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Abstract 

Bioactive glasses are ideal materials for bone scaffolds due to their bioactivity, 

biodegradability, and bone regeneration. Bioactive materials are defined as materials which 

induce specific biological activity. For bone replacement applications, this typically involves 

the formation of a hydroxyapatite (HA)-like surface layer, which is able to create a strong 

bond between the bioactive material and hard and/or soft tissue. Bioactive glasses can be 

synthesized by either melt-quenching or the sol-gel method. Sol-gel derived glasses have 

better homogeneity and higher surface area than melt-derived glasses, which increases the 

bone bonding rate. The sol-gel process is a wet synthesis method based on the hydrolysis and 

condensation of a metal-alkoxide solution. Hydrolysis of metal-alkoxides first produces ionic 

species, which form a colloidal solution of cross-linked polymers. Then polycondensation 

reactions between the network polymers produce a gel. The gel is dried to remove the solvent 

and form a xerogel. To eliminate organic materials, as well as to stabilize the glass structure, 

the xerogel particles are usually heated from 600 to 700 oC, which is referred to as calcination. 

This step produces brittle glass aggregates.  

Along with the correct composition of the biomaterial, the design of the scaffold geometry is 

very important, due to the need to produce the correct structural and geometrical properties. 

The production of a complex shape with fine detail and control of pore interconnectivity, size, 

and overall porosity of the scaffold is not possible with traditional manufacturing methods. 

The development of 3D printing or additive manufacturing (AM) has facilitated the ability to 

produce complex 3D scaffolds in a layer-wise manner. However, 3D printing of ceramics and 

glasses has remained a significant challenge due to the need for subsequent processing to 

attain a useable part. The main goal of this study is to produce a porous 3D printed bioactive 

ceramic scaffold with excellent bioactivity/biodegradability as well as high compressive 

strength. 

Based on the results, low-temperature crystallization was found to have occurred in the 

structure of samples after calcination. Electron microscopy elemental mapping revealed 

segregation of calcium phosphate from silica first occurs during the gelation step. However, 

the addition of citric acid to sol successfully prevented segregation and low-temperature 

crystallization was avoided. The resultant compressive strength of the sintered materials 

prepared from the amorphous glass was 20 MPa, compared to only 16 MPa when the partially 

crystallised glass (i.e. glass-ceramic) was used. Hence, via the simple addition of citric acid 
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to sol, segregation and subsequent low-temperature crystallization were prevented, resulting 

in 25% stronger post-sintered glass. 

Different dehydration methods (oven, vacuum, and freeze drying) could not avoid the low-

temperature crystallization. However, the phases formed had similar XRD patterns but 

different morphologies and textural properties. The freeze-dried 58S glass-ceramics showed 

the highest BET surface area amongst the samples. Although all samples were bioactive, in-

vitro bioactivity of fully amorphous 58S occurred predominantly via calcium carbonate 

formation on the surface of the glass. In case of 58S glass-ceramics, a layer of hydroxyapatite 

also formed alongside the calcium carbonate. The fully amorphous 58S had the lowest 

network connectivity and showed the highest biodegradability rate. 

In-vitro characterization showed that all calcinated samples (glass and glass-ceramics) and 

sintered ceramic scaffolds were bioactive. However, the rate of bioactivity after immersion 

for 28 days in simulated body fluid (SBF) was different. The in-vitro bioactivity and 

biodegradability rate of the sintered samples produced from the glass-ceramic was higher 

than the samples from glass powder. Therefore, crystallisation during calcination at 600 oC 

reduces the compressive strength of the sintered pellets produced from calcinated powder but 

increases their bioactivity and biodegradability. 

Three-dimensional porous bioactive ceramic scaffolds with a woodpile structure were 

successfully printed using 3D printing and sintered at 1100°C for 5h. Electron microscopy 

confirmed effective sintering with a high level of densification. Micro-CT results showed that 

the sintered scaffolds had interconnected macropores and 17% overall porosity. The average 

equivalent pore diameter in the structure was 556±87 µm. The average compressive strength 

of the scaffold was 75 ± 6 MPa which indicates promise for bone replacement applications. 

The findings from this work show that 3D printing is a promising method for fabrication of 

the porous, sol-gel derived bioactive ceramic scaffolds which have high compressive strength 

and excellent bioactivity/biodegradability and could be used in bone regeneration 

applications. 
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This thesis aims to develop a porous 3D printed bioactive ceramic scaffolds with excellent 

bioactivity, biodegradability, and high compressive strength which could be used in a range 

of bone repair applications. For this thesis, the hypothesis is that a porous 3D printed bioactive 

ceramic scaffolds with excellent bioactivity, biodegradability, and high compressive strength 

can be produced from appropriately synthesized bioglass. 

This thesis begins with a review of the relevant literature in Chapter 2, which includes the 

historical background of bioactive glasses, applications of bioactive glasses and additive 

manufacturing.  

Chapter 3 covers the methodology including synthesis glass and glass-ceramics, calcination, 

sintering, characterisation techniques used, and preparation of bioactive glass paste for 3D 

printing and the 3D printing itself. 

Chapters 4 – 8 present publications resulting from my PhD studies. 

The aim of chapter 4 is to increase the knowledge about the formation of low-temperature 

crystallization in the 58S bioactive glass structure and to understand if the low-temperature 

crystals affect sintering and the compressive strength. The hypothesis in this chapter is that 

the low-temperature crystallization in the 58S bioactive glass affects sintering mechanisms, 

and through this the compressive strength of the final material. Chapter 4 is “Effect of Low-

Temperature Crystallization on 58S Bioactive Glass Sintering and Compressive Strength” 

published in the Ceramics International Journal. In this study, amorphous 58S was 

synthesized using a simpler route than previously reported. The addition of citric acid was 

required to suppress low-temperature crystallisation, and this was added to the sol and 

conventional sol-gel methods used. Previous work required significantly more complex self-

propagating combustion. It was found that the compressive strength of the homogenous glass 

prepared with citric acid was 20 MPa, compared to only 16 MPa in the glass prepared without 

citric acid. Electron microscopy elemental mapping revealed segregation of calcium 

phosphate from silica first occurs during the gelation step. These results confirm that a simple 

addition of citric acid to the sol prevents segregation and low-temperature crystallization, 

resulting in 25% stronger post-sintered glass. 

Chapter 5 is “The effect of drying method on the surface structure of mesoporous sol-gel 

derived bioactive glass-ceramic” published in IOP Conference Series: Materials Science and 

Engineering. This chapter investigates whether different dehydration methods modify the 

morphology of the low-temperature crystals, as well as the surface structure of the particles 



3 

 

(hypothesis). Mesoporous bioactive 58S glass-ceramics (60SiO2-36CaO-4P2O5 (mol.%)) 

were synthesized using the sol-gel process. The effect of different drying methods (oven-

drying, freeze drying, and vacuum drying) on the structure of 58S bioactive glass-ceramic 

was investigated. SEM images of the samples after drying revealed an agglomeration of 

particles in oven-dried sample, cracks in the freeze-dried material, and a highly rough surface 

on the vacuum-dried particles. After calcination, all samples were partially crystallised, with 

the oven and vacuum-dried material containing flake-like crystals, while freeze-drying 

produced areas that look similar to the oven-dried samples as well as different crystalline 

morphology regions. The nitrogen isotherms of all samples calcinated at 600 oC indicated that 

a mesoporous structure formed. The BET surface area of the freeze-dried material after 

calcination was greater than after either oven or vacuum drying. Hence, it is apparent that the 

method of solvent extraction from the gel has a significant effect on morphology and surface 

properties for the resultant bioactive glass-ceramic. 

The aim of chapter 6 is to focus more on the 58S glass and glass-ceramics calcinated powder 

properties such as crystallinity, textural, and structural properties and to understand their 

effects on bioactivity of the 58S glass and glass-ceramics. It also increases our knowledge on 

the effect of the different drying techniques on the prevention of the low-temperature 

crystallization. In chapter 6, the hypothesis is that the crystallinity, textural, and structural 

properties of the 58S glass and glass-ceramics effects bioactivity. This chapter also shows 

how drying techniques can prevent low-temperature crystallization. Chapter 6 is “Effect of 

Crystallinity, Textural, and Structural Properties on the Bioactivity of 58S Mesoporous Glass 

and Glass-ceramics” submitted to the Acta Biomaterialia Journal. Based on these results, a 

low-temperature crystallization occurred after calcination and was not affected by the 

dehydration method (oven, vacuum, and freeze drying). The calcium phosphate crystals that 

formed produced the same XRD patterns but had different morphologies and textural 

properties depending on the drying method. The freeze-dried 58S glass-ceramics showed the 

highest BET surface area amongst the samples. The addition of citric acid to 58S sol not only 

produced an amorphous structure but also one with the lowest network connectivity. 

Although all samples were bioactive, in-vitro bioactivity of fully amorphous 58S occurred 

predominantly via calcium carbonate formation on the surface of the glass. In case of the 58S 

glass-ceramics, a layer of hydroxyapatite also formed alongside the calcium carbonate. 

Hydroxyapatite crystals formed during the in-vitro bioactivity had a variety of morphologies 
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including cauliflower, needle-like, rode-like, and plate-like shapes. The fully amorphous 58S, 

which had the lowest network connectivity, showed the highest biodegradability rate. 

Chapter 7 is “Bioactivity and Biodegradability of High Temperature Sintered 58S Ceramics” 

published in the Journal of the European Ceramic Society. The aim of this chapter is to 

improve our knowledge on the in-vitro bioactivity and biodegradability of high temperature 

sintered 58S ceramics, which were produced from fully amorphous (glass) calcinated powder 

or partially crystallised (glass-ceramic) calcinated powder. In chapter 7, the hypothesis is that 

fully amorphous (glass) calcinated powder has better in-vitro bioactivity and biodegradability 

than partially crystallized (glass-ceramic) calcinated powder due to the lower chemical 

stability of the structure. In this study, 58S bioactive glass (fully amorphous) and glass-

ceramics (partially crystallized) were synthesized by the sol-gel process and post heat treated 

to 600 oC for 3h (calcination). In-vitro bioactivity of the calcinated powders was examined 

and the bioactivity rate of glass and glass-ceramics compared. Samples were then sintered at 

1100 oC for 5h to create a ceramic (fully crystallized) scaffold and their compressive strength 

and in-vitro bioactivity and biodegradability were investigated. In-vitro characterization 

showed that all calcinated samples (glass and glass-ceramics) and sintered ceramic scaffolds 

were bioactive. However, the rates of bioactivity after immersion 28 days in simulated body 

fluid (SBF) were different. The in-vitro bioactivity and biodegradability rate of the sintered 

samples produced using the glass-ceramics powder were higher than the samples made from 

the fully amorphous powder. Therefore, it was concluded that crystallinity after calcination 

at 600 oC for 3h increases the bioactivity and biodegradability. 

Chapter 8 is “3D printing of Porous 58S Bioactive Ceramic Scaffold” to be submitted to the 

Journal of the European Ceramic Society. This chapter brings together knowledge gained in 

all previous chapters to produce an outcome that satisfies the aims of the thesis which is to 

develop a porous 3D printed bioactive ceramic scaffolds with excellent bioactivity, 

biodegradability, and high compressive strength which could be used in a range of bone repair 

applications. In this chapter, the knowledge gained in the processing of the bioactive glass 

developed in the previous chapters is extended to its use in 3D printing. Based on the results 

from previous chapters, O-58S-C (oven-dried 58S with citric acid addition) was chosen as 

the calcinated powder to study the printability of O-58S-C powder to create a 3D porous 

strength scaffold.  Three-dimensional bioactive ceramic scaffolds with a woodpile structure 

were successfully built using robocasting. To fabricate the paste for robocasting, mesoporous 

bioactive 58S glass (60SiO2, 36CaO, 4P2O5 mol.%) which was synthesized using the sol-gel 
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process, was mixed with carboxymethyl cellulose (CMC) as a binder. After robocasting, the 

3D printed scaffolds were dried and then sintered at 1100 oC for 5h. The sintered scaffolds 

were characterized by scanning electron microscopy (SEM) and nitrogen sorption 

porosimetry (BET). The compressive strength and porosity percentage of the sintered 

scaffolds were also examined. Electron microscopy confirmed effective sintering with a high 

level of densification. Micro-CT results showed that the sintered scaffolds had interconnected 

macropores and 17% overall porosity.  

The average equivalent pore diameter in the structure was 556±87 µm. The average 

compressive strength of the scaffold was 75 ± 6 MPa which indicates promise for bone 

replacement applications. This study shows that 3D printing is a method for fabrication of the 

sol-gel derived bioactive ceramic scaffolds with high compressive strength in bone 

regeneration applications. 

Chapter 9 summarises the key findings of this thesis. An outlook on the field of 3D printed 

porous bioactive ceramic scaffolds follows with suggestions for future work. 
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2.1. Bioactive glasses 

Bioactive materials are defined as materials which induce specific biological activity. For 

bone replacement applications, this typically involves the formation of a hydroxyapatite 

(HA)-like surface layer [1], which creates a strong bond between the bioactive material and 

hard and/or soft tissue [1–4].  

The original bioactive glass had the chemical composition of 46.1 SiO2, 24.4 Na2O, 26.9 

CaO, and 2.6 P2O5 (all in mol.%) and was invented by Professor Larry Hench at the 

University of Florida in 1969. This system was very close to ternary eutectic of SiO2-Na2O-

CaO (Figure 2.1), later named 45S5 or Bioglass® (NovaBone Products, LLC., Alachua, 

Florida). Bonding of 45S5 to bone is so strong that its removal usually results in the breaking 

of the bone.  

 

Figure 2.1. Ternary compositional diagram of the SiO2-Na2O-CaO system [5]. 

Two common methods have been used to evaluate the in-vitro bioactivity of bioceramics for 

the bone repair applications. One of them is to evaluate the apatite formation ability by 

immersion bioceramics in SBF. The other one is to evaluate the effect of bioceramics on 

osteogenic differentiation using cell experiments. Although the latter is perhaps closer to what 

may be experienced in-vivo, the former method is a widely accepted, efficient method to 

investigate the in-vitro bioactivity of silicate-based bioceramics [2,3,4,5].   

In the absence of cells, bonding of bioactive glass to bone occurs through a 5-stage process, 

which ends in the formation of a hydroxycarbonate apatite (HCA) layer on the glass surface 

[1,2,4]. The stages for a silicate-based glass are: 
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1) Cation exchange: in this stage monovalent and bivalent cations (for example: Na+ and 

Ca2+) from the glass and H+ from the solution are exchanged and result in formation of 

silanol bonds (Si-OH) on the surface of the glass according to the Reaction 2.1. 

Si  ̶  O¯ Na+ + H+ + OH¯ → Si  ̶  OH+ + Na+ (aq) + OH¯                  Reaction 2.1. 

The solution pH increases, and a silica-rich layer is formed near the glass surface as a 

result of cation depletion. If the glass contains phosphate, these ions are also released. 

The bivalent cations (e.g. Ca2+) have stronger bonding to the glass network and 

therefore release at a slower rate than monovalent cations.   

2) The silica glass network is attacked by the OH¯ due to the local pH increase. Si  ̶  O  ̶  

Si bonds are broken and Si  ̶  OH forms at the interface of solution and glass as shown 

in Reaction 2.2.  

Si  ̶  O  ̶  Si + H2O → Si   ̶ OH + OH  ̶  Si                                             Reaction  2.2. 

3) Condensation and the poly-mineralization of the silanol groups (Si-O-H) occurs 

through the third stage due to the reaction and condensation of the hydroxyl groups. As 

a consequence, a silica-rich amorphous layer (silica gel) is formed. This layer can 

absorb ions from the solution and is the site where precipitation of HA occurs. 

4) Calcium (Ca2+) and phosphate (PO4
3-) ions from the solution migrate into the silica-rich 

layer and form an amorphous CaO-P2O5. This amorphous CaO-P2O5 film then begin to 

crystallize.  

5) Crystallization of CaO-P2O5 film to HA. The formed HA may not be stoichiometric 

(HA; Ca10(PO4)6(OH)2) because of probable presence of additional ionic species in the 

solution, such as carbonates and F¯ ions, which can also migrate from the solution into 

the gel. Therefore, a mixed non-stoichiometric apatite usually crystallizes over the glass 

surface [2,4].      

The rate of HA layer growth on the bioactive glass surface determines both in vitro and in 

vivo bioactivity, which strongly depends on the chemical composition of that glass [2,3].  

2.2. Main types of bioactive glasses 

There are three main types of bioactive glasses, which are classified based on their glass 

network former: i.e. silicate, phosphate, and borate glasses. Bioglasses are often doped with 

certain elements which are known to help keep the amorphous structure of the glass can 

provide be used to tailor the properties. Therefore, different glasses with distinct properties 
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can be synthesized by varying the network formers, network modifiers, dopants, and molar 

ratios [2].    

2.2.1. Silicate based bioactive glasses 

Despite about 50 years of research, the original Bioglass 45S5 is still one of the most bioactive 

of the melt-derived glasses and remains the gold standard. Despite the excellent properties, 

45S5 has several main problems, such as poor workability and slow degradation rate. For 

example, the relatively small difference between the glass transition temperature (the 

temperature at which the viscosity of glass becomes equal to 1013 P [6]) and onset of 

crystallization, limits the amount of sintering that is possible via viscous flow. Therefore, it 

is common that the 45S5 is partially crystallized during sintering, which results in a decrease 

in the bioactivity. Melt-derived S53P4 glass (53.8 SiO2, 21.8 CaO, 22.7 Na2O, and 1.7 P2O5 

mol.%) [4] has a similar problem with sintering [1,2]. Several alternative compositions have 

been designed with a larger working range than 45S5. One of them is 13-93 (54.6 SiO2, 22.1 

CaO, 6 Na2O, 1.7 P2O5, 7.9 K2O, 7.7 MgO mol.%) [4], which was developed from 45S5, but 

has a higher SiO2 content and additional network modifiers, such as K2O and MgO. Although 

13-93 has a better viscous flow sintering behaviour and thus can be sintered to a high density 

without any crystallization, its degradation rate is slower than 45S5 [1,2]. A slow degradation 

rate and a slow conversion to an HA-like layer leads to difficulties in matching the rate of 

glass degradation to that of new tissue formation. If unconverted glass remains in the body, 

long-term side effects such as cytotoxicity, reactive oxygen species (ROS) generation, and 

oxidative stress in a dose-dependent manner may result [7]. 

2.2.2. Phosphate based bioactive glasses 

Phosphate based glasses were originally developed in the 1980s, with the aim of producing a 

material that could be completely resorbed when implanted in the body. P2O5 is a glass 

network former which can slowly dissolve in aqueous media. The asymmetry of the structural 

tetrahedral [PO4] units decrease the stability of the glass and leads to easy hydration of the P-

O-P bonds. It is possible to control the dissolution rate of the phosphate glass from few hours 

to months by modifying the composition through additions of dopants such as TiO2, CuO, or 

Fe2O3. In order to design a glass with antibacterial properties, copper, silver, gallium, and 

zinc can be incorporated into the glass network [2]. Since phosphate glasses have a more 

linear degradation rate [8] than the silicate based glasses, the release of these therapeutic ions 

from the phosphate glasses would also be much more linear [8].  
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One of the metal ions that has a significant effect on dissolution rate of phosphate glasses is 

strontium. Strontium ranelates (complex strontium salts) are used as a treatment for 

osteoporosis due to its bone forming effects. The human body readily absorbs strontium due 

to its similarity with calcium [2]. Mohamed Atef Cherbib et al. [9] investigate the effects of 

substitution Na2O with SrO in a phosphate based glass and found that the density and glass 

transition temperature were increased. In contrast, the dissolution rate of glass is decreased. 

This indicates that substitution Na2O with SrO creates a stronger glassy network with higher 

chemical durability because P-O-Na bonds which are sensitive to the hydration process, are 

replaced with stronger P-O-Sr bonds [9].   

2.2.3. Borate based bioactive glasses 

The first biomedical borosilicate glasses were designed in the 1990s and investigated the 

effects of B2O3 and SiO2 as co-former oxides. 45S5 glasses in which the SiO2 was partially 

or wholly substituted with B2O3 were shown to have higher reactivity and faster bone in 

growth in vivo than 45S5.  The fully borate glasses were converted into HA in less than four 

days while a silica-rich core remained in partially substituted glasses, even after several 

weeks. Borate and borosilicate glasses can convert to HA in aqueous media faster than 

conventional silicate glasses due to the lower chemical stability of the structure. Although the 

bioactivity mechanism is the same for both silicate and borate glasses, a borate-rich gel layer 

forms instead of silica-rich gel layer. Borate glasses also have a lower glass transition 

temperature than the silicate ones [2] and in contrast to silicate glasses, the glass transition 

temperature is increased by adding the correct amount of network modifiers to borate glasses. 

This is because the structure of borate based glasses is changed from BO3 triangles to BO4 

tetrahedrals, which results in formation of more compact and rigid regions in the structure 

[10,11]. The increase in glass transition temperature upon addition of network modifier to 

borate glasses is important because increasing glass transition temperature means that the 

formation of an amorphous solid structure can be more easily achieved during the cooling 

from the melt [12]. Borate based systems also have the advantage of being more easily 

sintered than the silicate based ones because of better viscous flow [2]. For the manufacturing 

of a biomedical scaffolds, the good sinterability of the borate glasses makes them highly 

suitable materials with acceptable mechanical properties for use in bone repair applications 

[1,2]. However, the fast conversion of borate glasses to HA leads to a significant decrease in 

compressive strength. For example the compressive strength as-sintered 13-93B1 (34.4 SiO2, 



11 

 

19.9 B2O3, 19.5 CaO, 11.7 K2O, 5.8 Na2O, 4.9 MgO, 3.8 P2O5 wt.%) [1] scaffolds decreases 

from about 6.4 MPa to 1 MPa over 30 days [1].     

Borate glasses can be used as a substrate for drug release in the treatment of bone infection. 

One of the potential down sides of borate glasses is related to possible toxicity. Borate glasses 

can show in vitro cytotoxicity in static conditions, but the same effect is not seen when the 

test is performed in dynamic situations or in vivo because borate ions are diluted. It has been 

shown that provided the (BO3)3- ion concentration is under 0.65 mM, there is no toxic effects 

on the cells [1,2]. 

2.3. Bioactive glass fabrication methods 

Bioactive glasses can be synthesized via two main methods of melting and sol-gel. The former 

is the more traditional technique, and the latter has drawn attention in two last decades due to 

higher surface area and better degradability of the powders. The synthesis method can provide 

bioactive glass with different properties. These two main methods are discussed below. 

2.3.1. Melting 

In this method, high purity raw materials, usually in form of granulates or powders, are mixed 

in a crucible and then heated in a furnace to high temperature (typically more than 1300 oC). 

To prepare a bulk piece of glass, the molten material is cast into a graphite mold in air. In 

contrast, quenching into water produces frits [13]. Melt derived glasses containing more than 

60 mol.% SiO2 cannot bond to bone. This low bioactivity is due to the high glass network 

connectivity, lower surface area, and slow dissolution rate [14]. 

Viscosity is an important factor to produce melt derived glasses. Low viscosity allows trapped 

gasses within the melt to be removed, resulting in better homogeneity [3].  

2.3.2. Sol-gel 

Sol-gel processes allow the synthesis of high purity bioactive glasses at much lower 

temperatures and can overcome the problem of easy crystallization that can occurs during 

melt processing of some compositions. Sol-gel is a wet synthesis process in which metal-

alkoxide solutions are mixed to form a low viscosity sol. In a silica based glass, hydrolysis of 

silicon alkoxide (TEOS) leads to the creation of silanol groups [Si(OH)4] and then Si-O-Si 

bonds as the result of the interaction between silanol groups and then condensation of the 

product (Figure 2.2). The gelation time is a function of solvent concentration, alkoxide nature, 
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and the water content [3]. After drying the gel, a heat treatment is performed which removes 

the organic phase after which the gel turns to a glass. The heat treatment temperature should 

be below the onset of crystallization temperature (dependant on the chemical composition but 

typically ~ 700 oC) in order to maintain the amorphous structure of the glass [2,4].  

 

Figure 2.2. Hydrolysis of Si(OH)4, condensation, polycondensation and formation of Si-O-Si bonds 

in sol-gel process [3]. 

Several factors such as pH, composition, temperature, precursor, catalysis, and ion 

concentration, water/TEOS molar ratio influence the physical and chemical properties of the 

sol-gel bioactive glass due to different kinetics of hydrolysis and condensation. The behaviour 

of the TEOS-based sol and gel are dependent on the pH of the solution [3]. This behaviour 

has been divided into 3 regions: pH<2, pH 2-7, and pH>7. At pH = 2, the surface charge 

(point of zero charge, PZC) and electrical mobility of silica (isoelectric point, IEP) are zero, 

while the solubility and dissolution rates of silica are maximized and the silica particles are 

ionized above pH 7, which leads to growth of particles without gelation (Figure 2.3) [15].   
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Figure 2.3. Effects of pH in the colloidal silica-water system [15]. 

Sol-gel glasses containing more than 60 mol.% SiO2 and even to 90 mol.% silica are bioactive 

due to the outstanding textural properties and higher surface area compared with melt-derived 

glasses [2,4]. Another advantage of the sol-gel process is that generally fewer components 

are used than during melting. For example, Na2O is often added to melt derived glasses as a 

flux to reduce the melting point and improve the processability [4]. Such additions are 

unnecessary in sol-gel processes.  

A schematic diagram of the main stages in melting and sol-gel process is shown in Figure 

2.4. 

 

Figure 2.4. Schematic diagram of the main stages in melt-prepared (MPG) and sol-gel (SGG) 

process [13]. 
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2.4. Mesoporous bioactive glasses 

Mesoporous bioactive glasses (MBGs) were originally developed in 2004 [16]. These can be 

synthesized via a combination of sol-gel and surfactant templating methods and have a highly 

ordered mesoporous channel structure with a pore size ranging from 2 to 50 nm [3,17]. The 

International Union of Pure and Applied Chemistry (IUPAC) has adopted the Greek prefix 

of meso, means “in between”, to define porous materials having pore sizes in between 

micropore, <2 nm, and macropore, >50nm [18]. Compared to non-mesoporous bioactive 

glass (NMBGs), the higher surface area and pore volume of MBGs make them better 

materials in both bone tissue engineering and drug delivery applications due to higher kinetic 

deposition process of HCA and higher bone-forming activity [16]. 

Incorporating structure directing agents (SDA e.g. Pluronic P123, F127, CTAB) into the sol-

gel reaction system can produce well-ordered mesoporous structures [17]. These surfactants 

act as micelles and then link with the hydrolyzed precursors (e.g. TEOS and TEP) to form an 

ordered mesophase. After gelation and drying, these surfactants are removed during the 

calcination step to produce MBGs with a well-ordered mesoporous structure [3,17]. Figure 

2.5 shows the schematic of mesoporous silica formation with incorporating surfactant. 

Several factors such as surfactant chemistry (ionic, non-ionic), surfactant concentration, 

organic/inorganic phase volume ratio, temperature, and pH of the sol affect the porosity [3].  

 

Figure 2.5. Schematic of mesoporous silica formation with incorporating surfactant [18]. 
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2.5. Ion-doped bioactive glass 

Traditional bioactive glasses have several disadvantages including rapid degradation in the 

body as a result of its high solubility and low fracture toughness. The rapid degradation means 

that there is a localised increase in the concentration of ions which can interfere with the 

formation of new bone. One approach to improve the properties and clinical abilities of 

traditional bioactive glasses is to incorporate different ions such as silicon, boron, phosphate, 

calcium, strontium, zinc, and magnesium into their structures. The biological response of 

human cells to these ions is discussed in detail below [3,19].  

Silicon has an essential role in bone-calcification and the bone-forming metabolic process. 

During early stages of bone matrix calcification, high Si concentrations induce 

hydroxyapatite precipitation onto the matrix. Dietary Si intake can elevate the bone mineral 

density (BMD) in men and premenopausal women. Additionally, Si supplementation can 

positively affect BMD by reducing bone resorption. Osteogenesis and angiogenesis can also 

be stimulated by silicon dissolution from a bone repair scaffold [20,21]. 

Boron is a crucial trace dietary element which has a relatively higher concentration in hard 

tissue (including bone) than in soft tissue. It has been demonstrated that boron affects the 

RNA synthesis in fibroblast cells and can be considered as a potential stimulating agent for 

bone. Boron has shown to have a positive therapeutic effect at moderate concentrations for in 

vitro bone growth stimulation [21]. 

Phosphate and calcium are the main components of biological apatite, the inorganic phase of 

human bone, and plays an essential role in bone formation and resorption. Calcium affects 

both osteoblast (bone forming) and osteoclast (bone resorbing) cells in vitro [20,21]. Low 

concentrations of calcium (2-4 mmol) [20] in the extracellular matrix favour osteoblast 

proliferation. In contrast, higher calcium concentrations (>10 mmol) [20] are cytotoxic [20]. 

Calcium signalling also regulates bone resorbing osteoclast function. It is implicated in 

osteoclast formation, motility, resorptive function, detachment from bone, and apoptosis 

(death of cells) [21].    

Strontium is an essential trace element in human body which shows positive effect on bone 

compression strength [3]. Strontium renalate is a drug used to treat and inhibit osteoporosis 

with dual functions of decreasing bone resorption by osteoclast cells and increasing bone 

formation by osteoblast cells [21]. Since strontium resembles calcium structurally, physically, 
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and chemically, a high concentration of strontium can accumulate in bone and displace 

calcium in hard tissue metabolic processes [19]. Strontium is heavier and slightly larger than 

calcium which can influence the doped bioactive glass properties. For example, replacing 

calcium with the same weight percentage of the heavier strontium decreases the number of 

atoms in the glass structure, which results in reduced solubility and lower bioactivity. In 

contrast, strontium ions being slightly larger than calcium induces stress in the glass structure, 

which can increase the ion dissolution rate [3,19]. Therefore, the substitution of atoms 

controls degradation rate, ion release, and apatite formation which result in regulation of 

osteoblast and osteoclast activity [22]. Doping Sr in a bioactive borate based glass causes 

both a reduction in boron release rate and also enhanced adhesion with osteoblast-like cells, 

which improves the cytopcompatibility of borate glass [3,19]. Based on a recent study, cobalt 

and strontium co-doped bioglass have been shown to have the combined osteogenic effect of 

strontium and the angiogenic effect of cobalt ions in bone regeneration [23].    

Zinc is an essential trace element which has a basic role in both in vitro and in vivo bone 

formation. A zinc deficiency can cause retardation in skeletal growth and alteration in bone 

tissue calcification [19]. However, zinc also has antibacterial properties against 

straphylococcus aureus [3] and can act as an antioxidant and anti-inflammatory agent against 

several chronic diseases such as cancer and immunological disorders [21]. Zinc doped 

bioactive glass has been shown to have higher nucleation sites for the formation of calcium 

phosphate after soaking in SBF solution, as a result of higher surface area [19]. Based on 

Shahrabi et al. [24], Zn ions which have been substituted for calcium ions in a glass structure 

can act as a network former but decrease the glass transition temperature. The reason behind 

this is likely due to tetrahedral ZnO4
2- formation which attracts calcium ions to balance the 

charge. This charge balancing removes cations from the silica network and increases the 

number of bridging oxygen atoms. Since newly formed Si-O-Zn bonds have significantly 

lower strength than Si-O-Si, Zn doped glasses have a lower glass transition temperature with 

a weakened network [24]. The schematic of this glass structure is shown in Figure 2.6. 
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Figure 2.6. Schematic of tetrahedral ZnO4 units charge balanced by calcium ions in a Zn doped 

silicate based glass structure [24]. 

Magnesium is essential for bone metabolism and can have a stimulating effect on new bone 

formation. Low levels of magnesium in the body have been linked to osteoporosis, due to a 

decrease in bone formation [21]. Magnesium can act as network former or network modifier 

in a glass structure. Although several theories (e.g. Rawling model based on ionic potential, 

Strand model based on structural parameter, and inorganic polymer theory based on the 

network connectivity) have been proposed to explain the role of Mg additions on the 

bioactivity of glass, all of them have failed to accurately explain the glass bioactivity and 

predict the structural role of MgO [19]. 

2.6. In-vitro Bioactivity and biodegradability of glass and ceramics 

Bioactivity (bone bonding ability) and biodegradability are fundamental features for 

biomaterials used in bone tissue biomedical applications. In-vitro bioactivity of a glass is 

evaluated by immersing the glass particles, discs, or porous scaffolds in an aqueous phosphate 

solution such as SBF at 37 oC then monitoring hydroxyapatite formation on the surface of the 

glass after a certain amount of time. In-vitro biodegradation is determined by measuring the 

weight loss of the glasses as a function of time immersed in the aqueous phosphate solution 

[4]. Understanding the degradation and dissolution of bioactive glass and glass-ceramics are 

crucial as different applications require certain durability. For example, faster 

biodegradability promotes creation of a new bone while aluminosilicate glass compositions 

used for radiotherapy must be as durable as possible [5]. 

When bioactive glasses are implanted into the bone defect site, ion exchange reactions take 

place between the glass surface and the surrounding biological fluid due to high reactivity of 

these glasses, leading to the formation of a bone-like apatite layer on the implant surface [6,7]. 

Presence of crystals in the structure could reduce dissolution rate and ion exchange which 

results in a delay in formation of apatite layer on the glass-ceramic surface [6]. However, 
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crystallization can improve mechanical properties of the biomaterial [2,8]. Many factors such 

as chemical composition, network connectivity, surface morphology, shape and size of 

samples can affect the bioactivity and biodegradability of a glass and glass-ceramic [5,9]. 

Chemical composition of bioactive glass (amorphous) and glass-ceramics (semi-crystalline) 

has significant effect on their bioactivity and biodegradability [5]. Glass and glass-ceramic 

compositions are mainly based on silicate, phosphate and borate systems [10]. For example, 

presence of CaO in silicate-based glass compositions is essential to create a bioactive 

structure. The third component can be P2O5 which bond with calcium and form calcium 

phosphate nuclei. Reactivity of glasses in contact with physiological fluids can be completely 

modified by calcium phosphate nuclei [11].    

Network connectivity of a glass is one of the most important structural parameters which 

depends on composition and affects bioactivity and biodegradability. The network 

connectivity is determined by the average number of bridging oxygen atoms bond to a 

network forming cation such as Si. Bridging oxygen atoms are chemically bond to two 

network polyhedral like Si-O-Si. Network modifying cations such as calcium can break Si–

O–Si bonds and form non-bridging oxygen (Si-O) and decreasing the network connectivity. 

Higher network connectivity shows a well-connected glass network which reduces 

dissolution rate, bioactivity, and biodegradability of a glass in contact with physiological fluid 

[5,12,13].  

Melting process and sol-gel method are the main techniques to synthesize bioactive glass and 

glass-ceramics. Sol-gel method which involves hydrolysis, polycondensation, gelation, 

aging, drying, and calcination steps, provides a bioactive glass with higher surface area, 

higher purity and more homogeneity than the melt-derived glasses [2]. Textural properties of 

a biomaterials including surface area, pore size, and pore volume can modify bioactivity and 

biodegradability rate [14]. Higher surface area and meso-structure (2-50 nm) are generally 

favourable for bioactive glass and glass-ceramics [11]. Nano pores present in sol-gel derived 

bioactive glasses lead to speed up ion exchange between the glass and physiological fluid and 

therefore accelerate biodegradation and hydroxyapatite formation [2,14]. 

2.7. Bioactive glass scaffolds 

Bioactive glass can be in different forms of powders, granules, dense pieces, coating, and 

porous scaffolds [12], depends on the applications where mechanical properties would be an 



19 

 

essential property. Scaffolds in biomedical applications should provide suitable mechanical 

properties close to the host tissue, besides their bioactivity and biocompatibility [1]. Low 

mechanical strength of bioactive glass scaffolds can be improved by heating the material 

above their transition glass temperature (sintering process). By heating, the particles are able 

to fuse together and create a stronger scaffold. However, high temperature sintering increases 

the risk of crystallization which lead to restrict the process of ion exchange and therefore 

delayed the formation of apatite layer [14]. Therefore, sintering at lower temperatures and for 

shorter times is desired as bioactivity and biodegradability can decrease with increasing the 

sintering temperature [14]. However, the design of the scaffolds is outside of the scope of this 

thesis. 

2.8. Applications of bioactive glasses 

Bioactive glasses are currently being used in several applications including repair of large 

bone defects [2], wound healing [25], interfacial hard-soft tissue engineering [26], diabetic 

foot treatment [27], controlled drug delivery [28], and bone tumour therapy [29]. A few of 

the potential applications are discussed below.  

2.8.1. Bone tumour therapy 

An application of biomedical bioactive glass is in the treatment of bone tumours, which have 

a significant impact on the quality of life for patients. To date, surgical resection, 

radiotherapy, and chemotherapy are mainly used to treat bone tumour. However, as detailed 

below, these methods usually have severe side effects. Hence the development of a new 

treatment with low toxicity and high efficiency is vital. Some of the new treatments are below: 

2.8.2. Chemotherapy with targeted drug delivery 

Chemotherapy is one of the main therapeutic treatments for cancer. In conventional 

chemotherapy, <1% of the drug reaches the tumour cells with other 99% having negative 

effects on healthy tissue [30]. Therefore, in order to deliver the correct drug dosage to the 

tumour cells, a large volume of drug is required, which usually leads to severe side effects 

[30]. There are three key parameters for chemotherapy treatment: amount of the drug 

administered, time between dosage administration, and total period of treatment. Extending 

the period of treatment as well as shortening the time between doses can result in overdose 

and damage to the patient. Low or widely spaced doses can also result in ineffective treatment 
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[31]. Tablets and capsules, for examples, have a relatively fast initial drug release rate, which 

causes a rapid increase in the drug concentration of the bloodstream. This fast release is 

proceeded by a rapid drop in drug concentration which shortens the effective treatment time. 

For multiple doses, if the time between treatments is not optimised, the plasma drug 

concentration may increase to a toxic level or decrease to below the therapeutic level as shown 

in Figure 2.7 [32]. Drug delivery systems (DDS) are defined as formulations that control the 

rate and period of drug delivery [31]. In contrast with the saw-toothed plasma drug 

concentration for conventional systems (Figure 2.7), DDS show a more stable release in 

therapeutic level during the treatment period, which not only causes the drug effectiveness to 

increase but also decreases the side effects. However, DDS are usually more expensive and 

requires surgery for implantation [32]. 

 

Figure 2.7. Plasma drug concentration as a function of time for conventional and controlled release 

[32]. 

Targeted drug delivery is a way to isolate the drug to a particular organ or tissue. 

Incorporating magnetic nanoparticles (MNPs) into drug carriers and applying an external 

magnetic field to navigate the carrier is commonly used in DDS and is called Magnetic Drug 

Targeting (MDT). Some metal and metal oxide nanoparticles, such as superparamagnetic iron 

oxide nanoparticles (SPIONs), have been widely used for MDT [33]. SPIONs are the iron 

oxide nanoparticles which have attractive properties such as superparamagnetism, high field 

irreversibility, high saturation field, extra anisotropy contributions or shifted loops after field 

cooling. These properties mean that without an external magnetic field, there is no magnetic 

interaction. There are two main structural configurations for SPIONs. The first is a magnetic 

particle core (typically magnetite; Fe3O4, or maghemite; γ-Fe2O3) coated by a biocompatible 
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material and the second is the precipitation nanoparticles inside a porous biocompatible 

material. These two structures can protect the magnetic particles against oxidation and 

aggregation [30,34].  

Besides the advantages in targeted drug delivery, SPIONs can also induce localized 

hyperthermia in the presence of an external magnetic field. If the local temperature exceeds 

42 oC then cancer cells are damaged both structurally and functionally (damage of protein, 

membrane and cytoskeletons [35].  

2.8.3. Photothermal therapy (PPT) 

Apart from chemotherapy, surgery and radiation are the other main treatments used to remove 

cancerous growth and the spread of abnormal cells. Although surgery is often very effective 

in treating primary tumours, cancer cells can be left behind, which can cause the cancer to 

reform. Radiation therapy can be a complementary approach to kill any remaining cancer 

cells after surgery or to shrink the tumour before surgery. In radiation therapy, cancer cells 

are exposed to high energy ionization particles or waves, such as X-rays, gamma rays, 

electron beams, or protons. Skin necrosis, immune level reduction, and damage to the healthy 

tissue are some of the common side effects of this treatment [36,37]. 

Photothermal therapy (PTT), also known as optical hyperthermia, has recently drawn wide 

attention due to its ability to selectively target cells and has been shown to be a highly 

effective treatment [29]. Photothermal treatment is a minimally invasive therapy where 

photons of near infrared light (NIR, 700-1000 nm) [38] are absorbed and then converted to 

heat by the photothermal agents. The subsequent localized increase in temperature kills the 

cancer cells [36,39]. The NIR light used in photothermal therapy can penetrate up to 10 cm 

into living tissue and has minimal absorbance by skin and tissue [40,41]. PTT includes highly 

localized hyperthermia which has significantly less side effects on the surrounding healthy 

tissue than conventional hyperthermia. Noble metal, transition metal, and carbon based 

materials, as well as organic nanomaterials are the four common types of photothermal 

therapy agents (PTTA) [41]. The main disadvantage of using these materials for bone 

applications is that they do not encourage osteogenesis and therefore repair of the bone defects 

does not occur [29]. Carbon based nanomaterials can also induce pulmonary inflammation 

and create oxidative stress in the patient. They also have poor metabolism and therefore may 

induce long term biological toxicity [29]. Although organic PTTA have good 

biocompatibility and biodegradability, there are several limitations such as low photothermal 
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conversion efficiency and poor photothermal stability, which limits their applicability. Noble 

metal based and transition metal based materials have drawn attraction due to their high 

photothermal conversion efficiency, simplicity of both synthesis and modification of 

morphology and surface properties [40]. However, noble metal nanomaterials with strong 

absorbance such as gold and palladium are non-biodegradable [40,41]. Semiconductor metal 

chalcogenide nanoparticles are another important group of PTTA and do not have the non-

biodegradability problem of noble metals. However, cellular uptake and cytotoxicity 

properties of metal chalcogenide nanoparticles, which depend on the particle size, shape, 

surface charge, and functional groups, are yet to be fully investigated. For non-modified metal 

chalcogenide nanoparticles of 100 nm in size, concentrations up to 100 mg/mL are not 

considered cytotoxic and in PTT, the required concentration typically is much lower than 100 

mg/mL [40]. 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are a novel class of metal 

chalcogenides that have recently been used in PTT [40,41]. TMDCs are made up of a 

combination of two elements; a transition metal (M) of group 4-10 and a chalcogen (X) 

including S, Se, and Te as shown in Figure 2.8 [42]. The two-dimensional structures have 

strong covalent bonding within the layers and weak Van der Waals forces between sheets. 

This offers them unique electrical, optical, and mechanical properties [40].  

 

Figure 2.8. Combination of transition metals and chalcogen to form transition metal dichalcogenides 

[42]. 

There are very few biomaterials that have the ability to simultaneously kill tumour cells and 

regenerate bone. Incorporating bioactive agents into biomaterials is a way to have these two 

functions simultaneously. There have been few published reports that have investigated the 

effects of elements on functional scaffolds for photothermal tumour therapy [29]. For 

example, Yaqin Liu et al. [29] doped Cu, Fe, Mn, and Co elements into a 3D printed bioactive 
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glass-ceramic scaffold, and investigated both the photothermal anti-tumour effect and 

osteogenic activity. All samples showed excellent photothermal properties, although the 

effect of various elements was different. The high temperature generated in all samples 

through laser irradiation under ultra-low power densities could kill tumour cells in vitro and 

prevented tumour growth in vivo [29].  

2.8.4. Combination of PTT with chemotherapy 

Recently, the combination of PTT with chemotherapy has attracted attention due to it being 

more effective in cancer therapy [39]. In other words, the combination of heat and anticancer 

drugs delivered simultaneously to tumour sites has been shown to kill more cancer cells than 

when the therapies are delivered separately. NIR light radiation generates heat which induces 

a local heating in the drug carrier. In the subsequent step, the drug carrier is disrupted and the 

drug is released. However, PTT alone cannot treat the metastatic cancer cells located deep in 

the body due to the limited penetration depth of NIR light. In chemo-photothermal therapy, 

one of the most common synergistic treatments is combinations of gold nanostructures as 

PTA and doxorubicin (DOX) as anticancer drug for chemotherapy [39]. Although this 

combination is a promising in cancer therapy, non-biodegradability of gold nanostructures 

and their potential long-term toxicity are concerns. Photothermal triggered drug carriers are 

in the early stages of development and additional research is needed to produce superior 

agents with both high photothermal conversion efficiency and 

biocompatibility/biodegradability which will improve clinical translation [39,43].  

2.9. Additive manufacturing (AM) 

Additive manufacturing (AM) or 3D printing is a fabrication method in which a digital 3D 

model designed by computer software (e.g. computer aided design (CAD) software) is first 

sliced into individual layers and then the part is created layer by layer [44]. 

Post processing is usually a significant step for 3D printing methods. Polishing, machining, 

heat treatment, and depowdering are some of the common post fabrication processes [45,46]. 

AM has several advantages over conventional manufacturing including increased geometric 

complexity, shorter lead times, and control over the internal structure [47,48]. 
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2.9.1. General additive manufacturing 

According to the (ISO)/(ASTM) 52900:2015 standard, AM processes are classified into seven 

main categories: vat photopolymerization, powder bed, material extrusion, binder jetting, 

directed energy deposition, material jetting, and sheet lamination [49]. 

Of these, stereolithography (vat photopolymerization), selective laser sintering (powder bed), 

fused deposition modelling (materials extrusion), and binder jetting (both powder and liquid 

based) are the most relevant to this project. As such, a brief summary of these is below [50]. 

2.9.2. Stereolithography 

Stereolithography (SLA) was one of the earliest AM methods and was developed in 1986. It 

uses UV laser to polymerize a liquid solution and form the part (Figure 2.9). The monomer 

solution or photocurable resin converts to polymer chains through a light source-activated 

chemical reaction [51]. There are two main categories for SLA: laser direct writing and mask 

image-projection. The former uses a scanning laser to crosslink monomers, while the latter 

utilizes a digital micro mirror device (DMD) to project the UV light [52]. Photopolymers 

resins consist of monomers, photo-initiators (as a catalyst to control the reaction rate) and 

additives such as stabilizers, flexibilizers, reactive diluents, and solvents. In order to control 

the thickness of each layer and depth of polymerization, the kinetics of the reaction must be 

optimised by adjusted by several factors such as energy of the light source, scanning speed, 

resin chemistry and amount of the monomer and photo-initiators as well as the addition of 

UV absorbers [51,53].  

The parts fabricated via SLA have a relatively high resolution and smooth surface [46].  

However, SLA resins are relatively expensive and only cover a limited range of materials 

[51].  



25 

 

 
Figure 2.9. Schematic of SLA technique [51]. 

2.9.3. Selective laser sintering 

Selective laser sintering (SLS) is a powder-based process in which the thin layers of particles 

are selectively fused together using high energy lasers. In this process, there are usually two 

powder supply bins which are located on both left and right hand side of the build chamber, 

as shown in Figure 2.10. With the help of a recoater blade, the powders are spread onto the 

bed and the laser then fuses the particles and makes a thin layer. After fabrication of the first 

layer, the bed is lowered, typically 100 to 200µm [54], and another layer of powder is spread 

onto the build area. The process is repeated until the 3D printed object is completed. Bonding 

of a layer to the underlying layer is a result of the fact that the penetration of the laser beam 

is more than one layer [45,54,55]. Although this method has rapidly grown and has become 

popular, issues such as dimensional stability, surface roughness, mechanical properties, and 

build time still need to be improved in order to meet industry demands.  

 

Figure 2.10. Schematic of SLS [54]. 
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2.9.4. Fused deposition modelling and Fused deposition of ceramics 

Fused deposition modelling (FDM) is an extrusion-based process which utilizes hot filaments 

extruded from the nozzle. In this method, the nozzle moves in x and y directions according 

to the CAD drawing to deposit the semi-molten material onto a platform to fabricate a layer 

of the 3D object. For the next layer, the platform is lowered to allow space for the new layer 

to be fabricated. Figure 2.11 shows the schematic of FDM. The extrusion rate, head speed, 

nozzle temperature, platform temperature, layer thickness, and deposition direction within 

each layer are all important processing parameters. Since the molten filament is extruded 

through the nozzle, polymeric materials are generally used in this method (rather than metallic 

or ceramic materials) due to their relatively low melting points. 

As modification of the FDM technique, named Fused Deposition of Ceramics (FDC), is able 

to fabricate ceramic parts. Polymer:particulate ceramic filaments are created which are then 

heated and extruded through the nozzle. Typically, the ceramic loading to ~ 55-60 Vol%. The 

binder is then removed and the 3D ceramic object is sintered [45,52,54]. 

 

Figure 2.11. Schematic of the FDM extrusion method [54]. 

2.9.5. Binder jetting 

Binder jetting (BJ) is a droplet based process which was invented and then patented in 1993 

by the Massachusetts Institute of Technology (MIT) [55]. In this method, which is also known 

as direct 3D printing (3DP) [52] or drop on powder [52], the liquid binding agent is deposited 

onto a selected area of the powder bed. The powder particles are then bonded together to 

create a 3D printed part layer. After forming a layer, the fabrication platform is lowered and 

another layer of powder is spread out. The cycle of drop-spread-print is repeated until the 

entire part is completed [45]. Figure 2.12 shows the schematic of binder jetting.  
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Figure 2.12. Schematic of the binder jetting method [53]. 

There are two types of print heads that are commonly used: drop-on-demand (DoD) and 

continuous jet (CJ). DoD print heads are further separated into two subcategories of 

piezoelectric and thermal inkjet. The former generates a mechanical pulse to eject droplets 

from the nozzle, while the latter use heat to create a pressure pulse [45]. The advantages and 

disadvantages of different print heads are summarized in Table 2.1. 

Table 2.1. The advantages and disadvantages of different print heads [45]. 

Print heads Subcategories Advantages Disadvantages 
Drop-on-demand Piezoelectric Easy to control binder 

development 
Sensitive to rheological 
Properties of the binder 

Thermal inkjet No clogging of the head 
due to the absence of 

deposited solid materials 

Change in binder 
rheological property due to 

thermal fluctuations 
Continuous jet - Relatively higher 

printing speed and better 
surface fishing than 

DoD 

Supplying chargeable 
binder 

 

Relatively low cost, high print speed, and large build volumes are several advantages of 

binder jetting [49]. A broad range of powders can be used such as sand, ceramic, and metal 

in dry or wet based processes. Although the dry and wet powder requirements for binder 

jetting are very different. However, for both wet and dry based binder jetting, powder size 

and shape play the important role in powder flowability, final part density, and surface 

roughness [45]. 

Table 2.2 provides a brief comparison amongst SLA, SLS, FDM, and 3DP (BJ) methods used 

for porous ceramic manufacturing.   
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scaffolds [65]. Cracks can occur in as-print scaffolds if the drying rate is too fast, or the 

scaffolds sticks to the substrate and cannot shrink freely. Drying the scaffolds in a humidity 

chamber to reduce the drying rate and printing on a non-stick substrate which allows the 3D 

printed scaffolds to slide over the substrate during drying and shrink are effective to produce 

crack-free scaffolds [66]. After drying parts or 3D scaffolds, a heat treatment is generally 

required to burn out the binder, sinter the particles (fuse the particles together), and achieve 

improved mechanical properties [67,68]. Average size of particles and its distribution have 

significant effect on densification and mechanical properties of the final scaffold. 

Sinterability of the smaller particles is better due to their higher surface area but surface 

crystallization could happen at lower temperatures [62]. 

2.10. Summary 

Based on the review of literature outlined in Chapter 2, several knowledge gaps have been 

identified and are addressed in the following chapters of this thesis: 

Chapter 4: Effect of Low-Temperature Crystallization on 58S Bioactive Glass Sintering and 

Compressive Strength. 

The aim of this chapter is to increase our knowledge on the formation of low-temperature 

crystallization in the 58S bioactive glass structure and understand if the low-temperature 

crystals that have been shown to form affect the subsequent sintering and compressive 

strength. This work also showed that the low-temperature crystallization could be prevented 

by the addition of citric acid to the sol, and that self-propagating combustion, which has been 

previously reported, was not required.   

Chapter 5: The effect of drying method on the surface structure of mesoporous sol-gel derived 

bioactive glass-ceramic 

This chapter provides further details on how different dehydration methods can modify the 

morphology of the low-temperature crystals as well as the surface structure of the particles.  

Chapter 6: Effect of Crystallinity, Textural, and Structural Properties on Bioactivity of 58S 

Mesoporous Glass and Glass-ceramics 

The aim of this chapter is to focus more on the 58S glass and glass-ceramics powder 

properties such as crystallinity, textural, and structural properties and to determine their 

effects on bioactivity of the 58S glass and glass-ceramics after calcination. It has also 
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contributed to our knowledge on the effect of the different drying techniques as on the 

prevention of this low temperature crystallization. 

Chapter 7: Bioactivity and Biodegradability of High Temperature Sintered 58S Ceramics 

The aim of this chapter is improve our knowledge about the in-vitro bioactivity and 

biodegradability of high temperature sintered 58S ceramics which have been produced from 

fully amorphous (glass) calcinated powder or partially crystallised (glass-ceramic) calcinated 

powder. 

Chapter 8: 3D printing of Porous 58S Bioactive Ceramic Scaffold 

In this chapter, the knowledge gained in the processing of the bioactive glass developed in 

the previous chapters is extended to its use in 3D printing. Based on the results from previous 

chapters, O-58S-C (oven-dried 58S with citric acid addition) was chosen as the calcinated 

powder to study the printability of O-58S-C powder to create a 3D porous strength scaffold. 

Three-dimensional bioactive ceramic scaffolds with a woodpile structure were successfully 

built using robocasting. After sintering, these structures had both the geometric features and 

adequate strength to be considered for use in bone replacement applications. This chapter 

brings together knowledge gained in all previous chapters to produce an outcome that satisfies 

the aims of the thesis.  
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3.1. Raw Materials 

The 58S bioactive glass and glass-ceramics were synthesized using tetraethyl orthosilicate 

(TEOS, product No. 86578 from Sigma Aldrich), triethyl phosphate (TEP, product No. 

538728 from Sigma Aldrich), calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, product No. 

237124 from Sigma Aldrich), citric acid (citric acid anhydrous LR, product No. CL013 from 

Chem-Supply), and nitric acid 69% (HNO3, product No. 101799 form Merck). 

Carboxymethyl cellulose (CMC, Mw=700,000) was used as a binder to shape 58S pellets 

before sintering and to create a viscous shear thinning paste for 3D printing 58S bioactive 

glass-ceramic scaffolds.  

3.2. Sol-gel process, heat treatment, and preparation bioactive glass 

powder 

In this work, the chemical composition of the 58S glass (60SiO2-36CaO-4P2O5 mol.% [2,26]) 

was chosen based on this composition having good bioactivity, biodegradability, and 

acceptable mechanical properties [13,25,27]. To synthesize 50g of 58S bioactive glass, 

100.940 g TEOS and 11.767 g TEP were added to 100 ml of 0.1 mol/L nitric acid (as a 

catalyst). The resulting solution had a pH of 0.61 ± 0.01. The glass beaker containing the 

solution was covered with parafilm and magnetically stirred for 24h at room temperature to 

hydrolyze TEOS and TEP. In parallel, 68.654 g Ca(NO3)2.4H2O was added into 120 ml milli-

Q water. This solution was also stirred for 24h at room temperature. Both solutions were clear 

before mixing. Finally, the solution containing TEOS and TEP was added to the solution 

containing Ca(NO3)2.4H2O. The final solution (clear sol) was stirred for 4 additional hours, 

then poured into a glass petri dish, and stored at room temperature until it formed a clear gel. 

The gel was aged at 70 oC for 24h and then dried at 120 oC for 24h. To dry wet gels, different 

dehydration methods of oven, vacuum and freeze drying were employed. The resultant 

samples from the process have been named O-58S, V-58S, and F-58S, respectively. In the 

case of oven-drying, the gel was aged at 70 oC for 24h and then dried at 120 oC for 24h. 

Vacuum drying was undertaken at a pressure of ~10-2 mbar for 36h. In the case of freeze 

drying, the gel was placed into liquid nitrogen and then freeze drying was carried out at -80 
oC for 24h on a Labconco FreeZone Plus 6. To synthesize the sample containing citric acid, 

the process was the same except 55.85 g citric acid was first dissolved into milli-Q water, 
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prior to adding 68.654 g Ca(NO3)2.4H2O. For this material, only oven drying was performed. 

This sample named O-Citric-58S.  

All the dried gels were subsequently calcined in air to stabilize the glass structure by heating 

them at 2°C/min to 600 oC and holding for 3h in a muffle furnace (Labec, Australia, model 

CEMLM). In the case of the O-58S samples, calcination was also performed at different 

temperatures and holding times. The O-58S samples were heated to 200 oC or 300 oC and 

then held for 24h, or to 450 oC, 500 oC, or 550 oC and held for 5h. After calcination, the 

samples were ground using agate mortar and pestle and until the powder passed through a 74-

micron sieve. Finally, calcinated samples were characterized by XRD, FT-IR, FIB/SEM, and 

TEM, BET, and Solid-state 29Si NMR. 

3.3. Pellets preparation, sintering, mechanical properties, and bio-

characterization 

To create pellets, the particle size of the glass (O-Citric-58S) and glass-ceramic (O-58S) were 

reduced by a high energy planetary ball mill. Glass and glass-ceramics were milled for 18h 

in a sintered alumina jar using sintered alumina balls at a milling speed of 151 rpm. The ball 

to powder weight ratio (BPR) was 10:1. In order to reduce the temperature rise during the 

process, a 5-min break was set after each 15-min of milling time (i.e. 15 minutes of milling 

followed by 5 minutes of cool down). The total milling time including the breaks was 24h. 

Although the obtained particle size was suitable for creating pellets and sintering, the ball 

milling process was not time efficient. The resultant fine powders were used to investigate 

the effect of the low-temperature crystallization on sintering and compressive strength which 

is explained in Chapter 3.   

To reduce the time of ball milling process, a higher energy ball mill was subsequently used. 

The particle size of the glass and glass-ceramics were reduced in a Spex 8000M Mixer/Mill 

high energy ball mill for total 3h, using a high purity sintered alumina jar and a ball. After 

each 1h of milling, milling was paused for 30 minutes to allow the system to cool down. The 

milled powders were sieved through a 45μm stainless steel sieve and then their sizes were 

characterized with particle size distribution analysis (PSD, Malvern Mastersizer 2000, UK). 

As the particle size distribution of the powders obtained from the latter milling process was 

identical to the former milling process but more time efficient, the latter milling process was 

used for producing the fine powders required for the rest of the study. 
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The ball milled 58S and 58S-C powders were mixed with CMC solution (1.1 wt.% CMC was 

dissolved in deionized water) until a plasticine-like consistency was created. This material 

was then shaped in a cylindrical mould with an internal diameter of 4.6 mm, and then dried 

at 100 oC for 24h. Sintering was performed by heating the pellets in air in a tube furnace at 

1°C/min to 400 °C, holding for 1h and then heating at 2 °C/min to up to 1100 °C and holding 

for up to 5h. Compressive strength of the sintered pellets as well as effect of crystallinity after 

calcination on their bioactivity and biodegradability was investigated. SEM and micro-CT 

were used to investigate the sintering of the samples. For the microstructural characterization 

by SEM, samples were cold mounted using Struers’ Epofix resin. The mounted samples were 

ground and polished using standard ceramographic procedures. 

3.4. Binders and pastes preparations and rheological characterization 

CMC solutions with different concentrations from 1.2wt% to 4.0wt% were prepared by 

adding CMC powder into deionized water under magnetic stirring (around 450 rpm). CMC 

solutions with lower concentrations such as 1.2wt% were mixed for 1h while the solutions 

with the concentrations higher than 2.0wt% need longer times (3h) to dissolve completely 

into the deionized water.  

To characterize the rheological behavior of shear thinning solutions, Discovery Hybrid 

Rheometer HR-3, TA Instruments, was carried out. Viscosity of CMC solutions with 

concentrations from 1.2wt% to 3.6wt% at shear rates from 0.1 to 100 s-1 at 20 oC was 

measured to investigate CMC solutions’ shear thinning behaviour. To find out the effect of 

temperature, the viscosity of CMC solutions at temperatures from 20 oC to 80 oC was 

measured at shear rate of 50 s-1.  

To find the paste with an appropriate viscosity for 3D printing, pastes were produced with 

different concentrations of CMC. In all cases, the ratio of bioactive glass powder to CMC 

solution was kept constant at 1.5g glass:1g CMC binder solution. The viscosity was then 

measured at shear rates from 0.1 to 100 s-1 at 20 oC, as well as at temperatures from 20 oC to 

60 oC at a shear rate of 50 s-1. 

3.5. Scaffold fabrication by 3D printing 

3D printing equipment (REGEMAT 3D Bioprinter) was used to extrude the bioactive glass 

paste layer-by-layer on glass bed. A glass paste created using 4.0wt% CMC solution was 

chosen to be printed at room temperature by 3D printing. To create the paste, bioactive glass 
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powder was mixed with 4.0wt.% CMC (powder:CMC solution ratio was 1.5:1 by weight). 

The paste was loaded into an extrusion syringe connected to a conical nozzle gauge 22 (inner 

diameter=410 μm) and deposited with a constant printing nozzle speed of 4 mm/s and flow 

speed (the syringe plunger speed) of 2 mm/s at room temperature. To create a printable file 

for 3D printing, REGEMAT 3D software was used. The scaffolds were constructed using 16 

connected layers, each of which contained 8 parallel rods with a center to center spacing of 1 

mm. The overall dimension of the 3D scaffold was 10 x 10 x 4 mm3. Parafilm (m laboratory 

film) was used as a substrate on top of the glass to allow the printed scaffold slide over the 

substrate during drying and shrinkage. 

3.6. Post 3D printing processing: drying, burn out the polymer and 

sintering 

The as-print scaffolds were left in a high humidity chamber (> 95% relative humidity at 23±2 
oC for 48h) to reduce the drying rate and subsequently crack formation. The scaffolds were 

then dried in an oven at 70 oC for 24h and then 100 oC for 24h. All the scaffolds were 

subsequently sintered in a tube furnace. The furnace cycle consisted of heating at 1°C/min to 

400°C to eliminate the binder and then heating at 2°C/min to 1100°C and held for up to 5 h. 

3.7. Characterization and testing 

3.7.1. In-vitro bioactivity test 

To investigate in-vitro bioactivity of the samples, calcinated powder (600 oC for 3h) and 

sintered pellets (1100 oC for 5h), were immersed in the simulated body fluids (SBF, pH=7.45) 

purchase from BIOCHEMAZONE, Canada. Each sample was immersed in a polypropylene 

centrifuge tube containing SBF solution with the ratio of bioactive glass/SBF=1 g/40 ml. The 

tests were carried out at 37 oC, without SBF replacement. The tubes were incubated in a 

shaking water bath at the constant rate of 20 rpm. After time intervals of 1, 3, 5, 7, 14, and 28 

days, samples were removed from the SBF, washed three times with deionized water to stop 

further reactions, and dried at 60 oC for 24h. All samples were characterized by X-ray powder 

diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and scanning electron 

microscopy (SEM) to investigate hydroxyapatite formation. Triplicate samples were 

characterized for each result. 
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3.7.2. In-vitro biodegradability test 

To assess early stage in-vitro biodegradation (up to 28 days), sintered scaffolds were 

immersed in SBF solution using the same conditions which was applied for in-vitro 

bioactivity test. To evaluate the ions released from the scaffolds during the test, inductively 

coupled plasma mass spectrometry (ICP-MS, Thermo ELEMENT XR HR-ICPMS) was used. 

The pH changes of SBF were measured using a pH-meter (Cole-Parmer P200-02). In 

addition, the weight loss of scaffolds after washing and drying was calculated by the Equation 

3.1: 

      %W = (W0 − Wt)*100/W0                                      Equation 3.1                     

Where W0 and Wt are the initial weight prior immersion and the weight after immersion for 

the specified period of time, respectively. Triplicate samples were characterized for each 

result. 

3.7.3. Mechanical tests 

The compressive strength of the sintered pellets was evaluated by using an Instron testing 

machine (model 5982, Norwood, MA). The contact surfaces of the pellets were ground 

parallel prior to testing. The compressive load was applied to the samples with a cross-head 

speed of 0.1 mm/min under uniaxial compression. Deformation of the pellets was determined 

from the movement of the cross-head. The compressive strength of pellets and 3D printed 

scaffolds was expressed as average calculated on seven and five specimens for each type, 

respectively.  

3.7.4. Solid-state NMR 

Solid-state 29Si NMR (nuclear magnetic resonance) spectra of solids were obtained using a 

Varian VNMRS WB spectrometer (1H 399.858 MHz, 29Si 79.432 MHz) equipped with a 4 

mm magic-angle spinning (MAS) probe. For the 29Si NMR experiments, the samples were 

spun at 5000 Hz and acquired with a 5 second pulse, acquisition time of 0.05 second, 5 second 

recycle delay, for at least 17000 scans. Chemical shifts were referenced to an external 

standard of TMS. Each 29Si NMR spectrum was deconvoluted into various Q-species (Q=0 

to 4) using Gaussian fitting data by a spectral data analyzing software (MestreNova).  
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3.7.5. Nitrogen adsorption-desorption isotherm measurements (BET) 

Nitrogen adsorption-desorption isotherm measurements were accomplished on Micromeritics 

ASAP 2020 at 77 K using a relative pressure from 0 to 0.99 to determine the specific surface 

area, pore size, and pore volume.  

3.7.6. Scanning electron microscopy (SEM) 

The structures and morphologies of the powders were observed by scanning electron 

microscopy coupled with an energy dispersive spectroscopy analysis system in a high-

resolution Zeiss 1555 VP-FESEM. The accelerating voltage and working distance were 

adjusted at 5 kV and between 6.5 to 6.7 mm, respectively. SEM images were taken with an 

In-Lens secondary detector. The samples had been Pt-coated before imaging.   

3.7.7. Fourier transform infrared spectroscopy analysis (FTIR) 

Fourier transform infrared spectroscopy analysis was developed on a PerkinElmer Spectrum 

One FT-IR Spectrometer in the range of 500-4000 cm-1.   

3.7.8. X-ray powder diffraction (XRD) 

The X-ray powder diffraction was performed on a Panalytical Empyrean XRD with a Cu Kα 

radiation in the 2θ range of 15-80o at 40kV and 40mA. The step size and scan speed were 

0.01313 degrees and 0.0033 degree/s, respectively. In order to identify crystalline phases, all 

patterns were matched using the database of the International Centre for Diffraction Data 

(ICDD) and X’pert High Score Plus software. The Rietveld refinement method was used for 

semi-quantitative analysis of sintered 58S and 58S-C crystalline phases before and after 

immersion in SBF for 28 days.  

3.7.9. pH measurements 

pH of SBF was evaluate by a pH-meter (Cole-Parmer P200-02) at each time intervals (1, 3, 

5, 7, 14, and 28 days). 

3.7.10. Simultaneous thermal analysis (TGA/DSC) 

Simultaneous thermal analysis (TGA/DSC) was performed in air on a STA 449 F5 Jupiter 

instrument with heating rate of 5 oC/min over a temperature range of 25-1200 oC. 
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Simultaneous thermal analyses were carried out on 58S and 58S-C (dried gels) which had 

been dried at 120 oC for 24h. 

Total weight loss of the as-printed scaffold was performed with a TGA TA Q50 equipment 

in the 25−900 °C range. Experiments were performed in air atmosphere and a heating rate of 

2 °C/min. 

3.7.11. Particle size distribution analysis (PSD) 

The particle size distribution of powders was measured with ultrasonic vibration in water as 

the carrier using a Malvern Mastersizer 2000, UK. 

3.7.12. X-ray micro-computed tomography (X-ray µCT) 

 X-ray micro-computed tomography (X-ray µCT) was performed on sintered samples at an 

accelerating voltage of 60 kV and current of 83.2 µA using a Versa 520 (Zeiss, Pleasanton, 

CA, USA) running Scout and Scan software (v12.0.8164.19636, Zeiss). Suitable X-ray 

transmission was achieved using an LE4 beam filter. A total of 3001 projections were 

collected over 360o, each with a 10s exposure. Source and detector positions were adjusted 

together with the use of the 4x optical objective and 1x camera binning to achieve a 1.4 µm 

pixel resolution. Raw projection data were reconstructed automatically using 

XMReconstructor software (v12.0.8164.19636, Zeiss) using a 0.05 beam hardening 

correction and a 0.5 sigma recon filter setting. The visualization and analysis of data generated 

from X-ray µCT scans was performed using Avizo (v. 8.1.1, ThermoFisher) software using 

a customized workflow.  

3.7.13. Transmission electron microscopy (TEM) 

The microstructure of the samples at high resolution was investigated by using a transmission 

electron microscopy (TEM) on a Titan G2 80-200 TEM/STEM fitted with ChemiSTEM 

Technology and energy dispersive spectroscopy (EDS). The TEM specimens were prepared 

with a FEI Helios Nanolab G3 CX DualBeam FIB/SEM. 

3.7.14. Inductively Coupled Plasma Mass Spectrometry (ICP) 

Inductively Coupled Plasma Mass Spectrometry (Thermo ELEMENT XR HR-ICPMS) was 

employed to measure the concentrations of Si, P, and Ca ions after the samples immersed in 

SBF over time intervals, after 1, 3, 5, 7, 14, and 28 days. 
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3.7.15. Archimedes’ principle density measurement 

Density of the sintered scaffolds were measured using Archimedes principle in Equation 3.2:  

Density = 𝐴𝐴𝜌𝜌𝑤𝑤
𝐵𝐵−𝐶𝐶

                                   Equation 3.2. 

Where A is dry weight of each sample, B is oiled weight of the sample after place the sample 

in a vacuum chamber submerged in oil for 30 minutes. Note that any surface oil should be 

removed by patting with a cloth without soaking up the oil from the pores before 

measurements. C is submerged weight of the sample in water and ρw is the density of water 

at measured temperature [1]. 
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Chapter 4 is “Effect of Low Temperature Crystallization on 58S Bioactive Glass Sintering 

and Compressive Strength” which has been published in the Ceramics International Journal, 

https://doi.org/10.1016/j.ceramint.2021.07.215. This paper covers the initial work in this 

thesis and covers the synthesis of the 58S powder and investigation of a low-temperature 

crystallisation that was unexpectedly found to occur. A simple method of suppressing the 

low-temperature crystallisation was also developed, namely the addition of citric acid, which 

allowed the retention of the amorphous structure after calcination. It was found that the 

compressive strength of sintered pellet produced using the amorphous powder (with citric 

acid addition) was 20 MPa, compared to only 16 MPa in the glass prepared without citric 

acid. Electron microscopy elemental mapping revealed segregation of calcium phosphate 

from silica first occurs during the gelation step, which led to the formation of crystalline 

phases at low-temperature. This chapter sets the foundation in understanding the production 

of the bioactive glass powder, which is central to the remaining thesis.  

4.1. Introduction 

New biomaterials including metals, ceramics, and polymers are continually being developed 

to produce implants with properties close to that of the tissue it replaces. In the last decades, 

bioactive glasses have been used in medical applications as they can form strong bonds with 

bone when implanted in the body [1]. Bioactive glasses have been widely studied (for 

comprehensive reviews see [1–4]) including the effect of changing the network former oxides 

(mainly silicate, phosphate, and borate) and network modifier oxides [2,5,6], their molar ratio 

[1], as well as the addition of dopants to adjust specific properties required for particular 

biomedical application [1,7,8]. Although the bioactive glasses show excellent bioactivity and 

biocompatibility [9,10], the brittleness and low mechanical strength have limited their use in 

many biomedical applications [11,12].  

Bioactive glasses can be synthesized by melt-quenching [13] or the sol-gel method [14]. Sol-

gel derived glasses have better homogeneity and higher surface area than melt-derived 

glasses, which increases the bone bonding rate [15].The sol-gel process is a wet synthesis 

method based on the hydrolysis and condensation of a metal-alkoxide solution. Tetraethyl 

orthosilicate (TEOS) and triethyl phosphate (TEP), precursors for SiO2 and P2O5 respectively, 

are two common metal-alkoxide solutions. Hydrolysis of metal-alkoxides like TEOS and TEP 

first produces ionic species which form a colloidal solution of cross linked polymers, then 

polycondensation reactions between the network polymers produce a gel [1,13,16]. The gel 
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is typically aged for a few days to maximize the number of polycondensation reactions and 

hence covalent bonds in the gel, as this increases the chemical stability of the resultant glass. 

The gel is dried at around 100 oC to remove the solvent, typically water and/or ethanol, and 

form a xerogel [17]. During drying, shrinkage of the wet gel leads to fractures inside the 

structure and then crack propagation results in the formation of dry coarse aggregates [18]. 

To eliminate organic materials like alkyl chains and nitrates, as well as to stabilize the glass 

structure, the xerogel particles are heated at 600-700 oC, referred to as calcination, which 

produces brittle glass aggregates [1,17]. This glass can then be ball milled to produce a 

powder with well-defined particle size, size distribution, and morphology, which can be 

moulded using powder processing methods [19]. Typically, the glass powder is mixed with a 

binder like Pluronic F-127, ethyl cellulose/polyethylene glycol, or carboxymethyl cellulose 

to create a viscous paste which is molded into the desired macroscopic structure [20]. This 

structure is then sintered by heating the material above their glass transition temperature to 

initiate localized flow, which results in particles fusing together into a denser bulk material. 

Polymeric binders used to create the scaffold are burnt off during sintering [21].  

The post-sintered glass generally has higher mechanical strength than parent glass particles 

[22] If the glass transition temperature (Tg) of a system is close to the crystallization 

temperature (Tx), the workability of that system is considered to be poor. This means the 

narrow window (small differences between Tg and onset of Tx) will tend to limit sintering by 

viscous flow prior to crystallization [1], and thus the reduce the strength of the glass implant.  

The glass particle size within the sintered structure, and pore size distribution, also influence 

mechanical properties. This means the particle size and morphology of the parent glass 

powder are key due to their impact on particle packing in the mold and via this the extent of 

particle fusion. [15,23] Small particles with a narrow size distribution lead to dense scaffolds, 

but these are more likely to undergo shrinkage during drying, which can result in cracks. 

Conversely, a broader particle size distribution reduces shrinkage, and therefore lowers the 

risk of cracking, [23] but produces less dense scaffolds. Sintering is critical for producing a 

robust implant, but heating above Tc results in partial crystallization. While stronger, this 

partially crystallized glass-ceramic material binds less well with bone than a purely 

amorphous bioglass [11,16,21]. Note that glasses have fully amorphous structure which can 

be converted into partially (glass-ceramics) or fully crystalline materials via simple heat 

treatment, which can control the nucleation and growth of the crystalline phase. This produces 
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what is known as a glass-ceramic, which consists of crystalline phases embedded in a residual 

amorphous matrix [10].  

58S is a sol-gel derived bioactive glass with a nominal chemical composition of 60SiO2, 

36CaO, and 4P2O5 mol.%. It has high bioactivity and is used in biomedical applications 

[2,24]. However, a low-temperature crystallization has been reported for 58S made by 

conventional sol-gel method due to a calcium phosphate segregation from silica, which was 

thought to occur during the dehydration step [25]. This segregation and subsequent 

crystallization may not only hinder the sintering process, but also can reduce bioactivity and 

biodegradability of the glasses. The addition of citric acid to the sol during the sol-gel 

synthesis process, coupled to a self-propagating combustion (SPC) method, has been shown 

to stabilize the sol and reduced calcium phosphate segregation, thus preventing low-

temperature crystallization [25]. Therefore, amorphous glass 58S forms in the presence of 

citric acid but a glass-ceramic (partially crystalline) structure results in the absence of citric 

acid.  

In this study, amorphous 58S was synthesized using a simpler route of the addition of citric 

acid to the sol and using conventional sol-gel methods; not citric assisted sol-gel route coupled 

to the self-propagating combustion method which has been previously reported [25]. The aim 

of this study is to examine the effect of the low-temperature crystallization reported for 58S 

on the compressive strength of post-sintered glass. We found the compressive strength of the 

homogenous glass prepared with citric acid was 20 MPa, compared to only 16 MPa in the 

segregated glass prepared without citric acid. Electron microscopy elemental mapping 

revealed segregation of calcium phosphate from silica first occurs during the gelation step, 

and before dehydration as previously reported [25]. Nonetheless, these results confirm that 

simple addition of citric acid to sol prevents segregation and low-temperature crystallization, 

resulting in 25% stronger post-sintered glass. 

4.2. Experimental procedure 

4.2.1. Materials 

Tetraethyl orthosilicate (TEOS, product No. 86578 from Sigma Aldrich), triethyl phosphate 

(TEP, product No. 538728 from Sigma Aldrich), calcium nitrate tetrahydrate 

(Ca(NO3)2.4H2O, product No. 237124 from Sigma Aldrich), citric acid (citric acid anhydrous 

LR, product No. CL013 from Chem-Supply), and nitric acid 69% (HNO3, product No. 101799 
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form Merck) were used to synthesize the 58S bioactive glass and glass-ceramics. 

Carboxymethyl cellulose (CMC, Mw=700,000) was used as a binder to shape 58S scaffold. 

4.2.2. Sol-gel process, heat treatment, and preparation 

In this work, the chemical composition of the 58S glass (60SiO2-36CaO-4P2O5 mol.% [2,26]) 

was chosen based on this composition having good bioactivity, biodegradability and 

acceptable mechanical properties [13,25,27]. To synthesize 50g of 58S bioactive glass, 

100.940 g TEOS and 11.767 g TEP were added to 100 ml of 0.1 mol/L nitric acid (as a 

catalyst). The resulting solution had a pH of 0.61 ± 0.01. The glass beaker containing the 

solution was covered with parafilm and magnetically stirred for 24h at room temperature to 

hydrolyze TEOS and TEP. In parallel, 68.654 g Ca(NO3)2.4H2O was added into 120 ml milli-

Q water. This solution was also stirred for 24h at room temperature. Note that both solutions 

were clear before mixing. Finally, the solution containing TEOS and TEP was added to the 

solution containing Ca(NO3)2.4H2O. The final solution (clear sol) was stirred for 4 additional 

hours, then poured into a glass petri dish, and stored at room temperature until it formed a 

clear gel. The gel was aged at 70 oC for 24h and then dried at 120 oC for 24h. To synthesize 

the sample containing citric acid, the process was the same except 55.85 g citric acid was first 

dissolved into milli-Q water, prior to adding 68.654 g Ca(NO3)2.4H2O. This material we have 

called 58S-C. 

All the dried gels were subsequently calcined in air by heating them at 2°C/min to 600 oC and 

holding for 3h in a muffle furnace (Labec, Australia, model CEMLM). In the case of the 58S 

samples, calcination was also performed at different temperatures and holding times. Samples 

were heated to 200 oC or 300 oC and then held for 24h, or to 450 oC, 500 oC, or 550 oC and 

held for 5h. After calcination, the samples were ground using agate mortar and pestle and 

until the powder passed through a 74 micron sieve. Finally, calcinated samples were 

characterized by XRD, FIB/SEM, and TEM, which is detailed in section 2.3 characterization 

methods. 

Powder used for sintering (58S and 58S-C) was produced by grinding the calcined material 

in a high energy planetary ball mill. Samples were milled for 18h in a sintered alumina jar 

using sintered alumina balls at a milling speed of 151 rpm. The ball to powder weight ratio 

(BPR) was 10:1. In order to reduce the temperature rise during the process, a 5-min break 
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was set after each 15-min of milling time (i.e. 15 minutes of milling followed by 5 minutes 

of cool down). The total milling time including the breaks was 24h. 

The ball milled 58S and 58S-C powders were mixed with CMC (1.1 wt.% CMC was 

dissolved in deionized water) until a plasticine-like consistency was created. This material 

was then shaped in a cylindrical mold with an internal diameter of 4.6 mm, and then dried at 

100 oC for 24h. Sintering was performed by heating the pellets in air in a tube furnace at 

1°C/min to 400°C, holding for 1h and then heating at 2°C/min to up to 1100°C and holding 

for up to 5h. Compressive strength of the sintered pellets were evaluated. SEM and micro-

CT were used to investigate the sintering of the samples. For the microstructural 

characterization by SEM, samples were cold mounted using Struers’ Epofix resin. The 

mounted samples were ground and polished using standard ceramographic procedures. 

4.2.3. Characterization methods 

Simultaneous thermal analysis (TGA/DSC) was performed in air on a STA 449 F5 Jupiter 

instrument with heating rate of 5 oC/min over a temperature range of 25-1200 oC. 

Simultaneous thermal analyses were carried out on 58S and 58S-C which had been dried at 

120 oC for 24h. X-ray powder diffraction was performed on a Panalytical Empyrean XRD 

with a Cu Kα radiation in the 2θ range of 15-80o at 40kV and 40mA. The step size and scan 

speed were 0.01313 degrees and 0.0033 degree/s, respectively. The particle size distribution 

of powders was measured using a Malvern Mastersizer 2000. X-ray micro-computed 

tomography (X-ray µCT) was performed on sintered samples at an accelerating voltage of 60 

kV and current of 83.2 µA using a Versa 520 (Zeiss, Pleasanton, CA, USA) running Scout 

and Scan software (v12.0.8164.19636, Zeiss). Suitable X-ray transmission was achieved 

using an LE4 beam filter. A total of 3001 projections were collected over 360o, each with a 

10s exposure. Source and detector positions were adjusted together with the use of the 4x 

optical objective and 1x camera binning to achieve a 1.4 µm pixel resolution. Raw projection 

data were reconstructed automatically using XMReconstructor software (v12.0.8164.19636, 

Zeiss) using a 0.05 beam hardening correction and a 0.5 sigma recon filter setting. The 

visualization and analysis of data generated from X-ray µCT scans was performed using 

Avizo (v. 8.1.1, ThermoFisher) software using a customized workflow. The structures and 

morphology of the 58S bioactive glasses were observed by scanning electron microscopy 

coupled with an energy dispersive spectroscopy analysis system using a high resolution Zeiss 

1555 VP-FESEM. The accelerating voltage and working distance were 5 kV and 6.6 ± 0.1 
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mm, respectively. SEM images were taken with an In-Lens secondary detector. The samples 

had been Pt-coated before imaging. Fourier transform infrared spectroscopy analysis was 

developed on a PerkinElmer Spectrum One FT-IR Spectrometer in the range of 500-4000 cm-

1. The compressive strength of the sintered pellets was evaluated by using an Instron testing 

machine (model 5982, Norwood, MA). The contact surfaces of the pellets were ground before 

testing to produce parallel faces. The compressive load was applied to the samples with a 

cross-head speed of 0.1 mm/min under uniaxial compression. Deformation of the pellets was 

determined from the movement of the cross-head. The compressive strength was expressed 

as average calculated on seven specimens for each type. The microstructure of the samples at 

high resolution was investigated by using a transmission electron microscopy (TEM) on a 

Titan G2 80-200 TEM/STEM fitted with ChemiSTEM Technology and energy dispersive 

spectroscopy (EDS). The TEM specimens were prepared with a FEI Helios Nanolab G3 CX 

DualBeam FIB/SEM.  

4.3. Results and discussion 

4.3.1. Glass formation and calcination 

Modifying the chemical composition of a glass can change its crystallization temperature. 

Therefore, applying the same heat treatment regime to different glasses can lead to different 

crystalline structures, ranging from fully amorphous (glass) to partially crystalline (glass-

ceramic) and finally fully crystalline (ceramic). In earlier work [25], amorphous 58S was 

produced by a citric acid assisted sol-gel route coupled to the self-propagating combustion 

method. In contrast, in this work, we simply added enough citric acid to the sol to create a 

clear sol and followed a conventional sol-gel method. To ascertain how addition of citric acid 

to 58S sol affects the thermal decomposition of the 58S, simultaneous thermal analyses 

(DSC/TGA) were carried out on 58S and 58S-C which had been dried at 120 oC for 24h. The 

DSC/TGA curves in Figure 4.1 reveal the crystallization temperatures and weight loss 

patterns of 58S and 58S-C are different. 

In order to remove the organic material from the gel and to stabilize the glass structure, a 

calcination heat treatment step is required. This typically occurs at by heating the material to 

600-700 oC and results in the formation of brittle glass aggregates [1,17]. The TGA curves of 

Figure 4.1 show that there is a difference in the amount of weight loss between room 

temperature and 600 oC between the two materials. The weight loss of the 58S-C sample was 

~67 %, which is significantly higher than the ~43% observed in the citric-free material. This 
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greater weight loss is likely due to the decomposition of the added citric acid, which 

constituted ~20% of the sample. The weight loss of both samples remained approximately 

unchanged at temperatures higher than 600 oC. This suggests that 600 oC is sufficient to burn 

off the nitrate and volatile species, incorporate calcium into the silicate network, and stabilize 

the glass structure. Therefore, the minimum calcination temperature is 600°C.  

The DSC curve for 58S contains crystallization peaks (Figure 4.1(a)) at 494 and 549 oC, with 

the first crystallization peak being much broader than the second. However, the normal 

crystallization temperature for 58S is above 650 oC [28] and therefore, crystallization at this 

low-temperature was not expected. However, when citric acid was added, a single 

crystallization peak was measured at 829 oC, Figure 4.1(b). Since the minimum calcination 

temperature (600 oC) is higher than the crystallization temperatures of the 58S (494 and 549 
oC), a semi-crystalline structure is expected in this material after calcination. In contrast, a 

fully amorphous structure should remain in the 58S-C material. In earlier work on the addition 

of citric acid [25], an exothermic peak attributed to self-propagation combustion was 

observed at about 175 oC.  In Figure 4.1(b), the DSC curve for 58S-C does not contain an 

exothermic peak, indicating that self-propagation combustion did not occur in our material. 

Since self-propagating combustion requires that stringent control over the citric acid 

concentration, our approach should result in a simpler and therefore cheaper processing route. 
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Figure 4.1. DSC/TGA of (a) 58S and (b) 58S-C.  

The XRD patterns of the calcined 58S and 58S-C after calcination at 600 °C are compared in 

Figure 4.2. As was expected from DSC/TGA results in Figure 4.1, some crystallization has 

occurred in the 58S after calcination. However, the XRD of the 58S still contains an 

underlying broad peak, suggesting that some amorphous material remains. That is, it appears 

that a semi-crystalline structure has formed, containing both amorphous and crystalline 

phases. The addition of citric acid to the sol is known to stabilize the calcium ions and prevent 

them from forming complexes with the phosphates or silicates, [25] thus promoting the 

formation of a homogeneous sol. This prevents low-temperature crystallization and increases 

the crystallization temperature to around 829 oC, and resulting in the retention of a fully 

amorphous glass structure. This is addition evidence that self-propagating combustion 

employed in earlier work is not necessary [25]. 
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C for 3h.ocalcinated at 600  C-and 58S. XRD patterns of 58S 24. Figure 

Further evidence for the formation of a glass-ceramic structure in the 58S after calcination at 

600 oC for 3h is shown in the high resolution TEM (HRTEM) image of Figure 4.3. This 

sample was prepared using FIB from an area that contained some obvious crystalline regions. 

There are clearly regions containing lattice planes of crystals (the parallel lines in the white 

box), while the diffraction patterns obtained from the crystalline area have diffuse rings due 

to the amorphous phase and weak bright spots, which confirms crystals in the glassy matrix 

(glass-ceramic). These results are in good agreement with XRD results in Figure 4.2.  

 

Figure 4.3. HRTEM image and diffraction pattern of 58S bioactive glass-ceramic. The 

diffraction pattern was taken from the area inside the box and show that the material 

contains both amorphous and crystalline regions. 
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To further characterize the formation of the low-temperature crystallization in the 58S 

sample, XRD was carried out after calcination over a temperature range of 200-600 oC, Figure 

4.4.  After calcining at 600 oC for 3h, the semi-crystalline material contains peaks mostly 

related to hydroxyapatite (calcium-deficient hydroxyapatite) – Ca9(PO4)6OH2 (ICDD: 00-

046-0905). Other identified crystalline phases were calcite (calcium carbonate) – (CaCO3) 

(ICDD: 01-072-1937) and vaterite (calcium carbonate) – (CaCO3) (ICDD: 96-900-7476). To 

investigate the phase development during the low-temperature crystallization, 58S was heated 

at 2 oC/min to 200 oC or 300 oC and then held for 24h, or to 450 oC, 500 oC, or 550 oC and 

held for 5h. The XRD patterns of these materials are shown in Figure 4.4. After heat treatment 

at 200 oC, 300 oC, and 450 oC, the material appeared to be almost completely amorphous with 

only a single small peak. The samples heated to 500 oC and 550 oC for 5h contained crystalline 

phases in a glassy matrix. Comparing the XRD patterns of the samples heated to 500 oC and 

550 oC reveals that some of the phase formed at 500 oC are not stable and increasing the 

temperature from 500 oC to 550 oC caused a reduction in intensity of a few peaks such as at 

2θ around 24.41o, 28.22o, and 32.70o.  Increasing the temperature to 600 oC formed stable 

hydroxyapatite, calcite and vaterite crystals in a glassy matrix at the expense of the unstable 

crystalline structures observed at lower temperatures. From these results, it is apparent that 

crystallization of this material occurs between 450 °C and 500°C and continues to occur until 

the calcination temperature exceeded 550°C. This agrees well with the DSC results shown in 

Figure 4.1. 

  

C for o. XRD patterns of 58S calcinated at 200, 300, 450, 500, 550, and 600 44. Figure

different times. The 600°C/3h sample is the same data as shown in Figure. 



57 

 

High-Angle Annular Dark-Field image (HAADF) and High-Angle Annular Dark-Field 

Scanning Transmission Electron Microscopy (HAADF-STEM) images of 58S after 

calcination at 600 oC for 3h are shown in Figure 4.5, along with elemental mapping. The maps 

shows that segregation of Ca-P from the silica has occurred, resulting Ca-P rich areas. Since 

glass forming ability is strongly related to the composition, this segregation will produce 

regions which are no longer at the correct composition, resulting in crystallization during 

calcination. Similar, low-temperature crystallization (at temperature less than Tg) in other 

silicate bioactive glass have been observed [29], where segregation of calcium nitrate and 

triethylphosphate from the amorphous silicate clusters resulted in the formation of 

nanocrystalline apatite domains during the drying process [29]. Therefore, it may be 

concluded that the segregation, which occurs in the absence of citric acid, is the cause of the 

subsequent crystallization.  
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Figure 4.5. 58S bioactive glass-ceramic (a) and (b) HAADF STEM image, and (c) – (f) 

elemental mapping images for (c) calcium, (d) phosphorus, (e) silicon, and (f) oxygen. It 

is apparent that there is Ca and P segregation.   

4.3.2. Sintering and Properties 

To determine if the observed low-temperature crystallization in the material without citric 

acid affects the sintering behavior and compressive strength, 58S and 58S-C were sintered at 

up to 1100°C for 5h. Prior to sintering, the calcined material was ball milled for 24h to reduce 

the particle size to improve sintering. The resultant particle size distribution is shown in 

Figure 4.6. Although the conditions of the ball milling were the identical, the particle size 

distributions of the two materials are quite different. The d50 of the 58S was ~2.2 µm while 

d50 of particles containing citric acid was ~6.2 µm. The 58S-C also had a distinct bi-modal 
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distribution. The fact that the 58S-C had a larger particle size may be an indication that this 

amorphous structure produces a material with higher strength.  

For both materials, significant sintering and the formation of a consolidated part was only 

possible at a sintering temperature of 1100°C. At lower temperatures, little densification had 

occurred and a poorly bonded, powdery sample resulted.  

 

Figure 4.6. Particle size distribution of (a) the amorphous 58S-C and (b) semi crystalline 

58S after 24h ball milling.  

Figure 4.7 shows the reconstructed X-ray micro-CT images of the 58S and 58S-C after 

sintering at 1100 oC for 5h. The region presented is a 1mm3 in volume and is from 

approximately the same central location in the pellet for both samples. These images reveal 

that the fine particles in both samples have fused during sintering and densification has 

occurred. Although sintering has occurred in both structures, large spherical pores and cracks 

(which are usually related to the pores) are present. The spherical morphology of the pores 

indicates they formed due to the presence of a vapour at some stage during processing. 

Samples for sintering were made by casting a slurry of 58S powder mixed with CMC and 

water into small molds, which were then dried at 100°C for 24h. It is possible that the 

vaporization of the water was too rapid during this drying step, leading to the formation of 

vapor pockets (spherical pores) and cracks, due to sample expansion. Nonetheless, between 

these pores and cracks, the material is well consolidated, indicating effective sintering.  

Glass sintering can occur via viscous flow [30]. However, if crystallization occurs before full 

densification, the densification rate decreases, resulting in higher porosity [30]. In this work, 

sintering at 800 oC (below crystallization temperature for the 58S-C) was not effective, even 

when sintering was performed for 24h. This suggests that viscous flow is not a dominant 
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sintering mechanism in these glasses. Sintering was only achieved at 1100 oC, after which 

both materials had similar densification. 

 

Figure 4.7. Reconstructed X-ray micro-CT images of (a) 58S-C and (b) 58S after 

C for 5h.osintering at 1100    

Figure 4.8 shows SEM images of a polished section of the 58S and 58S-C after sintering at 

1100 oC for 5h. These images are consistent with the X-ray micro-CT images shown in Figure 

4.7, and confirm that although the samples are not fully dense, significant sintering has 

occurred. Densification is more obvious in the sample without citric acid (58S) which is 

attributed to the smaller particle size (Figure 4.6) leading to faster sintering kinetics.  
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C for 5h.oafter sintering at 1100 C and (b) 58S -(a) 58S. SEM images of 84. Figure 

Figure 4.9(a) shows the normalized XRD patterns of the 58S and 58S-C after sintering for 5h 

at 1100°C. The peak patterns and therefore crystalline phases in both samples are similar, 

with only a slight difference in the intensity of the peak at 2θ=21.90o, which is the main peak 

related to cristobalite – SiO2 (ICDD: 98-007-7457). From this, it may be concluded that 

despite the different crystalline structures after calcination (i.e. amorphous and partially 

crystalline), crystalline phases of 58S and 58S-C were similar after sintering. Therefore, the 

structure after calcination does not have any significant effect on the types of crystalline 

phases (i.e. cristobalite, hydroxyapatite, and pseudowollastonite) that form during sintering. 

Hydroxyapatite (apatite-(CaOH)) – Ca10(PO4)6(OH)2 (ICDD: 98-005-0656) and 

pseudowollastonite (which forms at high temperature [31,32]) – CaSiO3 (ICDD: 98-008-

7694) are also present. The FT-IR spectra of the sintered 58S and 58S-C are shown in Figure 

4.9(b). The bands at 714, 918, and 982 cm-1 are attributed to pseudowollastonite phase 

[31,33]. The bands at 805 cm-1 and 1062 cm-1 are due to the Si-O-Si stretch vibration and the 

Si-O asymmetrical stretching vibration [24]. They may also be related to wollastonite [33], 

although this crystalline phase was not clear in XRD. This can be explained as FT-IR reveals 

local short-range structural order whereas XRD tends to reveal a longer range order in the 

structure [31]. The double peaks at 603 cm-1 and 566 cm-1 are assigned to phosphate in 

crystalline phases [31] of hydroxyapatite.  
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Figure 4.9. (a) XRD patterns and (b) FT-IR spectra of sintered 58S and 58S-C. 

Figure 4.10 shows typical compressive stress-strain curves of the sintered 58S and 58S-C. 

The average maximum compressive strengths of 58S and 58S-C obtained from average of 

seven measurements were 16.3±2.8 MPa and 20.8±2.3 MPa, respectively (errors are 1 

standard deviation). Although the compressive strength for both materials confirm effective 

sintering, the segregation of calcium phosphate from silica and subsequent low-temperature 

crystallization in the 58S has reduced compressive strength of the final material by ~20% 

(from 20 MPa to 16 MPa). This is most likely a result of a change to the distribution and 

volume fraction of the crystalline phases that are present after sintering. The understanding 

of this is subject of our current work. Nonetheless, it is clear that both materials have a 

mechanical strength higher than that of cancellous bone ( 2-12 MPa) [34] and would therefore 

be candidates for a bone replacement material.  

 

Figure 4.10. Representative compressive stress-strain curves of sintered 58S and 58S-C. 
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4.4. Conclusions 

58S bioactive glass and glass-ceramics were synthesized via the conventional sol-gel method, 

and the effect of a low-temperature crystallization post calcination on sintering and 

compressive strength was probed. Amorphous 58S was achieved by adding citric acid to the 

sol followed by the conventional sol-gel method, without being coupled to the self-

propagating combustion method as reported previously. The low-temperature crystallization 

in 58S results from calcium phosphate segregation from silica gelation process, before 

dehydration. 

Based on the results, sintering occurred for both 58S and 58S-C after 5h at 1100 oC and there 

were only slight differences in the sintered structure. The low-temperature crystallisation of 

the citric-acid free material should have impeded sintering via viscous flow, but results 

indicated that sintering was not effective at temperatures below the crystallisation 

temperature, even for long times. As such, viscous flow is not thought to be a significant 

sintering mechanism in this material. Sintered samples revealed the similar final crystalline 

phase types including cristobalite, hydroxyapatite and pseudowollastonite. However, the 

compressive strength of sintered 58S-C (which contained citric acid and was amorphous after 

calcination), was higher than the 58S (citric acid free) material. This was thought to be a result 

of the differences in the amount of the various crystalline phases. Regardless of the starting 

composition, both materials exhibited sufficient strength to be considered as a bone 

replacement material.  
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Chapter 5 

The effect of drying method on the surface 

structure of mesoporous sol-gel derived bioactive 

glass-ceramic 
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Chapter 5 is based on a paper “The effect of drying method on the surface structure of 

mesoporous sol-gel derived bioactive glass-ceramic” published in IOP Conference Series: 

Materials Science and Engineering, https://doi.org/10.1088/1757-899X/856/1/012003. The 

dehydration step in sol-gel processing is critical in determining the properties of the resultant 

powder. However, the effect of the three different drying methods (oven-drying, freeze drying, 

and vacuum drying) on the surface structure of 58S sol-gel derived bioactive glass-ceramics 

has never been studied before. SEM images of the samples after drying revealed an 

agglomeration of particles in oven-dried sample, cracks in the freeze-dried material, and a 

highly rough surface on the vacuum-dried particles. After calcination, all samples were 

partially crystallised, with the oven and vacuum-dried material containing flake-like crystals, 

while freeze-drying produced areas that look similar to the oven-dried samples as well as 

different crystalline morphology regions. There were also difference in the mesoporous 

structure that formed. Hence, it is apparent that the method of solvent extraction from the gel 

has a significant effect on morphology and surface properties for the resultant bioactive glass-

ceramic. These differences are likely to result in difference in the bioactivity and 

biodegradation rate, which has been examined in Chapter 6. 

5.1. Introduction 

Bioactive glasses were the first group of synthetic biomaterials which showed a bone-bonding 

ability [1]. If implanted in the body, a bone-like apatite phase forms on their surface, which 

forms a strong bond with bone. Apart from bioactivity, they are also biocompatible and 

biodegradable [1], [2]. Bioactive glasses can be synthesized either by melting or sol-gel process 

[2]. 

Sol-gel is a wet-chemical process in which inorganic materials as well as organic-inorganic 

hybrids are synthesized from liquid sources at low-temperatures. This method is particularly 

attractive for preparing glasses with a high tendency to crystallize and relatively high melting 

temperature [3]. 

Other advantages of the sol-gel process over the melting technique for making bioactive glasses 

are higher bioactivity, higher surface area, wider range of bioactive compositions, and 

interconnectivity between pores [1], [4]. Through the sol-gel, a solid porous network in a liquid 

form due to the hydrolysis of alkoxides. Next polycondensation creates a gel. In order to 

remove the liquid phase which fills the porosity of the solid network, a drying step is required. 

Drying the gel by heating at low-temperature results in a xerogel, while freeze drying makes 
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cryogel. The methods of liquid extraction within the structure can induce different levels of 

capillary stresses on the solid network [5] which may change the surface structure. The aim of 

this study is to compare the surface structure of a gel which is dried using oven drying, freeze 

drying, and vacuum drying with using the drying mechanisms of evaporation, sublimation, and 

boiling, respectively. 

5.2. Experimental procedure and characterization methods 

The chemical composition of 58S glass, 60SiO2-36CaO-4P2O5 (mol.%), was chosen based on 

the sol-gel calcium silicate bioglass [1]. To synthesize 50g of 58S bioactive glass, 100.940 g 

Tetraethyl orthosilicate (TEOS, product No. 86578 from Sigma Aldrich) was added into the 

mixture of distilled water, ethanol absolute (product No. 214 from Ajax Finechem Chemicals), 

and nitric acid 69% (HNO3, product No. 101799 form Merck) with the molar ratio of 

(HNO3+H2O+EtOH)/(TEOS+TEP)=8 in TEOS:H2O:EtOH:HNO3=0.48:4:0.34:0.02. The pH 

of the solution was adjusted to 0.84. The solution was magnetically stirred for 1h at room 

temperature to hydrolyze TEOS. Next, 11.767 g triethyl phosphate (TEP, No. 30505 from BDH 

Chemicals Ltd Poole England) and 68.654 g calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 

product No. CA015 from Chem-supply) were added into the solution sequentially, with an 

interval of 1h between each addition. The final solution (clear sol) was stirred for an additional 

1 hour, then poured into a glass petri dish, and stored at room temperature until they formed a 

clear gel. The clear gel was dried using different methods of oven-drying, freeze drying, and 

vacuum drying, named O-58S, F-58S, and V-58S, respectively. In the case of oven-drying, the 

gel was aged at 70 oC for 24h and then dried at 120 oC for 24h. Vacuum drying was employed 

for 36h. In the case of freeze drying, the gel was placed into the liquid nitrogen and then freeze 

drying was carried out for 24h on a Labconco FreeZone Plus 6. The dried gels were 

subsequently calcined in air by heating them at 2°C/min to 600 oC and holding for 3h. After 

calcination, the glass-ceramics were ground and until are passed through a 74 microns sieve. 

The structure and morphology of the 58S bioactive glass-ceramics were observed using 

scanning electron microscopy on a Zeiss 1555 VP-FESEM working at 5 kV, 5.2-5.6 WD, with 

an In-Lens detector. The samples were Pt-coated before imaging. Nitrogen adsorption-

desorption isotherm measurements were accomplished on Micromeritics ASAP 2020 at 77 K 

using a relative pressure from 0 to 0.99 to determine the specific surface area, pore size, and 

pore volume. 
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5.3. Results and discussion 

The morphology and structure of 58S bioactive glass-ceramics after different drying methods 

are shown in Figure 5.1. Comparing the SEM images reveals that the O-58S glass-ceramic 

contains an agglomeration of particles, the F-58S is cracked and the V-58S has a highly rough 

surface. It is apparent from Figure 5.1(a) and (b) that particles have become agglomerated 

through the thermal drying. In contrast, freeze-drying creates a different morphology with some 

cracks evident within the particles, Figure 5.1(c) and (d). These cracks may have occurred 

during the sublimation process. In other words, after freezing, sublimation of the solvent may 

lead to cracking. At room temperature, the gel is able to flow into the space created by the 

removed of the solvent and therefore cracking does not occur. The same flow is not possible 

when the gel is frozen and therefore cracking occurs. Finally, SEM images of the vacuum-dried 

gel, Figure 5.1(e) and (f) show a rough, porous surface which may be attributed to the way that 

the solvent molecules leave the gel under vacuum. 
 

 
Figure 5.1. SEM images of samples after (a) and (b) oven drying, (c) and (d) freeze drying, and (e) 

and (f) vacuum drying. Images (b), (d) and (f) are higher magnification images of (a), (c) and (e), 

respectively. 

Figure 5.2 shows the SEM images of O-58S, F-58S, and V-58S after calcination at 600 oC for 

3h. Comparing the morphologies of the material after calcination indicates that the drying 

method causes a significant change in the surface structure. The O-58S was partially 

crystallized (Figure 5.2(a) and (b)) with flake-like crystals. For the F-58S sample, there were 

areas that look similar to the O-58S but at some regions were different such as shown in Figure 

5.2(c) and (d). Vacuum drying, Figure 5.2(e) and (f), results in a similar flake-like crystalline 
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morphology to oven drying. However, the crystals of V-58S are more interlocked and smaller. 

From these results, it is apparent that the method of solvent extraction from the gel affects the 

surface porosity size and shape as well as agglomeration of particles.  

 

 
Figure 5.2. SEM images of samples after calcination at 600 oC for 3h. (a) and (b) oven drying, (c) 

and (d) freeze drying, and (e) and (f) vacuum drying. Images (b), (d) and (f) are higher 
magnification images of (a), (c) and (e), respectively. 

Figure 5.3 shows the nitrogen sorption isotherms of O-58S, F-58S, and V-58S after calcination 

at 600 oC for 3h. The nitrogen sorption isotherms of all samples are identified as type IV 

according to IUPAC classification, with a hysteresis loop which is representative of 

mesoporous materials [6]. Table 5.1 summarizes BET surface area, pore volume, and pore size 

of O-58S, F-58S, and V-58S after calcination. Calcined F-58S had the highest BET surface 

area with lowest pore size amongst the samples. Based on the results of nitrogen sorption 

isotherms, there is a significant difference amongst the BET surface area of samples, although 

all of them represented mesoporous structure. 
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Figure 5.3. Nitrogen sorption isotherms of O-58S, F-58S, and V-58S calcinated at 600 oC for 3h. 
 

Table 5.1. BET surface area, pore volume, and pore size of O-58S, F-58S, and V-58S calcinated 

 at 600 oC for 3h. 

 O-58S after calcination F-58S after calcination  V-58S after calcination 

BET surface area (m2/g) 161 209 140 

Pore volume (cm3/g) 0.29 0.21 0.15 

Pore size (nm) 7.20 3.97 4.12 

 

5.4. Conclusions 

Mesoporous bioactive glass-ceramics in the system of 60SiO2-36CaO-4P2O5 (mol.%) (i.e. 58S) 

have been synthesized using the sol-gel process. The effect of different drying methods (oven-

drying, freeze drying, and vacuum drying) on the structure of 58S bioactive glass-ceramic was 

investigated. SEM images of the samples after drying revealed an agglomeration of the 

particles for oven-dried sample, cracks in the freeze-dried material, and a highly rough surface 

on the vacuum-dried particles. After calcination, both the oven and vacuum-dried material were 

partially crystallized with flake-like crystals, while freeze-drying produced a different 

crystalline morphology. The nitrogen isotherms of all samples calcinated at 600 oC indicated 

that a mesoporous structure formed. The BET surface area of the freeze-dried materials after 

calcination was greater than after either oven or vacuum drying. Hence, it is apparent that the 
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method of solvent extraction from the gel has significant effect on morphology and surface 

properties for the resultant bioactive glass-ceramic. 
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Chapter 6 is “Effect of Crystallinity, Textural, and Structural Properties on the Bioactivity of 

58S Mesoporous Glass and Glass-ceramics” has been submitted to Acta Biomaterialia. This 

chapter further investigates the effect of the processing conditions on the structure of the 

bioglass powder formed via sol-gel processing. Specifically, if the method of dehydration 

could influence whether or not the low-temperature crystallisation could be prevented. This 

is an important part of this thesis as, if the low-temperature crystallisation could be prevented 

without using the addition of citric acid, a simpler (and therefore cheaper) processing route 

would be possible. However, the dehydration method (oven, vacuum, and freeze drying) did 

not affect the formation of the crystalline phase during calcination – suppression was only 

possible through the addition of citric acid to the sol. However, different morphologies and 

textural properties occurred depending on the drying method. Although all samples were 

bioactive, in-vitro bioactivity of fully amorphous 58S occurred predominantly via calcium 

carbonate formation on the surface of the glass. In case of the 58S glass-ceramics, a layer of 

hydroxyapatite also formed alongside the calcium carbonate. Therefore, it is clear that the 

dehydration method does have an influence on the phases that form during dehydration, and 

this should be considered when choosing the most appropriate processing route.  

Hydroxyapatite crystals formed during the in-vitro bioactivity had a variety of morphologies 

including cauliflower, needle-like, rode-like, and plate-like shapes. The fully amorphous 58S, 

which had the lowest network connectivity, showed the highest biodegradability rate. 

6.1. Introduction 

Bioactive glass and glass-ceramics are a special group of biomaterials used in healthcare 

applications that can bond with bone and stimulate new tissue growth [1]. Although glasses 

are amorphous solids which lack long range ordering structure, heating can provide enough 

energy for nucleation and growth of crystals in the glass matrix, which results in a structure 

named glass-ceramic [2,3].  

Bioactivity (bone-bonding ability) and biodegradability are critical for biomaterials used in 

bone tissue biomedical applications. In-vitro bioactivity of glass is evaluated by immersing 

the glass in an aqueous phosphate solution at 37 oC then monitoring hydroxyapatite formation 

(as the bone-bonding mechanism) on the surface of the glass after a certain amount of time. 

The weight loss of the glasses as a function of time immersed in the aqueous phosphate 

solution is known as the in-vitro biodegradation [4]. Understanding the degradation and 

dissolution of bioactive glass and glass-ceramics are crucial as different applications require 
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certain durability. For example, faster biodegradability promotes the creation of a new bone 

while aluminosilicate glasses used for cancer internal radiotherapy must last enough to 

completely kill the cancer cells [5]. 

The implanted bioactive glass into the bone defect site reacts to the surrounding biological 

fluid by ion-exchange reactions which lead to the formation of a bone-like apatite layer on 

the implant surface [6,7]. The presence of crystals in the structure can postpone the formation 

of an apatite layer on the glass-ceramic surface by reducing the dissolution rate and ion 

exchange [6]. Many factors such as chemical composition, network connectivity, surface 

morphology, shape, and size of samples can affect the bioactivity and biodegradability of a 

glass and glass-ceramic [5,8]. 

The chemical composition of bioactive glass and glass-ceramics has significant effects on 

their bioactivity and biodegradability [5]. Glass and glass-ceramic compositions are mainly 

based on silicate, phosphate and borate systems [9]. For example, the presence of CaO in 

silicate-based glass compositions is essential to create a bioactive structure. The third 

component can be P2O5 which bonds with calcium to form calcium phosphate nuclei. The 

reactivity of glasses in contact with physiological fluids can be completely modified by 

calcium phosphate nuclei [10].    

Glass network connectivity is one of the most important structural parameters affects 

bioactivity and biodegradability, and is controlled via composition. The network connectivity 

is determined by the average number of bridging oxygen atom bonds to a network forming 

cation such as Si. Network modifying cations such as calcium can break Si–O–Si bonds to 

form non-bridging oxygen (Si-O) which decreases network connectivity. Higher network 

connectivity reduces dissolution rate, bioactivity, and biodegradability of a glass in contact 

with physiological fluid [5,11,12].  

Melting process and sol-gel method are the main techniques to synthesize bioactive glass and 

glass-ceramics. The sol-gel method involves hydrolysis, polycondensation, gelation, aging, 

drying, and calcination steps, provides a bioactive glass with higher surface area, higher 

purity and more homogeneity than the melt-derived glasses [2]. Textural properties of a 

biomaterials, including surface area, pore size, and pore volume, can modify the bioactivity 

and biodegradability rate [13]. Higher surface area and a meso-structure (2-50 nm) are 

generally considered favourable for bioactive glass and glass-ceramics [10]. Nanopores 

present in sol-gel derived bioactive glasses speed ion exchange between the glass and 
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physiological fluid and therefore accelerate biodegradation and hydroxyapatite formation 

[2,13]. 

Hydroxyapatite (Ca10(PO4)6(OH)2) is a calcium phosphate crystalline phase which can form 

on the surface of biomaterials in contact with physiological fluids. This phase has similar 

chemical and crystallographic structure to the mineral part of natural human bone [14]. 

However, calcium carbonate (calcite crystals) can also form on the surface of bioactive 

glasses, instead of or in competition with hydroxyapatite, during in vitro tests [11]. Calcium 

carbonate can form because of a high concentration of Ca2+ ions in the testing solution and/or 

glass composition, glass texture and type of physiological fluids [11,15]. 

In this study, effect of crystallinity, textural and structural properties on the bioactivity of sol-

gel derived mesoporous 58S (60SiO2, 36CaO, 4P2O5 mol.%) glass and glass-ceramics powder 

after calcination are investigated.  

6.2. Experimental procedure 

6.2.1. Preparation bioactive glass powder 

Mesoporous 58S bioactive glasses in the system of 60SiO2-36CaO-4P2O5 (mol%) were 

synthesized by sol-gel method, as described previously by the authors [16]. To dry the wet 

gels, three different dehydration methods were used: oven drying, vacuum drying and freeze 

drying. The resultant samples from the process have been named O-58S, V-58S, and F-58S, 

respectively. Oven-drying was performed by first 24h aging the gel at 70 oC and then 24h 

drying at 120 oC. For vacuum drying, a pressure of ~10-2 mbar for 36h was used, while freeze-

dried samples were placed into liquid nitrogen and freeze-dried at -80 oC for 24h in a 

Labconco FreeZone Plus 6. Another sample, named O-58S-C containing citric acid, has the 

same synthesis process as O-58S (oven drying) except citric acid was dissolved into milli-Q 

water, prior to adding Ca(NO3)2.4H2O. A muffle furnace (Labec, Australia, model CEMLM) 

was used to calcinate all the dried gels. Calcination was done in air at heating rate of 2°C/min 

to 600 oC and then holding at 600 oC for 3h. To grind the calcinated samples and create fine 

particles smaller than 74 micron, agate mortar and pestle were used. Finally, calcinated 

powder was characterized using FT-IR, XRD, SEM, BET, and Solid-state 29Si NMR as 

detailed below. 
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6.2.2. In-vitro bioactivity test 

The in-vitro bioactivity of the samples were investigated by immersion the samples into the 

simulated body fluids (SBF, pH=7.45, BIOCHEMAZONE, Canada). The in-vitro bioactivity 

test method and pH changes of SBF have been described previously by the authors [17].  

6.2.3. Other characterization methods 

Solid-state 29Si NMR (nuclear magnetic resonance) spectra of solids were obtained using a 

Varian VNMRS WB spectrometer (1H 399.858 MHz, 29Si 79.432 MHz) equipped with a 4 

mm MAS probe. For the 29Si NMR experiments, the samples were spun at 5000 Hz and 

acquired with a 5 second pulse using an acquisition time of 0.05 second, 5 second recycle 

delay, for at least 17000 scans. Chemical shifts are referenced to an external standard of 

tetramethylsilane (TMS). Each 29Si NMR spectrum was deconvoluted into various Q-species 

(Q=0 to 4) using Gaussian fitting data by a spectral data analyzing software (MestreNova). 

To determine the specific surface area, pore size, and pore volume, nitrogen adsorption-

desorption isotherm measurements were performed on Micromeritics ASAP 2020 at 77 K 

using a relative pressure from 0 to 0.99. Scanning electron microscopy (Zeiss 1555 VP-

FESEM) with accelerating voltage of 5 kV and working distance of 6.6 ± 0.1 mm was used 

to investigate the structures and morphologies of the powders. SEM images were taken from 

Pt-coated samples using an In-Lens secondary detector. Fourier transform infrared 

spectroscopy analysis was undertaken on a PerkinElmer Spectrum One FT-IR Spectrometer 

in the range of 500-4000 cm-1. Crystallinity of the samples were investigated by an X-ray 

powder diffraction (Panalytical Empyrean XRD) with a Cu Kα radiation in the 2θ range of 

10-80o at 40kV and 40mA. The step size and scan speed were 0.01313 degrees and 0.0033 

degree/s, respectively. The pH of SBF was evaluate by a pH-meter (Cole-Parmer P200-02) at 

each time interval.  

6.3. Results and discussion 

6.3.1. Crystallinity and structural properties after calcination 

To investigate how the solvent removal and dehydration method affects the crystalline 

structure of 58S, different drying methods including oven, vacuum, and freeze drying were 

performed, followed by calcination at 600°C for 3h. Figure 6.1 shows the XRD patterns of 

O-58S-C, O-58S, V-58S, and F-58S after calcination. A broad, peak-free hump was observed 

in XRD patterns of the O-58S-C, which is consistent with a fully amorphous (glass) structure. 
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In contrast, several crystallization peaks were present in the XRD patterns of O-58S, V-58S, 

and F-58S. There were no obvious differences between the patterns from material that used 

the different dehydration methods. The peaks were matched to mainly calcium-deficient 

hydroxyapatite – Ca9(PO4)6OH2 (ICDD: 00-046-0905) and partially calcite (calcium 

carbonate) – (CaCO3) (ICDD: 01-072-1937) as well as vaterite (calcium carbonate) – 

(CaCO3) (ICDD: 96-900-7476), which existed in the glassy matrix. The XRD results (Figure 

6.1) showed similar crystalline patterns for O-58S, V-58S, and F-58S which means that the 

dehydration method and rate have not affected the low-temperature crystallization. 

 

Figure 6.1. XRD patterns of O-58S-C, O-58S, V-58S, and F-58S after calcination at 600 
58S curves.-58S, and F-58S, V-O amongstC for 3h. There is no significant difference o 

 

To investigate whether the dehydration method affected the chemical bonding after 

calcination, FT-IR analysis was performed. The FT-IR spectra after calcination at 600 oC for 

3h (Figure 6.2), shows a broad band between 800 and 1200 cm-1 for all samples. For the O-

58S-C and O-58S, the broad band was centered at around 1030 cm-1 with a shoulder around 

1200 cm-1. For the V-58S and F-58S, the broad band was centered at around 890 cm-1 and 

two shoulders existed at 845 cm-1 and 975 cm-1. These two samples also had two peaks at 

around 1420 and 1472 cm-1. In Figure 6.2, peaks in the range of 800 and 1200 cm-1 have been 

attributed to the Si-O-Si stretching vibration and indicates that the glass network is formed 

by [SiO4] tetrahedrons [35,36]. For O-58S-C and O-58S, the broad band was centered at 

around 1030 cm-1 with a shoulder around 1200 cm-1. The broad band is assigned to the 

asymmetric stretching of the Si-O-Si. The shoulder represents the Si-O-Si stretching mode 
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[37,38]. The FT-IR spectra of the V-58S and F-58S were similar, with a broad band centered 

at around 890 cm-1 and two shoulders at 845 cm-1 and 975 cm-1. The one non-bridging oxygen 

per [SiO4] tetrahedron (Si–O–NBO) combined with stretching of the Si–O results in peaks at 

890–975 cm-1. Two non-bridging oxygen atoms per [SiO4] tetrahedron (Si–O–2NBO) will 

result in a peak at 840 cm-1 [38]. The FT-IR spectra of both V-58S and F-58S glass-ceramics 

showed a higher fraction of non-bonded oxygen in the structures. In other words, vacuum 

drying and freeze drying have both resulted in a change in the ratio between bonding Si-O-Si 

and nonbonding Si-O. As the concentration of non-bridging oxygen groups at the surface of 

the glass controls the dissolution rate of the biomaterials when immersed in body fluid, 

changes in bioactivity and biodegradability rate of the samples with different network 

connectivity are expected [20]. 

 

 

 

Figure 6.2. FT-IR spectra of O-58S-C, O-58S, V-58S, and F-58S after calcination at 600 
C for 3h.o 

Figure 6.3 shows SEM images of the surface of O-58S-C, O-58S, V-58S, and F-58S after 

calcination at 600 oC for 3h. In the O-58S-C sample (Figure 6.3(a) and (b)), no crystalline 

phases can be discerned. In contrast, both O-58S and V-58S contained flake-like crystals, 

although the crystals of the V-58S appeared more interlocked, as shown in Figure 6.3(c) to 

(f). For the F-58S, some areas are similar in appearance to V-58S, while other regions were 

starkly different, as shown in Figure 6.3(g) and (h). It is well known that the size, size 

distribution, and shape of calcium phosphate crystals of biomaterials can have significant 
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effects on surface chemistry and biological responses (biocompatibility and bioactivity of the 

implant) and therefore applications [32,33]. As the oven-drying, vacuum-drying, and freeze-

drying formed calcium phosphate crystals with various sizes and morphologies (but with the 

same crystalline patterns), differences amongst the samples’ surface area and pore structure 

are expected. 

  

Figure 6.3. SEM images of the surface of (a, b) O-58S-C, (c, d) O-58S, (e, f) V-58S, and 
(g, h) F-58S after calcination. 

6.3.2. Surface area and pore structure 

Figure 6.4 shows BET nitrogen sorption isotherms for O-58S-C, O-58S, V-58S, and F-58S 

after calcination at 600 oC for 3h. Although there are slight differences between the hysteresis 

loops, all are type IV isotherms, which indicates a mesoporous material [18]. Comparing the 
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hysteresis loops of the samples (Figure 6.4), it appears that the pores in both O-58S-C and O-

58S are H1, indicating cylindrical-shaped pores, while the F-58S and V-58S are type H2 

(bottle neck) and H4 (slit-shaped), respectively [18,19]. Although all samples are 

mesoporous, differences in the BET surface area, pore size, pore volume, and pore shape are 

observed after calcination, as shown in Table 6.1. Calcined F-58S had the highest BET 

surface area with the lowest pore size. Figure 6.4 and Table 6.1 showed that O-58S-C, O-58S, 

V-58S, and F-58S are all mesoporous materials after calcination but have different BET 

surface area and pore shapes. The formation of the apatite phase during bioactivity depends 

on the pore size and volume as well as the surface area [26]. Higher surface area and pore 

volume of bioactive glasses provide a higher contact area between the material and SBF, 

which can accelerate the kinetic deposition process of hydroxyapatite and therefore 

bioactivity [10,34]. As a result of the differences in surface area, which are caused by the pore 

morphologies, changes in bioactivity and biodegradability of the samples would be expected. 

 

Figure 6.4. Nitrogen sorption isotherms of O-58S-C, O-58S, V-58S, and F-58S. O-58S-
C and O-58S have type H1 (cylindrical) pores, while the pores in F-58S are type H2 

(bottle neck) and in the V-58S, H4 (slits). 
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Table 6.1. BET surface area, pore volume, and pore size of O-58S-C, O-58S, V-58S, 
C for 3h.o58S after calcinated at 600 -and F 

 BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

Dominant pore shape 

(Hysteresis type [18]) 

O-58S-C 140 0.23 6.49 H1 

O-58S 161 0.29 7.20 H1 

V-58S 140 0.15 4.12 H4 

F-58S 209 0.21 3.97 H2 

 

6.3.3. Network Connectivity 

Figure 6.5 shows the Solid state 29Si MAS NMR spectra of O-58S-C, O-58S, V-58S, and F-

58S calcinated at 600 oC for 3h. These results can be used to compare the network 

connectivity of the silicate bonds and the distributions of Qn species. The Qn parameter gives 

information regarding the tetrahedral structural unit, where n relates to the number of bridging 

oxygen atoms. For example, Q4 reveals that 4 oxygen atoms of a silicate tetrahedral unit are 

bonded to other units [20]. Figure 6.6 shows the deconvolution of each 29Si MAS NMR 

spectrum into various Q-species (Q0, Q1, Q2, Q3, and Q4) using Gaussian fitting. Table 6.2 

summarizes the Qn content, chemical shift, and network connectivity of each material after 

calcination at 600 oC for 3h. The deconvoluting spectrum of the O-58S, Figure 6.6(c) shows 

two resonances. The first resonance at around -110 ppm is assigned to the Q4 species (SiO4 

tetrahedron is linked into the network via four bridging oxygen atoms). The second resonance, 

at about -101 ppm, is characteristic of Q3 [21]. Similar to the O-58S sample, the deconvoluting 

spectra of V-58S and F-58S glass-ceramics (Figure 6.6 (a) and (b)) contains two major peaks 

at around -110 and -101 ppm, which are related to the Q4 and Q3 species, respectively. 

However, there is also a minor peak at a shift of about -92 ppm which is attributed to the Q2 

species [20]. For the amorphous O-58S-C material, four species (Q1, Q2, Q3, and Q4) are 

present, but the intensity of the Q3 species is higher than the others. The reported network 

connectivity of each sample (Table 6.2) is calculated according to Equation 6.1 [20]: 

        NC = (4Q4+3Q3+2Q2+1Q1)/100               Equation 6.1     

For bioactive glasses, it has been shown that optimum bioactivity is achieved when the 

connectivity is between 2 and 3 [11]. Less rigid (lower network connectivity) glass structures 
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have a faster rate of ion release and glass dissolution (the greater the disruption in the silicate 

network) [11]. Based on the solid-state MAS NMR results in Table 6.2, it was observed that 

O-58S-C has the lowest network connectivity (2.48) of the four materials. Samples O-58S, 

V-58S, and F-58S showed the similar network connectivity. 

             

 

58S -58S, and F-58S, V-, OC-58S-OSi MAS NMR spectra of 29. Solid state 56. Figure
C for 3h.ocalcinated at 600  
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species using Gaussian -Si MAS NMR spectra into various Q29. Deconvolved 66. Figure
fitting data. a) F-58S b) V-58S c) O-58S and d) O-58S-C.  

Table 6.2. Qn content, chemical shift, and network connectivity data from solid state 
C for 3h.oat 600 58S calcinated -58S, and F-58S, V-, OC-58S-OMAS NMR of  

Sample Q4  Q3  Q2  Q1  NC 

δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%)  

O-58S-C -109.9 13 -101.5 44.5 -92.9 19.5 -82.9 23 2.48 

O-58S -110.4 67.3 -101.5 32.7 - - - - 3.67 

V-58S -110.3 73.3 -101.0 24.5 -92.4 2.2 - - 3.71 

F-58S -109.2 68.2 -101.1 26.4 -92.8 5.4 - - 3.63 

δ: the chemical shift. 

I: relative intensity. 

NC: the network connectivity defined as (4Q4+3Q3+2Q2+1Q1)/100. 
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6.3.4. In-vitro Bioactivity 

Figure 6.7 shows XRD patterns of O-58S-C, O-58S, V-58S, and F-58S before and after 

immersion in SBF for 1, 7, 14, and 28 days. In Figure 6.7(a), XRD patterns show that 

immersion of the fully amorphous O-58S-C in SBF for 28 days leads to crystallization of 

calcite. In contrast, the XRD patterns of partially crystallized O-58S, V-58S, and F-58S 

(Figure 6.7(b), (c), and (d), respectively) show the formation of both calcite and vaterite 
alongside the hydroxyapatite after immersion in SBF. However, the presence of CaCO3 was 

not expected as it is generally considered that hydroxyapatite forms on the surface of a 

biomaterial during immersion in simulated body fluid [11]. There is a largely unexplored 

phenomenon in which calcite crystals can form instead of, or in competition with, 

hydroxyapatite during an in-vitro bioactivity test [11]. However, as the bone bonding ability 

of calcite and hydroxyapatite is comparable, its formation is not necessarily detrimental to 

the bioactivity of the material. Calcium carbonate is biocompatible and biodegradable and 

can bond with bone without the formation of an apatite layer [8,11]. It can also act as a 

precursor for the formation of bone-like hydroxyapatite nanostructures [11]. The formation 

of calcium carbonate may occur when there is a high concentration of Ca2+ ions in the testing 

solution and/or glass composition, glass texture or type of physiological fluids [11,15]. 

The XRD patterns of the partially crystallized O-58S, V-58S, and F-58S (Figure 6.7(b), (c), 

and (d), respectively), showed the presence of mainly hydroxyapatite phase prior to 

immersion in SBF. The XRD patterns of the partially crystallized samples after immersion in 

SBF showed that calcite (calcium carbonate) and vaterite (calcium carbonate) formed along 

with the hydroxyapatite phase. Vaterite, aragonite, and calcite are three anhydrous 

polymorphs of crystalline calcium carbonate (CaCO3) with different crystal structures and 

stabilities in aqueous solutions. Usually, vaterite is considered to be the least 

thermodynamically stable phase, while aragonite and calcite are metastable and stable, 

respectively [39,40]. It has been reported that vaterite can transform to stable calcite phase in 

SBF [40]. However, there have been reports [11] of calcium carbonate, in the form of calcite, 

forming either before or alongside the hydroxyapatite, only during the in-vitro bioactivity test 

not in-vivo [11]. The in-vitro bioactivity in SBF is used to predict apatite forming ability but 

to fully characterise the bioactivity of the 58S glass, both in-vitro and in-vivo bioactivity tests 

are required. 
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Figure 6.7. XRD patterns of the samples before and after immersion in SBF for 1, 7, 14, and 
28 days. (a) O-58S-C, (b) O-58S, (c) V-58S, and (d) F-58S. Figures 6.7(a) and (b) were 

used in our previous paper [17]. 

The SEM images in Figure 6.8 show the morphology of the phases that have formed after 

immersion in SBF for 28 days. Figure 6.8(a), (c), (e) and (g) are at a low magnification to 

show the overall phase formation, while Figure 6.8(b), (d), (f) and (h) are higher 

magnification images and show morphology of the phases in more detail. Figure 6.8(b) shows 

the morphology of oriented calcite crystals at higher magnification which formed on the glass 

surfaces. Figure 6.8(c), (e), and (g) are low magnification images of O-58S, V-58S, and F-

58S, respectively and show formation of the same oriented calcite and cauliflower 

hydroxyapatite along with the large angular particles. However, in the case of the O-58S, the 

phases formed in distinct areas and therefore it was not possible image all the phases at once. 

Therefore, the oriented crystals are not shown in Figure 6.8(c) but did exist in the structure. 

The higher magnification images of Figure 6.8(d), (f), and (h) show the differences in the 

particle surface morphologies and reveal the presence of flake-like, rod-like, needle-like, and 

oriented crystals along with the same cauliflower and oriented phases described earlier. 

Comparing the morphologies of the large angular particles shown in Figure 6.8(d), (f), and 

(h) shows that the O-58S contained a mix of flake-like, rod-like, needle-like crystals while 

V-58S and F-58S samples have a relatively higher proportion on rod-like and oriented 
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crystals, respectively. Scanning electron microscopy images of the crystalline phases that had 

formed on the surface after immersion in SBF (Figure 6.8), showed differences in the surface 

morphologies and revealed the presence of flake-like, rod-like, needle-like, cauliflower, and 

oriented crystals. The cauliflower morphology is attributed to the hydroxyapatite phase as 

this morphology is usually formed as the apatitic layer during the bioactivity [41]. The 

oriented crystals are the calcite phase and are the main crystalline phase of O-58S-C after 

immersion in SBF for 28 days (Figure 6.7). The other different morphologies including flake-

like, rod-like, and needle-like could be related to the various shapes of hydroxyapatite which 

have been formed because of existing crystalline structure after calcination [33]. In other 

words, it is possible that the crystallization during calcination has provided suitable sites for 

nucleation and growth of various shaped hydroxyapatite crystals. 

 
Figure 6.8. SEM images of the samples after immersion in SBF for 28 days. (a, b) O-58S-

C, (c, d) O-58S, (e, f) V-58S, and (g, h) F-58S. Images b, d, f, and h are higher 
magnification of the surface morphology of the large angular particles shown in a, c, e, 

and g, respectively. 



90 

 

FT-IR spectra of the materials before and after immersion in SBF for 1, 7, 14, and 28 days 

are compared in Figure 6.9. The bands at around 874, 1420 and 1472 cm-1 can be attributed 

to carbonate groups [21,22]. The peaks at around 570, 600 and 1020 cm-1 are due to the 

presence of phosphate bonds [21,23]. that appeared after immersion in SBF. In particular, the 

weak double peaks at 570 and 600 cm-1 is characteristic of the phosphate group in the 

crystalline hydroxyapatite [24]. The band at around 1630 cm-1 is attributed to the hydroxyl 

groups [25]. From Figure 6.9, presence of carbonate and phosphate groups in all calcinated 

samples after 28 days immersion in SBF was confirmed. 

 

Figure 6.9. FT-IR spectra of the samples before and after immersion in SBF for 1, 7, 14, 
and 28 days. (a) O-58S-C, (b) O-58S, (c) V-58S, and (d) F-58S. Figures 6.9(a) and (b) 

were used in our previous paper [17].  

Figure 6.10 shows changes in the pH values of SBF over time during the in-vitro testing. The 

pH increases rapidly in the first 24 h of contact for all samples. Beyond that, the changes in 

pH are less dramatic. The pH values of the SBF for all samples showed a similar pattern, 

however the pH of the O-58S-C was somewhat higher. During in-vitro bioactivity, cation 

exchange from the glass network modifiers (Ca2+) and H+ or H3O+ ions from the SBF leaves 

a poorly connected silica rich layer (that is the formation of silanol groups and silica gel layer 

1-2 μm thick) [29]. This process results in an increase in the pH of the solution. Subsequent 
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to this, an amorphous calcium hydroxyl phosphate precipitates on the silica rich layer 

(calcium ion precipitation followed by incorporation of the OH-/PO4
3- anions from the 

supersaturated solution), which crystallizes to form calcium-deficient HCA [28–31]. The 

formation of hydroxyapatite leads to consumption of OH- ions in the SBF and therefore 

decreases the pH values [28]. As O-58S-C is fully amorphous, faster biodegradability than 

the O-58S, V-58S and F-58S (partially crystallized) is expected. This is consistent with Figure 

6.10, which shows that the highest pH values were measured in the SBF containing the O-

58S-C powder. Amongst partially crystallized samples, pH values (Figure 6.10) of SBF in 

contact with F-58S was slightly higher than V-58S and O-58S. This may be explained by the 

fact that the BET surface area of F-58S was around 209 m2/g which was highest value of all 

samples (see Table 6.1). Note that samples O-58S, V-58S, and F-58S showed similar 

crystalline phases (Figure 6.1) as well as the network connectivity (Table 6.2) but different 

crystal morphologies (Figure 6.3) and therefore BET surface area (Table 6.1). 

It is well-known that the chemical composition and the stabilization temperature of sol-gel 

derived silica-based glasses are the main synthesis conditions that will define the network 

connectivity, the textural properties and the glassy structure [38]. This study shows the effect 

of the different dehydration methods as well as citric acid addition on crystallinity, textural 

and structural properties. This is an important result as the network connectivity, textural 

properties, and the glassy structure have significant roles on the bioactivity and 

biodegradation rate of the sample, when immersed in physiological fluids [26,41]. 

 

Figure 6.10. pH values of O-58S-C, O-58S, V-58S, and F-58S after immersion in SBF 
for various time periods.  
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6.4. Conclusions 

Mesoporous 58S bioactive glass and glass-ceramics were synthesized via the sol-gel method 

and the effect of the drying method on the crystallinity, textural, and structural properties and 

therefore on bioactivity of 58S glass and glass-ceramics was investigated. A low-temperature 

crystallization occurred after calcination irrespective of the dehydration method used (oven, 

vacuum, and freeze drying). However, the dehydration method did affect the morphologies 

and textural properties of the calcium phosphate crystals that formed, even though the XRD 

patterns were very similar. The dehydration method also affects the surface area, with the 

freeze-dried 58S glass-ceramics having the highest BET surface area. This also led to this 

material having a slightly higher degradation rate amongst the glass-ceramic samples (O-58S, 

V-58S, and F-58S). The network connectivity and the bioactivity of the glass-ceramic 

samples (O-58S, V-58S, and F-58S) were approximately the same. 

Addition of citric acid to 58S sol produced an amorphous structure, with lower network 

connectivity, after calcination. The fully amorphous 58S with the lowest network connectivity 

showed the highest biodegradability rate. This material exhibited the bioactivity, which 

occurred mainly via the formation of calcium carbonate on the surface of the glass. 

hydroxyapatite also formed.  

In-vitro bioactivity of 58S glass-ceramics occurred primarily through the formation a layer of 

hydroxyapatite alongside calcium carbonate. The hydroxyapatite crystals that formed had 

various morphologies including cauliflower, needle-like, rod-like, and flake-like shapes.  

Although crystallinity, textural, and structural properties all effect the bioactivity of 58S, the 

expected theoretical bioactivity behaviour (hydroxyapatite formation) may vary from the 

experimental findings (i.e. calcium carbonate formation and/or hydroxyapatite formation). 

Therefore, in-vitro and in-vivo bioactivity tests are required to fully characterise the 

bioactivity of the 58S glass.  
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Chapter 7 is “Bioactivity and Biodegradability of High Temperature Sintered 58S Ceramics” 

which has been published in the Journal of the European Ceramic Society, 

https://doi.org/10.1016/j.jeurceramsoc.2022.02.051. This chapter builds on the previous 

chapter by comparing the bioactivity of the sintered 58S ceramics which were produced from 

amorphous 58S bioactive glass powder (which had been produced using citric acid addition) 

and partially crystallised glass-ceramics powder. It has generally been considered that 

amorphous biomaterials exhibit better bioactivity. However, the effect of crystallinity after 

calcination on bioactivity and biodegradability of sintered material produced from fully 

amorphous and partially crystalline was not clear. This study shows that the initial structure 

after calcination is important and affects the subsequent crystallization during sintering. 

Therefore, crystallinity and formation of hydroxyapatite after calcination are important 

controlling mechanisms that can increase the bioactivity and biodegradability rate of sintered 

58S. These differences are important as they provide an avenue for tailoring the 

biodegradation rate and bioactivity through collect choice of the precursor material.  

 

7.1. Introduction 

Over the last few decades, the substitute of defective tissues has been an important clinical 

treatment route. Tissue engineering has been  providing a treatment option for bone defects 

[1–3], with bioceramics being an important material that is often used [4,5]. Bioactive glasses 

as well as ceramics such as hydroxyapatite (HA) and tricalcium phosphate (TCP) have been 

used in the treatment of damaged bone due to their excellent osteoconductivity and ability to 

bond with bones (bioactivity) [4,6–9]. In spite of the superior bioactive properties, the main 

drawback of bioactive glasses and ceramics is their poor mechanical strength, which typically 

restricts their use to low load-bearing applications [6,10]. For example, the typical 

compressive strength of trabecular bone is in the range of 2-12 MPa [11,12] which could be 

met by bioactive glass and glass-ceramics implants. However, the requirement for high load-

bearing application in bone tissue engineering is more demanding as the compressive strength 

of human cortical bone is usually 100-150 MPa [13]. 

Glasses are inorganic amorphous solids with long-range structural order shortage and display 

a glass transition temperature when heated [6,14,15]. In contrast, crystalline solids have a 

long-range order (at least tens or hundreds of atomic distances) in a periodic three-
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dimensional array [16]. Heating can convert glasses into partially or fully crystalline 

structures, which results in crystal nucleation and growth [17,18]. Crystalline phases in the 

structure of  glass-ceramics can improve the strength of materials and result in higher fracture 

toughness compared to the parent glass [6]. However, the presence of crystals can reduce 

bioactivity and biodegradability [1].   

Bioactivity and biodegradability are fundamental requirements for biomaterials in many 

applications [19]. In-vitro bioactivity and biodegradability of glass are assessed by immersing 

the material in an aqueous phosphate solution such as SBF at 37 oC. In-vitro biodegradation 

is simply determined by calculating the weight loss of the material as a function of time 

immersed in the aqueous phosphate solution [19]. In-vitro bioactivity rate is assessed via the 

rate of bone-like hydroxyapatite formation on the surface of the glass.  

When bioactive glasses are implanted into a bone defect site, the ions exchange occur between 

the glass surface and the biological fluid due to the high reactivity of these glasses, leading to 

an apatite layer on the implant surface [6,20,21]. However, the presence of crystalline phases 

can reduce the dissolution rate and ion exchange, which results in a deferral in the apatite 

layer formation on the surface [6,22]. Chemical compositions, surface morphology, shape, 

and size of samples also affect the bioactivity of a glass [15]. Wollastonite (CaSiO3) and 

pseudowollastonite are two crystalline phases (other than hydroxyapatite) that exhibit 

biodegradability and bioactivity [6,23] as well as good mechanical properties [6,24]. 

Wollastonite (CaSiO3) which can form at around 1125 oC, is capable of forming apatite on 

its surfaces in simulated body fluid. Pseudowollastonite is a higher temperature form of 

wollastonite and also shows good bioactivity [25]. 

Bioactive glass can be used in diverse forms including powders, granules, dense pieces, 

coatings, and porous scaffolds [20], depending on the application and required mechanical 

properties. Scaffolds are typically shaped from glass powder, and to provide mechanical 

strength the scaffold is usually heated to above its glass transition temperature (sintering) 

[1,26]. During sintering, the particles are able to fuse together which increases strength [12]. 

However, high temperature sintering increases the risk of crystallization, which can reduce 

biodegradability and bioactivity [27]. Therefore, sintering at lower temperatures and for 

shorter times is favored [27].  

Our previous study [28] reported a low-temperature crystallization at 494 oC and 549 oC for 

sol-gel derived 58S glass due to calcium phosphate segregation from the silica during 
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gelation. Addition of citric acid to the sol increased the crystallization temperature to 829 oC 

so a fully amorphous structure glass was formed after calcination at 600 oC. While high 

temperature crystallization improves mechanical strength [6], low-temperature crystallization 

in the 58S reduced the compressive strength of the final material by ~20% [28].  The effect 

of low-temperature crystallization on bioactivity and biodegradability is previously 

unexplored. This study aims to understand how low-temperature crystallization during 

calcination, affects the in-vitro bioactivity and biodegradability of high temperature sintered 

58S bioactive glass. To characterize the samples, Scanning Electron Microscopy (SEM), X-

ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and 

Inductively Coupled Plasma Mass Spectrometry (ICPMS) were used. 

7.2. Experimental procedure 

7.2.1. Materials and preparation bioactive glass and glass-ceramic 

The 58S bioactive glass and glass-ceramics in the system of 60SiO2-36CaO-4P2O5 (mol%) 

were synthesized by sol-gel method, which has been described previously [28]. The raw 

materials used were Tetraethyl orthosilicate (TEOS, product No. 86578, ≥99.0% GC), 

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, product No. 237124, ACS reagent, 99%), and 

triethyl phosphate (TEP, product No. 538728, ≥99.8%) all from Sigma Aldrich, citric acid 

(anhydrous LR, product No. CL013, >99.0%) and nitric acid 69% (HNO3, product No. 

101799) from Chem-Supply and Merck, respectively. The precursors including TEOS, TEP, 

and nitric acid in the ratio which has been described previously [28] were mixed to prepare a 

solution with pH of 0.61 ± 0.01. After magnetically stirring for 24h at room temperature, 

another solution containing 68.654 g Ca(NO3)2.4H2O and 120 ml Milli-Q water which was 

also stirred for 24h at room temperature was added to the solution with the pH of 0.61 ± 0.01. 

The resultant solution was stirred for 4h and then stored at room temperature to form a clear 

gel. After aging at 70 oC for 24h and drying at 120 oC for 24h, all samples were calcinated at 

600 oC for 3h in air in order to stabilize the glass structure. A heating rate of 2 oC/min was 

used. After calcination, the material was semi-crystalline and is designated 58S. Similar to 

our previous work [28], citric acid was added to the 58S sol to prevent segregation. This 

material, termed 58S-C, was fully amorphous after calcination. The obtained bioactive glass 

(58S-C) and glass-ceramic (58S) particles were ball milled using sintered alumina jar and 

balls for 18 h, at a speed of 151 rpm, and ball to powder weight ratio of 10:1. The fine particles 

were mixed with carboxymethyl cellulose solutions (CMC, Mw=700,000, Polysciences, 
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USA), shaped in a cylindrical mould, dried at room temperature and then 100 oC for 24h and 

sintered at 1100 oC for 5h. The milling process, method to create a paste using CMC, shaping 

the paste in a mold, drying, and sintering have all been described previously [28].  

7.2.2. In-vitro bioactivity test 

To investigate in-vitro bioactivity of the specimens, both calcinated powder (600 oC for 3h) 

and sintered pellets (1100 oC for 5h), were immersed in simulated body fluid (SBF, pH=7.45, 

Biochemazone, Canada) for up to 28 days. Each sample was immersed in a polypropylene 

centrifuge tube containing SBF solution with a ratio of bioactive glass:SBF of 1 g:40 ml. The 

tubes were incubated in a shaking water bath at the constant rate of 20 rpm at 37 oC and the 

tests were carried out without SBF replacement. After time intervals of 1, 3, 5, 7, 14, and 28 

days, specimens were removed from the SBF, washed three times with deionized water, and 

dried at 60 oC for 24h. All specimens were subsequently characterized by Scanning Electron 

Microscopy (SEM), X-ray powder diffraction (XRD), and Fourier transform infrared 

spectroscopy (FT-IR) to investigate hydroxyapatite formation. Triplicate samples were 

characterized for each result. 

7.2.3. In-vitro biodegradability test 

To assess early-stage in-vitro biodegradation (up to 28 days), sintered pellets were immersed 

in SBF solution using the same conditions described above. Measurement of the 

concentration of Si, P, and Ca ions in the SBF before and after immersion was performed 

using Inductively Coupled Plasma Mass Spectrometry (Thermo ELEMENT XR HR-

ICPMS). The pH changes of SBF were measured also using a pH-meter (Cole-Parmer P200-

02). In addition, the weight loss of pellets after washing and drying was calculated by the 

Equation 7.1: 

             %W = (Wi − Wt)*100/Wi                                      Equation 7.1                  

Where Wi and Wt are the initial weight prior to immersion and the weight after immersion 

for the specific time, respectively [29,30]. Triplicate samples were characterized for each 

result. 

7.2.4. Other characterization methods 

Both the calcinated powder and sintered pellets were analysed using X-ray powder diffraction 

(Panalytical Empyrean XRD) using a Cu Kα radiation in the 2θ range of 15 to 80o at 40kV 

and 40mA using a step size of 0.01313 degrees and a scan speed of 0.0033 degree/s. The 
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anslysis was perfomed both before and after immersion in SBF. In order to identify crystalline 

phases, all patterns were matched using the database of the International Centre for 

Diffraction Data (ICDD) and X’pert High Score Plus software. The Rietveld refinement 

method was used for semi-quantitative analysis of sintered 58S and 58S-C crystalline phases 

before and after immersion in SBF for 28 days. The structures and morphologies of the pellets 

were investigated in a high resolution scanning electron microscope (Zeiss 1555 VP-

FESEM). The samples were coated with platinum and then imaged at an accelerating voltage 

of 5 kV, working distance of 6.6 ± 0.1 mm, using the In-Lens secondary electron detector. 

Attenuated Total Reflection–Fourier Transform Infrared spectroscopy (ATR-FTIR) analysis 

was performed on a PerkinElmer Spectrum One Spectrometer in the wavenumber range of 

500 to 4000 cm-1 and spectral resolution 4 cm-1. This technique does not require the use of 

any extra material or holder (e.g. KBr). To characterize the sintered pellets by FT-IR, fine 

particles were produced by crushing the sintered pellets 

7.3. Results and discussion 

7.3.1. In-vitro bioactivity test 

7.3.1.1. XRD patterns of calcinated 58S and 58S-C powder 

Figure 7.1(a) and (b) show XRD patterns of calcinated 58S-C (citric acid assisted) and 58S 

powders before and after immersion in SBF for 1, 7, 14, and 28 days. In Figure 7.1(a), the 

XRD patterns show that immersion of the fully amorphous 58S-C in SBF for 28 days led to 

the formation of a relatively small amount of crystalline calcite (calcium carbonate, CaCO3, 

ICDD: 01-072-1937). In contrast, the XRD patterns of partially crystallized 58S in Figure 7.1 

(b) show that hydroxyapatite (calcium-deficient hydroxyapatite, Ca9(PO4)6OH2, ICDD: 00-

046-0905) crystals have formed in the glassy matrix after calcination before immersion in 

SBF. After immersion in SBF, calcite and vaterite (CaCO3, ICDD: 96-900-7476) have formed 

alongside the hydroxyapatite (Figure 7.1(b)). It is well known that a layer of hydroxyapatite 

often forms on the surface of bioactive glasses during immersion in SBF [31], but there is a 

largely unexplored phenomenon in which calcite crystals can form instead of, or in 

competition with, hydroxyapatite during an in-vitro bioactivity test [32]. The effect of SBF 

volume on the formation of calcium carbonate instead of or in competition with 

hydroxyapatite has been explained in previous studies [32,33]. It has been reported that if the 

concentration of the 70 (wt.)%SiO2 – 30 (wt.)%CaO glass powder in SBF is 10, 5, 3.3, or 2.5 

mg/ml, calcium carbonate forms instead of hydroxyapatite after 1 day of immersion in SBF. 
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In contrast, 2 mg of glass powder in 1 ml SBF results in the formation of hydroxyapatite after 

1 day of soaking in SBF [33]. Therefore, solutions with higher glass concentrations are most 

likely to result in the formation of crystalline calcium carbonate on the surface of the glass 

over prolonged immersion periods (1 day) [32]. As the current in-vitro bioactivity test was 

done with the concentration of 25mg 58S/1ml SBF, formation of calcium carbonate is not 

unexpected. Therefore, an in-vitro bioactivity test with a mass/volume ratio of 1.5 mg/ml 

should be done to clarify whether calcite formation in SBF occurs due to the high 

mass/volume ratio (25 mg/ml) or whether it is a genuine effect of glass reactivity. The current 

in-vitro bioactivity test has been done with a high mass/volume ratio (25 mg/ml) instead of 

1.5 mg/ml simply because of the lack of access to enough SBF during the COVID-19 

restrictions. It is also thought that the high specific surface area and pore size, cylindrical pore 

shape, and the open porosity may result in easier calcium ions diffusion through the glass 

when immersed in SBF and therefore increase the rate of calcium carbonate formation 

[32,34]. In a previous study [34], co-precipitation of calcium carbonate was reported in the 

64SiO2-31CaO-5P2O5% (mol.%) sol-gel derived bioactive glasses with a surface area of 

137.9 m2g-1 and pore size of 15.4 nm. The BET surface area of the calcinated 58S and 58S-C 

were 161 and 140 m2g-1, and their pore size were 7.2 and 6.5 nm, respectively. The textural 

measurements showed that both materials were mesoporous with the cylindrical pore shapes 

which can lead to form calcium carbonate. However, as the bone bonding ability of calcite 

and hydroxyapatite is comparable, therefore its formation is not necessarily detrimental to the 

bioactivity of the material. Furthermore, calcium carbonate is biocompatible and 

biodegradable and has been used as a filler in bone cement, and for guided bone regeneration 

[32]. It should be noted that in-vitro conditions in SBF can only approximately match those 

in-vivo. Despite this limitation, assessment of in-vitro bioactivity in SBF solutions is used as 

an ISO standard [32,35] to predict apatite forming ability (bone-bonding ability) of bioactive 

medical implants. Nonetheless, an important question remains as to what extent the calcium 

carbonate in-vitro formation may be predictive of what actually happens in-vivo as there 

appears not to be any published work that has shown the formation of calcium carbonate at 

the bioactive glass/host bone interface during in-vivo testing [32]. 

7.3.1.2. XRD patterns of sintered 58S and 58S-C pellets 

Figure 7.1(c) and (d) show XRD patterns of sintered 58S-C and 58S pellets before and after 

immersion in SBF for 1, 7, 14, and 28 days. Figure 7.1(c) and (d) show the crystalline phases 

of sintered 58S-C and 58S before immersion in SBF are hydroxyapatite (apatite-(CaOH), 
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Ca10(PO4)6(OH)2, ICDD: 98-005-0656), pseudowollastonite (CaSiO3, ICDD: 98-008-7694), 

and cristobalite (SiO2, ICDD: 98-007-7457). Formation of pseudowollastonite [27,36,37], 

cristobalite [36,37], and hydroxyapatite [36] after high-temperature sintering of bioactive 

glasses has been reported in previous studies. After immersion, XRD patterns for sintered 

58S-C and 58S confirm the presence of hydroxyapatite and pseudowollastonite in both 

samples, but cristobalite only in the 58S structure. In contrast to 58S-C, immersion in SBF 

did not completely dissolve the cristobalite from the 58S. There are also some minor 

unidentified peaks. Semi quantitative Rietveld XRD showed that although the crystalline 

phases of the sintered 58S and 58S-C prior to immersion are similar, the percentage of 

cristobalite in the structure of sintered 58S-C is around 9% which is approximately half that 

in sintered 58S with 17%. It seems that segregation of calcium and phosphate from silica and 

then early crystallization of hydroxyapatite in calcinated 58S [28] lead to form a higher 

percentage of cristobalite in sintered 58S. The XRD data shows 28 days was sufficient time 

for cristobalite in the structure of 58S-C to completely dissolve in SBF, but not for 58S. 

  

 

Figure 7.1. XRD patterns of the specimens before and after immersion in SBF for 1, 7, 14, and 28 
C and (d) -C and (b) 58S. After sintering (c) 58S-C for 3h (a) 58Sodays. After calcination at 600 

58S.  
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7.3.1.3. SEM images of calcinated 58S and 58S-C powder 

Figure 7.2 shows SEM images of the calcinated specimens before and after immersion in 

SBF. The surface of the amorphous 58S-C is shown in Figure 7.2(a) and is featureless, which 

is consistent with the appearance of amorphous materials and the XRD results in Figure 

7.1(a). After immersion of 58S-C in SBF for 28 days, oriented calcite crystals formed on the 

surface of the glass (Figure 7.2(c)), also in agreement with XRD results in Figure 7.1(a). As 

the sizes of calcite crystals were quite large, this SEM image was taken at a lower 

magnification to image a larger area and show the calcite crystal morphology. The other 

images were taken at higher magnification to clearly reveal the features. Other than the 

oriented calcite crystals, a phase with a cauliflower morphology was observed in some 

regions of 58S-C after immersion in SBF for 28 days (Figure 7.2(e)). This phase was not 

present in the XRD so the cauliflower crystal phase volume fraction is below the XRD 

detection limit.  

After calcination, the surface of the 58S contains flake-like crystals as shown in Figure 7.2(b). 

These are related to the hydroxyapatite formed after calcination, based on the XRD patterns 

in Figure 7.1(b). The SEM image of 58S after 28 days in SBF (Figure 7.2(d)) revealed rod-

like, needle-like, and flake-like crystals, suggesting that the initial flake-like hydroxyapatite 

crystals are sites for hydroxyapatite and calcium carbonate nucleation and then growth. In 

body fluid, hydroxyapatite is the most thermodynamically stable crystalline phase of calcium 

phosphate and has been reported to have various morphologies such as rod, flake, sphere, 

cauliflower, etc. [38]. Similar to 58S-C, a cauliflower morphology was observed in some 

regions of 58S after immersion in SBF for 28 days as shown in Figure 7.2(f). Since 

cauliflower-like morphology is usually formed as the apatitic surface layer during the 

immersion of bioactive glasses in physiological solutions [32], the cauliflower crystals in 58S 

and 58S-C are more likely to be hydroxyapatite phase rather than calcium carbonate. 

Formation of either hydroxyapatite or calcium carbonate in in-vitro is only a predictor of in-

vivo bioactivity [32]. Further studies on in-vivo bioactivity assessments are required to 

determine if calcium carbonate will form on the surface of bioactive glass in-vivo or only in-

vitro.    
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Figure 7.2. SEM images of calcinated specimens before and after immersion in SBF. 58S-C (a) 
before immersion, (c) after immersion for 28 days, (e) cauliflower hydroxyapatite crystals in some 
regions after immersion. 58S (b) before immersion, (d) after immersion for 28 days, (f) cauliflower 

hydroxyapatite crystals in some regions after immersion. 

7.3.1.4. SEM images of sintered 58S and 58S-C pellets 

Figure 7.3 shows SEM images of sintered 58S and 58S-C before and after immersion in SBF 

for 7, 14, and 28 days. As shown in Figure 7.3(a) and (b), the surfaces of sintered 58S and 

58S-C before immersion in SBF are similar. This is expected based on the XRD patterns and 

phase identification in Figure 7.1(c) and (d). Comparing the SEM images of the samples 

before and after immersion in SBF for 7 days reveals that heterogeneous nucleation of a 

crystalline phase has occurred on some surfaces of the samples, but not all. From the XRD 

results in Figure 7.1(c) and (d), the identified phases present in the sintered 58S-C after 

immersion in SBF are hydroxyapatite and pseudowollastonite, while the sintered 58S also 

includes cristobalite phase. Note that hydroxyapatite and pseudowollastonite are both 
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bioactive and candidate materials for artificial bone and dental roots [39,40]. Therefore, the 

presence of hydroxyapatite and pseudowollastonite phases is promising. After 14 days, 

crystals have grown and now cover almost all surfaces of the samples (Figure 7.3(e) and (f)). 

The gradual development of the hydroxyapatite layer continued over the time and completely 

covered the surface of the samples after immersion in SBF for 28 days (Figure 7.3(g) and 

(h)). Comparing the rate of formation of the hydroxyapatite layer on the surface of the 

specimens reveals the bioactivity rate of the sintered 58S was higher than 58S-C. Moreover, 

after 28 days of immersion in SBF, the apatite phase that formed on the surface of 58S was 

worm-like in morphology, while this phase appeared spherical on the surface of 58S-C. The 

physical and chemical properties of hydroxyapatite crystals are important in biomedical 

applications as they can significantly affect the mechanical properties, surface chemistry, and 

bone regeneration of the implant [38,41]. Former studies indicate that culturing in sphere-like 

hydroxyapatite is advantageous over rod-like alternatives in terms of nanoparticle suspension, 

osteoblast proliferation, and cell migration. The downside is that the spherical nanoparticles 

may have consequences for the osteoblasts. In practice, higher expressions of metabolic 

enzymes might be induced compared to needle-like particles [42,43]. Further in-vitro culture 

tests are required to compare the properties of worm-like and spherical-like calcium 

phosphate phases. 
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Figure 7.3. SEM images of sintered specimens before and after immersion in SBF. 58S-C after immersion for 
(a) 0 day, (c) 7 days, (e) 14 days, (g) 28 days. 58S after immersion for (b) 0 day, (d) 7 days, (f) 14 days, (h) 28 

days. 

7.1.3.5. FT-IR spectra of calcinated 58S and 58S-C powder 

Figure 7.4 shows FT-IR spectra of calcinated 58S-C and 58S before and after immersion in 

SBF. The bands shown in Figure 7.4(a) and (b) at around 874, 1420, and 1472 cm-1 are 

characteristic of carbonate groups [44,45]. The peaks at around 1020, 600, and 570 cm-1 are 

assigned to P-O bonds for the samples after immersion in SBF [22,46]. In particular, the weak 

double peaks at 600 and 570 cm-1 are a sign of the formation of calcium phosphate in 

crystalline structure of apatite [47]. The band at around 1630 cm-1 can be attributed to 
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hydroxyl groups in the structure [48]. A wide weak band around 600 cm-1 suggests the 

formation of an amorphous calcium phosphate layer on the biomaterials [47]. Comparing the 

FT-IR spectra of calcinated samples before and after 28 days immersion in SBF shows the 

presence of carbonate and phosphate groups in all samples. Therefore, both calcinated 58S 

and 58S-C showed good in-vitro bioactivity by forming gradual hydroxyapatite or/and calcite 

layer on the surface after 28 days immersion in SBF. The results are consistent with both the 

XRD and SEM shown in Figure 7.1 and Figure 7.2, respectively. 

7.3.1.6. FT-IR spectra of sintered 58S and 58S-C pellets 

The FT-IR spectra of the sintered 58S-C and 58S are shown in Figure 7.4(c) and (d). The 

formation of the pseudowollastonite phase has resulted in the bands at 714, 918, and 982 cm-

1 [27,37]. The bands at 805 cm-1 and 1062 cm-1 are most likely due to the Si-O-Si and  Si-O 

stretching vibration [49] and/or wollastonite [37]. The double peaks at 603 cm-1 and 566 cm-

1 can be attributed to the phosphate in the hydroxyapatite [27]. The in-vitro bioactivity test of 

the sintered materials did not produce any significant changes to the FT-IR spectra (Figure 

7.4(c) and (d)), which may be due to the hydroxyapatite layer forming only on the surface of 

the sintered pellets. To characterize the sintered pellets by FT-IR, fine particles were produced 

by crushing the sintered pellets. Therefore, it is possible that the total surface area containing 

hydroxyapatite was not large enough (compared to the total surface area) to be detected by 

FT-IR. However, from Figure 7.3, the presence of a hydroxyapatite layer on the sintered 58S 

and 58S-C is obvious. 



110 

 

 

Figure 7.4. FT-IR spectra of the specimens before and after immersion in SBF for 1, 7, 14, and 28 

days. After calcination at 600 oC for 3h (a) 58S-C and (b) 58S. After sintering (c) 58S-C and (d) 

58S. Bands at around 874, 1420, and 1472 cm-1 for carbonate groups and around 1020, 600, and 570 

cm-1 for P-O show the presence of carbonate and phosphate groups in calcinated samples. 

7.3.2. In-vitro biodegradability test of sintered pellets 

Figure 7.5 shows ion concentrations of Si, Ca, and P in the SBF over time from sintered 58S 

and 58S-C. Figure 7.5(a) shows that the Si ion concentration in the SBF increases over time 

and that the rate of increase is greater in the 58S than 58S-C. Initially, the SBF is Si ion free, 

and a peak in concentration of 130 and 59 ppm is reached after 28 days for 58S and 58S-C, 

respectively. The Si release profile in SBF increases rapidly as silica networks dissolve in 

SBF. After a while, precipitation of calcium and phosphate on the surface of the pellets and 

consequently the formation of hydroxyapatite decreases the Si release rate from the sintered 

pellets. From Figure 7.5(b), it is apparent that for both materials, the concentration of Ca ions 

peaks after approximately 14 days in the SBF. The initial concentration of Ca in SBF was 54 

ppm. The global maximum of Ca ions in SBF was around 336 and 109 ppm after 14 days for 

58S and 58S-C respectively and ended up at 215 and 95 ppm after 28 days. There is also a 

local maxima in concentration after ~3 days immersion. This local maxima is more 

pronounced in the 58S. In Figure 7.5(c), the trend of P concentration for the sintered 58S is 
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similar to Ca concentration (Figure 7.5(b)), while the concentration of P ions in the SBF for 

58S-C gradually drops over time. Similar to the Ca ion concentration, the P concentration has 

a local maxima at about 3 days and is more pronounced in the 58S than 58S-C. 

Generally, an increase in the ion concentration in SBF in contact with the bioactive glass is a 

result of dissolution and biodegradation of the material, while a decrease in ion concentration 

can be indicative of precipitation [50]. The increase in Si ion concentration is a result of the 

dissolution of cristobalite, which was shown in the XRD results, Figure 7.1. The difference 

in the rate of Si concentration increase may be attributed to the difference in the amount of 

cristobalite in the sintered material. Since 58S-C contained a lower amount of cristobalite 

(~9%) compared to the 58S (~17%), a slower increase in Si ion concentration may be 

expected in 58S-C. In addition, Figure 7.1(c) suggests that for the 58S-C material, the 

cristobalite is removed quite quickly, which would also limit the Si concentration in the SBF.  

The higher final Si concentration for 58S in SBF could indicate lower chemical stability and 

faster biodegradation due to the segregation of calcium phosphate from silica during gelation 

[28]. The higher concentration of faster dissolving cristobalite on the surface of 58S pellets 

could also lead to a higher final Si concentration, as could the higher fraction of cristobalite 

(~17%) in 58S compared with in 58S-C structure (~9%).  

There are fluctuations in the concentration of Ca and P over time indicating differences in the 

local dissolution and precipitation rates; there is a competition between the dissolution of the 

pellet (which leads to weight loss) and precipitation of ions on the surface (which causes the 

weight gain). Initially, Ca and P ions are released rapidly from 58S, then, between 3 and 5 

days, precipitation of Ca and P ions on the surface occurs, slowing or reversing the rate of Ca 

and P ion release (i.e. the rate of precipitation exceeds the rate of dissolution). For times 

between 5 and 14 days, dissolution again dominates. However, for times longer than that, 

precipitation dominates. The slower initial release of Ca and P ions from the sintered 58S-C 

as well as smaller domain fluctuations of Ca and P ions indicate a slower overall rate of 

biodegradability.  
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Figure 7.5. Release profiles of (a) Si, (b) Ca, and (c) P ions from sintered 58S-C and 58S after 

immersion in SBF for various periods.  

Figure 7.6(a) shows the pH values of the SBF in contact with calcinated powders and sintered 

pellets for 28 days in-vitro biodegradation. For all specimens, the pH rises rapidly during the 

first 24 h of contact and then the rate of increase slows. During in-vitro bioactivity, cation 

exchange from the glass network modifiers (Ca2+) and H+ or H3O+ ions from SBF leaves a 

poorly connected silica-rich layer (formation of silanol groups and silica gel layer 1-2 μm 

thick) [31,51]. This process increases pH. Next, amorphous calcium hydroxyl phosphate 

precipitates on the silica-rich layer (calcium ions precipitate, followed by incorporation of the 
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OH-/PO4
3- anions from the supersaturated solution) and crystallizes to form calcium-deficient 

HCA [31].  Since the formation of hydroxyapatite consumes OH- ions in the SBF, the pH 

increases at a decreasing rate [52]. The pH for the calcinated 58S-C is greater than for the 

calcined 58S, while the pH for both calcinated materials is greater than for the sintered pellets. 

There is little difference in the pH between the sintered 58S and 58S-C.  Higher pH values in 

SBF are generally a result of increased biodegradation [52]. The higher biodegradation rate 

for calcinated powders compared with the sintered samples may be related to the former’s 

higher surface area. Sintered pellets are denser (less porous) structure that reduces the contact 

area between the biomaterials and SBF which decreases the ion exchange rate. The 

amorphous:crystalline can also have a remarkable effect on the bioactive glass and glass-

ceramics dissolution rate. Generally, bioactive glass (fully amorphous) can dissolve faster in 

SBF than their bioactive glass-ceramic (partially crystallized) [53]. This is consistent with the 

pH values observations of the calcinated 58S-C powder, which has a fully amorphous 

structure, having the fastest biodegradation rate. The lower SBF pH values for 58S glass-

ceramic powder show that increasing crystallinity decreases surface reactivity. 

The weight loss of the sintered 58S and 58S-C scaffolds was also monitored as a function of 

immersion time in SBF as an additional indication of biodegradation (Figure 7.6(b)). The 

weight loss pattern of both sintered scaffolds was similar. Leaching of ions from the ceramic 

pellets increases the concentration of silicon and calcium in the SBF which results in a weight 

loss of samples. Then precipitation of calcium and phosphate ions from SBF on the surface 

of biomaterials and formation of hydroxyapatite leads to weight gain [54]. These trends are 

in good agreement with the ion concentration results in Figure 7.5. 

  

Figure 7.6. (a) pH values and (b) weight loss of 58S-C and 58S after immersion in SBF for various 
time periods. 
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7.4. Conclusions 

In this study, 58S bioactive glass and glass-ceramics were synthesized by the sol-gel method 

and the effect of crystallization during calcination on their in-vitro bioactivity and 

biodegradability was investigated. The crystalline phases present after sintering of 58S and 

58S-C were similar and included pseudowollastonite, cristobalite, and hydroxyapatite. 

However, the amount of each of these phases was different in the two materials. Semi 

quantitative Rietveld XRD showed that the percentage of cristobalite in the structure of 

sintered 58S-C was around 9%, which was approximately half that in sintered 58S, which 

was 17%. Segregation of calcium and phosphate from silica and then early crystallization of 

hydroxyapatite in calcinated 58S lead to the formation of a higher percentage of cristobalite 

in the sintered 58S. In-vitro characterization showed that both calcinated materials (glass and 

glass-ceramics) and sintered ceramic pellets were bioactive. Bioactivity of the amorphous 

58S-C powder was predominantly through the formation of calcite in competition with 

hydroxyapatite. The in-vitro bioactivity and biodegradability rate of the sintered 58S were 

higher than of the 58S-C. The initial release of Ca and P ions from the sintered 58S, and the 

domain fluctuations of Ca and P ions were higher and larger, respectively.  

It has generally been considered that amorphous biomaterials exhibit better bioactivity. 

However, the effect of crystallinity after calcination on bioactivity and biodegradability of 

sintered material produced from fully amorphous and partially crystalline was not clear. This 

study shows that the initial structure after calcination is important and affects the subsequent 

crystallization during sintering. Therefore, crystallinity and formation of hydroxyapatite after 

calcination are important controlling mechanisms that can increase the bioactivity and 

biodegradability rate of sintered 58S. 
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Chapter 8 is based on a paper titled “3D printing of Porous 58S Bioactive Ceramic Scaffold” 

which is to be submitted to the Journal of the European Ceramic Society. In this chapter, the 

knowledge gained in the processing of the bioactive glass developed in the previous chapters 

is extended to its use in 3D printing. Based on the results from previous chapters, O-58S-C 

(oven-dried 58S with citric acid addition) was chosen as the calcinated powder to study the 

printability of O-58S-C powder to create a 3D porous strength scaffold. Three dimensional 

bioactive ceramic scaffolds with a woodpile structure were successfully built using 

robocasting. After sintering, these structures had both the geometric features and adequate 

strength to be considered for use in bone replacement applications.  This chapter brings 

together knowledge gained in all previous chapters to produce an outcome that satisfies the 

aims of the thesis.  

8.1. Introduction 

Bioactive glasses (BG) have been one of the popular biomaterials for bone tissue regeneration 

applications due to their excellent bioactivity and biodegradability [1]. Clinical use of 

particles and putties containing a variety of bioactive glass particulates is widespread, but the 

requirement of having a large interconnected macroporous 3D scaffold structure remains 

unmet [2]. In regeneration of larger bone defects, an ideal 3D scaffold provides suitable sites 

for new cell growth, which facilitates the regeneration of new tissue, and needs to fulfill the 

correct morphological requirements such as proper interconnectivity of pores, average 

amount and size of porosity, and acceptable mechanical strength against applied loads [3,4].  

The production of a complex shape with fine details and control of pore interconnection, pore 

size and overall porosity is difficult with traditional manufacturing methods. 3D printing or 

additive manufacturing (AM) overcomes many of the geometrical constraints imposed by 

traditional manufacturing and can produce complex geometries in a layer wise manner [5–7]. 

Amongst all types of materials, 3D printing of ceramics and glasses remain a significant 

challenge due to their inherent properties [6]. Robocasting or Direct Ink Writing (DIW) is 

one of the promising additive manufacturing methods which can build a ceramic 3D scaffold 

preforms using the extrusion. In robocasting, a high solid loaded paste/ink is deposited layer 

by layer through a nozzle connected to a computer-assisted positioning system [6,8]. 

Properties of the paste/ink, including homogeneity and flowability, plays an important role 

on the scaffold final properties. An appropriate paste/ink is generally prepared by dispersing 

a high solid loading of powder into a binder. It is generally a requirement that the paste/ink 
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should be shear thinning [9]. In rheology, shear thinning is a non-Newtonian behavior in 

which viscosity of fluids decrease whenever the rate of shear increases. With removing the 

applied shear stress, the viscosity of the fluid increases to its primary level [10,11]. Shear 

thinning behavior of the paste provides the conditions in which the viscosity of the paste is 

low enough to be able to extrude through the fine nozzle and high enough to retain shape after 

printing [12]. For bioactive glass robocasting, there are three commonly used polymeric 

binders:  Pluronic F-127, ethyl cellulose/polyethylene glycole, and carboxymethyl cellulose 

[4]. Sol-gel derived mesoporous bioactive glass powders can absorb a high amount binder, 

due to their high surface area and porosity. This makes the production of a homogeneous 

paste/ink with suitable flowability one of the robocasting’s key challenges [3,13]. Another 

fundamental step is drying the 3D printed scaffolds without crack formation. During drying, 

elimination of the water from the scaffolds and subsequent shrinkage of the structure should 

be controlled in order to avoid crack formation [14]. Cracks can occur in as-print scaffolds if 

the drying rate is too fast, or the scaffolds stick to the substrate and cannot shrink freely. 

Drying the scaffolds in a humidity chamber to reduce the drying rate and printing on a non-

stick substrate which allows the 3D printed scaffolds to slide over the substrate during drying 

and shrink can be effective strategies to produce crack-free scaffolds [15]. After drying parts, 

a heat treatment is generally required to burn out the binder, sinter the particles to achieve the 

required mechanical properties [16,17]. The average size of particles and the particle size 

distribution play a significant role in the densification and therefore final mechanical 

properties of the final scaffold. Sinterability of smaller particles is better due to their higher 

surface area, but surface crystallization can occur at a lower temperatures [4]. 

Although 3D bioactive glass scaffolds are one of the best candidate in bone tissue 

engineering, their inherent brittleness and generally low mechanical strength still limit their 

application [1]. Although offering promise, the robocasting of mesoporous bioactive sol-gel 

derived glasses is still new and requires significant research before it become wide spread [3]. 

In particular, issues in making a homogeneous shear thinning paste/ink of sol-gel mesoporous 

bioactive glass, manufacturing of a 3D glass scaffold needs more investigation [13]. In this 

study, a 3D porous bioactive ceramic scaffolds with woodpile structure were successfully 

built using robocasting and its sintered compressive strength and porosity were characterized.  
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8.2. Experimental procedure 

8.2.1. Bioactive glass-ceramics synthesis 

The chemical composition of 58S glass, 60SiO2-36CaO-4P2O5 (mol.%), was chosen based 

on our previous study [18,19].  Bioactive glasses were synthesized using the sol-gel method 

as detailed previously [18] and calcinated at 600 oC for 3h. The particle size of the calcined 

glass was reduced in a Spex 8000M Mixer/Mill high energy ball mill for total 3h, using a 

high purity sintered alumina jar and ball. The ball to powder weight ratio (BPR) was 2:1. 

After each 1h milling, milling was paused for 30 minutes to allow the system to cool down. 

The milled powders were sieved through a 45μm stainless steel sieve and then their sizes 

were characterized with particle size distribution analysis (PSD). 

8.2.2. Pastes preparations and rheological characterization 

Carboxymethyl cellulose (CMC) was used as a binder to create a viscous shear thinning paste 

for printing. CMC solutions with different concentrations from 1.2wt% to 4.0wt% were 

prepared by adding CMC powder into deionized water while magnetic stirring (at around 450 

rpm). CMC solutions with lower concentrations such as 1.2wt% were mixed for 1h while the 

solutions with the concentrations higher than 2.0wt% need longer times (3h) to dissolve 

completely into the deionized water. To find the paste with an appropriate viscosity for 3D 

printing, pastes were produced with different concentrations of CMC. In all cases, the ratio 

of bioactive glass powder to CMC solution was kept constant at 1.5g glass:1g CMC binder 

solution. To characterize the rheological behavior of shear thinning pastes, the viscosity was 

measured using a Discovery Hybrid Rheometer HR-3, TA Instruments. The viscosity of the 

glass pastes containing the CMC concentrations from 1.2wt% to 4.0wt% at shear rates from 

0.1 to 100 s-1 at 20 oC was measured to investigate paste’s shear thinning behaviour. To find 

out the effect of temperature, the viscosity of glass pastes at temperatures from 20 oC to 80 
oC was measured at shear rate of 50 s-1.  

8.2.3. Scaffold fabrication by robocasting 

To create a printable file for robocasting, REGEMAT 3D software was used. The scaffolds 

were constructed using 16 connected layers, each of which contained 8 parallel rods with a 

center to center spacing of 1 mm.  The overall dimension of the 3D scaffold was 10 x 10 x 4 

mm3. A REGEMAT 3D Bioprinter was used to extrude the bioactive glass paste layer-by-
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layer on glass bed. The paste was loaded into a syringe connected to a conical 22-gauge nozzle 

(inner diameter 410 μm) and deposited with a constant nozzle speed of 4 mm/s and flow speed 

(the syringe plunger speed) of 2 mm/s at room temperature. To facilitate removal of the as-

printed scaffold after drying and to diminish crack formation, parafilm was used as a substrate 

on top of the glass bed. This allowed printed scaffold slide over the substrate during drying 

and shrinkage. After printing, the as-print scaffolds were left in a humidity chamber (> 95% 

relative humidity at 23±2 oC) for 48h to reduce the drying rate and subsequently crack 

formation. The 3D scaffolds were then dried in an oven at 70 oC for 24h and then 100 oC for 

24h. All the scaffolds were subsequently sintered in air in a tube furnace. The furnace cycle 

consisted of heating at 1°C/min to 400°C to eliminate the binder and then heating at 2°C/min 

to 1100°C and holding for up to 5 h. Bulk TGA was used to determine the appropriate 

debinding cycle. Sintered scaffolds were investigated with SEM, BET, Micro-CT, and 

compressive strength. 

8.2.4. Mechanical tests 

The compressive strength of the sintered scaffolds was evaluated using an Instron universal 

testing machine (model 5982, Norwood, MA). The contact surfaces of the samples were 

ground parallel before testing. The compressive load was applied to the samples with a cross-

head speed of 0.1 mm/min under uniaxial compression in the direction perpendicular to the 

deposition plane. The compressive strength was expressed as average calculated on five 

specimens. 

8.2.5. Other characterization methods 

Particle size distribution of powders were examined on a Mastersizer malvern instrument, 

UK. Total weight loss of the as-printed scaffold was performed with a TGA TA Q50 

equipment in the 25−900 °C range. Experiments were performed in air atmosphere and a 

heating rate of 2 °C/min. The samples for microstructural evaluation were cold mounted using 

Struers’ Epofix resin, and then ground, polished using standard ceramographic procedures, 

and Pt-coated before imaging in a high-resolution scanning electron microscopy (Zeiss 1555 

VP-FESEM). The accelerating voltage and working distance were 5 kV and 9.0mm, 

respectively. SEM images were taken with an In-Lens secondary detector. To determine the 

specific surface area, pore size, and pore volume, nitrogen adsorption-desorption isotherm 

measurements were performed on Micromeritics ASAP 2020 at 77 K using a relative pressure 
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from 0 to 0.99. X-ray micro-computed tomography (X-ray µCT) was performed on sintered 

3D printed scaffolds at an accelerating voltage of 80 kV and power of 7W, using a Versa 520 

(Zeiss, Pleasanton, CA, USA) running Scout and Scan software (v12.0.8164.19636, Zeiss). 

Suitable X-ray transmission was achieved using an LE2 beam filter. A total of 1601 

projections were collected over 360o, each with a 10s exposure time. Source and detector 

positions were adjusted together with the use of the 0.4x optical objective and 2x camera 

binning to achieve a 13 µm pixel resolution. Raw projection data were reconstructed 

automatically using XMReconstructor software (v12.0.8164.19636, Zeiss) using a 0.05 beam 

hardening correction and a 0.5 sigma recon filter setting. The visualization and analysis of 

data generated from X-ray µCT scans was performed using Avizo (v. 8.1.1, ThermoFisher) 

software using a customized workflow. To investigate the average equivalent pore diameter 

between the arms in 3D woodpile structure, the lengths of the interconnected pores were 

sliced into 166 slices in which each slice contains 25 pores. The area of each pore was 

calculated using Avizo and then the equivalent diameter was extracted from the area data. 

8.3. Results and discussion 

The particle size distribution of the bioactive glass powder after ball milling for 3h and then 

sieving with a 45μm stainless steel sieve is shown in Figure 8.1. The particles display a 

bimodal wide distribution, with d50 of 6.3 μm. The glass particle size not only affects the 3D 

printing resolution and paste quality, but also densification and mechanical properties of final 

scaffold [20]. Particles should be fine enough to create a smooth homogeneous paste that can 

be extruded through the nozzle during robocasting without clogging. In general, smaller 

particles are more desirable for 3D printing resolution but are more likely to agglomerate 

within the paste, clog the nozzle and decrease the homogeneity [16]. Small particles also 

sinter faster and can result in higher density scaffolds. However, particles should also have 

good packing, which increases the green density of the part and results in less physical 

shrinkage during densification [16]. Since particles with a narrow size distribution can exhibit 

poor packing, a broad particle size distribution is often desirable [21]. A printable paste with 

a higher percentage of solid particle (glass particles) and lower organic additives (such as 

binder, dispersant, and plasticizer) is desirable for robocasting due to minimizing the potential 

for crack formation in the structure [16]. 
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Figure 8.1. Particle size distribution of the mesoporous bioactive glass powder after ball 
milling. 

Rheological behavior of the paste has a significant effect on the 3D printing quality. Viscosity 

of the paste needs to be low enough to be able to smoothly extrude through the fine nozzle. 

However, too low a viscosity can lead to poor shape retention after deposition. To be able to 

fulfill both conditions, a shear thinning viscous paste is required. Figure 8.2(a) shows the 

viscosity of CMC solutions (with between 1.2 and 4.0wt% CMC) that contain 58S glass 

particles (glass pastes) at different shear rates at 20 oC. For solutions above 4.0wt% CMC, it 

was not possible to produce a homogenous mixture and therefore 4.0wt% CMC represents a 

practical concentration limit. The results show that the viscosity of the glass pastes decrease 

with the increase in shear rate, which is characteristic of a shear thinning material. This shear 

thinning behavior of the glass pastes, in which viscosity of the paste decreases is it passes 

through the nozzle (and the rate of shear increases), allows the materials extrude through the 

nozzle in a low viscosity state and yet retain the shape after deposit of the layers on the bed 

(when removing the applied shear stress). 

In Figure 8.2(b), the changes in viscosity of 58S glass pastes with increasing temperature is 

shown. It seems that the viscosity of all 58S glass pastes is relatively stable with temperature 

up to a point, where the viscosity increases sharply. There are some subtle differences 

between the different concentrations, which is beyond the scope of this paper. However, in 

general the viscosity decreases with temperature, at least initially. Such behaviour of the 

pastes was expected due to the increase in thermal activity of the molecules and consequently 

a decrease in intermolecular and/or intramolecular interactions [22, 23]. There is a rapid 

increase in viscosity at higher temperatures. The temperature at which this happens appears 

to be somewhat dependant on the CMC concentration. This increase is most likely a result of 
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the pastes approaching their cloud point or gelation region. Cloud point or gelation region is 

a temperature point in which a phase separation occurs for the homogeneous polymeric 

solutions to two polymer-rich and polymer-poor regions and at which point the material 

becomes more resistant to flow [23]. When CMC is dissolved into water at room temperature, 

two types of polymer-solvent interaction occur: formation of hydrogen bond between the OH 

of the polymer and water molecules as well as an increase in the orderly water around the 

hydrophobic chain of the polymer. Above the cloud point, increasing the temperature leads 

to weaken hydrogen bonds between the polymer and water and causes a reduction in the 

polymer solubility which results in a phase separation [22,23]. The cloud point (temperature) 

is usually dependant on the polymer concentration, which  means that it increases with the 

polymer concentration in solution [23]. This is in a good agreement with the results in Figure 

8.2(b). Given the risk of rapid changes in viscosity at elevated high temperatures and the fact 

that the viscosity of all the pastes was relatively stable in the range of 20 to 30 oC, printing 

was performed at room temperature in order to have better control during the process.  

While it is apparent that all pastes produced were shear thinning, the material with the highest 

viscosity that is still printable is preferred, as it will result in better shape retention. As such, 

the glass paste containing 4.0wt% CMC solution was trialed for printing at room temperature 

using by robocasting. These trials showed that this material was printable, with acceptable 

shape retention. As such, all remaining work was performed using a paste that contained 

4.0wt% CMC. 
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Figure 8.2. Dependence of viscosity of 58S glass pastes (a) upon shear rate at 20 oC, (b) 
upon temperatures from 20 to 80 oC at shear rate of 50 1/s. 

After printing, parts were placed into a humidity control chamber for 48h to reduce the drying 

rate and minimize the cracking in the structure. In robocasting, the scaffold is printed on a 

substrate and therefore the drying rate at the top (which is in contact with air), is usually faster 

than at bottom (which is in contact with the substrate). This inhomogeneous drying causes 

faster shrinkage at the top than the bottom and can lead to crack formation in the structure 

[14,24]. In this work, the use of a parafilm layer on the substrate enabled the 3D printed 

scaffold to slide over the substrate (parafilm) to accommodate the drying-induced shrinkage. 

This also allowed the part to be removed from the substrate easily, without any visible 

cracking.  

To determine the appropriate debinding temperature, thermogravimetric analysis (TGA) was 

performed on scaffolds that had been dried for 48h in the controlled humidity chamber. Figure 

8.3 shows the weight loss from room temperature to 900 oC. The total weight loss was around 
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15%, which is in similar to what has been reported in previous work [25,26]. The weight loss 

curve shown in Figure 7.3 can be divided into 4 areas. The weight loss in region I is most 

likely related to the water that is within the structure. The large weight loss at ~400 °C (region 

II) is probably due to the thermal decomposition the CMC from the scaffold, which has been 

reported to be around 400 oC [26]. The slight weight loss in region III may be attributed to 

the oxidation of residual carbon (to CO or CO2) from the CMC degradation [9]. The weight 

loss in region IV remains unchanged, indicating the structure is thermally stable at this point.  

Based on these results, scaffolds were heated at 1°C/min from room temperature to 400 oC 

and held for 1 h to debind the CMC. Heating was then continued at 2°C/min to 1100 oC and 

samples held for 5 h. 

 

Figure 8.3. TGA curve of the dried 3D printed scaffold in humidity control chamber. 

Figure 8.4(a) is a secondary electron image of a polished section from the 3D printed ceramic 

scaffolds after sintering at 1100 oC for 5h. The microstructure of the sintered scaffold shows 

that sintering was effective, with very few pores evident. Although some small crack-like 

pores can be seen, good compressive strength is expected due to high densification level. 

Figure 8.4(b) and (c) show the top and side view of reconstructed Micro-CT images of the 

sintered 3D printed ceramic scaffolds. From Figure 8.4(b) and (c), it is clear that the shape 

retention is very good, indicating that the paste had sufficiently high viscosity. It is clear that 

the pores between the arms of the 3D woodpile structure have been retained after sintering 

and are interconnected, Figure 8.4(d) and (e). The overall porosity of the sintered 3D printed 

ceramic scaffolds was calculated to be approximately 17%. However, the obtained overall 

porosity is significantly lower than the porosity of the trabecular bone and need to be 

increased to above 50 vol.%. Although 3D printing provides an ideal pathway for the 



131 

 

optimization of overall porosity, pore size, and pore size distribution of the scaffold, such 

work was outside of the scope of this thesis. Figure 8.5 shows the equivalent pore diameter 

distribution inside the 3D woodpile structure. These were calculated from 166 slices, each of 

which contained 25 pores. The average equivalent pore diameter in the structure was 556±87 

µm which is within the acceptable range for bone tissue ingrowth [27]  

 

Figure 8.4. (a) The SEM image of mounted 3D printed ceramic scaffolds after sintering. 
(b) and (c) top and side views of reconstructed Micro-CT images of the sintered 3D 

printed ceramic scaffold created by the glass pastes using 4.0 wt% CMC solution. (d) 



132 

 

and (e) top and side views of the interconnected pores inside the 3D structure created by 
Avizo software. 

 

Figure 8.5. The equivalent pore diameter distribution inside the 3D woodpile structure. 

Figure 8.6 shows nitrogen sorption isotherms of calcinated glass powder and sintered 3D 

printed ceramic scaffold. The curves from the calcinated glass powder and sintered 3D printed 

ceramic scaffold show type IV and II isotherms, respectively. Type IV isotherms are 

attributed to the presence of mesopores (2-50 nm) in materials while type II isotherms indicate 

that material is non-porous or macroporous [28]. BET surface area, pore volume, and pore 

size of the calcinated glass powder was determined to be 140 m2/g, 0.23 cm3/g, and 6.49 nm, 

respectively. However, BET surface area and pore volume were decreased to 2.7 m2/g and 

0.002 cm3/g after sintering, again indicating effective densification. This result is in good 

agreement with the SEM image of the sintered sample (Figure 8.4(a)) in which showed a lack 

of porosity in the material. Although the sintered 3D printed ceramic scaffold is no longer 

useful for drug delivery application due to the lack of mesoporosity, the sol-gel method is 

preferred over the melting method to synthesize bioactive powder. Melting is the more 

traditional technique and is a simpler, and faster process. However, the sol-gel process 

facilitates the synthesis of high purity bioactive glasses at much lower temperatures and can 

overcome the problem of easy crystallization that can occur during melt processing of some 

compositions. During the quenching of the melt-derived glass, unwanted crystallization of 

some glasses can occur as a result of the narrow window between the transition glass 

temperature and crystallization temperature [2]. 
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Figure 8.6. Nitrogen sorption isotherms of calcinated glass powder and sintered 3D 
printed ceramic scaffold. 

From the above discussion, it is apparent that through robocasting and subsequent sintering, 

parts with good shape retention and high density can be produced. However, in order to 

survive the in-vivo loads, good compressive strength is also required. Figure 8.7 shows a 

representative compressive stress-strain curve of the 3D printed ceramic scaffold after 

sintering. The average maximum compressive strength (obtained from average of five 

measurements) was 75 ± 6 MPa (errors are 1 standard deviation) at a porosity level of ~17%. 

The human trabecular bone has the porosity of more than 90% [27] and a compressive 

strength of 2-12 MPa [29]. The porosity of the human cortical bone is around 20% [27] with 

the compressive strength of 100-150 MPa [29]. The high compressive strength (75 ± 6 MPa) 

obtained means that this 3D printed ceramic scaffold provides a promising alternate option in 

bone tissue engineering applications. 

 

Figure 8.7. Representative compressive stress-strain curves of 3D printed mesoporous 
bioactive ceramic scaffolds after sintering. 
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8.4. Conclusions 

3D porous bioactive ceramic scaffolds with a woodpile structure were successfully built using 

robocasting. To fabricate the shear thinning paste, mesoporous sol-gel derived bioactive glass 

in the system of 58S (60SiO2, 36CaO, 4P2O5 mol.%) was mixed with CMC as a binder. The 

glass paste showed shear thinning behaviour and stable viscosity at room temperature 

(without any fluctuations or phase separation due to the cloud point). After robocasting, 3D 

printed scaffolds dried and sintered at 1100 oC for 5h. The SEM images confirmed that 

effective sintering had occurred, with a high level of densification. Micro-CT results showed 

that sintered scaffolds had 17% interconnected macropores and, based on the BET analysis, 

the sintered scaffold was non-porous or macroporous. The average equivalent pore diameter 

in the structure was 556±87 µm, which is within the range at which bone tissue ingrowth 

would be expected. The sintered 3D printed scaffolds had a high average compressive 

strength of 75 ± 6 MPa, which indicates it may be a new option in bone replacement 

applications. This study has shown that robocasting is a promising method for fabrication of 

the sol-gel derived bioactive ceramic scaffolds with high compressive strength as well as high 

control of pore interconnection, pore size and overall porosity. 

References 

[1] C. Wu, Y. Luo, G. Cuniberti, Y. Xiao, M. Gelinsky, Three-dimensional printing of 

hierarchical and tough mesoporous bioactive glass scaffolds with a controllable pore 

architecture, excellent mechanical strength and mineralization ability, Acta Biomater. 7 

(2011) 2644–2650. https://doi.org/10.1016/j.actbio.2011.03.009. 

[2] L.L. Hench, J.R. Jones, Bioactive Glasses: Frontiers and Challenges, Front. Bioeng. 

Biotechnol. 3 (2015) 1–12. https://doi.org/10.3389/fbioe.2015.00194. 

[3] B.A.E. Ben–Arfa, S. Neto, I.M. Miranda Salvado, R.C. Pullar, J.M.F. Ferreira, 

Robocasting of Cu2+ &amp; La3+ doped sol–gel glass scaffolds with greatly enhanced 

mechanical properties: Compressive strength up to 14 MPa, Acta Biomater. 87 (2019) 

265–272. https://doi.org/10.1016/j.actbio.2019.01.048. 

[4] A. Nommeots-Nomm, P.D. Lee, J.R. Jones, Direct ink writing of highly bioactive 

glasses, J. Eur. Ceram. Soc. 38 (2018) 837–844. 

https://doi.org/10.1016/j.jeurceramsoc.2017.08.006. 



135 

 

[5] J. Zhang, S. Zhao, Y. Zhu, Y. Huang, M. Zhu, C. Tao, C. Zhang, Three-dimensional 

printing of strontium-containing mesoporous bioactive glass scaffolds for bone 

regeneration, Acta Biomater. 10 (2014) 2269–2281. 

https://doi.org/10.1016/j.actbio.2014.01.001. 

[6] E. Feilden, C. Ferraro, Q. Zhang, E. García-Tuñón, E. D’Elia, F. Giuliani, L. 

Vandeperre, E. Saiz, 3D Printing Bioinspired Ceramic Composites, Sci. Rep. 7 (2017) 

13759. https://doi.org/10.1038/s41598-017-14236-9. 

[7] H. Ma, C. Feng, J. Chang, C. Wu, 3D-printed bioceramic scaffolds: From bone tissue 

engineering to tumor therapy, Acta Biomater. 79 (2018) 37–59. 

https://doi.org/10.1016/j.actbio.2018.08.026. 

[8] M. Houmard, Q. Fu, E. Saiz, A.P. Tomsia, Sol–gel method to fabricate CaP scaffolds 

by robocasting for tissue engineering, J. Mater. Sci. Mater. Med. 23 (2012) 921–930. 

https://doi.org/10.1007/s10856-012-4561-2. 

[9] S. Eqtesadi, A. Motealleh, P. Miranda, A. Pajares, A. Lemos, J.M.F. Ferreira, 

Robocasting of 45S5 bioactive glass scaffolds for bone tissue engineering, J. Eur. 

Ceram. Soc. 34 (2014) 107–118. https://doi.org/10.1016/j.jeurceramsoc.2013.08.003. 

[10] P.J. Lloreda-Jurado, V. Perez-Puyana, A. Romero, R. Sepúlveda, Influences of the solid 

load on the microstructure and compressive behavior of Fe2O3 scaffolds manufactured 

by freeze-casting using stearic acid as dispersant agent, J. Eur. Ceram. Soc. 42 (2022) 

193–201. https://doi.org/10.1016/j.jeurceramsoc.2021.09.056. 

[11] W. Wang, J. Sun, B. Guo, X. Chen, K.P. Ananth, J. Bai, Fabrication of piezoelectric 

nano-ceramics via stereolithography of low viscous and non-aqueous suspensions, J. 

Eur. Ceram. Soc. 40 (2020) 682–688. 

https://doi.org/10.1016/j.jeurceramsoc.2019.10.033. 

[12] S. Tang, L. Yang, X. Liu, G. Li, W. Jiang, Z. Fan, Direct ink writing additive 

manufacturing of porous alumina-based ceramic cores modified with nanosized MgO, 

J. Eur. Ceram. Soc. 40 (2020) 5758–5766. 

https://doi.org/10.1016/j.jeurceramsoc.2020.07.058. 

[13] B.A.E. Ben-Arfa, A.S. Neto, I.E. Palamá, I.M. Miranda Salvado, R.C. Pullar, J.M.F. 

Ferreira, Robocasting of ceramic glass scaffolds: Sol–gel glass, new horizons, J. Eur. 

Ceram. Soc. 39 (2019) 1625–1634. https://doi.org/10.1016/j.jeurceramsoc.2018.11.019. 



136 

 

[14] E. Fiume, F. Baino, Robocasting of mesoporous bioactive glasses (MBGs) for bone 

tissue engineering, in: Bioceramics, Elsevier, 2021: pp. 327–349. 

https://doi.org/10.1016/B978-0-08-102999-2.00014-4. 

[15] E. Feilden, E.G.-T. Blanca, F. Giuliani, E. Saiz, L. Vandeperre, Robocasting of 

structural ceramic parts with hydrogel inks, J. Eur. Ceram. Soc. 36 (2016) 2525–2533. 

https://doi.org/10.1016/j.jeurceramsoc.2016.03.001. 

[16] Z. Chen, Z. Li, J. Li, C. Liu, C. Lao, Y. Fu, C. Liu, Y. Li, P. Wang, Y. He, 3D printing 

of ceramics: A review, J. Eur. Ceram. Soc. 39 (2019) 661–687. 

https://doi.org/10.1016/j.jeurceramsoc.2018.11.013. 

[17] A. Wubneh, E.K. Tsekoura, C. Ayranci, H. Uludağ, Current state of fabrication 

technologies and materials for bone tissue engineering, Acta Biomater. 80 (2018) 1–30. 

https://doi.org/10.1016/j.actbio.2018.09.031. 

[18] N. Ghaebi Panah, R. Atkin, T.B. Sercombe, Effect of low temperature crystallization on 

58S bioactive glass sintering and compressive strength, Ceram. Int. 47 (2021) 30349–

30357. https://doi.org/10.1016/j.ceramint.2021.07.215. 

[19] N. Ghaebi Panah, P. Alizadeh, B. Eftekhari Yekta, N. Motakef-Kazemi, Preparation and 

in-vitro characterization of electrospun bioactive glass nanotubes as mesoporous carriers 

for ibuprofen, Ceram. Int. 42 (2016) 10935–10942. 

https://doi.org/10.1016/j.ceramint.2016.03.228. 

[20] A. Mostafaei, P. Rodriguez De Vecchis, I. Nettleship, M. Chmielus, Effect of powder 

size distribution on densification and microstructural evolution of binder-jet 3D-printed 

alloy 625, Mater. Des. 162 (2019) 375–383. 

https://doi.org/10.1016/j.matdes.2018.11.051. 

[21] A. Nommeots-Nomm, P.D. Lee, J.R. Jones, Direct ink writing of highly bioactive 

glasses, J. Eur. Ceram. Soc. (2017). https://doi.org/10.1016/j.jeurceramsoc.2017.08.006. 

[22] K. Bekkour, D. Sun-Waterhouse, S.S. Wadhwa, Rheological properties and cloud point 

of aqueous carboxymethyl cellulose dispersions as modified by high or low methoxyl 

pectin, Food Res. Int. 66 (2014) 247–256. 

https://doi.org/10.1016/j.foodres.2014.09.016. 

[23] A. Benslimane, I.M. Bahlouli, K. Bekkour, D. Hammiche, Thermal gelation properties 

of carboxymethyl cellulose and bentonite-carboxymethyl cellulose dispersions: 



137 

 

Rheological considerations, Appl. Clay Sci. 132–133 (2016) 702–710. 

https://doi.org/10.1016/j.clay.2016.08.026. 

[24] E. Peng, D. Zhang, J. Ding, Ceramic Robocasting: Recent Achievements, Potential, and 

Future Developments, Adv. Mater. 30 (2018) 1802404. 

https://doi.org/10.1002/adma.201802404. 

[25] S. Eqtesadi, A. Motealleh, A. Pajares, P. Miranda, Effect of milling media on processing 

and performance of 13-93 bioactive glass scaffolds fabricated by robocasting, Ceram. 

Int. 41 (2015) 1379–1389. https://doi.org/10.1016/j.ceramint.2014.09.071. 

[26] A.M. Deliormanlı, M.N. Rahaman, Direct-write assembly of silicate and borate 

bioactive glass scaffolds for bone repair, J. Eur. Ceram. Soc. 32 (2012) 3637–3646. 

https://doi.org/10.1016/j.jeurceramsoc.2012.05.005. 

[27] H. Mohammadi, M. Sepantafar, N. Muhamad, A. Bakar Sulong, How Does Scaffold 

Porosity Conduct Bone Tissue Regeneration?, Adv. Eng. Mater. 23 (2021) 2100463. 

https://doi.org/10.1002/adem.202100463. 

[28] T. Sing, K.S.W., Everet, D. H., Haul, R.A.W., Moscou, L., Pierotti, R.A., Rouquerol, J., 

Siemieniewska, Reporting physisorption data for gas/solid systems with special 

reference to the determination of surface area and porosity, Pure Appl. Chem. 57 (1985) 

603–619. 

[29] N. Ghaebi Panah, R. Atkin, T.B. Sercombe, Bioactivity and biodegradability of high 

temperature sintered 58S ceramics, J. Eur. Ceram. Soc. (2022). 

https://doi.org/10.1016/j.jeurceramsoc.2022.02.051. 

 

 

 

 

 

 

 



138 

 

 

 

 

 

 

 

Chapter 9 

Conclusions and Outlook 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 

 

In this thesis, our knowledge about the formation of low-temperature crystallization in the 

58S bioactive glass structure was increased (chapter 4) and the question “are the low-

temperature crystals that form in the 58S bioactive glass structure is problematic for sintering 

and compressive strength” was answered. Mesoporous glass 58S in the system of 60SiO2, 

36CaO, 4P2O5 mol.% was synthesised by sol-gel method. An unexpected low-temperature 

crystallization was observed after calcination at 600 oC for 3h in the 58S structure. However, 

it was shown that the addition of citric acid to the sol prevented this crystallization and created 

a fully amorphous glass. The effect of this low-temperature crystallization on the 58S 

bioactive glass sintering and compressive strength was investigated in chapter 4. 

Amorphous 58S was achieved through simple addition of the citric acid to the sol following 

conventional sol-gel processing. It did not require the previously reported, and more complex, 

self-propagating combustion method. Low-temperature crystallization of 58S appears to be a 

result of calcium phosphate segregation from the silica which occurred in the gelation process 

prior to dehydration. It seems that segregation provides favourable conditions for early crystal 

nucleation. The first crystalline structure appeared at around 500 oC but increasing the 

temperature to 550 oC modified the structure, indicating that the initial crystalline structure is 

unstable. Increasing temperature to 600 oC leads to the formation of stable hydroxyapatite, 

calcite and quartz crystals at the expense of unstable crystalline structures observed at lower 

temperatures.  

After sintering of both 58S and 58S-C for 5h at 1100 oC, only slight differences in the sintered 

structure were observed. The low-temperature crystallisation of the citric-acid free material 

should have impeded sintering via viscous flow, but results indicated that sintering was not 

effective at temperatures below the crystallisation temperature, even for long times. As such, 

viscous flow is not thought to be a significant sintering mechanism in this material. Both 

sintered samples had similar final crystalline phase types including cristobalite, 

hydroxyapatite and pseudowollastonite. However, the compressive strength of sintered 58S-

C (which contained citric acid and was amorphous after calcination), was higher than the 58S 

(citric acid free) material. This was thought to be a result of the differences in the amount of 

the various crystalline phases. Regardless of the starting composition, both materials 

exhibited sufficient strength to be considered as a bone replacement material.   

Bioactivity and biodegradability of a glass depend on the glass dissolution and ion exchange 

rates between the body fluid and the glass. Several factors such as glass to crystal ratio, 
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network connectivity, and specific surface area can modify dissolution behaviour of glasses 

and bioactivity rate. In chapter 6, the effect of the dehydration method on the crystallinity, 

textural and structural properties and subsequent bioactivity of sol-gel derived mesoporous 

58S (60SiO2, 36CaO, 4P2O5 mol.%) glass and glass-ceramics powder after calcination was 

investigated. The dehydration method (oven, vacuum, and freeze drying) could not prevent 

the low-temperature crystallization from occurring. The freeze-dried 58S had the highest BET 

surface area amongst the samples. The addition of citric acid to 58S sol provided an 

amorphous structure with lower network connectivity after calcination which also led to the 

highest biodegradability rate.  

As bioactivity and biodegradability are fundamental features for biomaterials, in-vitro 

bioactivity and biodegradability of high temperature sintered 58S Ceramics were 

characterized in chapter 7. The aim of this chapter is to raise the knowledge about the in-vitro 

bioactivity and biodegradability of high temperature sintered 58S ceramics which were 

produced from fully amorphous (glass) calcinated powder or partially crystallised (glass-

ceramic) calcinated powder. In this chapter, 58S bioactive glass (fully amorphous) and glass-

ceramics (partially crystallized) were synthesized by sol-gel process and post heat treated to 

600 oC for 3h (calcination). In-vitro bioactivity of the calcinated powders was examined to 

compare the bioactivity rate of glass and glass-ceramics. Samples were then sintered at 1100 
oC for 5h to create ceramic (fully crystallized) scaffold and their in-vitro bioactivity and 

biodegradability were investigated. In-vitro characterization showed that all calcinated 

samples (glass and glass-ceramics) and sintered ceramic scaffolds are bioactive. However, 

rates of bioactivity after immersion 28 days in simulated body fluid (SBF) were different. 

Calcinated 58S powder showed a combination of hydroxyapatite morphologies including 

flake-like, rod like and needle like crystals before immersion in SBF which could act as 

preferable sites for more hydroxyapatite and calcite nucleation and growth during in-vitro 

bioactivity. Bioactivity of the amorphous 58S-C powder was predominantly through the 

formation of calcite in competition with hydroxyapatite. The in-vitro bioactivity and 

biodegradability rates of the sintered samples produced using the glass-ceramics powder were 

higher than the when the glass powder was used. Therefore, crystallinity and formation of 

hydroxyapatite after calcination at 600 oC for 3h affects the sintering of 58S at 1100 oC for 

5h negatively and reduces the compressive strength but increase the bioactivity and 

biodegradability. 
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In chapter 8, the focus of the work was on the production of porous 58S bioactive glass 

scaffold using robocasting. In this chapter, the knowledge gained in the processing of the 

bioactive glass developed in the previous chapters is extended to its use in 3D printing. Based 

on the results from previous chapters, O-58S-C (oven-dried 58S with citric acid addition) was 

chosen as the calcinated powder to study the printability of O-58S-C powder to create a 3D 

porous strength scaffold. Three dimensional bioactive ceramic scaffolds with a woodpile 

structure were successfully built using robocasting. To fabricate the shear thinning paste for 

robocasting, sol-gel produced 58S (60SiO2, 36CaO, 4P2O5 mol.%) was mixed with 

carboxymethyl cellulose solution (CMC) as a binder. After robocasting, the 3D printed 

scaffolds were detached, dried, and sintered at 1100 oC for 5h. The sintered scaffolds were 

characterized using scanning electron microscopy (SEM) and nitrogen sorption porosimetry 

(BET). Compressive strength and porosity of the sintered scaffolds were also measured. The 

SEM images confirmed that effective sintering and a high level of densification has occurred. 

Micro-CT results showed that the sintered scaffolds had interconnected macropores and 17% 

overall porosity, while the BET analysis suggested that the sintered scaffold arms was non-

porous or macroporous. The average equivalent pore diameter in the structure was 556±87 

µm which is good for bone tissue ingrowth. The sintered 3D printed scaffolds showed average 

compressive strength of 75 ± 6 MPa and therefore shows significant promise bone 

replacement applications. This study shows that robocasting is a promising method for 

fabrication of the sol-gel derived bioactive ceramic scaffolds with high compressive strength 

in bone regeneration applications. This chapter brings together knowledge gained in all 

previous chapters to produce an outcome that satisfies the aims of the thesis. 

The followings are recommended for future works: 

1. The effect of adding dopants on compressive strength, bioactivity, and biodegradability 

of the 3D printed ceramic Scaffolds: 

Bioactive glasses can have a few disadvantages including rapid degradation in the body 

as a result of their high solubility and low fracture toughness. Therefore, bioglasses are 

often doped with certain elements to tailor the both the biological and mechanical 

properties. For example, to improve the properties and clinical abilities of bioactive 

glasses, different ions such as silicon, boron, phosphate, calcium, strontium, zinc, and 

magnesium can be added into their structures. Therefore, different glasses with distinct 

properties can be synthesized by varying the network formers, network modifiers, 

dopants, and molar ratios, and then effect of dopants on compressive strength, 
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bioactivity, and biodegradability of the 3D printed ceramic scaffolds can be 

investigated. 

2. In-vivo bioactivity and biodegradability of oven-dried, freeze-dried, and vacuum-dried 

powders: 

The in-vitro bioactivity of oven-dried, freeze-dried, and vacuum-dried glass-ceramic 

powders (after calcination) showed that although all calcinated powders were bioactive, 

morphology of the hydroxyapatite crystals before and after immersion in SBF was 

different. As in-vitro conditions in SBF can only approximately match those in-vivo, 

in-vivo bioactivity and biodegradability assessments are required to investigate the 

relative bioactivity and biodegradability of oven-dried, freeze-dried, and vacuum-dried 

58S powder. 

3. 3D printed ceramic scaffold with higher porosity suitable for the potential load bearing 

applications: 

As the compressive strength of the current 3D printed ceramic scaffold is around 70 

MPa, which is sufficient for the potential load-bearing applications, focus on increasing 

the total porosity of the scaffold is suggested for the future studies. Working on the 3D 

models and designs to optimize the total porosity could provide a pathway towards a 

promising 3D printed scaffold suitable for load-bearing applications in contact with the 

cortical bone.  

4. 3D printed ceramic scaffolds for combined photothermal therapy chemotherapy: 

The combination of heat and anticancer drugs delivered simultaneously to a tumour site 

has been shown to kill more cancer cells than when the therapies are delivered 

separately. The flexibility of 3D printing means that different agents can be added to 

the paste prior to printing and therefore 3D printed ceramic scaffolds containing photo 

thermal agents and a drug carrier may be excellent candidates for chemo-photo thermal 

therapy. Exposure of the photo thermal agent to near infra-red light induces local 

heating. This in turn disrupts the drug carrier, and the drug is released. Photo thermal 

triggered drug carriers are in the early stages of development and additional research is 

needed to produce agents with both high photothermal conversion efficiency and 

biocompatibility/biodegradability, which will improve clinical translation. 




