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ABSTRACT

Bioglass-ceramic for biomedical applications: effects of varied percentage of calcium
oxide (CaO) derived from eggshells in calcium fluoroaluminosilicate (CFAS) bioglass-

ceramic at different sintering temperatures
by
Mimi Nur "Adilah binti Samad
199195
February 2022

Supervisor: Dr. Nor Kamilah binti Sa’at

Faculty: Faculty of Science

This research aims to study about the effects of varied percentage of calcium oxide (CaO)
derived from eggshells in calcium fluoroaluminosilicate (CFAS) bioglass-ceramic at different
sintering temperature. The compositions of CaO were varied for four different batches named
B1, B2, B3 and B4 with 24 wt.%, 21 wt.%, 18 wt.%, and 15 wt.%, respectively. The varied
sintering temperatures for each batch were room temperature, 650 °C, 750 °C, 850 °C, and
950 °C. The CFAS glass ceramic samples were synthesized from waste materials such as
eggshells and soda lime silicate (SLS) glass by using melt quenching technique. The produced
CFAS glass ceramic samples were analyzed by various characterization methods such as
density, molar volume, linear shrinkage, and X-Ray Diffraction (XRD) to interpreted phases

of the glass ceramic samples.



ABSTRAK

Bio-kaca seramik untuk aplikasi bioperubatan: kesan peratusan kalsium oksida (CaO)
berbeza yang diperolehi daripada kulit telur di dalam kalsium fluoroaluminosilikat

(CFAS) bio-kaca seramik pada suhu pensinteran yang berbeza

oleh
Mimi Nur “Adilah binti Samad
199195
Februari 2022

Penyelia: Dr. Nor Kamilah binti Sa’at

Faculti: Fakulti Sains

Penyelidikan ini bertujuan untuk mengkaji tentang kesan peratusan berbeza-beza kalsium
oksida (CaO) yang diperoleh daripada kulit telur dalam bioglass-seramik kalsium
fluoroaluminosilikat (CFAS) pada suhu pensinteran yang berbeza. Komposisi CaO
dipelbagaikan untuk empat kelompok berbeza yang dinamakan B1, B2, B3 dan B4 dengan
masing-masing 24 wt.%, 21 wt.%, 18 wt.%, dan 15 wt.%. Suhu pensinteran yang berbeza bagi
setiap kelompok ialah suhu bilik, 650 °C, 750 °C, 850 °C dan 950 °C. Sampel seramik kaca
CFAS telah disintesis daripada bahan buangan seperti kulit telur dan kaca soda limau silikat
(SLS) dengan menggunakan teknik pelindapkejutan cair. Sampel seramik kaca CFAS yang
dihasilkan telah dianalisis dengan pelbagai kaedah pencirian seperti ketumpatan, isipadu molar,

pengecutan linear, dan Pembelauan X-Ray (XRD) untuk mentafsir fasa sampel seramik kaca.
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CHAPTER 1

INTRODUCTION

1.0 Background of Research

For thousands of years, glasses have been used by humankind in many applications and
forms. Glasses are useful from simple and common materials such as bottles, containers,
light bulbs, windows to technical applications such as computer screens, television tubes,
spectacles, laboratory wear, and optical fibres or even for artistic purposes (Gutzow et al,
2012) (Doremus, 1994) (Paul, 1990). Glasses are different from crystalline solids as they
do not have long-range order and significant symmetrical atomic arrangements (Ferreira,
2018). Despite of that, glass constituent atoms are well-organized in a short-range which
depends on the glass composition itself (Shelby, 2005) (Vallet-Regi, 2014). Glass structure
is unstable due to the relaxation towards the state of supercooled liquid and this
supercooled liquid is metastable with respect to equilibrium crystal (Ferreira, 2018)
(Mauro et al., 2008). The structure of the glasses has given many effects on their properties
such as density, stability, ion release in aqueous environments, solubility, and coefficient
of thermal expansion (CTE) (Ferreira, 2018).

By using two principal methods, glasses can be produced by melt-quenching method
and sol-gel processes. Glasses have excellent advantages compare to crystalline substances
as they can be synthesized into a virtually unlimited compositions range while crystalline
phases possess a well-defined and a constant stoichiometry (Vallet-Regi, 2014). The other
properties of glass are it can be changed and adjusted by doping. As an example, a small
number of other oxides is added to the composition of the glass. This will allow the

controlled release of ionic species (Ferreira, 2018). This feature is extremely important in



bioactive glass to provide them with potential therapeutic actions while releasing ions that
will stimulate osteoinduction or also known as cells differentiation and can act as
antimicrobial agents (Jones et al., 2012).

For more than four decades, bioactive glasses have been widely studied for medical
applications (Ferreira, 2018). Throughout the evolution, bioactive-glasses can be
distinguished into several families. In 1969, Hench discovered the first melt-derived
bioactive glass, which is Bioglass 45S5 (Montazerian et al., 2016). Next, in 1991, Hench
proposed the bioactive gel-derived glasses (Kokubo, 2008). Currently, Vallet-Regi et al
designed the bioactive glasses with ordered mesoporosity (Salinas et al., 2013).

The properties that can be shown by the bioactive glasses are osteoconduction and
osteoinduction. These both properties can be used in vast applications such as scaffolding,
drug delivery, soft tissue engineering, coatings, and bone grafting. Although bioglass-
ceramics have excellent bioactive properties, they have low mechanical strength and low
fracture toughness, Kic. The bending strength that bioglass-ceramics have is
approximately 70 MPa and 0.5 MPa-m¥? Kc. These advantages restrict their use that do
demand significant loads (Ferreira, 2018). Therefore, to improve the mechanical strength,
bioactive glass ceramics have been developed by using various types of glasses in different
crystalline precipitation phases under a heat treatment process (Ferreira, 2018). The well-
known bioactive glass ceramics available in the market are Cerabone®, Biosilicate®,
Ceravital®, and Bioverit® (Kokubo, 2018) (Salinas et al., 2013) (Baino et al., 2016)
(Miguez-Pacheco et al., 2015) (Hench, 2013) (Kokubo, 1991).

Glass-ceramics can be defined as polycrystalline materials that contain one or more
crystal phases that were embedded into a residual glass and produced by the controlled
heat treatment of certain glasses (Ferreira, 2018). Heat treatment can be done in two stages,

relatively low temperatures compare to glass transition to induce the internal nucleation



and followed by higher temperature to promote the different growth phases. The
crystallinity varies between 0.5% and 99.5%, most frequently between 30% and 70%
(Ferreira, 2018). The controlled crystallization proved the materials with amount of
properties combinations such as electrical, thermal, biological, and mechanical (Zanotto,
2010) (Montazerian et al., 2015) (Holand, 2012). Bioactive-glass can elicit biological
reaction at the interface of the material by the stimulation of cell proliferation, gene
response and the bond formation between the materials and the living tissues. The surface
of the bioactive-glass ceramics develops a biologically active hydroxyapatite (HCA) layers
that interconnect with the bone. HCA layers on the bioactive-glass ceramics are
structurally and chemically equivalent to the bone mineral phase (Ferreira, 2018). After
the immersion of simulated body fluid (SBF), bonelike HCA is developed on the surface
of the sample (Solé et al., 2016).

In term of properties, glass-ceramic (GC) combine the properties of glasses with
conventional sintered ceramics benefits. Usually, GCs are manufactured in a process
where a pre-manufactured glass is subjected to a particular heat treatment. Then, the glass
will partially crystallize, and the GC will develop a structure compromising a glassy
(amorphous) phase and at least one phase of embedded crystalline (Hoéland et al., 2012).
There are two categories of GC which are oxide and non-oxide. Oxide GC include borate
(B203), silicate (SiO2) and germinate (GeO.) and phosphate (P.Os) material type. Non-
oxide GC include chalcogenide, metallic and halide type (Solé et al., 2016). GCs can be
used in many applications such as cooktops, household appliances, smartphone screens,
infrared heating elements, biomedical engineering, household appliances and so much

more.



The main difference between bioglass-cramics (BGCs) and and glass-ceramics (GCs)
is their compatibility with living cells. Bioactive materials such as BGCs can evoke a
specific biological response at the apatite layer while non-bioactive materials such as
glass ceramics cannot. One of the most common types of BGCs used in medical
sector is calcium fluoroaluminosilicate (CFAS) glass which contain phosphorus and
sodium (lons et al., 2017). CFAS glass is potential bioglass that can be used in
biomedical application. CFAS glass consists of an inorganic polymeric network
embedded in a silicon and an aluminium matrix. BGCs are used in medical sector as
artificial vertebrae, iliac bones, orthopaedic, dentistry and more (Khiri etal., 2020).

In this study, CFAS glass was synthesized by using commercial and waste materials.
The waste materials were eggshells (ES) and soda lime silicate (SLS) glass that can be
obtained from the glass bottle. The major chemical compositions of SLS glass are SiO>
(73.9 wt. %) and CaO (11.2 wt. %) (Khiri et al., 2020). SLS and ES are waste products
that will be based of silica and calcium oxide, respectively. The mineralized shell
composition of the egg is approximately 96% calcium carbonate. The calcium carbonate
will undergo calcination process to obtain calcium oxide (Hinchke et al., 2012). The
aluminium oxide, calcium fluoride, and phosphorus pentoxide were the commercial

products (Khiri et al., 2020).



1.2 Problem Statements

CFAS can be produced by combination commercial and waste materials. Silicon
dioxide and calcium oxide can be obtained from eggshell and SLS glass as waste products
meanwhile aluminium oxide, calcium fluoride, and phosphorus pentoxide were the
commercial products (Khiri et al., 2020). By using waste materials, we can reduce the
domestic waste efficiently. Besides that, we can reduce the CFAS production cost thus this
GC can be more affordable for the people to obtain medical services in future. This is a
good initiative to help Malaysia in achieving the Sustainable Development Goals (SDG).
The SDG are world’s shared plan to end the extreme poverty, protect the planet and reduce
inequality by 2030. CFAS is synthesized by using melt-quench method. CFAS is chosen
in this research because of its excellent biomedical properties. More research is required

to improve these potential materials for a better future in medical sector.



1.3 Objectives
The objectives of this research are to synthesise the CFAS bioglass-ceramic at different
percentage of calcium oxide by using melt-quenching method and to investigate structural,
of the calcium CFAS bioglass-ceramic with different content percentage of calcium oxide

atdifferent sintering temperature.



1.4 Thesis Overview

This thesis comprehends five chapters that describe the theories, methods, and results of the
experimental research performed. The first chapter is an introduction to the field of a research
study. In this chapter, a few points are highlighted: problem statement of the study, objectives
of the research, and the thesis overview stated to elucidate the research. Chapter two delineates
the literature review that enumerates and describes the basis of the research study, along with
the characteristics of the main constituents of the study. The process and characterization
methods have also been clarified in this chapter. Chapter three narrates the methodology or the
procedure for the research work. All the research flows, raw materials, the machines used, and
experimental analysis were also explained in-depth without summarizing. In chapter four,
results and discussions from the experiment conducted, including the samples’ structure
properties effects, were presented. Finally, yet importantly, the summary and recommendation

for future research work are specified in chapter five.



CHAPTER 2

LITERATURE REVIEW

2.1 Calcium Fluoroaluminosilicate (CFAS) Bioglass-Ceramics

CFAS is one of silicate based bioglass-ceramics system, Na;O-CaO-P,0s-SiO,. Other
than that there are Na;O-Al>03-B203-Si02 and Li2O-Al>03-Si02 (Brinker et al., 1990) (Hench
et al., 1990) (Klein, 1990). These silicate glass ceramics have large surface area, high porosity
and purity index within the BG contribute to high level of reactivity as biomaterial. CFAS is
one out of several formulas of silicate based bioglass-ceramics. CFAS glasses are the basis of

degradable glasses and mould flux glasses (Khiri et al., 2020).

The CFAS can be produced by using five main compounds which are eggshells (ES),
soda lime silicate (SLS) glass, Al20s, CaF2 and P2Os based on a chemical composition of
15Ca0-40Si0,-5CaF2-20P20s-20Al,03 which were 20% phosphorus pentoxide as dehydrating
agent, 40% silica as primary component of the glass, 5% calcium fluoride as dehydration
catalyst, 15% calcium oxide renders the glass insoluble, and 20% alumina to improve the
properties and depress the glass devitrification (Khiri et al., 2020) (Moulton et al., 2021)
(Chareev, 2019) (Pentoxide, 2002) (Nezafati et al., 2011) (Liu et al., n.d.). Silicon dioxide was
obtained from soda lime silica (SLS) glass bottles waste for raw waste materials of the glass
synthesis (Khiri et al., 2020). Meanwhile, calcium oxide (CaO) is obtained from waste product,
eggshells (Khiri et al., 2020). Eggshells primarily contain calcium carbonate (CaCOs3) but then
undergo through a calcination process to release the carbon dioxide in the calcium carbonate

(CaCO03) (Hinchke et al., 2012).



In the CFAS glass ceramic, fluorine is a GC integral component. Besides that, it is also
known as a powerful network disrupter. Fluorine disrupts the glass networks, replacing the
bridging oxygens, BO, by non-bridging fluorine. Other than that, fluorine is thought to reduce
the temperature of glass transition (Tg), enhance crystallization, reduce refractive index, reduce

viscosity, and increase glass degradability (Stamboulis et al., 2004).

Silicon (Si) is an important basic element in human body which is essential for the
development of bone. Silicon in the silicate based bioglass-ceramics such as CFAS plays
important role in collagen biosynthesis, have beneficial effect on proteins phosphorylation,
nucleotides, and saccharides. This element is also important for the cytoskeletons formation
and other mechanical cellular structures or supportive function. CFAS is a silicate based
bioglass-ceramic materials which have shown excellent potential in bone-related in tissue
regeneration and tissue engineering applications (Zhou et al., 2015). With proper composition,

silicate-based bioactive materials are promising the regeneration materials of bone.

GC materials have interesting mechanical and biological properties. Bioactive glasses
have osteoinduction and osteoconduction properties (Montazerian et al., 2016). Bioactive glass
responds with biological cells at the interface of the material. It stimulates bond formation
between biology tissues and the material which is known as cell proliferation. Common
characteristics of bioactive GCs is they have a special layer known as hydroxycarbonate apatite
(HCA) layer that bonds to bone (Montazerian et al., 2016). CFAS glass is a fluoride-containing
bioglass-ceramics that contain fluoroapatite. This material increases the density of GC (Brauer
et al., 2012). The developments by numerous of research provide hints to achieve many

advances in practical applications requirement in future.



2.2 Melt-quenching Method Technique and Sol-gel Method

Both sol-gel and melt-quenching method technique is used to produce bioactive glass (lons et
al., 2017). Melt quenching is a traditional technique of glass making and includes the
ingredients mixing, heating at specific temperature, and quenching the glass melt to get a glass
frit. The sol-gel technique is another alternative low temperature chemical approach to produce
the bioactive glass (Khurshid et al., 2019). These both techniques affect the results of the glass-

ceramics.

2.2.1 Melt-quenching Method Technique

Melt-quenching method bioactive glass synthetization are simple and available in commercial
(Methods, 2020). The disadvantages of this method are the bioactive glass have low
homogeneity and low bioactivity due to its low surface area to react with living cells (Salinas,
2014). In this method, SLS glass bottle and eggshells are prepared as resources of SiO2 and
CaO in the bioactive glass compositions (Khiri et al., 2020). Melt-quenching method has
several important steps which are mixing, homogenizing, calcining and fusing glass
precursors which is simplified in Figure 2.1 (Methods, 2020) (Srinivasan et al., 2015) (Khiri
et al., 2020) (Methods, 2020) (Srinivasan et al., 2015). After heated the precursor mixtures, the

melt will bequenched in cold water or cast in graphite molds (Methods, 2020).

Melt-prepared glasses
== ,
Furnace Aluminum
18I0, P20s crucible RS Mold
Na.CO CaCOq —
L28 ) ——p —> —> ==
<
s 4 MPG
Mixing powder Melting Quenching
precursors 1380 °C/4h (RT)

Figure 2.1: The simplified process of producing glass by using melt-quenching method

example
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2.2.2 Sol-gel Method

CFAS glass can also be synthesized by using sol-gel method as other alternative but
there are some pros and cons in this method (Srinivasan et al., 2015). Sol-gel synthesized
bioactive glasses have more advantages compare to glass that is melt produced in aspect of
better bioactivity and porosity. Besides that, the other advantages of sol-gel technique are such
as low-temperature processing, high purity and homogeneity, more composition freedom,
microstructural features tenability and has higher bioactivity and degradation (Khurshid et al.,

2019).

The disadvantages of using sol-gel method to synthesize bioactive glass are expensive
raw ingredients, the production process is long, and complex compared to the melt-produced
bioactive glass. This method has limit for some biomedical applications as the sol-gel derived
bioactive glass has high rate of degradation (Khurshid et al., 2020). Seven basics steps in sol-
gel technique are mixing the precursors, casting, aging, gelation (Linden et al., 2021),
controlled drying, dehydration or stabilization and densification (Valverde, 2019). First, the
precursors are mixed on a substrate to form film or powders that will end up dispersed

uniformly.

Next, the product undergoes casting process then followed by aging and gelation for
several days until it is ready to dry in the oven. Lastly, firing process such as controlled drying,
dehydration and densification are done to increase polycondensation, improve mechanical
properties and structural stability (Brinker et al., 1990) (Hench, 1990) (Salinas, 2014). Based

on Figure 2.2, the sol-gel process is simplified (Salinas, 2014).

11



Sol-gel process is a process of forming oxide network through polycondensation
reactions of molecular precursor in a liquid. In general, this process starts with a silicate
solution and then forming a sol. Then it is transformed into a gel and lastly a dry gel will be
obtained. The formed dry gel formed by a three-dimensional silica with various sizes of

numerous pores interconnected (Pirayesh et al., 2013).

Si (OCH,CHg), CalNO,), . 4H,0 Sol-gel glasses
. P{OCH,CHy)y :
\ i ' ¥ Oven Furnace
) \ o

R K\—q — — Ol — 8B

/H,OMHNO,\ " 3
Mixing precursors Geh.uon HT,’ 3d Drying ~150 °C Calcination SGG

Aging ~70°C/3d 3d ~700°C/3h

Figure 2.2: The simplified process of producing glass by using sol-gel method
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2.3 Waste Source for CFAS

In this study, CFAS glass was synthesized by using commercial and waste materials
which were eggshells (ES) and soda lime silicate (SLS) glass that can be obtained from the
glass bottle. The mineralized shell composition of the egg is approximately 96% calcium
carbonate. The calcium carbonate will undergo calcination process to obtain calcium oxide

(Hinchke et al., 2012).

2.3.1 Silicon dioxide (SiO2)

Silicon dioxide is one of the important components in CFAS glass ceramic materials.
There are several alternative sources to obtain this compound such as extracting it from
domestic wastes which are rice straw and soda lime silicate (SLS) glass. To extract the SiO:
from rice straw, the process starts from drying the rice straw by putting it under the sunlight.
After it is dried, the weighed rice straw is burned open without using fuel. Then, it is weighed
and put into a porcelain dish and heated in the furnace at temperature of 400 °C for two hours
and increased to 900 °C for an hour. Subsequently, it is washed with 3% HCI to reduce the
impurities in the sample. Lastly the rice straw is heated on the hot plate and stirred thoroughly
by using a magnetic stirrer. The final product is filtered and heated at temperature of 900 °C

for an hour (Nazopatul et al., 2018).

Besides, SiO> can alternatively obtained from waste material, soda lime silicate glass
bottle that can easily be found in houses and grocery stores. Firstly, to remove the impurities,
the SLS glass is washed with water. Then, it is dried under the sunlight and crushed into smaller
pieces by using hammer. The small frits of the glass are then crush by using steel plunger to
get the fine powder. After that, the powder is ground by using pestle and mortar to obtain the

finer powder and lastly sieved using the 45 um sieve (Khiri et al., 2020).

13



2.3.2 Calcium Oxide (CaO)

CaO can be extracted from organic materials such as eggshells (ES) and clam shells
(CS). To extract this compound from CS, it is collected and cleaned to remove the impurities,
then dried. The CS undergo the calcination process in the furnace at 900 °C for two hours, then

sieved into the 45 pum sieve (Khiri et al., 2020).

Alternatively, CaO can also be extracted from ES which are easily can be found in the
eating stalls. First, the ES are collected and washed with water to remove impurities. After that,
dry the ES under sunlight for several hours until it is dried. Next, crush ES into small pieces
and put into the furnace at atmospheric oxygen condition at 900 °C for two hours to undergo
calcination process. The powder is sieved through the 45 pum sieve (Tangboriboon et al., 2012)

(Mohadi, 2016) (Hincke et al., 2012)

14



2.4 Effects of Different CaO Percentage on Glass-Ceramics System

CaO was studied for its influence on the microstructure, densification, thermal, dielectric, and
mechanical properties of Li,0-Al,05-Si0, (LAS) glass—ceramics. CaO stimulates the production
of the CaMgSi2Os phase, which may increase microstructure, densification, and mechanical
properties. With the addition of CaO, the glass—coefficient ceramics of thermal expansion rises

and approaches that of silicon chips (Qing et al., 2016).

2.4.1 Mechanical Properties

Figure 2.3 depicts the effects of the CaO and SiO; ratios on the three-point bending strength
and CTE of LAS glass—ceramics sintered at 800 °C for 0.5 hours. On the one hand, glass—
ceramic has a bending strength of 90 MPa, which increases to 154 MPa when 2.1 wt. % CaO
is added. This suggests that adding CaO has a considerable impact on mechanical properties.
As the amount of CaO in the solution increases, the bending strength decreases. On the other
side, when the CaO concentration in LAS glass—ceramic rises, the CTE value climbs linearly
from 1.2 to 2.99x10°° /°C. The CTE of a glass—ceramic is often determined by the CTE values
of its crystalline and glassy phases. The rise in CTE is attributed to an increase in the glass-
ceramic phase, which has a high CTE value of 8.59x10 /°C, according to XRD research (Kim
et al., 2012). To avoid thermal stresses produced by thermal expansion mismatch between
silicon chips and the substrate, the CTE must be as close to that of silicon as possible
(3.59x10° /°C). The CTE of a material doped with 6.1 wt. % CaO is 2.999 x10 /°C. which is

extremely similar to silicon (Chen et al., 2004).
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Figure 2.3: The CTE and bending strength of LAS glass—ceramics fired at 800 °C for 0.5 hour

2.4.2 Density

The bulk densities of glass—ceramics decrease noticeably with increasing CaO concentration,
as seen in Figure 2.4. Furthermore, the bulk densities of all GC samples in this study drop as
the sintering temperature rises. This glass—ceramic has a low softening temperature, which can
enhance the development of liquid phase at low sintering temperatures, as indicated in
differential thermal analysis (DTA) curves. The liquid phase aids the densification of LAS
glass—ceramics by speeding up mass movement. Furthermore, when the sintering temperature
rises, the bulk densities of all samples decrease, which is likely due to inhomogeneous

evaporation of the liquid phase during the sintering process.
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Figure 2.4: bulk densities for four different samples at different temperatures
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2.4.3 Linear Shrinkage

Figure 2.5 (a) and (b) show the percent of linear shrinkage of the four LAS samples sintered at
800 °C for 0.5 hour and the fluctuation of the percent of linear shrinkage of the sample LAS2
with sintering temperature. The percentage of linear shrinkage rises with increasing CaO
concentration, as seen in Figure 2.5 (b). Furthermore, as demonstrated in Figure 2.5, the
percent of linear shrinkage reduces linearly as the sintering temperature rises (a). The liquid
glass might penetrate the ceramic-rich areas and fill the capillary pore channels between the
filler grains during the sintering process (Kim et al., 2012). As a result, the liquid glass is
critical for the densification sintering process. As a result, fluctuations in LAS glass—ceramic

shrinkage should be related to changes in the liquid glass.
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Figure 2.5 The shrinkage percentage of sample LAS2 with (a) varied sintering

temperature and (b) CaO compositions
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2.4.4 Structure

Figure 2.6 depicts SEM micrographs of the cross-sections of four LAS samples heat-
treated at 800 °C for 0.5 hour. It is obvious that the sample LAS1 (without CaO addition) has
a large number of holes, indicating that it has a loose microstructure. However, the inclusion
of CaO reduces the number of holes in LAS samples, resulting in a thick microstructure. The

best microstructure is seen in sample LAS2, which has a CaO concentration of 2.1 wt.%.

However, when the CaO level increases, the microstructure of the LAS glass—ceramic
begins to degrade. These findings reveal that adding CaO to the LAS system has a noticeable
influence not only on the crystalline phase, but also on the morphology of the glass—ceramics.
Archimedes densities of sintered samples were measured and evaluated to determine the effect
of CaO concentration and sintering temperature on the densification behavior of LAS glass—

ceramics.

The outcomes are shown in Figure 2.4. The results reveal that the bulk densities of LAS
glass—ceramics decrease noticeably as the CaO component increases. It might be attributed
mostly to a rise in the CaMgSi>Os phase, which has a lower bulk density of 328 g/cm? than
other crystalline phases. Furthermore, the bulk densities of all LAS samples fall as the sintering

temperature rises.
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As illustrated in the DTA curves, this LAS glass—ceramic has a low softening
temperature, which can facilitate liquid phase formation at low sintering temperatures. Because
the liquid phase promotes mass transfer, it aids in the densification of LAS glass—ceramics.
Furthermore, the bulk densities of all samples decrease as the sintering temperature rises, which

is most likely due to inhomogeneous evaporation of the liquid phase during the sintering

process.

Figure 2.6: SEM micrographs of LAS sample
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CHAPTER 3

METHODOLOGY

3.1 Weight Composition of CFAS Glass-Ceramic

There are five samples of CFAS glass with varied wt. % of CaO and CaF; as listed in the
Table 3.1. The composition of CFAS glass is consisted of 44 wt. % SiO2 + (24 — x) wt. % CaO
+ 20 wt.% Na20 + 6wt.% Al203 + 6wt.% P20s + x wt.% CaF, where x values are 0,3,6, and 9.
The mass of each batch is 40 g. Table 3.1 is the actual mass calculated from the weight percent

in grams.

Table 3.1: Wt.% of CaO and CaF: in each batch

wt.%
sample name
Cao CaF>
Bl 24 0
B2 21 3
B3 18 6
B4 15 9
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Table 3.2: Actual mass of each composition in each batch

sample mass (g)

name SiO: CaO Na.O Al203 P20s CaF
Bl 17.6 9.6 8.0 24 24 0
B2 17.6 8.4 8.0 24 24 1.2
B3 17.6 7.2 8.0 24 24 24
B4 17.6 6.0 8.0 24 24 3.6

By using five chemical compound which are eggshells, SLS glass, CaF., Al.Ozand P20s, the
CFAS glass was produced. SLS glass and eggshells were waste products from local food stalls
that will be source of silica (SiO2) and calcium oxide (CaO3) respectively. The aluminium oxide
(Al203) from Alfa Aesar (a Johnson Matthey company), calcium fluoride (CaF.) from R&M
Chemicals, and phosphorus pentoxide (P20s) also from Alfa Aesar (a Johnson Matthey
company), were the commercial products. Both calcium oxide (CaO) and silica (SiO) are
obtained from eggshells and SLS glass. Eggshells contain about 96% calcium carbonate and
can be extracted to obtain calcium oxide by a process known as calcination process. Figure 3.1

is how the calcination process was done.
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Chicken eggshells are collected and rinsed with
deionized water to remove impurities

L 2

The cleaned eggshells are dried under the sunlight

4

After that, the eggshells are crushed into small
pieces

¥

Calcinate 100 g in a furnace at atmospheric oxygen condition at
900 °C for 2 hours

L 2

The eggshells powder is sieved to pass 45 um sieve

) 2

Eggshell powder is obtained. It now ready to be used for
synthesizing CFAS

Figure 3.1: Calcination process

Different weight of each chemical compound of CFAS glass composition that were weighed
previously by using electronic digital weighing machine are mixed thoroughly. After the
mixing process, the mixture was transferred into milling jar using US Stoneware Jar Mill NA
model with approximately 70 rpm, speed range and milled about 30 minutes to obtain a

homogeneous mixed powder.
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3.2 Melting and Water Quenching

Homogenous powder mixture then is filled in the alumina crucible. It is melted in the LT
Furnace model with temperature increment by 10 °C per minute about 4 hours at 1400 °C. The
melting temperature of the silica based bioglass-ceramic is between 1350 °C to 1400 °C in Pt-
Rh crucible or 1350 °C to 1500 °C in platinum crucible. In this research, the melting
temperature for CFAS glass ceramic samples is determined by its glass composition (El-
Ghannam et al., 2011) (Elsevier, 1982) (Hoppe et al., 2014). The furnace in this research
applies the single stage heating process which started from 30 °C and increased to 1400 °C
for two hours then the sample is constantly heated at holding temperature for four hours. 15
minutes after holding temperature is added to provide time for quenching process. After that,
the melted GC in the alumina crucible is put out and poured into the metal sieve soaked in a
pile of tap water quickly. The molten will go through water quenching process where and
thermal shock is occurred and produces glass frits. Lastly, place the emptied crucible back into
the furnace. The heater button is turned off and the single heating process is let continued for

two more hours.

3.3 Crushing, Grinding, and Sieving

Next, the glass frits were crushed and grinded to obtain the powder form by using plunger and
hammer. The powder form was sieved using sieve with size of 45 um in producing a fine

powdery form.

23



3.4 Characterization of CFAS glass

The samples were characterized in physical and structural using various measurements. The
measurements were X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), density, molar

volume, and linear shrinkage percentage.

3.4.1 X-Ray Fluorescence (XRF)

XRF is used to determine the elemental composition of material (Simon, 2020). XRF
measurement was done on the samples by using an Energy Dispersive X-ray Spectrometer
(model EDX-720 Shimadzu). The sample in this CFAS synthetization is in powder form that
was sieved at 45 pum in size. Figure 3.2 shows the mechanism of X-Ray radiation from a sample
in XRF system. Firstly, the sample is irradiated with high energy x-ray beam emitted from a
controlled x-ray tube. Then, the x-ray beam with sufficient energy struck an atom in the sample
causing an electron from one of the atom’s inner orbital shells dislodged. After that, the atom
regains its stability by filling the vacancy left by the dislodged electron just now with another
electron from the atom’s higher energy orbital shells. Lastly, the electron drops to the lower
energy state by releasing a fluorescent x-ray. This energy is equal to the specific difference
energy between two quantum states of the electron. XRF analysis basis is this energy

measurement (Staff, 2020).

Ejected K-shell electron Incident radiation

M-shell electron
fills vacancy

W =
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Figure 3.2: The mechanism of X-Ray radiation from a sample in XRF system
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3.4.2 X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) machine is used to determine the crystal structure of the CFAS
(Paar, 2021), (Albadr et al., 2015), (Pirayesh et al., 2013). The diffraction occurs from plane
set as angle 20 is the diffraction angle with respect to incident radiation. The distribution of
electron in the unit cell of the sample will determine the intensities of diffraction. The
illustration is shown in Figure 3.3 (Paar, 2021). For this research, the XRD measurement was
carried out from angle 20° to 80°. X-ray Phillips (Model PW 1830) with CuKa radiation=
1.5418 A at 40 kV and 30 mA of the input current was used to identify the structure of the
sample. The results obtained then extracted by using X’ Pert Highscore software (Khiri et al.,
2020). Figure 3.3 shows the result example of XRD measurement analysis of CaO sample

(Imtiyaz et al., 2013).
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Figure 3.3: The result example of XRD measurement analysis
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3.4.3 Density

The density is measured by using Archimedes principle (Brauer et al., 2012). The purpose of
doing this measurement is to determine the density of the BGCs. Archimedes' principle states
that the buoyant force on an object is equal to the weight of the fluid it displaces (Ridgely,
2010). Specific gravity is the density of an object to a fluid ratio. By using the electronic
balance with the accuracy of + 0.001 g the CFAS in pellet form was weighted in air and water,

Wiwater and Wair. The density of different ageing time GIC was calculated by using formula Eq.

2):

where Wair is the weight of sample in air, Wuwater IS the weight of sample in distilled water. pw

is the density of distilled water. The water density is 1.00 g/cm 2.

3.4.4 Molar Volume

The CFAS molar volume at different wt % were calculated by using Eqg. (2):

Vm:—X w 2
o <P (2)

where M~ is the total of CFAS sample molecular weight, p represents the density of the CFAS

pellet and pw is the distilled water density (Khiri et al., 2020).
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3.4.5 Linear Shrinkage

Linear shrinkage can be measured by using the formula:

) ) size before sinter — size after sinter
linear shrinkage = - - X 100%
size before sinter

The measurement tool used is outside micrometer.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter discussed the results obtained from various analyses and characterizations that
have been carried out within the period of research study. However due to the time constraint,
the result of this study only reaches up to density, molar volume, linear shrink and XRF
measurements. The result and discussion on other analysis such as phase and structure of the
studied sample from XRD and SEM are included by taking from related previous papers to
complete and give an idea on the structure of CFAS glass ceramic with varied CaO at different

sintering temperature.

4.2 XRF

Table 4.1: Quantitative result for eggshells

ANALYTE RESULT
CaOo 99.480%
K20 0.258%
Sc203 0.107%
Er20s3 0.068%
Sro 0.061%
CuO 0.022%
ZrO; 0.004%
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Table 4.1 shows the XRF analysis of eggshells. Based on the obtained results, eggshells
contain several analytes such as CaO, K>0, Sc203, Er:03, Er203, SrO, CuO, and ZrO». The
eggshells contain 99.480% of CaO which is the largest element percentage composition, then
followed by 0.258% of K20, 0.107% of Sc20s3, 0.068% of Er,0s, 0.061% of SrO, 0.022% of
CuO, and 0.004% of ZrO.. Other elements have significantly small percentage compositions
compare to CaO which only 0.52%. Therefore, the thermal treatment has successfully
transformed the chemical composition from calcium carbonate (CaCO3) to calcium oxide

(CaO) almost perfectly (Tangboriboon, N et al., 2012).

Table 4.2: Quantitative result for soda lime silicate (SLS) glass

ANALYTE RESULT
SiO» 59.504%
CaO 36.644%

Fe203 1.031%
SOs 0.771%
Sc203 0.490%
Zn0O 0.359%
K20 0.330%
C0203 0.291%
ZrOz 0.281%
Cr203 0.110%
Sro 0.063%
CuO 0.49%
Ac 0.039%
NiO 0.038%
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Table 4.2 shows the XRF quantitative result for soda lime silicate (SLS) glass. SLS glass
contains 59.504% of SiO: as its main composition. It also contains 36.644% of CaO and some

other elements which are in significantly small percentages respectively (63.356%).

4.3 Density
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Figure 4.1: Density of different compositions CFAS glass-ceramics at different sintering
temperature

Figure 4.1 illustrates the density pattern of CFAS glass-ceramics with different compositions
at different sintering temperature. Based on the observation in density data, B3 that containing
7.2 g of CaO and 2.4 g of CaF has the highest density, meanwhile B2 that containing 9.6 g of
CaO and not containing CaF> has the lowest density after being sintered. At room temperature,
650 °C, 750 °C, 850 °C and 950 °C, the density of B3 is 2.427 g/cm3, 2.731 g/cm3, 2.7 g/cm?,

2.686 g/cm3, and 2.706 g/cm3, respectively.
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The patterns of all batches are dramatically increased at temperature of 650 °C, then
decreased at temperature of 750 °C except for B1. This is because the heat treatment caused
the elimination of moisture in the glass ceramic sample thus increased the kinetic energy in the
particles and indirectly increased the density (Gorni G. et al, 2018). The density of B1 is
observed to be increased at room temperature to temperature of 750 °C, from 2.552 g/cm? to
2.633 g/cm3. From the temperature of 750 °C to 950 °C, all batches illustrate small density

and

changes. B2, B3,/B4 show small decrement from 750 °C to 850 °C sinter temperature and all

the batches show small increment from 850 °C to 950 °C sintering temperature.

The density increased when the sintering temperature increased but decrease after the
temperature reached 1200 °C because the elimination of CO2 gas throughout the calcite
decomposition at high temperature therefore resulted more closed pores in the glass ceramic
samples (W.N.W. Jusoh et al, 2019). Based on research, the decrease in density occurred
because of the powder agglomeration that occurred during the preparation of the glass ceramics

sample (W.N.W. Jusoh et al, 2020).

The type of binders and absorbed moisture were used during the glass ceramic samples
preparation caused a weak agglomeration that disturbs the bonds nature therefore affecting the
physical properties such as density (Ciftcioglu et al, 1987). Based on Figure 4.1, the density in
the sample is increased as it has low CaO and high CaF2 compositions. This can be clearly
observed in Figure 4.1 as B3 has lower CaO and higher CaF, compositions compared to B2.
Based on research, a glass ceramic sample which has higher CaF, composition will have a
higher density (W.N.W. Jusoh et al, 2020). This is caused by the CaF that acted as facilitator
in the process of crystallization. The viscosity of the glass ceramic samples is lowered by this
facilitator by increasing the flow of the broken electrostatic bindings existed in the composition

of glass (Mirhadi B. et al, 2012).
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4.4 Molar Volume
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Figure 4.2: Molar volume of different compositions CFAS glass-ceramics at different
sintering temperature

Figure 4.2 illustrates the molar volume of different compositions CFAS glass-ceramics
at different sintering temperature. At room temperature, B4 has the highest molar volume
which is 222.66 m*/mol then followed by B1, B2, and B3. The lowest molar volume is 206.06
m3/mol. After the glass ceramic samples were being sintered at 650 °C, the molar volume was
dramatically decreased and then showed small changes when the sintering temperature was
keep increased to 950 °C. At the sintering temperature of 650 °C, B1 has the highest molar

volume which is 195.97 m*/mol then followed by B2, B4, and B3.
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At the sintering temperature of 750 °C, B2 has the highest molar volume which is
193.62 m®/mol then followed by B1, B4, and B3. At the sintering temperature of 850 °C, B2
has the highest molar volume which is 194.56 m®mol then followed by B1, B4, and B3. At
the sintering temperature of 950 °C, B2 has the highest molar volume which is 193.99 m%/mol
then followed by B4, B1, and B3. The molar volume decrement is caused by the decrement of
interatomic spacing between atoms in the glass ceramic samples (Shahrim M. et al, 2018). The
relationship between molar volume and linear shrinkage percentage is inversely related to each

other, but different in present glass system (Noorazlan A.M. et al, 2013).
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4.5 Linear Shrinkage
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Figure 4.3: Linear shrinkage of different compositions CFAS glass ceramics at different
sintering temperature

Figure 4.3 illustrates the linear shrinkage of different compositions CFAS glass
ceramics at different sintering temperature. Based on Figure 4.3, B2 recorded the highest linear
shrinkage percentage at 650 °C sintering temperature, then followed by B4, B1, and B3. At
750 °C sintering temperature, B3 recorded the highest linear shrinkage percentage, then
followed by B1, B2, and B4. For 850 °C sintering temperature, the highest linear shrinkage
percentage recorded is B1, then followed by B3, B2, and B4. At 950 °C sintering temperature,
it is recorded that B2 is the highest linear shrinkage percentage then followed by B3, B1, and
B4.

Overall, the highest linear shrinkage percentage is recorded by B1 at 850 °C sintering
temperature which is 9.091% and the lowest shrinkage percentage is recorded by B3 at 650 °C
which is 1.487%. When the sample has higher linear shrinkage percentage, it has smaller
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volume and size (W.N.W. Jusoh et al, 2019). The rapid increase of linear shrinkage percentage
after the samples are sintered at 650 °C and 850 °C is because of the diffusion in the particles
that occurred to reduce pores and surface tension (Wah L.C, 2016). As the sintering
temperature is increased, the linear shrinkage percentage is increased as well because the
temperature increased the materials particles kinetic energy (W.N.W. Jusoh et al, 2019).

This kinetic energy caused the particles in the sample to have high vibration amplitude
and induce the diffusion of the particles. Therefore, this resulted the particles to realign
themselves into a periodic arrangement (Wah L.C, 2016) (Zaid M.H.M. et al, 2017). The
resulting sample will have crystalline and amorphous structure in the reduce of linear shrinkage
percentage (W.N.W. Jusoh et al, 2019).

The effect of different CaO and CaF. compositions in the CFAS glass ceramic samples
of B1, B2, B3, and B4 also played important role in the linear shrinkage percentage. Based on
research, linear shrinkage percentage decrease because of the high amount of CaF; as it acts as
an agent of nucleation where it encourages the formation of crystallization. Therefore, this will
increase the size of crystallization as well as the volume and size of sample.

Finally, it will decrease the linear shrinkage percentage of the glass ceramic sample
(W.N.W. Jusoh et al, 2020). Meanwhile CaO in the sample reacted to crystallize the glass
ceramics and important to contribute to the density and hardness of the sample. As CaO
increased, the crystallization activity energy decrease, but if the composition is over the limit,

it will cause defects such as lumps, holes, and cracks (Shi P. et al, 2004).

35



4.6 XRD

Table 4.3: Compositions of Li.O-Al203-SiO2 (LAS) glass-ceramics (wt. %) (Sidek et al.,
2017)

Sample | LiO2 | AlOs SiO2 MgO ZnO CaO Zr0, B20s3
LAS1 4 12 64 5.5 5.5 0 4 )
LAS2 4 12 61.9 5.5 5.5 2.1 4 5
LAS3 4 12 59.9 5.5 5.5 4.1 4 5
LAS 4 4 12 57.9 5.5 5.5 6.1 4 5

Table 4.3 shows the GC based on the Li2O-Al.03-SiO2 (LAS) were synthesized with different
CaO percentage, sintered at 800 °C (Sidek et al., 2017). Figure 4.4 shows the XRD results of
the research. All the four samples detected Li-OAI.037.5Si0O2 and ZrO> crystal phases but
CaMgSi2Oe phase is only detected in LAS1 which contains no CaO. This indicates that the
presence of CaO is important for the Lio.OAI.037.5SiO> phase formation. As can be seen in
Figure 4.4, the increment of CaO compositions in the LAS GC caused the crystal phase of
Li2OAI>037.5Si02 and ZrOz to present in downward trend and the Li2OAI>037.5Si0> phase
content is slightly increased. Therefore, we expected that the increase of CaO in CFAS may

also effect on crystalline phase of CFAS structure.
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Figure 4.4: XRD data of LAS samples with different CaO percentage sintered at 800 °C
(Sidek et al., 2017)

Table 4.4: Samples SiO.-CaO-Al>Oz at different sintering temperatures (Sidek et al., 2017)

Sample (°C) Sintering Temperature
1 27

700

800

900

1000

1100

OO BWN

In term of effect sintering temperature, we expect that CFAS will improve the microstructure
due the transformation from glass phase crystal phase. This also consistent with the increase
density, reduce of molar volume and liner shrinkage of our CFAS sample. In fact, previously
study by Almasri et al. (2017) also reported the reduction of glass phase and the increase of

phase of triclinic wollastonite (cystal phase) as the sintering temperature increased.
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Based on Table 4.4, six wollastonite-based glass-ceramic samples are sintered with different
sintering temperatures. Based on this varied sintering temperatures, XRD results are obtained

is as shown in Figure 4.5 (Almasri et al., 2017).
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Figure 4.5: XRD results for six different samples of SiO2-CaO-Al203 withdifferent

sintering temperatures (Almasri et al., 2017)

Figure 4.5 shows the present phases in the precursor glasses. All the sintering process are kept
constantly same for all samples, two hours. At room temperature, the XRD result indicated that
the GC sample is amorphous as the amorphous hump is detected at 30° of 26. At higher
temperature, the results indicated the decrement of the glassy phase. At 800°C, the high
sintering temperature caused the phase of triclinic wollastonite to nucleate. At 900°C the phase
of para wollastonite is nucleated with a little amount of nepheline phase. The nepheline is the

minor crystal phase that is detected at diffraction peak of 26 =21.31°, and 23.18° and 23.18°.

38



At 1000°C, the intensity of nepheline peak is reduced. This proved that the amount of Al>O3
and Na2O in SLS glass affect the nepheline phase product as be seen in the samples (Almasri

etal., 2017).

39



4.7 SEM

Figure 4.6: SEM images of LAS samples with different CaO percentage sintered at 800 °C
(Sidek et al., 2017)

Figure 4.5 shows the SEM images of LAS samples with different CaO percentage sintered at
800 °C. Based on the Figure 4.5, LAS1 (a) which is without CaO, it contains many pores
indicating that it has loosen microstructure. However, LAS2 (b) that contained 2.1 wt. % of
CaO based on Table 4.1, has the best microstructure among all. As the amount of CaO wt. %
increase, the number of pores decreased and exhibits a denser microstructure. But when the
CaO is continuously added more than 2.1%, the microstructure begins to deteriorate (Sidek et
al., 2017). This also consistent with our result of density, reduce of molar volume and linear
shrinkage. Therefore, we expect that the overall morphology of CFAS may having reduction

of pores as the CaO is increased.
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CHAPTER 5

CONCLUSION

5.1 Conclusion

The conclusions that can be made in this study is calcium fluoroaluminosilicate (CFAS)
bioglass-ceramic can be synthesized by varying its calcium oxide (CaO) percentage
compositions at different sintering temperatures. The GC samples are synthesized by using the
melt quenching method technique. The study of structure of the GC samples are characterized

by density, linear shrinkage percentage, molar volume and XRD.

Subsequently, the samples undergo sintering process. Based on XRF results, the
compositions can be determined. The density increased when the sintering temperature
increased but decrease after the temperature reached 1200 °C. The molar volume decrement is

caused by the decrement of interatomic spacing between atoms in the glass ceramic samples.

The relationship between molar volume and linear shrinkage percentage is inversely
related to each other, but different in present glass system. Based on the linear shrinkage results,
as the sintering temperature is increased, the linear shrinkage percentage is increased as well
because the temperature increased the materials particles kinetic energy. Based on research,
linear shrinkage percentage decrease because of the high amount of CaF- as it acts as an agent
of nucleation where it encourages the formation of crystallization. Therefore, this will increase

the size of crystallization as well as the volume and size of sample.
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5.2 Future Works

e Characterize by using Thermogravimetric Analysis (TGA) to measure the variations in

the mass of GC samples while the temperature is altered in a controlled way.

e Characterize by using Scanning in Differential Mode Calorimetry (DSC) to monitor the

variations in heat flow to and from the samples when the temperature is altered.

e Characterize by using Field Emission Scanning Electron Microscopy (FESEM) to study

the elemental information and topography of the GC samples.

e Characterize by using Fourier Transform Infrared Spectroscopy (FTIR) that uses

infrared light to observe the chemical properties and scan test the GC samples.
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Operator : noriza

Comment : Oxide, Air, 2chan

Group : easy-Air-Oxide
Date  :2021-11-1511:30:22

Measurement Condition

APPENDICES

Analyte TGkV uA FlI Acq.(keV) Anal.(keV) Time(sec) DT(%)
U oo s o ol A 10N

Na-Sc Rh 15 275-Auto---- 0-20 0.0- 4.4 Live- 100 40

Peak List

Chamel  Lie kv Netmsim)

Ti-U CaKaESC
CaKbESC
RhLa
K Ka
K Kb
CaKa
CaKb
ErLa
CaKaSUM
Ca SUM
CuKa
SrKa

8.02

221.3644
34.6328
0.2297
1.1380
0.4415
0.2418

1418 2.1231
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SrKb 15.86 0.3984
ZrKa 15.86 0.1304

RhKaC  19.12 5.5279
RhKa 20.22 9.5185
RhKbC  21.36 1.0634
- 21.88 0.6003

RhKb 22.78 1.6562

1.95 0.5620
2.29 0.0867

Na-Sc CaKaESC
CaKbESC
RhLa
PdLa
PdLgl
K Ka
K Kb
CaKa
CaKb
ScKa
ScKb
CaKaSUM
Ca SUM

2.70
2.85
3.31
3.31
358
3.70
4.03
4.09
4.49
5.32

7.40 0.4342

0.2625
0.3792
0.0095
0.1898
0.0265
63.7244
9.1631
0.0348
0.0390
0.0422

7.72 0.1209

Std.Dev. Proc.-Calc. Line

Int.(cps/uA)

Analyte Result

CaO 99.480 %
K20 0.258 %
Sc203 0.107 %
Er203 0.068 %

(0.076) Quan-FP CaKa
(0.011) Quan-FP K Ka
(0.056) Quan-FP  ScKa
(0.004) Quan-FP ErLa
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63.7244

0.1898
0.0348
0.2297



SrO 0.061 % (0.001) Quan-FP Srka  2.1231
CuO 0.022 % (0.001) Quan-FP CuKa  0.2418
Zr02 0.004 % (0.001) Quan-FP ZrKa  0.1304
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Sample :SLS

Operator : noriza

Comment : Oxide, Air, 2chan
Group : easy-Air-Oxide
Date : 2021-11-1511:37:44

Measurement Condition

Analyte TGkV uA FlI Acq.(keV) Anal.(keV) Time(sec) DT(%)
U oo ‘e o o ilioor A 10N

Na-Sc Rh 15 1000-Auto ---- 0-20 0.0- 4.4 Live- 100 35

Peak List

Chamel  Lne kv NetIbGesud)

T Ske 172 0649

RhLa 2.68 0.4372
AcMa 2.94 0.3888
AglLa 2.94 0.1455
K Ka 3.30 0.2663
K Kb 3.58 0.0373
CaKa 3.70 19.1932
CaKb 402 3.1774
ScKa 4.08 1.9485
ScKb 450 0.2728
CrKa 5.40 0.1424
FeKa 6.40 2.5155
CoKa 6.94 0.8986
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NiKa 746 0.1621
CoKb 7.64 0.1220
CuKa 8.04 0.2800
ZnKa 8.66 2.4641
ZnKb 9.58 0.4085
10.56 0.5081
AcLa 12.66 0.3509
SrKa 1416 1.1331
AcLbl 15.72 0.1687
ZrKa 15.78 5.2100
SrKb 15.84 0.3134
ZrKb 17.68 0.9422
RhKaC 19.20 10.0427
RhKa 20.24 8.4841
RhKbC 21.42 1.7445
---- 22.10 0.4255
RhKb 22.78 1.2988
Na-Sc SiKa 1.75 0.3324
CaKaESC 1.96 0.0541
S Ka 2.31 0.0230
RhLa 2.71 0.2484
2.98 0.2099
K Ka 3.34 0.0469
K Kb 3.59 0.0066
CaKa 3.71 6.6252
CaKb 4.03 1.0108
ScKa 4.09 0.0839
ScKb 452 0.0894
CrKa 5.42 0.0358
FeKa 6.42 0.4383
CoKa 6.94 0.1087

52



FeKb 7.06

ZnKa 8.64

ZnKb 9.62
Quantitative Result
Analyte Result
Si02 59.504 %
CaO 36.644 %
Fe203 1.031 %
SO3 0.771 %
Sc203 0.490 %
Zn0O 0.359 %
K20 0.330 %
C0203 0.291 %
Zr02 0.281 %
Cr203 0.110 %
SrO 0.063 %
CuO 0.049 %
Ac 0.039 %
NiO 0.038 %

0.0658
0.1958
0.0431

Std.Dev. Proc.-Calc. Line Int.(cps/uA)
(0.349) Quan-FP  SiKa  0.3324
(0.046) Quan-FP CaKa  6.6252
(0.008) Quan-FP FeKa  2.5155

(0.037) Quan-FP  SKa  0.0230
(0.020) Quan-FP  ScKa  0.0839

(0.003) Quan-FP ZnKa  2.4641

(0.012) Quan-FP K Ka  0.0469
(0.005) Quan-FP  CoKa  0.8986

(0.002) Quan-FP ZrKa  5.2100
(0.007) Quan-FP CrKa  0.1424

(0.001) Quan-FP SrKa  1.1331

(0.002) Quan-FP  CuKa  0.2800

(0.002) Quan-FP  AcLa  0.3509

(0.003) Quan-FP  NiKa  0.1621
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