hardened cement, for example, 20CPM (refer to Table 6.1 for compilation of
all porosity data). Therefore, it is concluded that the optimal amount of CPM is about 10 wt% of

CPM in CPSC.

The results showed that after hydration for 28 days in distilled water at 37 °C, the apparent
porosities for all the cements of 0CPM, 5CPM, 10CPM, and 20CPM increased slightly, Figure
6.9, but the compressive and bending strengths were not significantly affected, Figures 6.10 and
6.11. At present, the reason for this is not clear. Future work is needed to clarify weather some
components of the set cements dissolve into water, and also to investigate the degradability and

durability in vivo.

Mechanical properties, such as compressive strength and flexural (bending) strength are
very important to biomaterials. For example, mineral trioxide aggregate (MTA), a calcium
silicate-based dental material, is widely used in dental applications, such as root canal filling,
pulp capping and restorative base [173, 174]. The mechanical properties should be taken into
consideration when a material is placed into a cavity that bears occlusal pressure [50]. The
compressive strength of 10CPM increasing from 56.1 MPa (4 d) to 123.9 MPa (14 d) was

equivalent or better than that of MTA, which increased from 40 MPa (24 h) to 67 MPa (21 d)
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[50]. Therefore, 10CPM, the main component of a dental material, BioAggregate, has been

commercially available as a root-filling, pulp capping, or restorative material [175-178].

Mechanical properties are more important for biocements used in orthopaedic applications
than in dental field. I0CPM hydrated for 7 d (reaching compressive strength of 100.5 MPa) has
an equivalent compressive strength to PMMA bone cement (93.0 MPa [46]), but the bending
strength for 10CPM (19.8 MPa after hydration for 7 d) is much lower than that of PMMA bone
cement (64.2 MPa). Further studies are needed to determine how other mechanical properties,
such as tensile strength, shear strength, and fracture toughness for 10CPM compare to those of

PMMA bone cement.

6.5 Summary

1. The morphology of the hydration products depended on the progress of hydration and
composition of CPSC. At the early stages of hydration, the hydration products formed “almond-
shaped” particles 0.1 - 0.4 um by 0.4 — 1.0 um large. It is expected that these particles
subsequently served as a nucleation site for C-S-H / C-S-P-H, to eventually cover the whole
surface of the Cs;S grains. The morphology of the C-S-H / C-S-P-H hydrates varied, e.g. they
took shape of "cigars" or tubes, which tended to form bundles along the radial direction of the
tubes and to form an angle with the deposited surfaces. The angle formed between the hydrate
bundles to their depositing surfaces seemed to vary, i.e. the angle became smaller with the
content of CPM. The morphology of the "cigar-shaped" tubes of the hydrates was more common
for the higher content of CPM in CPSC. The hydration process of CPSC was different from that
of pure C;S, in which the hydrates nucleated and grew on the surfaces of unhydrated C;S grains
and its hydrates had fibre-shape morphology. These fibres grow and further form networks and

dense hydrate particles.
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2. CPM increased porosity of set CPSC and this effect was particularly prominent when the
content of CPM in CPSC was relatively high, i.e. 20 - 25 wt%. The reasons for this effect were
proposed to be the following: i) due to the relatively high specific surface area of CPM, (21.4 to
25.6 m*/g), more liquid was needed to mix with it in order to obtain proper workability of the
cements. For example, the water to cement ratio (w/c) needed to obtain proper workability of the
cements was 0.40 for 0OCPM, 0.47 for 10CPM, and 0.62 for 20CPM cement samples. ii) during
hydration of CPSC, water formed (along with HAP), from the reaction of CPM and CH produced
from the hydration of CsS; thus the higher the content CPM, the more water (accompanying
more HAP) forms. It was expected that the extra water produced more pores and voids in the set

cement.

3. CPM affected the mechanical properties of set CPSC. It was observed that due to the
increasing porosity, strength of CPSC decreased for the higher content of CPM. On the other
hand, CPM also reacted with the CH, which is the “weak link” within the structure of set CPSC,
to form the finely dispersed HAP phase. Such dispersed phase might act as reinforcing filler,
resulting in an increase of strength of CPSC. As a compromise between the two effects, the
optimal content of CPM appears to exist at about 10 wt% of CPM in CPSC. The mechanical
properties of such 10CPM cement improved in comparison with those of pure CsS. The
compressive strength of 10CPM cement after 7 days of hydration has been determined at 100.5 +

14.7 MPa vs. 80.4 = 1.9 MPa for pure C;S.
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7 EXPERIMENTAL RESULTS AND DISCUSSION 4: IN VITRO BIOACTIVITY AND

BIOCOMPATIBILITY OF CSC AND CPSC*

7.1 Introduction
This chapter describes the results of in vitro bioactivity after the set CSC and CPSC
cements were immersed in SBF and of the biocompatibility test including: cytotoxicity assay and

cell adhesion assay against human gingival fibroblast.

7.2 In Vitro Bioactivity

The phase compositions of the surfaces of 0CPM and 10CPM paste samples immersed in
SBF for 7 d were analyzed by XRD (Figure 7.1). The characteristic (002) and (211) reflections
of HAP were observed at 20 of ~ 26.1 ° and ~ 32.7 ° and the peaks of C-S-H were also noted at
20 of ~ 29.3 ° on both 0CPM and 10CPM sample surfaces, confirming the previous study [121].
On the surface of 0CPM, more and sharper peaks of calcium carbonate (CaCOs) were identified
than on that of 10CPM. In the SEM micrographs (Figure 7.2), CaCOs crystals were barely
distinguishable from HAP is due to the similarity of their combined atomic numbers (thus similar
contrast grayscale). Neither CH nor Ca3;SiOs was detected on the surfaces of the set cements
exposed to SBF. The XRD analysis revealed, however, that CaCO; content decreased as the
content of CPM increased. The SEM analysis of the sample surfaces of C;S (0CPM) and 10CPM
after immersion in SBF solution for 7 d [Figure 7.2 (a), (b), (d), and (e)] showed that the cement
surfaces after exposure to SBF had a contiguous spherulite deposit, the morphology of which
was similar to the apatite layer reported to form on silica gel [179]. Figure 7.2 (¢) and (f) showed

clearly that the HAP layer formed on each of the sample surfaces after immersion in SBF for 7 d.

' This chapter is based on the publication: Zhou S, Ma J, Shen Y, Haapasalo M, Ruse ND, Yang Q, Troczynski T. In
vitro studies of calcium phosphate silicate bone cements. J Mater Sci: Mater Med. 2013;24:355-64.
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In comparison to that on 0CPM cement, the HAP layer on the 10CPM surface appeared more
homogeneous, thicker, and smoother, and the HAP crystals formed on 10CPM were smaller than
that on OCPM i.e. C;S. The thickness of HAP layers formed on the sample surfaces of 0CPM,
5CPM, 10CPM, and 20CPM were 3.8 £ 0.2 um, 6.3 £ 1.5 um, 6.6 £ 1.3 pm, and 5.9 = 0.6 um,
respectively (the micrographs for SCPM and 20CPM are not shown here). The HAP layer
formed on C;S was much thinner than those on CPSC while the layers for SCPM, 10CPM, and

20CPM were essentially the same as each other.

In general, a bioactive material forms a layer of apatite on its surface to bond to living bone
in physiological environment, and this in vivo apatite formation can be reproduced in SBF [137].
The apatite formation in SBF, therefore, is the indicator of the in vivo bone bioactivity for a
material. In the present study, the results of XRD and SEM characterizations (Figures 7.1 and 7.2)
verified that both of pure C;S and CPSC cement pastes induced formation of HAP layers after
immersion in SBF for 7 d and the layers on CPSC were thicker than on pure C;S. When pure C;S
paste sample was immersed in SBF, CH dissolved into the solution and the silanol (Si-OH)
groups on the layer of hydrated silicate ions provided favorable sites and induced HAP
nucleation [179, 180]. SBF is supersaturated with respect to HAP and the dissolution of more CH,
which hydrolyzed into Ca*" and OH™ ions, increased the ionic activity product of apatite in SBF
[181]. Once HAP nuclei are formed on the surface of cements, they can grow spontaneously by
consuming the ions of Ca®", PO,> and OH™ from SBF. The HAP layer continued growing until it
inhibited the CH dissolution or the concentration of phosphate ion was too low. The difference
between the reactions of CPSC and pure C;S with SBF can be explained as follows. In addition
to the dissolution of CH, phosphate ions on the surfaces of CPSC paste sample might dissolve
into the solution as well, and this would further increase the degree of the supersaturation of the

surrounding fluid with respect to HAP, and therefore increase the rate of apatite nucleation. The
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availability of more phosphate ions in the solution might be the reason why the HAP layers on
CPSC were thicker than that on pure C;S. The HAP formed in CPSC could also act as seeds to
accelerate the rate of HAP nucleation and precipitation in SBF [182]. A previous study
confirmed that the rate of apatite nucleation on the surfaces of P,Os-containing CaO-SiO, glass
in SBF was greater than that on P,Os-free CaO-Si0, glass [180]. The formation of CaCOs on the
surfaces of cements is due to the reaction between cement pastes and SBF and the high pH of the
cement paste might be responsible for the formation of CaCOs [138]. However, further in vivo

studies are required to confirm that CPSC could bond to bone tissue in vivo.

v 0 HAP
v C-SH
¢ CaCO3

10 20 30 40 50 60
2 Theta (degree)

Figure 7.1 XRD patterns of the surfaces of 0CPM and 10CPM samples after immersion in SBF

for 7 d.
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Flgure 7.2 SEM mlcrographs of OCPM and 10CPM paste samples after immersion in SBF for 7 d: (a) & (b), the surface morphology of
0CPM; (d) & (e), the surface morphology of 10CPM; (c) & (f), the layer thickness of the apatite on cross-section of a 0CPM sample (c) and

10CPM (f).
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7.3 In Vitro Biocompatibility

7.3.1 Cytotoxicity assay

The viability of human gingival fibroblast cells after exposure to the 24 h and 3 d extracts
of freshly mixed C;S and CPSC pastes for 3 d was assessed. Cell viability (Figure 7.3) was
strongly affected by cement composition (p < 0.001 for all factors), but all materials behaved in a
similar way. An initial cytotoxic inhibition was apparent in the undiluted extracts, which
decreased continuously with increasing the dilution of extracts. For the diluted extracts, such as
the eighth and sixteenth dilutions, the cement cytotoxicity was not significantly different (p >
0.05); however, for the undiluted extracts, all the cements revealed significantly different
cytotoxicity (p < 0.001). The duration of extraction also affected cell viability: the longer the
extraction time, the more severe the cytotoxicity. The different contents of CPM in CPSC
resulted in significantly different cytotoxicity (p < 0.001) against human gingival fibroblasts and
the cements with increasing CPM content were less cytotoxic, i.e. 20CPM<10CPM<5CPM

<0CPM.

The ionic concentrations of Ca, Si, and P in DMEM (also as the blank medium or the
negative control) and the extracts from all the cements after extraction for 24 h and 3 d and their
pH are shown in Table 7.1. It was found that the ionic concentrations of Ca, Si, and P were
different among all the cements and from the blank medium. The Si ionic concentrations from
0CPM, 5CPM, 10CPM, and 20CPM for both incubation periods were 85 to 138 times higher
than the blank medium while their Ca and P ionic concentrations were lower. The extracts from
CPSC cements were higher in Ca and P concentrations than those from 0CPM, and Ca and P
ionic concentrations increased with the content of CPM in the cement, except for 20CPM after
24 h extraction. The mismatch of the release kinetics of Ca and Si ions from OCPM into cell

culture medium was due to the Ca-P layer deposition on the surface of the cements during the
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extracting process. The extracts from all the cements had higher pH than the blank medium and

showed a slowed decreasing in pH with the content of CPM in the cements, indicating that CPM

had an effect to reduce the pH of cement pastes. Due to the buffer effect of DMEM, the pH

values of the extracts were lower than those of the cement pastes setting in distilled water.

Table 7.1 pH and ion concentration of the extract from 0CPM, 5CPM, 10CPM, and 20CPM in

the culture medium after 24 h and 3 d incubation*.

Extraction

Element concentration, mmolL™"

. Materials pH
time Ca Si P
Blank** 1.84+0.15 0.03+0.00 1.1840.06  7.30+0.02
24 h 0CPM 0.09+0.01 3.34+0.10 0.05+£0.00  8.28+0.02
5CPM 0.14+0.01 4.16+0.12 0.33+0.02  8.14+0.03
10CPM 0.52+0.04 2.83+0.08 0.48+0.02  7.81+0.04
20CPM 1.70+0.14 3.03+0.09 0.30+0.02  7.82+0.03
3d 0CPM 0.06+£0.00 2.63+0.08 0.04+£0.02  8.23+0.03
5CPM 0.10+0.01 2.72+0.08 0.48+0.02  8.16+0.03
10CPM 1.05+£0.08 2.55+0.08 0.63+0.03  7.88+0.04
20CPM 1.37+0.14 2.78+0.08 0.67+£0.03  7.87+0.03

* OCPM is C;S; 5SCPM is CsS + 5%CPM; 10CPM is C;S + 10%CPM; 20CPM is C;S +

20%CPM.

** Blank medium is DMEM used as the negative control.
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Figure 7.3 Viabilities of human gingival fibroblasts after exposure to (a) 24 h and (b) 3 d extracts

from freshly prepared cement pastes. Serial two-fold dilutions of the extracts were done.

In this study, the in vitro biocompatibility of 0CPM, 10CPM, 15CPM and 20CPM was
assessed by MTT assay and cell adhesion assay using cultured human gingival fibroblasts,
because the amount and nature of leachable components and the surface structure and
characteristics of the material play a key role in the biocompatibility of biomaterials. The pH
values of the extracts from all cements were in the range of 7.81 to 8.28, which were much
higher than that of the control (7.30). The cytotoxicity effect of the extracts from the cements on
the cells appeared to be correlated to the pH values. Cells, including fibroblasts, are sensitive to
change in extracellular pH and the ideal pH of cell cultures is 7.2 -7.4 [183]. Studies have shown
that cell growth declined precipitously on the alkaline side although the optimal pH ranges for

maximum growth differed slightly from each other for different cells [184, 185]. A high pH
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value of a material induces the denaturation of adjacent cells and culture medium proteins of

fibroblasts directly contacting the material [186]. The higher the pH, the lower the cell viability.

It was also noticed that more cells survived in the undiluted extracts from 20CPM than in
10CPM at the same pH, and this might be attributed to the higher concentrations of Ca and Si
ions in the corresponding extracts. Ca ion plays an essential role to maintain the growth and
functions of living cells and extracellular Ca is a potent regulator of cell behavior and has
significant effect on the proliferation and differentiation of cells (osteoblast) [187]. The presence
of Ca ion may also activate adenosine triphosphatase (ATP) activity and increase in the
concentration of Ca ion results in an increased rate of DNA (Deoxyribonucleic acid) synthesis
and accelerates the mineralization of a hard tissue such as dentine or bone [188]. The
concentration of Si ion in the medium has been shown to shorten the human cell (osteoblast)
growth cycle, to enhance proliferation, differentiation and collagen production, and to have dose
dependent effects on the remodeling process and osteoclast development and resorption activities.
The osteogenesis expression in primary human osteoblast increased 1.4 times that of control
treatments when treated with additional Si (50 uM) [189]. In addition, phosphate is an essential
component of DNA and RNA (Ribonucleic acid) and necessary to produce ATP. Inorganic
phosphate stimulates differentiation, resulting in type X collagen expression and acts as a signal
to initiated mineral deposition in cultures of rat calvarial osteoblasts [190]. However, the
previous studies also showed that there exist the optimal Si and P ionic concentrations to benefit
cell function and growth, and if their concentrations were excess the range, the excess Si and P
ions induce cell apoptosis and necrosis [191, 192]. For examples, the Si ionic concentration
greater than 4 mM may cause osteoblast-like cells (MG63) dysfunction and even apoptosis [191].
Therefore, it is important to take the cellular effect of Ca, Si and P into consideration when

designing new biomaterials.
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The differences of cell viabilities for the diluted extracts (e.g. 1/8 and 1/16 dilution) were
not significantly different (p > 0.05), indicating that the pH of the extracts might be the most
important factor to influence the cell viability. The over 100% of cell viability indicated that the
diluted extracts (e.g. 1/8 and 1/16 dilution) of the cements stimulated the cell proliferation and
this result was consistent with a previous study [138], which showed that certain concentrations
of Ca*™ and Si*" ions significantly promoted cell proliferation. Comparing the effect of the
extraction duration of 24 h and 3 d, a time-dependent decrease in the cell viability was noticed,

however, the mechanisms are not fully understood at present.

Our results revealed that the C;S cement was the most cytotoxic against human gingival
fibroblasts when undiluted extract was used. This may be due to the highest pH in the extract.
With an increase in the content of CPM, the pH of the extracts from CPSC was reduced, which
may explain the reduced cytotoxicity of CPSC. The results of the investigated cements
demonstrated 20CPM<10CPM<5CPM<0CPM in terms of cytotoxicity. However, further in vivo

studies are required to confirm the cytotoxicity of these cements.

7.3.2 Cell adhesion assay

After setting for 3 d, all cements presented similar surface morphology under SEM.
Irregular “dark” and “bright” areas and pores on sample surfaces were observed and the surface
texture of the “dark™ area was smoother than that of the “bright” area (Figure 7.4). Based on
EDX analysis, the “dark™ area had a higher amount of Ca (approximately 2-4x higher) as
compared to the “bright” area (Table 7.2). After 3 d cell culture, the irregular “dark” and “bright”
areas on the cement surfaces were still observed (Figure 7.5) and their compositions were
analyzed again by EDX; and the results showed that there were higher concentrations of P and

Ca in these areas, compared to the cement samples before cell culture (Table 7.3).
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Fgure 7.4 SEM micrdgfaphs of cement surfaces of (a) 0CPM, (b) 5CPM, (c) lOCP, and (d)

20CPM set for 3 d.

Table 7.2 The atomic ratio of elements Si, P, and Ca in “dark” and “bright” areas for set samples

(as Si=1.00)
0CPM 5CPM 10CPM 20CPM
Dark Bright Dark Bright Dark Bright Dark Bright
P 0.00 0.00 0.11+£0.00  0.07+0.00 | 0.21+0.02  0.16+0.02 | 0.36+0.07 0.38+0.01
Ca | 5.68+1.56 2.46+0.15 | 10.46+4.30 2.26+0.06 | 10.28+0.20 2.56+0.26 | 8.70+0.05 2.52+0.10

* OCPM is C3S; SCPM is C3S + 5%CPM; 10CPM is C;S + 10%CPM; 20CPM is C;S +
20%CPM. ** Results represent Mean + SD for 3 measurements.
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Table 7.3 The atomic ratio of elements Si, P, and Ca in “dark” and “bright” areas after 3 d

incubation (as Si = 1.00)

0CPM 5CPM 10CPM 20CPM
Dark Bright Dark Bright Dark Bright Dark Bright
P | 0.45+0.36 0.81+£0.31 | 0.39+0.12  2.13+1.46 | 0.45+0.23  5.96+3.78 | 0.97+0.41 4.26+1.25
Ca | 5.57£1.25 4.59+1.13 | 13.72£3.67 7.79+£3.63 | 6.29+1.88 16.52+7.53 | 11.16+4.36 8.77+£2.43

* 0CPM is C;S; 5CPM is CsS + 5%CPM; 10CPM is C3S + 10%CPM; 20CPM is C5S +

20%CPM.

** Results represent Mean + SD for 3 measurements.

After 3 d exposure of the fibroblasts to the test samples of 0CPM, most of the fibroblasts on

the sample surface were round in shape and detached on both “dark™ and “bright” surfaces and

no cell spreading had occurred [Figure 7.5 (a)]. On the surface of SCPM, the cells on the “dark”

area still showed a small and round shape without spreading [Figure 7.5 (b)], while most of the

cells in the “bright” area were spindle-shaped and showed good attachment to the cement and

were spread out to a certain degree. For I0CPM [Figure 7.5 (c¢)] and 20CPM [Figure 7.5 (d)],

similar cell morphologies on the two cements were detected and the cells were seen spreading

and attaching on the surfaces of both the “dark™” and “bright” areas in these two cements. The
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cells had irregular shapes: some were long and slender and some were polygonal. It was also

noticed that more cells survived on the surface of 20CPM than on the surface of 10CPM.
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Figure 7.5 SEM icrographs of human giniv ﬁbrobast adhi on ceent surfces afr 3d
incubation; (a): 0CPM, cells are round without spreading; (b): SCPM, cells are round without
spreading on “dark™ area and spindle-shaped with good attachment on “bright” area; (c): 10CPM
and (d): 20CPM, cells polygonal with spreading and attaching on both “bright” and “dark™ areas

(original mag. x500).
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The surface characteristics were examined under SEM/EDX for all the cement pastes after
setting for 3 d in this study. Surface composition showed that the concentration of Ca in “dark”
areas was higher than that in “bright” areas (Table 7.2). This was attributed to the non-uniform
distribution of CH [193], which was present in higher concentrations in the “dark” areas.
Consequently, it indicated that the “dark™ areas would have a higher local pH than the “bright”
areas in the culture medium. When the culture medium (DMEM) contacts cement samples, PO4>
in DMEM could participate in a reaction to precipitate HAP because HAP (Ca;o(PO4)s(OH),)
(pKy, = 117.2 at 37 °C) is the most stable calcium phosphate in an aqueous solution in the pH
range above 4.2 [94]. After incubation with fibroblasts for 3 d, more HAP precipitated in
“bright” areas, resulting in the higher concentrations of P in these areas (Table 7.3). It was
expected that phosphorus (presumably from HAP) was present on the surfaces of the C;S
samples after cell culture for 3 d in DMEM. Cell behavior, including cell adhesion, spreading,
proliferation, and differentiation, is sensitive to the chemistry and morphology of the substratum
[194]. Previous studies revealed that smooth or homogeneous roughness with micro-excavation
surfaces favors human oral fibroblast attachment and soft tissue growth [195, 196]. The present
results demonstrated that the “bright” area was the favorite site for cell attachment. Cell
attachment and spreading on biomaterial surfaces are critical phenomena for a successful tissue-
biomaterial interaction because the attachment and spreading of cells dominate normal cell
growth and protein synthesis, and poor adhesion and lack of spreading will lower the cell
proliferation rate. The fact that the cell could spread as well on the “dark™ areas of 10CPM and
20CPM surfaces [Figure 7.5 (c) and (d)] suggested that the entire surface of 10CPM and 20CPM
samples was friendly to cells. Moreover, more cells survived on the surface of 20CPM than on
the surface of 10CPM. The results of the cell adhesion experiment indicated that the increasing
order of in vitro biocompatibility in terms of cell adhesion was 0CPM<5CPM <10CPM<20CPM,
which confirmed the results from MTT assay.
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7.4 Summary

After immersion in SBF, the surface of the set sample of CPSC, consisting of C;S and
CPM, formed a layer of HAP, indicative of CPSC being in vitro bioactive. HAP, resulting from
the reaction between CPM and CH produced from the hydration of C;S, acted as seeds to
accelerate the rate of HAP nucleation and precipitation on the surface of CPSC. In addition, the
dissolved phosphate ions from CPSC increased the degree of the supersaturation of the
surrounding solution with respect to HAP and facilitated HAP nucleation and precipitation.
Compared to pure C;S, the biocompatibility of CPSC was significantly enhanced in terms of cell
adhesion and proliferation and cell cytotoxicity. This is attributed to reduced CH content
(resulting in pH reduction) in set CPSC cement. The order of biocompatibility was
0CPM<5CPM<10CPM<20CPM. With its good in vitro bioactivity, biocompatibility, and low or

no cytotoxicity, in comparison to pure C;S, CPSC is a potential candidate as biomedical cement.

153



8 CONCLUSIONS

This dissertation reports on the exploratory research of the novel family of CPSC, co-
invented by the author of this dissertation. Several variants of CPSC consisting of C3S and CPM
were successfully synthesized through a sol-gel and planetary ball-mill processes and thoroughly
characterized. The major portion of this dissertation focuses on studies of hydration of CPSC,
including evaluation of pH variations during hydration, determining the phase compositions of
the cement with hydration time using quantitative XRD and DTA-TG, examining the
microstructure evolution with SEM/EDX, and investigating the mechanical properties of set
CPSC. In addition to these materials-engineering oriented studies, in vitro bioactivity and
biocompatibility of CPSC using SBF environment and human gingival fibroblast cells have been

explored. All these results were obtained on the materials synthesized in this work.

The principal conclusion of this work is that CH resulting from the hydration of C;S
reacted with CPM and precipitated HAP, removing CH from the set cement and reducing the pH
of the cement paste. The CPSC with 10 wt% of CPM, coded 10CPM, was bioactive in vitro, had
enhanced biocompatibility and improved compressive and flexural strengths in comparison to the

pure C3S, confirming the research hypotheses.

The following are the specific conclusions drawn form this work:
1. The “best-practice" process to prepare CPSC includes the following steps:
1) Synthesize the precursor for C;S through a sol-gel process,
i) Fabricate high purity C;S powder by sintering the precursors at 1550 °C,
iii) Obtain CPSC powder by planetary ball milling the mixture of C;S with various
amounts of CPM.
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2. The following steps are proposed to be involved in the hydration of CPSC:
1) C;3S and CPM dissolve into the liquid phase and hydrolyze;
i1) CPM converts to DCPD immediately;
iii) C3S continuously hydrates to produce CH and C-S-H gel. It is proposed that such C-
S-H gel will incorporate the phosphate ions available in the solution to result in C-S-P-H gel.
iv) DCPD subsequently reacts with CH to precipitate HAP,
v) Finally, Cs;S hydrates completely and above processes cease. The hydration-stop point

for the cements studied in this work was typically within 28 d.

3. The final hydration products of CPSC are HAP, CH, and C-S-H / C-S-P-H. The content
of each product in the set cement depends on the starting composition of CPSC. The composition
of the hydrates C-S-(P-)H also varies with the starting composition of CPSC and the hydration
process. In the present work the compositions of the hydrate C-S-(P-)H are estimated to be as
follows:

For 10CPM

(0.6 — 2.1)Ca0-Si0; xP,05°(2.2 — 5.3)H,0, in which 0 <x <0.11 for =10 - 30 %,

(1.8 — 2.1)Ca0-SiO; xP,05:(1.6 — 2.2)H,0, in which 0 <x <0.11 for =30 — 90 %;

For 20CPM

(1.5 -2.3)Ca0-SiO; yP,05°(2.2 — 5.3)H,0, in which 0 <y <0.24 for =10 — 30 %,

(2.0 — 2.3)Ca0-Si0; yP,05-(1.6 — 2.2)H,0, in which 0 <y < 0.24 for &= 30 — 90 %;

4. The morphology of the hydration products depends on the progress of hydration and
composition of CPSC. At the early stages of hydration, the hydration products form “almond-
shaped” particles 0.1 - 0.4 um by 0.4 — 1.0 um large. It is expected that these particles

subsequently serve as nucleation sites for C-S-H / C-S-P-H, to eventually cover the entire surface
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of the CsS grains. The morphology of the C-S-H / C-S-P-H hydrates varies, e.g. they take shape
of "cigars" or tubes, which tend to form bundles along the radial direction of the tubes and to
form angles with the deposited surfaces. The angle becomes smaller with the increase in CPM.
The morphology of the "cigar-shaped" tubes of the hydrates is more common for the higher

content of CPM in CPSC.

5. CPM influences the kinetics of the hydration of C;S. In the acceleration stage, the
kinetics of CPSC hydration is phase-boundary controlled with deceleration of nucleation rates

and follows the Avrami equation: -In(1 - «) = k,#/. For the deceleration stage, the kinetics is

312 = kut. The hydration rate of

diffusion-controlled and follows the Jander equation: [1 — (1 - @)
such CPSC is reduced in comparison with that of C;S; however, the duration of the hydration

acceleration period increases. It is noted that this result does not agree with the traditional

concept that phosphate is a retarder of the hydration of C;S.

6. At the early hydration, within the first ~ one hour, CPM presence slightly reduces pH of

CsS cement paste and the effect increases with the content of CPM.

7. CPM increases porosity of set CPSC and this effect is particularly prominent when the
content of CPM in CPSC is relatively high, e.g. 20 - 25 wt%. The reasons for this effect are
proposed to be the following:

i) due to the relatively high specific surface area of CPM (21.4 to 25.6 m*/g), more liquid
is needed to mix with it in order to obtain proper workability of the cements.

i1) during hydration of CPSC, water forms (along with HAP) from the reaction of CPM
and CH produced from the hydration of C;S; thus the higher the CPM content, the more water

(and more HAP) forms. It is expected that the extra water produces more pores and voids.
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8. CPM affects the mechanical properties of CPSC. Due to increasing porosity with
increasing CPM content, strength of CPSC decreases. On the other hand, CPM also reacts with
CH, which is the “weak link” within the structure of set CPSC, to form finely dispersed HAP
phase. Such dispersed phase may act as reinforcing filler, resulting in an increase of strength of
CPSC. As a compromise between the two effects, the optimal content of CPM appears to exist at

about 10 wt% of CPM in CPSC.

9. CPSC is bioactive in vitro. After immersion in SBF, the surface of CPSC induces the
formation of a layer of HAP from the solution, and this is indicative of CPSC being bioactive in

vitro.

10. Compared to pure C;S, CPSC is of significantly enhanced biocompatibility in terms of
cytotoxicity and cells adhesion against human gingival fibroblasts. The results showed that more
cells survived when cultured with the extracts of CPSC and more cells survived and touched on

the samples with higher content of CPM than those with lower content of CPM.

With its good in vitro bioactivity, biocompatibility, and low or no cytotoxicity, the CPSC-
based material has been used in the dental field, especially as a root canal filling material.
Besides the good bio-properties of CPSC, the compressive strength of 10CPM is equivalent to
that of PMMA bone cement, which is the commonly used bone cement for total joint
replacements. Therefore, after improving other mechanical properties, I0CPM has potential to be

used in total joint replacement as biocement.
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9. FUTURE WORK

Although CPSC has been successfully synthesized through a sol-gel process and the
hydration and mechanical properties and in vitro bio-properties of CPSC have been extensively
investigated, this work is still of preliminary nature if CPSC is to be widely introduced into the
medical field, e.g. orthopaedic and dental applications beyond dental root-canal sealers. It should
be also emphasized that the hydration studies of calcium silicates, and generally Portland cement,
continue for nearly 100 years and there still are many controversial results and theories on this
topic, driving further research. CPSC has been known only for the last ~9 years and therefore we
are only at the beginning of the route to fully understand this material (despite the fact that the
material experiences a staggering commercial success as dental root canal filler). Consequently,
there are many research directions and opportunities that need to be further explored to better
understand this new bio-cement and widen its application base. We consequently propose the
following several directions for the immediate future research of both fundamental and applied

nature:

1. This study showed that the microstructure of hydrated CPSC paste was substantially
different from that of the pure C;S paste and this variation was attributed to the effects of
phosphates on the hydration products morphology, although the exact mechanism was not clearly
understood. The difference of the hydrates formed in CPSC paste from that formed in C;S paste
was noticed in DTA-TG analysis as well, and the new hydrate present in CPSC is believed to be
C-S-P-H (it also appears to be amorphous since it was not found by XRD analysis). Since C-S-P-
H may serve as a bond between other hydrated phases, like C-S-H [133], the detailed

composition and structure of the hydrates C-S-P-H would be of interest to study.
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Although the tentative composition of C-S-P-H was proposed in this work, the detailed
composition would need to be determined in future studies, including the mechanisms through
which phosphate ions incorporate into the hydrates C-S-H and the positions of the phosphate
ions in C-S-H. As the composition of C-S-P-H appears to vary with the composition of CPSC
and with the hydration process, the exact change of the C-S-P-H composition and morphology
with the hydration progress should also be a subject of future studies. The important
stoichiometric parameters would be the molar ratios of CaO to SiO, and P,Os to SiO; within C-

S-P-H. The amount of water and its state are also important characteristic of C-S-P-H.

2. The microstructure of CPSC pastes showed that bundles of the fibre-shaped hydration
products formed during the middle and late stages of hydration. The fibre bundles might
comprise of HAP, C-S-P-H and / or C-S-H phases. In order to understand the microstructure of
C-S-P-H, and in turn the properties of CPSC, one should know the structure of the hydrates and
hydration products at nano-level. The formation of nano-composite between HAP and C-S-P-H /
C-S-H was an un-verified hypothesis of the current work. The study of this subject would result
in better understanding of the microstructure development of CPSC during hydration and how

and why the composition of CPSC affects the composition and structure of hydration products.

3. The present work showed that phosphates did not decelerate the hydration of C;S in
CPSC up to 20 wt% of CPM, and this was not consistent with the traditional concept that
phosphate is a retarder for calcium silicates hydration. Further careful studies need to be done to

verify what type and content of phosphate salts would retard hydration of CsS.

4. CPSC is in vitro bioactive and biocompatible, but as a potential bone cement its safety to

use in vivo must be demonstrated. Therefore extensive, multi-level in vivo studies on CPSC are
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necessary (initially including various animal models, and finalizing with human trials) for the
cement to be admitted and accepted in clinical practice. This research should also include studies

of its resorption kinetics and the possibility of using CPSC for controlled drug delivery.

5. The CPSC studied in this work consisted of tricalcium silicate and CPM; the optimal
composition based on the limited studies performed in this work was determined to be at 10 wt%
CPM and 90 wt% C;S. CPSC consisting of other hydraulic calcium silicates and other calcium
phosphates could also be promising bone cements and the investigation on their compositions,

hydration mechanisms, and mechanical and bio-properties would be necessary.

6. Like any ceramic cement CPSC is quite brittle - although measurements of its fracture
toughness were beyond the scope of the current research. The issue of brittleness of CPSC needs
to be addressed to enlarge the potential scope of its applications, e.g. in hip or vertebrae fixation,
or other orthopaedic applications experiencing tensile or bending stresses. The search for suitable
reinforcements of these cements, possibly through dispersion of biocompatible fibers, should

continue.
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APPENDIX A

DATA PROCESS FOR THE QUANTITATIVE XRD ANALYSIS

The quantitative XRD data were collected on the samples of 0CPM, SCPM, 10CPM, and

20CPM for the hydration of pre-set periods of unhydrated, 10 m (minute), 30 m, 1 h (hour), 2 h,

4h,6h,12h, 24 h, 2 d (days), 4 d, 7 d, 14 d, and 28 d. The intensity ratios of peak areas of C;S

to quartz on the reference peaks are listed in Table A-1. The peak areas were calculated by the

software MDI JADE 7, which was provided with the XRD machine. Each piece of data was

derived from an average of no less than 12 measurements.

Table A-1 The intensity ratios (/./;) of peak areas of C;S to quartz on the reference peaks for the

pre-set hydration.*

Hydration period
Before hydration
10 m

30 m

lh

2h

4h

6h

12 h

24 h

2d

4d

0CPM

0.8395 + 0.0661

0.7972 £ 0.0681

0.8014 +0.0235

0.7011 + 0.0963

0.5464 + 0.0615

0.3535+0.0215

0.2953 +0.0332

0.2235 4+ 0.0079

0.1837 +£0.0211

0.1561 £ 0.0095

0.1400 +0.0153

5CPM

0.7975 £ 0.0777

0.7551 £ 0.0508

0.7551 +0.0448

0.7658 £ 0.0576

0.7633 + 0.0867

0.6677 + 0.0433

0.5833 + 0.0565

0.2701 +0.0183

0.1033 £ 0.0076

0.0761 = 0.0072

0.0414 + 0.0057

10CPM

0.7555 £ 0.0543

0.7009 + 0.0534

0.6922 + 0.0601

0.6995 + 0.0701

0.6180+0.0718

0.5786 + 0.0232

0.5212 £ 0.0306

0.2277 £ 0.0287

0.0766 + 0.0089

0.0522 + 0.0050

0.0189 £ 0.0032

20CPM

0.6716 = 0.0390

0.5919 +0.0450

0.6009 + 0.0347

0.5743 £ 0.0379

0.5261 +£0.0163

0.3866 = 0.0341

0.3081 +0.0131

0.0914 £ 0.0050

0.0613 = 0.0058

0.0400 = 0.0038

0.0000
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7d 0.1166 £ 0.0127  0.0378 £0.0051  0.0098 + 0.0028
14d 0.0572 +£0.0063  0.0081 £0.0033  0.0057 = 0.0028
28d 0.0282 +£0.0027  0.0027 £ 0.0027  0.000

60d 0.0172+0.0032  0.000

*The data are average + standard deviation.

The weight ratios (X./X;) of C3S to quartz in the mixed cement pastes for the pre-set
hydration were calculated with the equation 4.1b and are listed in Table A-2. The degrees of
hydration (¢, percentage of hydrated C;S in cements) are calculated and shown in Table A-3.
The degrees of hydration (&) of C;S, SCPM, 10CPM, and 20CPM are plotted with the hydration

time in Fig. A-1 (the same as Fig. 4.9a).

Table A-2 The weight ratios (X./X;) of CsS to quartz in the mixed cement pastes for the pre-set

hydration*

Hydration period 0CPM 5CPM 10CPM 20CPM

Before hydration 8.998 £0.679  8.548 £0.804  8.098 +£0.553  7.198 +0.389
10 m 8.545+0.701 8.093+£0.516  7.512+£0.543  6.344 £ 0.454
30 m 8.589+0.223  8.903 £0.451 7.419+0.616  6.440+0.343
lh 7.515+1.003 8208 +0.588  7.497+0.723  6.155+0.378
2h 5.856+0.630  8.181+0.900  6.624 +0.741 5.639 +0.146
4h 3.789+0.202  7.157+0.435  6.202+0.220  4.144 +0.337
6h 3.165+0.327  6.252+£0.577  5.586+0.300  3.302+0.112
12h 2395+0.056  2.895+£0.168  2.440+0.279  0.980 +0.025
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24 h
2d
44
7d
14d
28d

60d

1.969 £ 0.197

1.673 £ 0.073

1.501 £0.135

1.250£0.107

0.613 £0.039

0.302 £ 0.001

0.184 + 0.005

1.107 £0.052
0.816 £ 0.048
0.444 + 0.032
0.405 £0.026
0.087 £0.007
0.000

0.000

0.821 £ 0.066

0.559 +0.025

0.203 = 0.006

0.105 + 0.002

0.061 £0.001

0.000

0.657 £0.033

0.428 £0.012

0.000

*The data are average + standard deviation.

Table A-3 The degree of hydration (e, percentage of hydrated C;S in cements), %, of 0CPM,

5CPM, 10CPM, and 20CPM for the pre-set hydration.

Hydration period Cs3S

Before hydration 0.0 +0.1

10 m 50+04

30m 45+0.1

lh 16.2+2.2
2h 349+3.8
4h 579+3.1
6h 64.8+6.7
12h 73.4+1.7
24 h 78.1+7.8
2d 81.4+3.5
4d 83.3+7.5
7d 86.1+7.4
14d 932459

5CPM
0.0+0.1
53+0.3
53+0.3
4.0+£0.3
43+0.5
16.3+1.0
269+2.5
66.1 £3.8
87.1£4.1
90.5+5.3
94.8+6.8
95.3+6.1

99.0+7.4

10CPM

0.0+0.1

7.2+0.5

8.4+0.7

74+0.7

182+2.0

23.4+0.8

31.0£ 1.7

69.9 £ 8.0

89.9+£7.2

93.1+4.1

97.5+28

98.7+14

992+1.9

20CPM

0.0+0.1

11.9+£0.8

10.5+ 0.6

145+09

21.7+0.6

424+34

541+1.8

86.4+2.1

90.9+4.6

94.1+£2.5

100.0+4.9



28d 96.6 £ 0.1 100.0 4.9

60d 98.0+2.7

100
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Fig. A-1 The percentage of hydrated C;S (&) with hydration time for the cements of 0CPM,

5CPM, 10CPM, and 20CPM at w/c = 10 at 37 °C.

The average hydration rates (the first derivative of the degree of hydration to the hydration
time) of C;S, 5SCPM, 10CPM, and 20CPM are listed in Table A-4 and are plotted in Fig. A-2 (the
same as Fig. 4.9b) against the hydration time. The average hydration rate for a hydration period

is calculated with the following equation:
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y=%"% (A-1)
tz _tl

where v = the average hydration rate for a hydration period, %/h
o, = the hydration degree at the end of the period, %
a; = the hydration degree at the beginning of the period, %

t; = the time at the end of the period, h

t; = the time at the beginning of the period, h.

Table A-4 The average hydration rate with hydration time for 0CPM, SCPM, 10CPM, and

20CPM
Hydration period 0CPM 5CPM 10CPM 20CPM
10 m 30.2 31.9 43.4 71.2
30 m 0.0* 0.0 3.5 0.0*
lh 23.9 0.0* 0.0%* 7.9
2h 18.4 0.3 10.8 7.2
4h 11.5 6.0 2.6 10.4
6h 3.5 53 3.8 5.9
12h 1.4 6.5 6.5 54
24 h 0.4 1.7 1.7 0.4
2d 0.1 0.1 0.1 0.1
4d 0.0 0.1 0.1 0.1
7d 0.0 0.0 0.0
14d 0.0 0.0 0.0
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28d 0.0 0.0

*The number should not be a negative value and is changed to zero.

100
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Fig. A-2 The average hydration rate (the first derivative of the hydration degree to hydration time)

with hydration time for the cements of 0CPM, 5CPM, 10CPM, and 20CPM at w/c = 10 at 37 °C.
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