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Abstract  
Forsterite (Mg2SiO4) is well known to be potential biomedical implants due to 

its good mechanical properties compared to hydroxyapatite (HA). The fracture 

toughness of forsterite is exceptionally higher compared to hydroxyapatite (HA) and the 

values are close to a human femur bone. Several studies also suggested that the 

elements of forsterite such as Magnesium and Silicon are the key element in human 

body that helps promotes bone development as well as enhance osteoblast adhesion.  

In this study, the impact of prolong ball milling of forsterite (Mg2SiO4)  during 

powder preparation and the sintering behavior of forsterite powder was prepared by 

mechanical activation and heat treatment. The green compacts were sintered by using 

two different sintering profiles.  The first profile was based on conventional sintering 

(CS) profiles in which the powder compacts was sintered at the desired temperatures, 

holding for 2 hours and then cooled to room temperature. The synthesized forsterite 

samples were characterized by X-Ray diffraction, table-top scanning electron 

microscopy, water immersion test and Vickers hardness test to determine its phase 

characteristic, grain size, relative densities and its mechanical properties.  

It was found that a minimum ball milling time of 7 h was necessary to 

completely eliminate secondary phases from developing in the forsterite matrix after 

sintering at 1400ºC. The sintering study revealed that the sintered body prepared by CS 

profiles was effective in enhancing the fracture toughness when sintered at 1400ºC. 

However, the high sintering temperatures combined with long holding time  promotes 

exaggerated grain growth. Alternatively, samples that are sintered below 1400ºC and 

have a lesser ball milling duration were found to be ineffective in preventing the 

formation of secondary phases in the sintered body.  

The second sintering profiles was based on a two-step sintering (TSS) profile in 

which the samples were initially sintered at a temperature T1 = 1400ºC for 6 minutes 
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and then continued sintering the compacts at a lower temperature T2 (i.e. 750ºC, 850ºC 

and 950ºC) for 15 hours before cooling to room temperature. The TSS profile (T1 = 

1400ºC, T2 = 950ºC) was found to be most beneficial in promoting densification and 

more importantly, to suppress grain coarsening of the forsterite body.  
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Abstrak 

Forsterite (Mg2SiO4) terkenal sebagai implan bioperubatan berpotensi 

disebabkan sifat-sifat yang mekanikalnya yang baik berbanding hidroksiapatit (HA). 

Keliatan patah forsterite adalah sangat tinggi berbanding dengan hidroksiapatit (HA) 

dan hamper bersamaan dengan tulang peha manusia. Beberapa kajian mencadangkan 

bahawa elemen forsterite seperti Magnesium dan Silikon adalah elemen penting dalam 

badan manusia yang dapat menggalakkan perkembangan tulang di samping 

meningkatkan perlekatan osteoblas.  

Dalam kajian ini, kesan penggilingan bola berpanjangan forsterit (Mg2SiO4) 

semasa penyediaan serbuk dan perilaku pensinteran serbuk forsterit telah disediakan 

oleh pengaktifan mekanikal dan rawatan haba. Termampat hijau disinter dengan 

menggunakan dua profil pensinteran yang berbeza. Profil pertama adalah berdasarkan 

konvensional pensinteran (CS) profil di mana kompak serbuk disinter pada suhu yang 

diinginkan, tahan selama 2 jam dan kemudian disejukkan ke suhu bilik. Sampel 

forsterite yang telah disintesis akan dikategorikan melaui pembelauan  X-Ray, 

pengimbasan elektron mikroskop, ujian rendaman air dan ujian kekerasan Vickers untuk 

menentukan fasa ciri-ciri, saiz butiran, ketumpatan relatif dan sifat mekaniknya. 

Ia telah mendapati bahawa bola masa penggilingan minimum 7 h adalah diperlu 

untuk menghapuskan fasa sekunder dari berkembang dalam matriks forsterit selepas 

pensinteran di 1400ºC. Kajian pensinteran mendedahkan bahawa badan tersinter 

disediakan di profil CS adalah efektif dalam meningkatkan keliatan patah apabila 

disinter pada 1400ºC. Walau bagaimanapun, suhu pensinteran tinggi digabungkan 

dengan masa pegangan lama menggalakkan pertumbuhan butir berlebihan. Di sisi lain, 

sampel yang disinter bawah 1400ºC telah didapati tidak berkesan dalam mencegah 

pembentukan fasa menengah dalam badan tersinter. 
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Profil pensinteran kedua adalah berdasarkan pada dua langkah pensinteran (TSS) 

profil di mana sampel pada mulanya disinter pada suhu T1 = 1400ºC selama 6 minit dan 

kemudian terus pensinteran yang kompak pada suhu T2 yang lebih rendah (iaitu 750ºC, 

850ºC dan 950ºC ) selama 15 jam sebelum penyejukan ke suhu bilik. Profil TSS (T1 = 

1400ºC, T2 = 950ºC) didapati paling bermanfaat dalam mempromosikan densifikasi dan 

yang lebih penting, untuk menekan pengasaran sebutir badan forsterit. 
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Chapter 1: Introduction  and Objectives 

1.1 Introduction  

According to the National Institutes of Health Consensus Development 

Conference, Biomaterial is basically defined as “any substances (besides drug) or 

combination of substances, synthetic or natural in origin, which can be used for any 

period of time, as a whole or part of a system which treats, augments or replace any 

tissue, organ or function of the body”(Boretos et al., 1984; Dee et al., 2003). Over the 

past three to four decades with continuous improvement on health care practice, major 

developments have been done in promoting bioceramics to be used as prosthetic 

implantation in many applications for different parts of the body as for repair and 

reconstruction of human’s musculoskeletal system. Depending on the application of the 

implant, different types of biomaterial are used to temporary repair or replace the 

damaged or infected human’s skeletal system, lighten the pain and restore the function 

to the damaged or infected body parts (Best et al., 2008)    

Out of all implants, the most well-known implantation is the total hip 

replacement operation (Wolner et al., 2006) as shown in Figure 1.1. Metals, ceramics 

and composites are those materials can be used to manufacture the total hip replacement 

(THR) implants. With a loading of 500000 to 1000000 cycles per year, the lifespan of 

the implants varies due to the amount of force or strain applied to the implants. Metallic 

materials such as titanium alloys, magnesium alloys and stainless steel are commonly 

used for orthopedic implants because it exhibit good mechanical properties. However 

many concern about its corrosion resistance within body medium, their poor 

biocompatibility and chances of fatigue failure due to continuously loading (Katti. et al., 

2007; Salgado et al., 2004).  
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Figure 1.1. Example of hip implant (Saigal et al., 2011) 

 

1.2 Problem Statement  

It has been reported that some types of bone implants which have normal 

lifespan of 15-20 years are required to be replaced after a few years. This is due to 

unexpected poor biocompatibility of the bone implant as well as degradation of metallic 

implant that causes inflammation of the tissues (Sharifnabi et al., 2014; Wolner et al., 

2006). Further research shows that around 10% to 20% of metal-on-metal total hip 

replacement failed in service and being replaced within a shorter lifespan. Because of 

that, alternative materials have been used to overcome the limitation of metallic 

implants without inhibit its mechanical properties. Those alternative materials consist of 

organic materials  such as natural or synthetic polymer and inorganic materials which 

include hydroxyapatite (HA), forsterite, silicates and carbon nanotubes (Katti. et al., 

2007). 
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In particular, forsterite (Mg2SiO4) which belong to the group of olivine (Kiss et 

al., 2001) is commonly recognized as an industrial ceramic and is often sought after for 

its favorable refractory properties (Ni et al., 2007). In addition to its low heat 

conductivity, it could maintain creep stability and good refractoriness under load. 

Therefore, forsterite is often used as a thermal insulator and a refractory material for 

heat preservation (Ni et al., 2007; Tavangarian et al., 2011d). 

During the last four decades, phosphate ceramics like calcium hydroxyapatite 

(HA) and tri-calcium phosphate (TCP) has gained significant popularity as biomaterials 

(Banerjee et al., 2007). Both HA and TCP show excellent biocompatibility in vivo 

(Katti, 2004; Murugan et al., 2005; Sadat-Shojai et al., 2013). However, one of the 

major challenges in the area of phosphate bioceramics is the enhancement of 

mechanical properties in order to function properly within human body under varying 

stress patterns (Murugan et al., 2005; Yang et al., 2010). In relevance to this project, 

recent findings have established that forsterite ceramics could be applicable in the 

biomedical sector (Fathi et al., 2008). Magnesium (Mg) is reported to be closely related 

to bone mineralization of calcined tissues (Yoshizawa et al., 2014). The chemical 

composition of forsterite (Mg2SiO4) suggests that forsterite is composed of minerals 

which are essential in bone development. Furthermore, Kharaziha and Fathi (Kharaziha 

et al., 2009) also found that Mg plays a minor influence towards the body mineral 

metabolism. Silicone (Si), on the other hand, is a mineral uniquely localized in the 

active areas of young bone (Tavangarian et al., 2011c; Yoshizawa et al., 2014). 

Additionally, Si is heavily involved in skeletal development, thus making it an 

indispensable mineral during the early stage of bone calcification (Fathi et al., 2008, 

2009b; Kharaziha et al., 2009). In one of the experiments conducted by Ni et al. (2007), 

the authors reported that a deficiency in Si led to adverse skull deformation among rats, 

causing the cranial bones to appear flatter than normal.  
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Investigation into forsterite has shown that the fracture toughness (KIc) of 

forsterite reign in the region of 3.6 – 4.3 MPam1/2, a staggering improvement of up to 3 

MPam1/2 when compared to KIc of HA which is in the range of 1.18 – 1.25 MPam1/2   

(Fathi et al., 2009b; Kharaziha et al., 2010; Ramesh et al., 2013b). 

In addition, with a grain size reduction below 100 nm, nanometer-sized grain 

ceramics exhibits outstanding mechanical properties compared to courser gain ceramics 

(Fathi et al., 2009b). However, synthesis of the pure dense nanostructured forsterite by 

using conventional sintering technique or known as conventional sintering (CS) has 

been proven challenging because rapid grain growth always occurs during the final-

stage sintering process. Different methods have been employed to synthesize forsterite 

including either through sol-gel (Kharaziha et al., 2010; Saberi et al., 2007; Tsai, 2002) 

or mechanical activation (ball milling) (Fathi et al., 2009b; Kiss et al., 2001; 

Tavangarian et al., 2010c; Tavangarian et al., 2010d). The as-synthesized powders was 

then underwent for a long heat treatment cycles followed by sintering at high 

temperatures to obtain forsterite powders with good properties. Mechanical activation 

method have been widely used to synthesize nanocyrstalline forsterite due to the 

cascading motion of the ball milling which is an effective way in simulating chemical 

reactions between two or more phases (Fathi et al., 2009a). 

Rapid grain growth always occurs during the final-stage sintering process. 

Taking this into account, Chen et al. (2000) proposed a two-step sintering (TSS) 

technique to restrain the grain growth. The purpose of the TSS is to maintaining or 

controlling the grain growth while enabling the nanoparticle obtained enough heat 

energy for the densification process. On the other hand, CS involves sintering the 

compact from room temperatures to a desired temperature and held for a certain soaking 

time to achieve highest densification. However, the high sintering temperatures and 

long duration in CS normally cause abnormal grain growth.  
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It is crucial to attain high density microstructures with normally distributed 

grains for forsterite to achieve good mechanical properties to be used for bone implants 

(Pouchly et al., 2013). In order to reduce the grain growth while trying to achieve the 

highest level of densification, TSS method was used by altering the heating profile from 

the conventional one step sintering to produce a high density forsterite with less  grain 

growth (Chen et al., 2000; Pouchly et al., 2013).  

 

1.3 Objectives of the Research  

The main objective of this research was to synthesize a well-defined forsterite 

powder that would exhibit improved mechanical properties and fine grain size. This 

study focused on variables such as ball milling duration during powder preparation, 

sintering temperatures and sintering profiles. Thus the objectives of this research can be 

summarized as below:  

• To fabricate a pure dense forsterite crystalline via conventional sintering (CS) by 

altering both mechanical activation duration during powder processing and 

sintering temperatures 

• To investigate the effect of two-step sintering (TSS) in suppressing grain growth 

of forsterite crystalline. 

• To improve the mechanical properties of forsterite ceramic using different 

sintering profile 
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1.3 Scope of the Project  

The objective of this research is to investigate the physical, mechanical 

properties and grain size of the dense pure forsterite fabricated by different ball milling 

durations, followed by sintering at temperatures ranging from 1200°C -1400°C using 

conventional sintering (CS) profiles. The ball milling duration as well as the sintering 

profiles was investigated to determine the minimum parameters for the fabrication of 

pure dense forsterite via conventional sintering.  

Once the synthesis parameters have been optimized, another batch  of forsterite 

powder was prepared for two-step sintering (TSS). The sintering behavior of samples 

prepared by TSS was compared with CS. The evaluations include phase analysis by 

using an X-ray diffraction (XRD), scanning electron microscope (SEM) and Energy-

dispersive X-ray (EDX) were used to evaluate both the grain size and the chemical 

composition samples. After that, mechanical properties such as Vickers hardness, 

fracture toughness and Young's modulus of both CS samples and TSS samples were 

evaluated and compared.  

 

1.4 Thesis Structure  

There are 5 chapters within this thesis. Chapter 1 of the thesis provides a brief 

background introduction, discussing on the motivation behind this research. A list of 

problem statements as well as objectives are well defined within the end of the chapter. 

Chapter 2 contains an overview on benefits of biomaterial, as well as 

bioceramics. Intensive literature review is done to explore different methods for the 

synthesized forsterite powder in addition to different sintering profile to provide an 

Univ
ers

ity
 of

 M
ala

ya



7 
 

overview on how both synthesize method and sintering profiles affecting the 

mechanical properties, densification and the grain size of the fabricated forsterite.  

Chapter 3 provides a detailed description of the synthesis technique used to 

fabricate forsterite powders as well as the different sintering profiles used in 

manufacturing the forsterite samples. Besides that, chapter 3 also provides a detail 

explanation of the experimental technique  and analysis tools and equations to evaluate  

phase stability, bulk density, Vickers hardness, fracture toughness, grain size and 

Young's modulus.  

Chapter 4 presents all the results and discussions. A detailed explanation on the 

powder characterization of forsterite, the influence of prolong ball milling duration and 

the effect of sintering temperatures were provided. The comparison between CS profile 

and TSS profile on the properties were presented. 

Finally Chapter 5 presents the final conclusions of the research work. Several 

suggestions are also provided for further work in this chapter. 
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Chapter 2: Literature Review 

2.1 Bioceramics  

Even though stainless steel is well known for its corrosion resistance, highly 

localized corrosion still can occur when the metallic implant are in contact with body 

medium (Manivasagam et al., 2010). As stainless steel corrodes, the corrosion products 

from the process can attack the nearby tissues and cause painful inflammation. Some 

even claims that the corrosion product from 316L stainless steel will affect the growth 

of human cells and even hinder ossification process of osteoblast cell (Sharifnabi et al., 

2014).  Besides that, according to research done by Wolner,  the poor biocompatibility 

of some types of metallic implants can also cause painful inflammatory and follow by 

failing of maintaining connection between prosthetic join stem to human bone (Wolner 

et al., 2006), which causes the implants to fail.  Research done by Manivasagam et al. 

(2010) prove that the most common failure of the 316L stainless steel metallic implants 

is by various corrosion mechanisms  as shown in Figure 2.1. 

 

Figure 2.1. The most common failure of the 316L stainless steel metallic implants. 

(Manivasagam et al., 2010). 
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Report claims that some types of bone implants which usually have a normal 

lifespan of 15-20 years are forced to be replaced within a few years after implantation 

due to unexpected poor biocompatibility as well as all kinds of degradation of metallic 

bone implants that releases products that are toxic to human tissue (Sharifnabi et al., 

2014; Wolner et al., 2006).  

Major developments have been done in promoting alternative materials which 

consist of organic materials (natural or synthetic polymer) and inorganic materials 

hydroxyapatite, forsterite, silicates and carbon nanotubes (Katti. et al., 2007) to be used 

as prosthetic implantations in many applications for different parts of the body such as 

for repair and reconstruction of human’s musculoskeletal system. However, restrictions 

are made so that material selection for bioceramics can be categorised according to their 

biocompatibility nature as summarized in Table 2.1.  

 Table 2.1. Different types of respond for different implants.(Katti, 2004)  

Types of 

implant 

Definition Examples 

Nearly inert 

/ Bioinert 

The material implanted will not undergo any chemical 

reaction with the surrounding tissue while maintaining its 

structure in the body 

Alumina, Ziconia 

Bioactive The material implanted into the body will form interfacial 

bonding with host tissue 

Bioactive glass, 

Hydroxyapatite, 

Bioactive glass-

ceramic 

Biodegrable The material implants will slowly dissolve within the body 

medium while being replaced by tissue. The dissolved 

product can be absorbed to either enhance the healing 

process or being released through metabolic process of 

body 

Hydroxyapatite, 

Tricacium 

phophase 
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Many studies have been done to investigate and perfecting biomaterials such as 

bioceramics corresponding to human bone (Tavangarian et al., 2011c). Bioceramics is 

classified as ceramic materials that can be used as temporary repair and help to 

reconstruct the damaged human bone. Depending on the application of the implant, 

different types of biomaterials  are used to temporary repair or replace the damaged or 

infected human’s skeletal system, lighten the pain and restore the function to the 

damaged or infected body parts (Best et al., 2008) 

Medical implants by nature should not cause any inflammatory or any 

unfavourable reaction while in contact with living tissue. Besides that, the medical 

implants should also have good mechanical properties that can withstand continuous 

cyclic loading without any catastrophic failure (Cao et al., 1996; Hench, 1998; Murugan 

et al., 2005).  

2.1.1 Bioinert Ceramics  

Materials that will not have any reaction when in contact with the body medium 

are considered as a bioinert material. For example, zirconia is the ideal examples of 

bioinert as the implant will not have any respond with the local tissues within one body. 

With a mechanical properties similar to stainless steel, zirconia is found to exhibit 

superb compression resistance as high as 2000MPa and fracture toughness within a 

range of 7-10 MPam1/2 as well as good biocompatibility (Ramesh et al., 2011; Serkan 

Saridag et al., 2013). Hence, zirconia is used for many industry applications such as 

cutting tools, ball milling media and bioceramics.  However, low temperature 

degradation or ageng behaviour of zirconia will easily diminish the mechanical 

properties dramatically (Deville et al., 2003; Ramesh et al., 2012). Studies shows that 

when in contact with aqueous solution at a low temperature, the ageng will cause 

zirconia to change its phases from tetragonal to monoclinic phases which causes 
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microcracking within the samples and strength degradation.  (Ramesh et al., 2008; 

Ramesh et al., 2012). 

According to studies done by Hench (1998), a non-adherent fibrous layer will 

form around the biological inert medical implants as the implants are subjected to 

constant movements. Since the fibrous layer is not bonded to either the implants or the 

host tissue, the continuously formed fibrous layer will eventually become thick enough 

to hinder the effectiveness of the medical implants. 

 

2.1.2 Bioactive Ceramics 

On the other hand, bioactive ceramics were develop to overcome some problem 

faced by bioinert ceramic. The interaction between bioactive implants and humman 

tissue gives off a favourable biophysical and biochemical reaction that forms a 

mechanically strong chemical interfacial bonding. This phenomena is known as 

"bioactive fixation". Ever since bioactive was discover in year 1969 , many bioactive 

material such as Bioactive glass, hydroxyapatite and forsterite have been discovered and 

undergo continuously development.  

Hydroxyapatite ((Ca10(PO4)6(OH)2,Hap), HA) which made of 60% of main 

inorganic phase based bioceramic of human bone is an excellent choice for biomedical 

implant due to its similarity to humans bone and hence superb biocompatibility and help 

strengthen the bone (Katti, 2004; Murugan et al., 2005; Sadat-Shojai et al., 2013). 

Human vertebral bone and tooth are a living composites that build of hard tissues that 

formed by amorphous calcium phosphate (Vallet-Regí, 2010). The calcium phosphate 

(CaP) salts are the major components that help strengthen the bone (Katti, 2004; 

Murugan et al., 2005; Sadat-Shojai et al., 2013). Hydroxyapatite, one of the bioceramics 

is proven to be able to provide a stable crystalline phase of CaP within body fluids. 
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Besides that, the constituent of hydroxypatite are well-known to be very similar to the 

mineral parts of the human bone,  hence have excellent biocompatibility (Sadat-Shojai 

et al., 2013).  

Besides that, from replacement for bone defects, bone implantation, drug 

delivery application and as well as coating layer on a bioinert metallic implants, 

hydroxyapatite is chosen to be one of the commonly used ceramics for biomedical 

applications. The bioactive nature of hydroxyapatite forms a fibrous tissue-free layers 

that help promote the bonding of the implants to the host living bone (Lin et al., 2012; 

Sadat-Shojai et al., 2013).  

Although the hardness of bioceramic can be on par with metallic implants, the 

drawback of using bioceramic as medical implants brittle nature of ceramics. As the 

strong ionic and covalent bonds formed within the ceramics helps enhance the surface 

hardness of the ceramic, it also causes the ceramic to be brittle due to the atoms within 

the ceramics are hold strongly to each other and not allow to slip pass one another. 

Therefore ceramics usually fail with no or little plastic deformation. 

Intensive research  has been done on improving the hardness and fracture 

toughness of Hydroxyapatite by altering the synthesis and sintering processes. Various 

studies have been done by  the powder processing techniques, precursor composition 

and experimental condition to improve the mechanical properties of sintered 

Hydroxyapatite. For example,  many studies highlighted that the significant of  using 

different synthesis methods of producing Hydroxyapatite powder. Those method are 

wet chemical precipitation method, mechanochemical method (Rhee, 2002), biomimetic 

decomposition and sol-gel (Pontier et al., 2001). 

Besides that, several studies also included altering the sintering condition of 

hydroxyapatite  to determine the optimum sintering techniques such as comparing 
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conventional one step sintering against two-step sintering  (Ferraz et al., 2004; Lin et al., 

2012; Sadat-Shojai et al., 2013) and sintering temperatures ranging from 950°C till 

1400°C  (Muralithran et al., 2000; Ruys et al., 1995)  for the sintered powder or 

compacts to achieve the highest densification and optimum mechanical properties.  

However with such concentrated research, the highest achievable mechanical 

properties obtained by hydroxyapatite are still insufficient to surpass the mechanical 

properties of metallic implant.  Even though the Vickers hardness of  the highly dense 

hydroxyapatite (~96% relative density) was found to be within the range of 5 - 7 GPa, 

the fracture toughness obtained by several studies are in between the range of 0.7-1.2 

MPam1/2, which are still considered be relative low compared to human bone 

(Muralithran et al., 2000; Ramesh et al., 2013a; Ruys et al., 1995; Zhou et al., 2011). As 

the fracture toughness value of a human cortical bone  ranging from  2-12 MPam1/2 

(Murugan et al., 2005) and femur bone  is about 5.09 MPam1/2 , it is important that the 

medial  implants used must have similar or higher fracture toughness to prevent the 

failures of the implant. Figure 2.2 shows the fracture toughness of hydroxyapatite 

obtained from several literature review.  

Figure 2.2. The fracture toughness of hydroxyapatite obtained from different studies. 
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 The low fracture toughness of hydroxyapatite however imposes a challenge for 

both industries and researchers to produce a reliable load bearing implants such as Total 

Hip Replacement (THR) (Kharaziha et al., 2010; Wolner et al., 2006). Several methods 

and techniques were employed to improve the fracture toughness of hydroxyapatite. For 

example, studies done by Tan et al. (2013) provides the effects of dopping additives in 

different dopant concentrations (MgO) during the synthesis process of hydroxyapatite in 

enhancing the fracture toughness of hydroxyapatite. In this results, by doping 1.0wt% of 

MgO, the fracture toughness of hydroxyapatite were improved by about 50% compared 

to  his undoped hydroxyapatite. Nevertheless, the maximum fracture toughness obtain 

are still well below 2 MPam1/2 .Therefore, to overcome the low fracture toughens of 

Hydroxyapatite, alternative bioactive bioceramic, forsterite (Mg2SiO4) was developed. 

2.2 Bioactive Ceramics- Forsterite 

As it was first discovered by a German naturalist Johann Heinrish Forster about 

early 1800s (Ban et al., 1999; Tavangarian et al., 2010c), magnesium orthosilicate or 

well known as forsterite (Jochym et al., 2004) has continuously gained attentions to 

develop a wide range of applications for industry purposes. With a high melting point 

up to 1890°C, good refractoriness and low heat conductivity and excellent microwave 

dielectric (Kharaziha et al., 2010), forsterite was used as a solid oxide fuel cell as it is 

able to maintain high stability and shows linear thermal expansion rate that  matches 

similarly to other materials used within the fuel cells (Kharaziha et al., 2010; Kosanović 

et al., 2005). Besides that, forsterite also was found to be a good substitute for thermal 

insulator.  In addition, due to an extremely low electrical conductivity, forsterite is one 

of the ideal materials to be used for tunable laser (Tavangarian et al., 2010c). 

Furthermore, forsterite also be an appropriate material for millimeter-wave 

communication due to its (Fathi et al., 2008; Sugihara et al., 2007; Sugiyama et al., 

2006):  

Univ
ers

ity
 of

 M
ala

ya



15 
 

• Low dielectric constant that contributes in reducing the delay time in the 

transmission of electric signal 

• High quality factor (Q.F) which can reach up to 240000 - 270000 GHz 

• Low temperature coefficient of resonant frequency 

In addition, forsterite ceramic was well established within the field of industry; it 

was recently discover that forsterite was a bioactive material that can be a substitute 

material for treatment in bone defects (Forghani et al., 2013). Research done by 

Yoshizawa et al. (2014) reported that minerals such as magnesium and silicon that exist 

within forsterite ceramics are essential elements in human body which promotes the 

development of human bones. It was found out that with the increase of Mg2+ 

concentration released by the Magnesium based composites within the body enhance 

the bone regeneration, promoting Mg-based alloy or composites to be a solution for 

bone fracture fixation (Yoshizawa et al., 2014). On the other hand, silicon was found to 

have some influences in bone calcification and skeletal development within an active 

areas of a young bone (Kharaziha et al., 2010). Silicon is also one of the key minerals 

that influences the mineral metabolism, enhances estrogenic activity as well as insulin 

secretion which help in monitoring bone growth. (Carlisle, 1970; Rico et al., 2000; 

Schwarz et al., 1972).  

Furthermore, forsterite has been promoted as a potential biomaterial for implants 

due to its superior mechanical properties. Forsterite is a magnesium silicate ceramic 

which belong to the group of olivine family of crystals (Fathi et al., 2008), have a higher 

fracture toughness compared to HA and to its close relative, ensatite (MgSiO3). Studies 

shows that forsterite exhibit a high Vickers hardness of 3.5-10.98 GPa and a high 

fracture toughness of 2.4-5.16 MPam1/2 (Kharaziha et al., 2010; Ramesh et al., 2013b). 

As mentioned before the fracture toughness of a human cortical bone  ranging from  2-

12 MPam1/2 (Murugan et al., 2005) and femur bone  is about 5.09 MPam1/2 as shown in 
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Table 2.2, the fracture toughness of forsterite based on several literature had well 

exceed the low limits of fracture toughness  of a human cortical bone and  are quite 

similar to humans femur bone. Therefore forsterite can be one of the highly potential 

material which can be considered as a good candidate for THR.  

 

Table 2.2. The fracture toughness value of human bone at different location. (Murugan 

et al., 2005) 

location Range (MPam1/2) 

Femur 5.09 

human cortical bone 2-12 

Humeris 1.69-2.23 

 

2.3 Synthesis Method of Forsterite  

However, synthesis of the pure dense nanostructured forsterite with superb 

mechanical properties have been proven challenging. Although the high fracture 

toughness of forsterite have gained many attentions, the amount of studies done on 

methods to fabricate forsterite powder in term of powder preparation and sinterability of 

nanocrystalline forsterite is limited compared to amount of studies done for 

hydroxyapatite (Ramesh et al., 2013a) 

Different methods have been employed to synthesize forsterite including either 

through sol-gel (Kharaziha et al., 2010; Saberi et al., 2007; Sanosh et al., 2010; Tsai, 

2002) or mechanical activation (ball milling) (Fathi et al., 2009b; Kiss et al., 2001; 

Tavangarian et al., 2010c; Tavangarian et al., 2010d) in investigating different 
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approaches  in fabricating proto-forsterite before sintering.  Table 2.3 summaries and 

categorized the two most common methods of synthesizing highly dense pure 

nanocrystalline forsterite, which are mechanical activation and sol-gel technique.  

 

Table 2.3. The two most common methods; sol-gel (Kharaziha et al., 2010; Saberi et al., 

2007; Sanosh et al., 2010; Tsai, 2002) and  mechanical activation (ball milling) (Fathi et 

al., 2009b; Kiss et al., 2001; Tavangarian et al., 2010c; Tavangarian et al., 2010d) of 

synthesizing highly dense pure nanocrystalline forsterite. 

Method used 

 

Processing aspect 
Characteristics of 

powder 

Process 

duration 
No of 

precursor 

Mean 

crystalline 

size (nm) 

Average 

particle 

size (nm) 

Dry 

Method 
Mechanical 

Activation 
varies from 2 

to 40 hours few 20-135 - 
Wet 

Method Sol-gel 
varies from 6 

to 30 hours variable 20 - 57 <200 

    

Figure 2.3 shows the basic steps uses in fabricating nano-crystalline forsterite by 

mechanical activation method as described by several authors (Fathi et al., 2009b; Lai et 

al., 2011; Ramesh et al., 2013b). Magnesium oxide (MgO; Merck, 97%) and talc 

(Mg3Si4(OH)2; Sigma-Aldrich, 99%) was used at a weight ratio of Talc:MgO (wt/wt) = 

1.88:1 to produce stoichiometric composition of forsterite powder (Ramesh. et al., 2013) 

during the mixing process, which achieved by ball milling for durations up to 60 hours 

(Tavangarian et al., 2010c). 
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On the other hand, Figure 2.4 represents the process of fabricating forsterite 

through sol-gel method described in detail by Saberi et al. (2007). Initially 0.0142 mol 

of magnesium nitrate Mg(NO3)2
.6H2O) combined with 0.0071 mol of colloidal silica 

were mixed to set the molar ratio of MgO/SiO2 to 2:1and the mixture were dissolved  in 

a 50 ml of deionized water. After that, 0.0568 mol of sucrose solution were added into a 

100 ml  deionized water and were added into the mixture and stirred continuously for 2 

Magnesium oxide [MgO] Talc [Mg3Si4O10(OH)2] 
Molar ratio of 
1 – 1.88 (MgO 
to Talc) 

High frequency mixing   

Cold Isostatic Pressing (CIP) 

Mixing 

Ball milling  

Oven drying 

Uniaxially pressed 

 

Disc Compact 

 
Calcination / Sintering 

 
Forsterite  

 Figure 2.3. The basic steps in fabricating nano-crystalline forsterite by 

mechanical activation method. 
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hours by a magnetic hot plate stirrer. Subsequently,  the pH value of the mixtures were 

then changed to pH 1 by adding 0.0071 mol of PVA solutions  with 20 ml of deionized 

water. Diluted nitric acid was then added to the mixtures by drop wise addition and 

stirred continuously for another 4 hours. The purpose of addition of nitric acid was to 

prevent the recrystallization of sucrose by converting sucrose into glucose and fructose. 

The molar ratio of magnesium ions : PVA monometer : sucrose solution was 1:0.5:4. 

The remaining solution was heated up to 80°C and hold for 2 hours for the magnesium 

ion continuously react with the sucrose and nest dried in an drying oven for 4 hours at 

200°C to form a brownish gel that contain trapped nanoparticles of colloidal silica. 

Further drying of the gel will form a blackish mass that was finally crushed into 

powders and calcined or sintered to form the desired nanocrystalline forsterite (Saberi et 

al., 2007).  

 

 

 

 

 

 

 

 

 

 Figure 2.4. One of The basic steps uses in fabricating nanocrystalline forsterite by 

Sol-gel technique. 

Mix and heated till 80°C for 
2hr 

HNO3 

PVA solution + 
Sucrose solution  Mix and adjust to pH To 1 

Oven drying  

Green samples   

Calcination / Sintering  

Forsterite nano powders 

Mg(NO3)2
.6H2O) solution 

      + 

Coolloidul sillica 
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However, there are studies that highlight even with an exceptionally high 

sintering temperatures, secondary phases such as MgO and enstatite were present within 

the dense nanocrystalline forsterite (Lee et al., 2013; Ramesh et al., 2013b). The 

elimination of secondary phases are very important as the amount of secondary phases 

exist within the sintered forsterite will affect the mechanical properties (Kharaziha et al., 

2010; Ramesh et al., 2013b). The reason of the existent of the secondary phase within 

forsterite is due to incomplete reaction of the precursor.  

Therefore it is important that the mixing process on each synthesize method of 

producing forsterite must be mixed homogenously to ensure all the precursor react 

completely. The production of forsterite using mechanical activation usually requires 

higher sintering temperatures (ranging from 1000°C to 1500) and longer soaking time if 

compared to sol-gel technique, which usually requires sintering temperatures of 750°C 

to 1100°C. Based on several literature, forsterite produced by  sol-gel technique are 

usually able to achieve higher densification as well as smaller crystalline size. The 

possible reason to this observation is that the mixing process of sol-gel results in a 

higher degree of powder homogeneity (Saberi et al., 2007) which in turn lowers the 

temperature required for crystallization. The high sintering temperatures couple with 

long soaking time from the mechanical activation method usually cause the grain size of 

the sintered body to increase dramatically. However, the fabrication process of sol-gel 

technique usually requires a long time duration and  undivided attention to the process. 

For example, a little deviation of the pH value of the mixtures or failure of  non-uniform 

precipitation and chemical inhomogenously of the gel could lead to undesired 

crystalline phases (Tsai, 2003). 
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Therefore mechanical activation method have been widely employed to 

synthesize nanocyrstalline forsterite due to the cascading motion of the ball milling 

which is an effective way in stimulating chemical reactions between two or more phases 

(Fathi et al., 2009a). Mechanical activation by using ball milling improves the reaction 

in between the precursor because the ball milling process increases the contact surfaces 

as the reaction is constantly activated  by the cascading effect induced by the milling 

balls. 

 

2.4 Sintering of Forsterite  

As mentioned before that forsterite is a bioactive ceramics that exhibit many 

advantages over hydroxyapatite, such as higher Vickers hardness and relative high 

fracture toughness, ranging from 2.4 to 5.16 MPam1/2 (Fathi et al., 2009b; Kharaziha et 

al., 2010; Ramesh et al., 2013b) easily mimicking the fracture toughness of human 

femur bone. Many developments were taken to further improved the mechanical 

properties. For example, studies have shown that nanometer-sized grain ceramics, 

typically average grain size which are below 100 nm exhibits outstanding mechanical 

properties compared to courser grain ceramics (Fathi et al., 2009b). As the grain sizes 

are reduced to nanosized scale, they will have a higher surface energy compared to 

courser ceramics, hence will achieve a better sintering that eventually contributes in 

improving the mechanical properties as shown in Table 2.4 (Banerjee et al., 2007; 

Sanosh et al., 2010). Furthermore, Webster et al. (2000) reported that nano-phased 

bioceramics enhance osteoblast adhesion and further improve the overall efficiency of 

the medical implant.  
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Table 2.4. The comparison of the mechanical properties of forsterite synthesized by different methods and  sintered by CS and TSS. 

 

 

Methods 

Sintering 

technique  

Mechanical Properties  

Highest 

Densification 

(%) 

Average 

grain 

size (nm) 

Mean 

crystalline 

size (nm) 

Vickers 

hardness 

(GPa) 

Fracture 

toughness 

(MPam1/2) 

Young 

modulus 

(GPa) 

Dry 

Method  

Mechanical 

Activation  

Conventional 

Sintering  91 - 93.4 20 - 75 20 - 135 3.5 - 7.7 2.4 - 5.16 

11.5 - 

89.7 

Wet 

Method  Sol-gel  

Conventional 

Sintering  82.6 - 92.5 25 - 45 <60 - 1.6 -2.4 - 

    

Two Step 

Sintering  83.1 - 98.7 25 - 45 30 - 45 7.8 - 10.99 1.86 - 4.4 - 
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However, fabricating a highly dense  pure nanocrystalline forsterite with 

controlled grain size is still a challenge for the industry. Normally after the synthesis 

method are employed to fabricate proto-forsterite, the as-synthesized powders was then 

subjected to solid-state sintering to produce the desired forsterite (Basu et al., 2011).  

Figure 2.5 represent typical densification curve of a compact undergoing solid 

state sintering. There are 3 main stages in solid-state sintering, namely initial stage, 

intermediate stage and final stage. With the assumption made that all the particles in the 

green samples are in the same size, the initial stages of the sintering process are usually 

start by sintering the green samples under very high temperature and this enables the 

formation of neck between particles that helps shrinkage the compact as shown in  

 

Figure 2.5. Image illustration of the typical densification curve of a compact undergoing 

solid state sintering (Kang, 2004). 

 

Figure 2.6 (Kang, 2004). This neck formation will continue to grow, fusing the 

surrounding particles and continues to densify the compact (as shown in Figure 2.7) 

until it reaches the final stages of the sintering process. However, if the holding time of 

the sintering process is too long (typically for more than 2 hours) and too high (range 

from 1200 °C - 1400°C), rapid grain growth will usually occurs within the sintered 

samples.  
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Figure 2.6. The two model above represent an example the neck formation during the 

initial stages, while (a) represent sintering process without shrinkage and (b) with 

shrinkage (Kang, 2004). 

 

 

 

 

Figure 2.7. The continuously growing mechanism of forsterite (Kang, 2004). 
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2.5 Factor Affecting the Properties of Forsterite  

For many years researchers have found many ways or techniques  to modify or 

improve both the mechanical properties and microstructure of pure dense 

nanocrystalline forsterite for biomedical applications. Generally those techniques 

usually involves: 

• Heat treatment of the powder before sintering  

• Higher sintering temperatures and longer durations 

• Adding additives  

• Prolong ball milling duration  

2.5.1 Heat treatment 

It is well known that forsterite is one of the potential material for biomedical 

implants that exhibit a good mechanical properties as well as good biocompatibility.  It 

is vital that the pure nanocrystalline forsterite is fabricated, without any secondary 

phases present within the samples (Naghiu et al., 2013). The present of secondary 

phases will potentially hinder the densification process and even effect the mechanical 

properties of the fabricated forsterite and therefore must be eliminated (Ramesh et al., 

2013b) 

Studies done by Ramesh et al. (2013b) suggest that the heat treatment process 

plays an important role in elimination of secondary phases within the forsterite powders. 

Figure 2.8 shows the XRD results obtain by Ramesh et al. (2013b) for pure forsterite 

samples obtained after ball milled for 3 hours and undergo heat treatment using three 

different temperatures (1200°C, 1300°C and 1400°C) for a duration of 1 hour. 
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Figure 2.8. XRD results obtained after ball milling for 3 hours and undergo heat 

treatment for three different temperatures (1200°C, 1300°C and 1400°C) for 1 hour. 

 

It is clear that when the samples is heat treated at a temperature of 1200°C, both 

enstatite and MgO are present within the samples. However, as the heat treatment 

temperature increased, both the enstatite and MgO shows a huge reduction in its 

concentration and for sample heat treated at 1400°C, the secondary phases were found 

to reduced to a negligible amount (Ramesh et al., 2013b).  

Figure 2.9 shows the comparison of SEM images of the heat treated forsterite 

samples (a, b, c and d)  and non-heat treated samples (e, f, g and h) sintered at 1200°C, 

1300°C , 1400°C and 1500°C reported by Ramesh et al. (2013b). Even though the heat 

treated samples is reported to have a 50% smaller grain size, the samples did not 

achieve high density even when sintered at a high temperature of 1500°C. As a result, 

the heat treated samples exhibited poor Vickers hardness and fracture toughness. On the 

other hand, although the non-heat treated samples have a much larger grain size, the 

sample exhibited better overall properties as shown in Table 2.5. 

. 
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Table 2.5. The comparison of mechanical properties and densification of non-heat 

treated samples and heat treated samples (Ramesh et al., 2013b). 

Non-heat treated samples 
   

Sintering 

temperature 

(°C) 

Relative 

density 

(%) 

Grain size 

(μm) 
Fracture toughness 

(MPam1/2) 

Vickers 

hardness 

(GPa) 

Young 

modulus 

(GPa) 
1200 68.98 0.79 2.06 2.26 50.21 
1300 81.15 1.72 3.21 4.08 77.78 
1400 87.27 1.88 4.04 5.53 15.78 
1500 91.02 3.29 5.14 7.65 10.70 

Heat treated samples 
   

Sintering 

temperature 

(°C) 

Relative 

density 

(%) 

Grain size 

(μm) 
Fracture toughness 

(MPam1/2) 

Vickers 

hardness 

(GPa) 

Young 

modulus 

(GPa) 
1200 57.27 1.18 0.69 0.49 11.93 
1300 59.22 1.25 0.94 0.78 21.59 
1400 62.26 1.30 1.25 1.14 36.78 
1500 73.52 1.50 1.54 1.55 88.74 

 

Figure 2.9. SEM images of forsterite samples subjected to heat treatment (a, b, c and d) 

and non-heat treatment (e, f, g and h) which are sintered at 1200°C, 1300°C, 1400°C, 

and 1500°C respectively (Ramesh et al., 2013b).  

 

4μm 4μm 4μm 4μm 

4μm 4μm 4μm 4μm 
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2.5.2 Sintering Temperature and Duration  

Despite the many researchers conducted in producing proto-forsterite from many 

synthesis methods, conventional sintering (CS) is the most common sintering technique 

used to fabricate  highly dense forsterite. This technique however, with a high sintering 

temperature and long duration usually causes abnormal grain growth. As mention 

before the formation of forsterite involves 2 stages, where the Si and Mg based 

precursor are fused and form enstatite within the initial stages and the produce of the 

initial stage will react with the remaining MgO to form the desired forsterite. The slow 

formation of Magnesium silicate from its oxides is one of the main reason that cause the 

sintering process to require a longer and higher sintering temperatures to produce 

forsterite (Kiss et al., 2001; Naghiu et al., 2013). The low diffusion rate in between the 

Si and Mg based precursor to form enstatite (1st stage) and forsterite ( 2nd stage) as the 

end product requires a high temperatures ranging from 1200°C to 1500°C which 

ultimately to produce a coarser grains  or powders (Naghiu et al., 2013).  

 Figure 2.10 (a) demonstrates the effect of different sintering temperature 

with a constant holding time and as reported by Ni et al. (2007). It is clear that as the 

sintering temperature increases, the relative density and fracture toughness also 

increased until it reached 1450°C, where at this point the fracture toughness of the 

forsterite started to deteriorate even though a higher relative density was achieved. On 

the other hand, in Figure 2.10 (b) both the relative density of the forsterite and the 

fracture toughness increases as the duration of the holding time increases from 3 hours 

to 8 hours. The most possible reason behind this rapid decrease of the fracture 

toughness is that the high sintering temperature caused abnormal grain growth which 

ultimately affect the mechanical properties of the forsterite.  
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Figure 2.10. The relative density and the fracture toughness of the sintered body for 

samples sintered at different temperatures with a constant 6 hours duration (a) and 

different holding times at a constant sintering temperature of 1450°C (b) (Ni et al., 

2007). 

 

As the grains start to grow abnormally, the grains tend to fuse with the 

surrounding grains to form large grains. During the growing process, pores which 

initially exist in between the grains boundary are trapped within the growing grains 

which ultimately hinder the densification process (Ramesh et al., 2013b). On the other 

hand, if the sintering temperatures or duration are not high or long enough, secondary 

phases will occurs within the green samples. Therefore, to fabricate the highest 

achievable densification of pure nanocrystalline  forsterite with the optimum mechanical 

properties couple with suppressed grain growth (without or little coarsening) , the best 

synthesis method and sintering techniques must be determine the optimum parameters 

for the fabrication of pure-forsterite (Kang, 2004).  
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2.5.3 Effect of Additives/Catalyst on Forsterite Formation  

As mention before, forsterite fabricated with nanosized grains was found to 

exhibit superior mechanical properties as well as performance compared to coarser 

grains (Tavangarian et al., 2011b). There are  many studies focusing on the synthesis of 

nanocrystalline forsterite from the combination of Mg and Si based precursor with the 

present of additives such as chorine ions with the purposes of enhancing the formation 

rate of forsterite. For example, research done by Tavangarian et al. (2001b) concluded 

that the present of chlorine ions was beneficial for the process of producing nanosized 

forsterite as shown as comparison of particle size and crystalline size with the present of 

chlorine  ion in Table 2.6 (Tavangarian et al., 2010a, 2011a, 2011b). By using 

mechanical activation synthesis method, 5 mol of magnesium carbonate (MgCO3) was 

first mixed together with 1 mol of talc and ball milled for several durations. After that, 3 

mole of ammonia chloride (NH4Cl) was added to the mixture and ball milled again for 

another 5 minutes. The final product was then dried and subjected to heat treatment.  

Table 2.6. The comparison of particle size and crystalline size with the present of 

chlorine  ion (Tavangarian et al., 2011a). 

Chlorine Ion Particle size (nm) Crystallite size (nm) 

Absent <500 36 

Present <150 (avg of 80) 20 

 

As compared to other literature review such as Lai et al. (2011) and Ramesh et al. 

(2013b) which requires at least a high sintering temperature of 1400°C with a holding 

time of 1-2 hours to produce pure forsterite, Tavangarian et al. (2011a) is able to 

fabricate pure forsterite by annealing powders at 1000°C for 2 minutes with the aid of 

chlorine ion. During the annealing process, gas was released from the powder due to 
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ammonia chlorine. This gas releasing phenomena was one of the key factor that hasten 

the formation of forsterite (Emadi et al., 2011). 

Figure 2.11 shows the SEM images of the forsterite which were ball milled for 5 

hours and heat treated at 1000°C for 1 hour without (a, c and e) and with (b, d and f) the 

present of chlorine ion (Tavangarian et al., 2011a). It can be observed that the particle 

size of the powder without the present of chlorine ions (Figure 2.12 e) is much more 

larger compared to the forsterite powder annealed with the present of chlorine ion.  

 

Figure 2.11. SEM images of single phase nanocrystalline forsterite ball milled for 5 

hours and heat treated at 1000°C for 1 hour without (a, c and e) and with (b, d and f) the 

present of chlorine ion (Tavangarian et al., 2011a). 
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2.5.4 The Effect of Ball Milling on the Formation of Forsterite  

There were many synthesis methods to produce forsterite powders and 

mechanical activation has been one of the preferred method to effectively produce 

nanocrystalline powders through solid-state reaction. It is very important that during the 

synthesis stage of forsterite, the precursor must be mixed homogenously because the 

preparation method of mechanical activation was found to have a direct relationship to 

the morphology of the pure forsterite powder. For example, fabrication of proto-

forsterite via mechanical activation is proven to have a strong relationship in producing 

pure forsterite after the heat treatment. Study done by Ramesh et al. (2013b) highlighted 

the effect of prolong ball milling time in order to suppress the formation of secondary 

phases. Even though the sintering temperature plays a more important role of 

suppressing the secondary phases than milling time, prolong cascading effect from the 

longer ball milling time of 3 hours is proven to be able to suppress up to 11.8% of MgO 

content whereas the enstatite phase content was reduced by 7.7% (Ramesh et al., 2013b).  

Studies done by Tavangarian et al. (2011a) investigate the effect of different 

mechanical activation times combines with thermal treatment on the forsterite powders. 

It was concluded that mechanical activation have a huge impact on producing pure 

single-phase nanocrystalline forsterite powder. Figure 2.12 shows the XRD results 

obtained after the precursors undergo different  ball milling durations and heat treated at 

1000°C (a) and 1200°C (b) (Tavangarian et al., 2009). It is clear that with only 5 hours 

of ball milling and heat treatment at 1000°C for 1 hour, single-phase forsterite was 

successfully produces with a crystalline size of 40 nm. Besides that,  Tavangarian et al. 

(2011a) also showed that prolong mechanical activation (20-60 hours) will cause the 

broadening of XRD peaks as well as reduction in its intensity. Moreover the crystalline 

size obtained when the powder subjected to 60 hours of mechanical activation and 

annealed at 1200°C was about 33 nm. 
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Figure 2.12. XRD results obtained after the precursors undergo different  ball milling 

durations and heat treated at (a) 1000°C and (b) 1200°C (Tavangarian et al., 2009). 

 

2.6 Other Sintering Methods  

2.6.1 Two-Step Sintering (TSS) 

Rapid grain growth always occur during the final-stage of sintering process. To 

overcome this problem, many researcher develop other sintering techniques to 

overcome the abnormal grain growth experience in conventional sintering. Studies done 

by Chen et al. (2000) proposed instead of continuously heating the ceramic for a long 

heat treatment cycles with a  high sintering temperatures; the conventional sintering was 

replaced by a two step sintering (TSS) technique. The main objective of TSS is to 

suppress or control the grain growth of the ceramics while enabling the nanoparticle 

obtained enough heat energy for the densification process (Lin et al., 2012; Mirhadi, 

2014; Nadernezhad et al.; Pouchly et al., 2013). 
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The concept of this two step sintering is that, the first step of the technique is to 

heat up the samples to a relative high temperatures (T1) with a constant heating rate of 2 

to 10°C/min to allow the ceramic to achieve a high relative density up to 75%. After 

that, the samples were cool down quickly with a cooling rate of 50°C/min to a lower 

temperature (T2) and hold for a long duration. During this stage, the temperature of T2 

should be low enough to prevent grain coarsening but high enough to allow 

densification to proceed.  This enable the sample to achieve the high density while 

suppressing grain growth.  Fathi et al. (2009b) which applied two-step sintering in 

fabricating nanocrystalline dense forsterite ceramic and shown that it was possible to 

achieve a higher densification as well as to be able to suppress the rapid grain growth 

during the densification process. As a result, both the Vickers hardness and the fracture 

toughness obtained from TSS were much higher compared to CS. 

 

2.6.2 Microwave Sintering  

There are other sintering method other than CS and TSS. For example 

microwave is one of the alternative technique to sinter forsterite. There are reports that 

clams that the sintered material densified more rapidly in microwave sintering than in 

conventional sintering technique due to the fact microwave sintering utilize volumetric 

heating (Thostenson et al., 1999). However, most of the literature review on microwave 

sintering of forsterite are mostly focusing on the changes of the dielectric constant, the 

temperature coefficient of resonant frequency and quality factor of the forsterite 

samples instead of the mechanical properties and the grain size of the forsterite samples 

(Sasikala et al., 2008; Sugihara et al., 2007; Sugiyama et al., 2006).  
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2.7 Summary  

In summary, it is crucial to attain high density microstructures with normally 

distributed grains for forsterite to achieve good mechanical properties to be used for 

bone implants (Pouchly et al., 2013). In order to reduce the grain growth while trying to 

achieve the highest level of densification, TSS heating profile seems to prove a viable 

approach as an alternative to the conventional sintering to produce a high density 

forsterite with fine microstructure (Chen et al., 2000; Pouchly et al., 2013). 
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Chapter 3: Methodology  

3.1 Introduction  

The forsterite powder was produced via mechanical activation method as 

described by several authors (Fathi et al., 2009b; Lai et al., 2011; Ramesh. et al., 2013). 

In this chapter, the standard experimental apparatus and techniques used throughout this 

study will be systematically reported. The full details of the calculation of the formation 

of forsterite can be obtained in Appendix A. 

 

3.2 Powder Synthesis  

The starting precursors chosen were magnesium oxide (MgO; Merck, 97%) and 

talc (Mg3Si4(OH)2; Sigma-Aldrich, 99%). Firstly, the precursors were weighted by 

using an electronic balance with an accuracy up to 4 decimal points (Precisa, 

Switzerland) to form a weight ratio of Talc:MgO (wt/wt) = 1.8825:1 to produce 

stoichiometric composition of forsterite powder as shown in Table 3.1 (Ramesh et al., 

2013b). The process flow for the preparation of forsterite is shown in Figure 3.1.  

 

Table 3.1. The weight composition of precursor to produce forsterite. 

Talc (Mg3Si4(OH)2; Sigma-Aldrich, 99%) 33.6976g 

Magnesium oxide (MgO; Merck, 97%) 17.9016g 

Talc : MgO weight ratio 1.8825:1 
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It is known that the microstructure of the sintered sample is well influenced by 

the characteristic of the starting precursor as it effects the densification process. For 

instance, as the precursor are mixing, it is desirable that the mixed powder to be mixed 

homogenously with a least possible of agglomeration within the mixture (Whiffen et al., 

2014).  However, simply mixing the dry powder together has been proven to be difficult 

to achieve a homogenous dispersion of the powder, which might form large 

agglomerates that  hinder the densification of the compact during the sintering process 

(Liu et al., 1999). In the present work, to ensure a homogenous dispersion of the 

powders within the mixture, the precursors were mixed within a solvent (ethanol) as a 

Molar ratio of 
1 – 1.88 (MgO 
to Talc) 

Magnesium oxide [MgO] Talc [Mg3Si4O10(OH)2] 

Ball milling  

Cold Isostatic Pressing (CIP) 

Oven drying 

Uniaxially pressed 

 

Disc Compact 

 

3 hours  5 hours  7 hours  

Calcination / sintering 

 
Figure 3.1. A flow chart showing the powders prepared in the present 

work. 
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mixing medium. However, by mixing with solvent, the powder usually will form a large 

clusters that will prevent the powder to be disperse evenly within the aqueous medium 

(Liu et al., 1999).  

Thus after the powders were mixed within the solvent, the mixture were 

subjected to ultrasonification at frequency of 40 KHz for 30 minutes to eliminate any 

large agglomerates and to promote a homogeneous mixing. After that, the resulting 

slurry was subjected to mechanical activation by ball milling for various durations of 3, 

5 and 7 hours, at a rotating speed of 450 rpm. 

The milling process was performed in a sealed high-density polyethylene vials 

(500ml) with 2 mm zirconia balls. After milling, the as-milled powders were then dried 

completely in an oven at 60°C for 12 hours to evaporate the remaining ethanol. The 

dried powders were crushed and sieved through a 212 μm sieve (Endecott, aperture size 

212 μm) to produce proto-forsterite. The proto-forsterite were compacted at about 2.5-3 

MPa to produce disc compact (20 mm in diameter) and  rectangular bar  (3 mm × 12 

mm × 30 mm), followed by cold isostatic pressing (CIP).  

 

3.3 Conventional Sintering (CS) of Forsterite Samples    

 In the present research, the forsterite compacts were sintered under atmospheric 

condition  by using a standard rapid heating furnace (LT, Malaysia) at three different 

temperatures (1200°C,1300°C and 1400°C ). The sample was hold at the temperature 

for 2 hours soaking time with a ramp rate of 10°C/min for both heating and cooling rate 

for each firing. The sintered compacts prepared by this condition hereafter referred as 

conventional sintering (CS).  

 

Univ
ers

ity
 of

 M
ala

ya



41 
 

3.4 Two-Step Sintering (TSS) of Forsterite  

The green samples were also sintered by the two-step sintering  method (TSS) in which 

the samples were sintered at temperature T1 = 1400°C for 6 minutes with a ramp rate of 

10°C/min, followed by cooling down to temperature T2 (750°C, 850°C and 950°C) with 

a cooling rate of 10°C/min and kept at T2 for 15 hours. The sample was then cooled 

down to room temperature with a cooling rate of  10°C/min (Fathi et al., 2009b). Figure 

3.2 illustrates the sintering profiles of both CS and TSS methods used in this research. 

The sintered compacts were ground and polished on one side for further characterization.  

 

 

 

 

 

 

 

Figure 3.2. The sintering profiles of (a) CS and (b) TSS methods. 
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3.5  Characterization of Forsterite  

3.5.1 Phase Characterization and Crystallite Size  

X-Ray diffraction (XRD) provides information that associated to the crystal 

lattice of the powder and the characterization of the crystalline phases. XRD was used 

to determine if there were any changes to the phases of forsterite samples after sintering. 

(Cullity et al., 2001). In the present research, the as-sintered powders and the disc 

compacts from CS and TSS were characterized by X-ray diffractometer (XRD: 

PANalytical Empyrean, Netherlands) for phase identification. The diffractometer was 

operated at 45kV and 40mA over the 2θ range of 20°-60° at a step size of 0.02°. 

The average crystallite size (d) of the forsterite powder was calculated from the 

peak broadening in a XRD diffraction pattern related with a particular planar reflection 

from within the crystal unit cell based on Scherrer's formula (Cullity et al., 2001). 

    𝑑𝑑 = 0.9𝜆𝜆
𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐  𝜃𝜃

     (3.1) 

where λ is the wavelength for the XRD, θ is the diffraction angle in radians and B (in 

radians) is the measured full width at the half maximum (FWHM) of a diffracting 

reflection. In this study, crystallite size was calculated from θ corresponding to 

prominent peak for forsterite at  2θ = 36.6°. The peaks obtained were compared to 

standard reference JCPDS-ICCD (Joint Committee of Powder Diffraction Standard – 

International Center for Diffraction Data) files for Forsterite (PDF No. 00-034-0189), 

Talc (PDF No. 00-13-0558), enstatite (PDF No. 00-011-0273) and MgO (PDF No. 00-

43-1022) . The details of the said JCPDS-ICCD reference files are given in Appendix B. 
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3.5.2 Grinding and Polishing  

After the compacts were sintered, the compacts were then grinded and polished 

prior to density measurements, phase analysis, Vickers hardness testing, fracture 

toughness evaluation and SEM analysis. The grinding and polishing were accomplished 

by using the Imtech Grinder-Polisher. The compacts were initially ground on  silicon 

carbide (SiC) sheets with a grit range of 800 (rough), 1000 and 1200 (fine). After that 

the compacts were diamond polished to a 3 µm finish and afterward to a 1 µm finish to 

produce an clear optical reflective surface.  

 

3.5.3 Relative Density  

The relative density of sintered disc samples were measured by water immersion 

technique based on Archimedes’s principle using electronic balance (Shimadzu AY220, 

Japan). The relative density of forsterite was calculated by taking the theoretical density 

of forsterite as 3.221 g/cm3 (Yoder, 1976). 

 

3.5.4 Vickers Hardness and Fracture Toughness 

The micro-hardness (Hv) of the polished sintered compacts was measured using 

Vickers hardness tester (Mitutoyo AVK-C2, USA). A load of 200g (1.96N) was applied 

for duration of 10 seconds to produce the indentation. Three indentations were 

performed on each samples and the average value was taken. For the fracture toughness 

calculation, the crack length enamating from the corners of the indent was measured and 

the KIc was calculated using the equation derived by (Niihara, 1985)  
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𝐻𝐻𝑣𝑣 =  1.854 ×𝑃𝑃
(2𝑎𝑎)2              (3.2) 

𝐾𝐾𝐼𝐼𝑐𝑐 = 0.203 �𝑐𝑐
𝑎𝑎
�
−1.5

𝐻𝐻𝑣𝑣𝑎𝑎0.5           (3.3) 

where 𝐻𝐻𝑣𝑣 is the Vickers hardness, P is the applied load (N), a is the half of the average 

diagonal length as shown schematically in Figure 3.3 and c = L + a, where L is the 

average crack length measured from each corners of the indent i.e. (L1+L2+L3+L4)/4. 

 

 

 

3.5.5 Young Modulus  

The Young’s modulus by sonic resonance technique was determined for 

rectangular samples using a commercial testing instrument (GrindoSonic: MK5 

“Industrial”, Belgium). The instrument permits determination of the resonant frequency 

of a sample by monitoring and evaluating the vibrational harmonics of the sample by a 

transducer; the vibrations are physically induced in the sample by tapping. The modulus 

L4 

L2 

L3 a a L1 

Figure 3.3. Schematic diagram of the Vickers indentation(Niihara, 1985). Univ
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of elasticity is calculated using the experimentally determined resonant frequencies, 

according to standard test method ASTM E1876-97 (E1876-97, 1998). The modulus of 

elasticity or Young’s modulus (E) is calculated using equation (3.4): 
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F m
 0.9465E 




















=  

where 

E = Young’s modulus 

m = Mass of bar 

b = Width of bar 

L = Length of bar 

t = Thickness of bar 

Ff = Fundamental resonant frequency of bar in  

flexural (Hz) 

T1 = Correction factor for fundamental flexural  

 mode to account for finite thickness of bar,  

 Poisson’s ratio etc., calculated using equation (3.5): 
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 where 

µ  = Poisson ratio of Y-TZP taken as 0.254 (Schreiber et al., 

1967). 

(3.5) 

(3.4) 
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3.5.6 Microstructural Examination  

The microstructural evolution of the forsterite under several sintering 

temperatures was studied by using the scanning electron microscope. In this study, the 

microstructure of polished samples and powders  were characterized using a table-top 

scanning electron microscope (SEM: Hitachi TM3030 Tabletop Microscope, Japan) at 

an accelerating voltage of 15kV.   

The polished samples were thermally etched at 50°C below the sintered 

temperatures with a ramp rate of 10°C/minute and a holding time of 30 minutes to 

delineate the grain and the grain boundaries. The chemical composition of the sintered 

powders was determined by using an Energy-dispersive X-ray spectroscopy (EDX). The 

average forsterite grain sizes were determined from the SEM images via standard line 

intercept method (Mendelson, 1969).  
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Chapter 4: Results and Discussion 

During the powder synthesis study, it is crucial that we understand and 

determine the factors that affects the formation of pure single phases forsterite. Several 

literatures suggest that there are two main factors that have a high impact on producing 

pure forsterite that was synthesized through solid-state reaction (Lee et al., 2013; 

Ramesh et al., 2013b; Tavangarian et al., 2009) :  

1) The duration of ball milling duration on the formation of forsterite samples  

2) The high treatment temperatures during sintering 

 

4.1 Preliminary Work  

Before studying the benefits of two-step sintering,  preliminary work was first 

done to fully understand the effect of the duration of ball milling and the sintering 

temperature on forsterite samples which are sintered by conventional method. By doing 

this will highlight the transformation process from starting precursors to pure forsterite 

and by analyzing the mechanical properties and grain size of the sintered compacts will 

be set as a benchmark to be compared to forsterite sintered by two step sintering. 

 

4.1.1 Effect of Prolong Ball Milling Duration on the Formation of Forsterite  

Although the formation of pure forsterite was mainly governed by the high heat 

temperatures during heat treatments or sintering, there are also literatures suggest that  

the formation of forsterite to have a strong relationship in producing pure forsterite by 

the homogeneity of the starting precursors (Tavangarian et al., 2010d). Study done by 

Ramesh et al. (2013b) highlighted the effect of prolong ball milling time in order to 

suppress the formation of secondary phases. The authors showed that the sintering 
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temperatures played a more important role in suppressing the secondary phases than 

milling time. According to Lee et al. (2011), forsterite samples sintered at 1400°C 

yielded the optimal Vickers hardness and fracture toughness. Therefore sintering 

temperature at 1400°C was chosen to sinter the forsterite samples in addition to 

investigate the impacts of different ball milling times on the phase formation. Figure 4.1 

- 4.3 represent the XRD analysis of the sintered forsterite compacts after ball milled for 

3 hours , 5 hours, and 7 hours and sintered at 1200°C and 1400 °C, respectively. The 

results showed that both enstatite and MgO were present within the sintered forsterite  

after the ball milling for 3 hours and whereas only MgO was detected in the 5 hours ball 

milling  even though the compacted samples were sintered at a relative high temperature 

of 1400°C. 

It is highlighted in chapter 2 that the formation of forsterite consisted of 2 stages, 

the first stage where the initial precursors, both one mole of  MgO and Talc reacts to 

form 4 mol of enstatite with one mol of water. At the second stages, the enstatite will 

react with the remaining MgO to form forsterite. It is evident that 3 to 5 hours of ball 

milling could not provide enough mechanical energy to produce homogeneous mixing  

of the precursors, which is one of the main reason that secondary phases existed within 

the sintered sampled. However, the prolong ball milling time of 7 hour was successful 

in preventing the formation of secondary phase as shown in Figure 4.1-4.3. As a result, 

pure forsterite was successfully obtained at 7 hour milling after sintering. Univ
ers
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   = MgO    

  = Enstatite 

 

1200°C  

1400°C  

Forsterite – Mg2SiO4 

Magnesium Silicate – MgSiO3 

Periclase - MgO 

30 20 40 50 60 70 80 

 

Forsterite – Mg2SiO4 

Magnesium Silicate – MgSiO3 

Periclase - MgO 

30 20 40 50 60 70 80 

 

1200°C  

1400°C  

Figure 4.1. XRD analysis of powder compacts ball milled for 3 hours and sintered at 
1200°C and 1400°C. 

 

 

 

 

 

Figure 4.2. XRD analysis of powder compacts ball milled for 5 hours and sintered at 

1200°C and 1400°C. 
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In comparison, the present finding is very encouraging since previous studies 

reported that the elimination of secondary phases such as MgO in the samples was 

unavoidable even after heat treated at 1500°C with ball milling duration of 3 hours 

(Ramesh et al., 2013b). Based on the XRD result shown in Figure 4.3,  the minimum 

ball milling duration required to obtain pure forsterite through conventional sintering is 

at 7 hours.  

The crystallite size for the powders ball milled at 7 hours calculated by using the 

Scherrer's equation taken at the prominent forsterite peak at 2θ = 36.6° were found to be 

15.46 nm. This value is smaller when compared to that reported in the literatures (Fathi 

Forsterite – Mg2SiO4 

Magnesium Silicate – MgSiO3 

Periclase - MgO 

  = MgO    

  = Enstatite 

 

1200°C  

1300°C  

1400°C  

30 20 40 50 60 70 80 

 

 

Figure 4.3. XRD analysis of powder compacts ball milled for 7 hours and sintered 
at 1200°C, 1300°C and 1400°C. 
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et al., 2008; Tavangarian et al., 2010b, 2010c; Tavangarian et al., 2010d), which varied 

in between30 nm to 57 nm. 

4.1.2  Effect of Sintering Temperature on the Formation of Forsterite 

To eliminate secondary phases such as enstatite (MgSiO3) and magnesium oxide 

(MgO) in the forsterite after mechanical activation process, it is necessary for the proto-

forsterite to be sintered at high temperatures. Thus for this study, the as-milled proto-

forsterite at 7 hour milling was used to investigate the effect of sintering temperature to 

determine the minimum temperature required for fabrication of pure forsterite. As 

shown in Figure 4.3 , the graph also represent the summary of the effect of sintering 

temperatures on the phase present in the sintered body.  

 The results showed that sintering temperature of 1200°C was not high enough to 

eliminate the secondary phases such as enstatite and MgO. At sintering temperatures of 

1300°C, the MgO peaks are completely eliminated. However, enstatite peaks are still 

present within the sintered forsterite.  

Although the intensities of these secondary phases sintered at both 1200°C and 

1300°C were minor, they may hinder the densification process and reduce the  

mechanical properties. On the other hand, sintering the samples at 1400°C resulted in a 

fully forsterite body.  This again confirms that the combination of prolong ball milling 

time and high sintering temperature completely eliminate the formation of the 

secondary phases within the sintered forsterite. Nevertheless the high temperature 

sintering temperatures will cause unavoidable accelerated and uneven grain growth 

which could affect the mechanical properties (Chen et al., 2000; Fathi et al., 2009b; 

Pouchly et al., 2013).  

Univ
ers

ity
 of

 M
ala

ya



 
 

56 
 

4.1.3  Powder Morphology  

 The morphology of forsterite powders after 7 hours of ball milling and sintered 

at 1400°C was observed by SEM as shown Figure 4.4. The result shows that the 

morphology of forsterite powder is made of homogenous nanoflakes on the surface of 

the powder agglomerates. The EDX mapping analysis of the powder is shown in Figure 

4.6. It is observed that only the main elements of forsterite (Mg, Si and O) were present 

within the powder which further confirmed that pure forsterite was successfully 

synthesized from mechanical activation for 7 hours and sintered at 1400°C in this 

research work.  
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Figure 4.4. The morphology of the sintered powder (1400°C) ball milled for 7 hours.  Univ
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a) 

b) 

c) 

Figure 4.5. The EDX analysis of the sintered powder compact(1400°C)  ball milled at 

7 hours. 
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4.1.4  Sintered Properties Determination   

The effect of sintering temperatures on the mechanical properties, grain sizes 

and densification of the conventional sintered (CS) compacts are shown in Figure 4.6. It 

was revealed that by using conventional sintering, the maximum densification achieved 

when sintered at 1400°C was about 87%.  

According to Figure 4.6, it was found that the Vickers Hardness of the samples 

increased sharply  from 0.69 GPa (1200°C) to 6.86 GPa (1400°C) when the samples 

were sintered from 1200°C to 1400°C, whilst the fracture toughness increased from 

1.73 MPam1/2 (1200°C) to 4.71 MPam1/2  (1400°C). It is clear that the fabricated 

forsterite have a higher densification rate as the compacts were sintered from 1200°C to 

1300°C as compared to compact sintered at 1300°C to 1400°C. In addition, the highest 

fracture toughness obtained after sintering at 1400°C was 4.71 MPam1/2. This fracture 

toughness value was  30% greater than the fracture toughness values obtained by Fathi 

et al. (2009b).  

On the other hand, the Young modulus of the forsterite increased from 17.8 GPa 

(1200°C) to 87.3 GPa (1400°C). This result is not in agreement with the result reported 

by Ramesh et al. (2013b), which showed a decreased in Young modulus when the 

powders were sintered at 1400°C. This may due to  difference in processing method in 

synthesis forsterite powder. Univ
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Figure 4.6. The properties of conventional sintered samples when sintered at      

1200°C - 1400°C. 
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The microstructure of sintered CS compacts is showed in Figures 4.7 - 4.9. The 

samples sintered at 1200°C was not successful in achieving a well defined grain 

morphology (Figure 4.7) and this can be attributed to the present of secondary phase as 

confirmed through XRD analysis. An improved in the grain structure was observed for 

sample sintered at 1300°C as shown in Figure 4.8. Sintering at 1400°C (Figure 4.9) 

revealed a well defined grain morphology of forsterite showing a dense body with much 

fewer pores. These results proved that the proper preparation of the proto-forsterite 

requires the suitable sintering temperature at which secondary phases are completely 

eliminated and the mechanical properties of forsterite are effectively improved.  

However, some abnormal grain growth was observed in Figure 4.9 and this is 

unavoidable during conventional sintering. The grain size obtained through line 

interception method  was found to range from 1.9 μm (1200°C) to  about 2.54 μm 

(1400°C). The higher grain size value is due mainly to the CS method which promotes 

grain growth. 

None the less, the preliminary study was able to established that the minimum 

requirement to fabricate pure forsterite by using mechanical activation were the 

combination of 7 hours ball milling with a high sintering temperature of 1400°C. 
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Figure 4.7. SEM images of CS compacts sintered at 1200°C.  Univ
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Figure 4.8. SEM images of CS compacts sintered at 1300°C.  Univ
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Figure 4.9. SEM pictures of CS compacts sintered at 1400°C reveling a well defined 

forsterite microstructure.  Univ
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4.2 Effect of Two-Step Sintering (TSS) 

The Two-step sintering method (TSS) was used this research work to find out 

the optimum sintering profile that should be used to produce a high dense pure forsterite 

with suppressed grain growth.  Since 1400 in CS was found to be beneficial to eliminate 

all the secondary phases,  it was taken to be the T1 in the two step sintering. Figure 4.10 

represents the XRD patterns of samples after sintered by the TSS at three different T2 

temperatures. The results indicated that all the TSS heating profiles (T1=1400°C, 

different T2 temperatures) were able to produce pure forsterite as the 6 minutes duration 

at T1 (1400°C) was sufficient to suppressed all the secondary phases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. XRD analysis of TSS sintered samples revelling the present of forsterite 

phases. 
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The characteristic of forsterite samples sintered by TSS method are shown in 

Figure 4.11. The samples sintered by TSS exhibit a relative density of up to 91% for T2 

= 950°C, which have a slight improvement compared to CS (87%). On the other hand, 

the relative density for the T2 = 750°C and 850°C were lower at 72% and 76%, 

respectively. The general trend of densification, Vickers hardness, fracture toughness 

and Young's modulus were found to increase with sintering temperature. Interestingly, 

the maximum fracture toughness of the sample sintered at T1=1400°C and T2=950°C is 

only 2.31 MPam1/2, which is lower than that of samples sintered by CS (I.e.  52% lower) 

and yet the TSS samples achieved a much higher densification compared to the CS 

sample.  

The SEM image of the TSS samples is shown in Figures 4.12 - 4.13. As can be 

seen that the T1 contributes in most of the densification process and different T2 

temperatures (750, 850 and 900oC) play a critical role in suppressing grain growth while 

allowing densification to continue. The samples sintered at T2 = 950°C had a much 

denser body (Figure 4.14) density than the samples sintered at T2 = 850°C and 750°C 

(Figure 4.13). Furthermore, the grain size obtained from TSS when sintered at T2 = 

950°C was about 1.47 μm, which is 50% smaller compared to the CS samples. These 

finding show that the forsterite obtained by the TSS is able to produce an acceptable 

range of mechanical properties with relative small grain size in this study, which is also 

of utmost important for the development of bone-substitute material. 
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Figure 4.11. The properties of forsterite samples sintered by the two-step sintering 

profile. 

Univ
ers

ity
 of

 M
ala

ya



 
 

68 
 

 

 

b) 
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Figure 4.12. SEM images of TSS sample sintered at T1 = 1400°C, (a) T2 = 750°C and (b) T2 

= 850°C.  Univ
ers

ity
 of

 M
ala

ya



 
 

69 
 

 

 

 

 

 

b) 
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Figure 4.13. SEM images of TSS sample sintered at (a) T1 = 1400°C, (b) T2 = 950°C.  
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The fracture toughness of forsterite obtained via TSS in several studies (Fathi et 

al., 2009b; Kharaziha et al., 2010) were about 3.6 – 4.3 MPam1/2, which is lower 

compared to the present work of 4.7 MPam1/2 obtained by the CS method but higher 

compared to samples obtained by TSS method. One of the possible explanation of this 

differences are due to different starting precursor and different method of synthesizing 

the forsterite powder.  

 Table 4.1. The comparison of mechanical properties between CS and TSS. 

Sintering 

step 

Sintering 

Temperature 

(°C) 

Densification 

(%) 

Hardness 

(HV) 

Hardness 

(GPa) 

Fracture 

toughness 

(MPam1/2) 

Grain 

size 

(μm) 

Young 

modulus 

(GPa) 

One 1200 70 71 0.69 1.73 1.90 17.34 

One 1300 83 499 4.89 3.57 2.07 38.89 

One 1400 87 700 6.86 4.70 2.53 87.33 

Two 
T1 -1400   

T2 -750 
72 550 5.39 1.05 1.23 14.87 

Two 
T1 -1400   

T2 -850 
76 630 6.18 1.76 1.40 25.75 

Two 
T1 -1400   

T2 -950 
91 707 6.93 2.31 1.50 80.66 

By comparison, Table 4.1  summarizes the forsterite properties and their 

mechanical properties obtained by two sintering profile, CS and TSS at T1 = 1400°C. It 

is obvious that the forsterite samples achieved good densification, excellent mechanical 

properties, i.e. hardness, facture toughness and young modulus by using the CS method. 

Alternatively, there is a slight improvement in the densification by using TSS method 

with a much smaller grain size; however, the fracture toughness and young modulus are 

much lower than those of the CS samples.  
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Chapter 5: Conclusion and Further Work 

5.1 Conclusion  

Pure highly dense forsterite was successfully fabricated by mechanical 

activation with of minimum 7 hours of ball milling combined with sintering temperature 

of 1400°C by conventional sintering (CS) or by two step sintering (TSS). The 

preliminary  studies reveals that nanocrystalline forsterite powder can be fabricated 

through CS profile with crystalline size of 15.46 nm. The result shows that in the CS 

profile, by sintering at 1400 ºC the Vickers hardness and fracture toughness obtained 

were as high as 6.86 GPa and 4.7 MPam1/2, respectively. However the distribution of 

grain sizes in CS samples were inhomogeneous and grain growth were abnormal.  

On the other hand, by using TSS profile ( T1 = 1400°C for 6 minutes; T2 = 

950°C for 15 hours), a denser nanocrystalline forsterite ceramics was attained (~93% 

theoretical density) accompanied by a finer and  homogenously distributed grain size as 

compared to CS profile. The average grain size obtained by the TSS method was about 

1.5 nm. The comparison result shown in chapter 4 ultimately suggest that initially 

Vickers hardness have strong relationship with grain size  instead of densification. The 

smaller the grain size of 1.23 μm as shown in TSS samples have a much higher fracture 

toughness compared to 1.9 μm obtained in CS samples.  

According to Hall-Petch relationship, the small grain size will enhance the 

hardness of the polycrystalline materials (Fathi et al., 2009; Remediakis et al., 2009; 

Tang et al., 2009). Hence, it should be noted that smaller average grain size obtained 

from the TSS method would contribute to the better mechanical properties compared to 

the CS method. However, as  densification and grain size increase, forsterite produced 

by TSS profile is able to obtain an acceptable fracture toughness of 2.31 MPam1/2 and 

good Vickers hardness value of 6.86 GPa. The average grain size obtained by the TSS 
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method was about 1.5 nm which reveal that the two-step sintering was highly effective 

in suppressing grain coarsening in forsterite ceramic compared to conventional sintering.  

However, the fracture toughness of TSS samples were still inferior compared to 

CS samples. The result suggest that the larger grain size of forsterite samples fabricated 

by CS profile might be one of the possible reason that the fracture toughness of the CS 

samples are much higher compared to TSS samples. Besides that, this might also due to 

the densification of TSS has not reached completion. Based on the result shown in 

Figure 4.11, the fracture toughness actually shows a linear increase with higher sintering 

temperature of T2. Hence, the fracture toughness of TSS samples are expected to 

increase further with the sintering temperatures.  On the contrary, the densification of 

CS samples have reached to a maximum value. Any further improvement in sintering 

process is expected to have a minimum effect on the fracture toughness of the CS 

samples.  

In summary, although TSS method has produced smaller grain size than CS 

method, CS method is more effective in increasing the fracture toughness of forsterite in 

this study. The objectives have been achieved.  

5.2 Further work  

 As mention before in chapter 2, there are very limited studies in determining the 

mechanical properties of forsterite ceramics through advance technique such as 

microwave sintering and hot pressing. It will be interesting to compare the mechanical 

properties and grain size of the sintered forsterite samples obtained from these advanced 

method with that of the present work. To further improve the mechanical properties of 

the sintered forsterite, sintering additives such as chlorine ions or fluorine ions and 

further increase the ball milling hours could be explored. In order to get more insight to 

the sintering mechanism of forsterite, a TEM study could also be carried out.  
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Chapter 6: Appendixes 
 

APPENDIX A - Calculation of The Formation of Forsterite 

 

Reaction equations (to produce 50g Forsterite): 

1st Stage 

Mg3Si4O10(OH)2 + MgO  4 MgSiO3 + H2O     ------------------------------- (1) 

 

2nd Stage 

MgO + MgSiO3  Mg2SiO4     --------------------------------------------------- (2) 

 

Table A-1: Molecular weight for various elements. 

Element Molecular Weight (g/mol) 

Mg 24.3 

O 16.0 

Si 28.1 

H 1.0 

 

Required powders (to produce 50g of Forsterite): 

From (2) 

MgO + MgSiO3  Mg2SiO4 

 40.3    100.4          140.7 

 

 

50g of Mg2SiO4   = 𝟓𝟓𝟓𝟓 𝒈𝒈
𝟏𝟏𝟏𝟏𝟓𝟓.𝟕𝟕 𝒈𝒈/𝒎𝒎𝒎𝒎𝒎𝒎
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With reference to equation (2), 1 mol of MgO reacts with 1 mol of MgSiO3 to produce 

1 mol of Mg2SiO4  

 

∴ if 0.3554 mol of Mg2SiO4 is produced from a reaction of 0.3554 mol of MgO and 

0.3554 mol of MgSiO3,  

 

 

no. of mol for MgO = 0.3554 mol 

∴ amount of MgO present = (0.3554 mol) (40.3 g/mol) 

          = 14.3213 g 

 

no. of mol for MgSiO3 =  0.3554 mol 

∴ amount of MgSiO3 present = (0.3554 mol) (100.4 g/mol) 

    = 35.6787 g 

 

From (1) 

Mg3Si4O10(OH)2 + MgO  4 MgSiO3 + H2O 

          379.3          40.3  100.4 

 

From the above calculations, it was earlier established that the molarity of MgSiO3 was 

0.3554 mol. 

 

With reference to equation (1), it is observed that 4 mol of MgSiO3 is produced from 1 

mol of Mg3Si4O10(OH)2. 

 

∴ 0.3554 mol of MgSiO3 is produced from 0.0888 mol of Mg3Si4O10(OH)2. 

 

 

∴ Required amount of Mg3Si4O10(OH)2 = (0.0888 mol) (379.3 g/mol) 

           = 33.6976 g 

 

Required amount of MgO = (0.0888 mol) (40.3 g/mol)          

      = 3.5803 g 

∴ Total amount of MgO required for MA process = 14.3213 + 3.5803 
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         = 17.9016 g 

 

∴ Total amount of Mg3Si4O10(OH)2 required for MA process = 33.6976 g 

 

∴ Ratio of MgO to Mg3Si4O10(OH)2 = 17.9016 g : 33.6976 g 

      = 34.6936% : 65.3064% 

      = 1 : 1.8825 
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APPENDIX B - JCPDS FILES 
 

   

Figure B.1. JCPDS for forsterite. 
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Figure B.2. JCPDS for magnesium oxide. 
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Figure B.3. JCPDS for talc. 
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Figure B.4. JCPDS for clinoenstatite. 
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APPENDIX C - Apparatus Used During Present Work 

 

 

 

Figure C.1. The analytical balance used to measure the weight of the precursors.  Univ
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Figure C.2. The mixing process of the precursors into ethanol.  
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Figure C.3. The machine used for sonication process. 
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Figure C.4. The oven used for drying up the excess ethanol from the mixed powder. 
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Figure C.5. The mortar and pestle used to crush the dried powder from the heating oven.   
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Figure C.6. The 212 μm metal sieve used to sieve the powder. 
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Figure C.7. The die used to compact the powders into disc or bar shape. 
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Figure C.8. The apparatus is used to exert a fixed amount of force onto the dies. 
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Figure C.9. An example of the pressed proto-forsterite before sintering. 
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Figure C.10. The tube furnace used to carry out all the sintering process. 
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Figure C.11. the machine used to grind and polish the sintered forsterite compacts. 
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Figure C.12. Both of the 3μ (a) and 1μ (b) polishing cloths and diamond paste used to 

polish the forsterite compacts.  

a) 

b) 
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Figure C.13. The XRD machine used to check the phase composition of the forsterite. 
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Figure C.14. The table-top scanning electron microscope machine used to evaluate the 

surface topology and phase composition. 
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Figure C.15. The micro hardness machine used to evaluate the Vickers hardness and the 

fracture toughens of the samples. 
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Figure C.16. The cold isostatic press machine used to achieving greater uniformity of 

compaction. 
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Figure C.17. The image above shows GrindoSconic: MK 5"Industrial", Belguim; used 

to measure the Young's modulus of the bar samples. 
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APPENDIX D - Density Table for Distilled Water (g/cm3)  

 

Figure D.1.The water density table used to calculate the densification of the sample. 
(Source: Operating Instruction, Density Determination Kit, Mettler-Toledo, Switzerland, 
Manual No. P706039, pp.14). 
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