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ABSTRAK 

Tujuan kajian ini adalah untuk menyiasat kesan pemuatan pengisi daripada bahan sisa mesra 

alam terhadap sifat fiziko-mekanikal komposit kaca-seramik. Kulit kerang (KK) dengan saiz 

zarah sekitar 75!lm telah digabungkan sebagai pengisi dalam komposit kaca-seramik 

sepanjang kajian ini. Sementara itu, kaca soda kapur silikat (SLSG) berfungsi sebagai 

matriks yang mempunyai sa iz keseluruhan sekitar 75 llm. Pengisi KK telah dikeringkan dan 

dikalsinkan pada suhu I 000°C dengan kadar pemanasan malar 1 0°C/min selama empat jam 

sebelum didedahkan kepada proses pensinteran terus. Empat kelompok rumusan dibuat 

dengan nisbah SLSG: CS 50:50, 60:40, 70:30 dan 100:0 wt.%. Untuk mencapai penyebaran 

seragam campuran, mesin pengisar bola telah digunakan untuk menggabungkan zarah. 

Bahagian segi empat sama hijau dibentuk dengan memampatkannya menggunakan penekan 

akapaksi pada I 0 tan selama dua min it. Pada suhu 700,_ 750, 800 dan 850°C, sam pel telah 

disinter dengan kadar pemanasan malar 2°C/min dan tempoh tinggal selama satujam. Untuk 

menentukan kehadiran ikatan hidrogen, Fourier transformasi infrared spectroscopy (FTIR) 

telah digunakan untuk mencirikan unsur KK, manakala X-ray Difraksi (XRD) dilakukan 

untuk mengenal pasti fasa komposit kaca SLS yang dikitar-semula. Sifat fizikal diukur 

menggunakan ASTM C373 sebelum keliangan lutsinar bagi komposit diana! isis. Kekerasan 

komposit SLSG kitar-semula dinilai menggunakan ujian kekerasan Vickers (ASTM C1327-

99) dan ukuran akustik (ASTM E494-95), dengan peratusan ralat direkodkan untuk 

memerhatikan struktur mikro pada permukaan yang retak dan untuk membuat kesimpulan 

hubungan antara struktur mikro dan sifat fi zikal dan mekanikal komposit SLSG. Dapatan 

menunjukkan bahawa sampel dengan 30wt.% pengisi KK mempunyai pengecutan linear 

yang tinggi dan keliangan ketara yang rendah, kedua-duanya menyumbang kepada 

ketumpatan pukal 2.09g/cm3. Corak XRD menunjukkan kuarza, kristal it, silikon oksida 

(SiOz). kalsium oksida (CaO), dan natrium oksida (NazO) selepas proses pensinteran. Dalam 

ujian mikrokekerasan, komposisi ini mempunyai bacaan mikrokekerasan purata tertinggi 

iaitu 1 004.86Hv. 



ABSTRACT 

The purpose of thi s study was to investigate the effect of fill er loading from eco

waste materi al on physico-mechanical properties ofthe glass-ceramic composite. The cockle 

shell (CS) with a particle size of around 75 1-lm was incorporated as a fill er in a g lass-ceramic 

composite throughout this study. Meanwh ile, soda-lime silica g lass (SLSG) served as a 

matrix havi ng an overall s ize of around 75 11m. The CS filler was dried and calcined at 

temperatures of 1 000°C with a constant heating rate of I 0°C/min fo r four hours before being 

exposed to the direct sintering process. Four batches of formulati on were made with SLSG: 

CS rati os of 50:50, 60:40. 70:30, and I 00:0 wt.%. To achieve uniform dispersion of the 

mixture, a planetary bal l mill was employed to combine the particles. The green square part 

was formed by compacting it using uniaxial pressing at I 0 tons for two minutes. At 

temperatures of700, 750, 800 and 850°C, the samples were sintered with a constant heating 

rate of 2°C/m in and a dwell duration of an hour. To determine the presence of a hyd rogen 

bond, Fourier transforms infrared spectroscopy (FTIR) was utilised to characterise the 

e lement of CS, while X-ray Diffraction (XRD) was performed to identify the phase of the 

recycled SLS glass composite. Before analysing the apparent porosity of the compos ite, the 

physical characteristics were measured using ASTM C373 . The hardness of recycled SLSG 

compos ite was eva luated using the Vickers hardness test (ASTM C 1327-99) and acoustic 

measurement (ASTM E494-95) where the percentage of the error will be recorded as 

comparison data. Scanning electron microscopy (SEM) was used to observe the 

microstructure ofthe surface fracture and concluded the relationship between microstructure 

and phys ico-mechan ical properties of the SLSG composite. The findings revealed that the 

sample with 30wt. % CS fill er had outstanding physical and mechanical qualities at 850°C. 

This form ulation has a high linear shrinkage and a low apparent porosity, both of which 

contribute to its greater bulk density of 2.09g/cm3. XRD patterns indicated quartz, 

cristobalite, silicon oxide (S i02), calcium oxide (CaO), and sodium oxide (Na20) fo llowing 

the sintering process. The composition had the hi ghest average microhardness read ing, 

1004.86Hv, in the microhardness test. 
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CHAPTER! 

INTRODUCTION 

1.1 Background of Study 

These days, urbanization and rapid industria l and lifestyle deve lopment contribute 

to an increase in the consumption of natural resources and a decrease in their availab ility 

(Jassim, 20 17). On the contrary, humans have always produced trash and disposed of it in 

some fashion, which has an impact on the environment. As a result, the increased waste 

generated by industrial factories and human activities should be monitored. As a response, 

sc ientists have fou nd new types of engineering, such as sustainable engineering and green 

engineeri ng, to reduce energy and natural resource usage (Jassim, 20 17). One of many ways 

in saving the environment is to reuse the waste fro m sustainable or eco-materia ls. 

Soda-lime silicate glass (SLSG) as eco-material wastes generated fro m rapid 

industria l development are intensively used as alternative materials in the producti on of the 

g lass-ceram ic composite (Hossai!Let a l. , 20 18). SLSG contrLbuted smooth and non-reactive 

surfaces (Hasanuzzaman et a l., 20 16). It has greater physico-mechanical propett ies such as 

strength and fracture toughness than the parent glass if fo rm ed by melting and casting 

(Ingo le et a l. , 20 18) and heat treatment contro lled. In thi s study, the g lass-ceramic composite 

was formed using a sintering process . Eco-material waste such as cockle shell s (CS) was 

used as the fil ler load in recycled soda lime silicate (SLS) g lass-ceramic compos ite. Cockle 

Shells (CS) has shown potentia l to increase the strength of compos ite due to the presence of 

calcium oxide (CaO.) 

Po lycrysta ll ine materia ls that were formed by the controll ed crysta ll ization of g lass 

are defined as g lass-ceramics (Pinckney, 2001 ). The g lass-ceramic composite has better 

physical and mechanical propetties (e.g., strength; fracture toughness) than the parent g lass 

produced by melting and casting since it has a composite structure consisting usua lly of a 

fi ne crystalline phase scattered in a matrix of g lass (Rahaman, 20 14). Because of their strong 



mechanical, chemical, and abras ion resistance, high hardness, variable thermal expansion 

depending on chemica l composition, ar.d sinterability to relatively high densiti es (92-98%) 

at temperatures usually less than 1000 °C, glass-ceramics can be a so lution in many 

applications (Arcaro et a l. , 20 17) . To improve the strength propetties of the g lass-ceramic 

composite, filler material was added during the manufacturing of the g lass-ceramic 

composite. 

This study a ims to investigate the effect of the add ition of eco-waste materials on the 

properties of the g lass-ceramic composite. The phys ical propert ies were tested using 

conventional measurement and the mechanical propetties were eva luated using two different 

methods wh ich are microhardness testing and acoustic method. 

1.2 Problem Statement 

The materials with a less hazardo~s substance, materials with a green env ironmental 

profile, or materials of higher recyclabilityl can be classified as eco-matedals . These eco

material s from wastes such as carbon fibres, glasses or from natural sources, for example, 

spent bleach earth, and cockle shells have potential that were explored as a filler to improve 

the performance oftbe product g lass-ceram ic composite using sintering process (Shamsudin 

et al. , 2018). The glass-ceram ic sample w ill be sintered at different temperatures ranging 

from 700 to 850°C (Ayoob et al. , 2011; Gualberto eta!., 20 19). 

A study by Jusoh et al., (20 19a) has di scussed that sintering temperature w ill affect 

the porosity, li near shrinkage, density, water adsorption and microstructure of the g lass

ceramic com posite. Influence the outcome of strength propetties if poor densification causes 

high porosity. As the g lass-ceramic is defined as po lycrysta lline materials, the strength is 

enhanced by decreasing their grain size. Hence, the formulation for the fill er load ing (wt.%) 

to improve the performance of the product g lass-ceramic composite was investigated in this 

paper. 

To measure one of the strength properties which is Young's Modulus, E for brittle 

materials, the common destructive test (flexural test) was used (Catte ll et a l. , 2020). 

Regrettab ly, these features may not be dependable enough because the samp les are 

performed on coupons, w ith the idea that the coupon is a true example of the component that 

would be used in services. That is why the resul ts of the destructive test (fl exural test) o n 

2 



coupons may not app ly to the component to be used in service, as it might be affected by the 

hand ling process. 

As the result of the problem, this project focused on the fabrication of glass-ceramic 

composite from eco-waste materials. The mechanical property was eva luated via 

microhardness test and acoustic method. Non-Destructive Test (acoustic method) aided in 

predicting the fai lure probability of a component g iven the crack size and fracture toughness 

parameters of the materials (Sohn & Olivas-Martinez, 20 14). The acoustic technique is used 

because it can recognize the thickness and the longitudinal velocity. 

1.3 Objective 

The fo llowing are the study's objectives: 

(a) To characterise the effect fi ller loading (wt.%) of the cockle shells (CS) in the 

physical properties in the recycled soda-lime silicate (SLS) glass at d ifferent 

sintering temperatures. 

. ·. \ 

(b) To evaluate the mechanical properties of SLSG/CS glass-ceramic composite 

using microhan:lness testing and acoustic method. 

(c) To correlate the effect of fi ller loading on physico-mechanical to morphology 

from the li terature rev iew. 

1.4 Scope of Study 

The fol lowing are the study's scope of the study: 

a) The formu lations of the filler loading (wt.%) of cockle shells (CS) are 

30wt.%, 40wt.% and 50wt.% in the recycled soda-lime sil icate (SLS) glass 

and cockle shells (CS) g lass-ceramic composite sintered at different sintering 
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temperatures from 700°C, 750°C, 800°C and 850°C at a constant heati ng rate 

at 2°C/min and dwelling time for I hour. 

b) Calcination process ofCS at l000°C, characteri sation of material via X-ray 

Diffraction (XRD) for phase identi ficat ion and Fourier Transform Infrared 

Spectroscopy (FTIR) for detecting the hydrogen bond. Physical analysis of 

the recycled SLS g lass and CS composite is determined using ASTM C373. 

c) Evaluate the mechanical properties on four (4) batches of the recycled soda 

lime s ilicate (SLS) glass and cockle shells (CS) composite using 

microhardness test according to ASTM C1327-99 and acoustic method 

(ASTM E494-95) . 

d) Correlate the microstructure of cockle shell s/recycled soda lime si licate 

(SLS) glass-ceramic composite with physico-mechanical propetties us ing the 

literature review. 

Organization of Report ~ ,/ . c ~ .. .. . . \ 
. ::::;)~ ~~v~J .. 

This study is divided into five chapters: introduction, literature rev iew, methodology, 

result and discussion, and conclusion. The first chapter discussed the background of the 

study, problem statement, objectives, and scopes of the study. The second chapter's 

literature review includes past research or study on g lass -ceramic compos ite, SLSG, CS, 

sintering process and parameters affecting sintering, microhardness testing and acoustic 

testing. The third chapter covers the entire flow of the study, methodologies, and procedures 

that wi ll be used to fin ish thi s research. In the foutth chapter, the information collected after 

completing several se lected tests such as the Vickers hardness test, bulk density, linear 

shrinkage, and apparent porosity were examined. Conclusions and recommendations from 

this study are presented in chapter five. 
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CHAPTER2 

LITERATURE REVIEW 

This chapter discussed reviews study based on earl ier research by other scholars. The 

goals of this chapter are to learn more about prior stud ies that were relevant to this paper 

and can be used to support this study to reach the best conclusion for this paper. This chapter 

d iscussed the stud ies about eco-materia l waste as filler for recycled soda lime si licate (SLS) 

g lass-ceramic composite, destructive test (Flexural test) and non-destructive testing 

(ultrasonic technique). From the methodological step through the completion ofPSM 2, this 

chapter guided the planning process of the entire project. 

2.1 Glass-Ceramic Composite (GCC) 

. / ~ •" ... .. \ 
:JY~ \,A-·-M \' :::::l_.. ~ ~ -~ q 

Glass-ceramics are ceramic materials made from the nucleation and crystallization 

of glass under controlled conditions. Glass-ceramics could also offer substantial advantages 

over standard g lass or ceramic materials by combin ing the flexibility of g lass form ing and 

inspection with better and frequently unique g lass-ceram ic characteristics (Pinckney, 2001). 

Deubener et a!., (2018) proposed the updated definition of g lass-ceramics, wh ich glass

ceramics are inorganic, non-metallic materials prepared by controlled crystallization of 

glasses via d ifferent processing method. 

Efficient nucleation , which al lows the formation of small, randomly oriented grains 

without voids, micro-cracks, or other porosity, is the core of regulated internal crysta lli zation 

(Ho land & Beall , 20 19). Pinckney (200 I ) stated that the important variab les in the creation 

of a g lass-ceram ic are glass composition, g lass ceramic phase assembly, and microstructure 

crystalline. Due to the speedy development of the glass ceramics, researchers a iming to 

improve the mechanical properties of g lass ceram ic by integrating recycled glass with 
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natural waste material (Chinnam et al., 2013). There are various types of glass-ceramic 

appli cations such as technical app lications, consumer appl ications, optical applications. 

medical and dental applications, electrical and electronic applications, architectural 

applications, coatings and solders, and glass-ceramics for energy app lications (Holand & 

Beall, 20 19). 

2.2 Eco-material Waste as Raw Material in Processing Glass-Ceramic Composite 

Sustainable materials are those employed in the consumer and industrial economies 

that can be produced in sufficient quantities without depleting non-renewable sources or 

upsetting the environments and critical natural resource systems established steady-state 

balance. The eco-material wastes such as soda-lime silicate glass and cockle shell are used 

in this study. 

2.1.1 Soda-lime silicate (SLS) glass 

... ,... 

For hundreds of years, soda-lime glass, also called soda lime silicate (SLS) glass has 

been manufactured throughout most of Europe. Sil ica, mostly in the shape of sand, and 

limestone were plentiful almost everywhere. Crown glass can be another term for a high

silica variety of soda lime which had been used for window. The SLS glass is made up of 

silicone-oxygen tetrahedron (Si04) connected at the oxygen atoms (Karazi et al., 20 17). As 

seen in Figure 2. 1, the chemical ordering is quite strong; each si licon atom is coupled to four 

oxygen atoms, and each oxygen atom is shared by two silicon atoms. 

Figure 2. I: The Si-0-Si bond (Karazi eta!., 20 17) 

6 



Karazi et a l. , (20 17) claimed that soda-lime s il icate is reasonably easy to melt and 

make, chemically resistant, and affordable. Because of its workab ili ty and affordabili ty, this 

type of glass can be used in a wide range of things, including window panels, bottles and 

vesse ls for food , beverages, and commodity products, as well as light bulbs and art and 

design pieces. The SLS glass has been used as a materi al in processing g lass-ceramic 

composite. 

SLS glass waste has the potential as a building material in g lass ionomer cement 

(GIC) production (Francis Thoo et al. , 2013; Khiri et al., 2020) . GICs are broadly employed 

in a variety of c lini cal app lications, inc luding posterior and anterior tooth fillings, luting 

agents, sealants, linings, orthodontic bracket cement, root canal fi llings, and so on (Francis 

Thoo et al., 201 3). In addition, SLS g lass waste is also used to fabricate foa m glass-ceramics 

(Hisham et a l. , 202 1 ). The trad it ional so lid-state s intering process was used to successfully 

create a series of I and 6 wt.% foam glass-ceramics at varied sintering temperatures for 60 

minutes. Hi sham ef a!., (2021) obtained the lowest density ( 1.014 g/cm3) of the samples w ith 

maximum expansion (62.31 %) at 6 wt.% of ark c lamshell (ACS) content sintered at 800°C 

for 60 minutes. The chemical composition of SLS glass and ACS raw materials that has 

been analysed can be seen in Table 2.1 below. 

Table 2. I: Chemical Composition of SLS glass and ACS (Hi sham et al., 202 1) 

u Raw Material!; 
Oxides (wt".,) 

SLS ~ 0.1 ACS 1 0.1 

..... Si!J: 7HIO dn 
CaO 11 .69 53Al 

N""2o 13.00 0.68 
Al20J 1.39 
MgO 1.43 O.IS 
K20 0.15 
P~O.-; 0.05 0.06 

50:1 0.15 0.08 
ft'2,0_t 0.15 0.0-1 
ZnO 0.(}3 O.U5 
SrO om O.l.J 

Othen; 0.05 -15..2.1 

Total 100 100 
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2.1.2 Cockle Shell (CS) 

The aquacu lture sector is one ofMalaysia's most important sector due to the strategic 

location, wh ich allows for easy access to a prote in source form the sea. Seashell waste such 

as cockle shells, oyster shell s, mussel shells and sca llop shells, among others, comes from 

the aquaculture sector and is available in large amounts in some areas, where it is frequently 

thrown or end up in landfills with no re-use value (Mo et al., 2018). 

Cockle, forma lly known as Anadara granosa, are a type of indigenous biva lve 

mollusc that may be found in the coastal areas of Southeast Asia, mainly Malays ia, Thailand, 

and Indonesia (Sahari & Mijan, 2011 ). In 2019, 23.89 metric tonnes of cockles worth RM3 .2 

mill ion were harvested, compared to 1,200 metric tonnes wo1t h RM1 0.69 million harvested 

last year (Derma wan, 2021 ). 

The information above can be used to determine how many waste shell s are 

produced. In Figure 2.2 below, it shows that the seashells are dumped with the remaining 

meat in landfill s (Barros etal., 2009). The shells that have been discarded and left untreated 

may generate an awful smell and an unpleasant sight in the area (Mohamed et al., 20 12) due 

to the degradation of the leftover flesh in the shells or the microbial decomposition of salts 

into gases like H2S, NH3, and amines (Yoon et al., 2003) . ~ ,.. ~ ~ 

Studies by Hazurina et a/. ,(20 q ), Muthusamy et a!.~ (20 12j ( and Mo et a!. , (20 18) 

have stated that th is situation can be avoided by recycling the cockle shells as an alternative 

partial cement in concrete due to the composition of the cockle shell s. (Barros et al., 2009) 

ind icated that seashells are high ly deve loped and used in other nations for a variety 

appli cation. The rich calcium carbonate (CaC03)-based shell s of the cockle provide an 

appealing substitute material that is inexpensive, read ily avai lable, and abundant for use in 

the manufacture of calcium-based bone grafting materials (George et al., 20 19). In addition, 

the cockle shel ls can be used as a fi ller loading in fabricating glass-ceramic composite 

(Shamsudin et al. , 2018) and thermoplastic composite (Munusamy et al. , 2019). 
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Figure 2.2: Seashells dumped with the remaining meat (Barros et al. , 2009) 

The cockle shells are made up of 96% calcium carbonate (CaC03), with organic 

compounds and other oxides including silicon dioxide (S i02), magnesium oxide (MgO), and 

sulphur trioxide (S03) making up the rest (Mohamed et al., 20 12). The world's supply of 

calcium carbonate is currently almost entirely obtained from limestone mining, which has 

been deemed damaging and harmful to the environment (Wang et al., 2019).There are three 

polymorphs that included in calcium carbonate (CaC03), which are calcite, aragonite, and 

vaterite (George et al., 20 J 9). 

2.3 Filler Load 
l ~ .• u~ j•'" 
~-· ... .. 

UN VERSITI TEKNIKAL MALAYSIA MELAKA 

Wypych (20 16) discussed that the definition for the filler load must be simple and 

precise, so that people can understand the definition. Wypych defined the filler as a solid 

material that can change the physical and chemical properties of materials through surface 

interaction or lack thereof, and via its own physical properties. One of the primary goals of 

fi ller add ition is to im prove mechanical qua lities at a lower cost (Onuoha et al. , 2017). 

2.3.1 Influence of Filler Load on Physico-mechanical Properties of GCC 

Kim et a!., (2002) stated that the filler loading influences flexural strength and 

modulus, hardness, and fracture toughness of a composite. This statement is supported by 

Market a!. , (2020) as filler load is found to improve the yield strength, tensi le modulus, 
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flexural strength, flexural modulus, and hardness of polypropylene as the value of fil ler 

loading increased. 

A study by Mesri eta/., (2020a) employed eggshe ll (ES) waste and bento nite as fi ller 

material, whereas, SLSG, spent bleach earth (SBE) and borosi licate glass (BSG) as the 

matrix. The composites were sintered for an hour at four different sintering temperatures, 

750°C, 800°C, 850°C, and 900°C, at a heating rate of 2°C/min. The powder has a particle 

size around 40j..tm. Uniaxial dry pressing is utilised to formed the samples at five various 

filler loading (wt.%) of ES and bentonite loading, which are 2wt.%, 5wt.%, I Owt.%, 

l 5wt.%, and 20wt.%. High fil ler load ing of eggshel l waste s intered at 900°C resulted in the 

lowest water absorption of 2.48%, a long with a 6.25% apparent porosity and a bulk density 

2.52 g/cm3. 

Another study that has been carried out by Noor et al., (20 15) also used eggshell 

waste and soda-lime silicate glass as the materials to make new CaSi03, wollastonite glass 

ceramics (WGC) materials due to GaO and Si02 resources. The powder patticle s ize for ES 

and SLS glass composite is around 63 j..tm. The mixture that consists of 15 wt.%, 20 wt.% 

and 25 wt.% of CaO obtained from EG and 85 wt.% 80 wt.% and 75 wt.% of SLS g lass 

powder, respectively, were mixed in the rotary ball mill for 24 hours to create a 

homogeneous powder mixture. Pellets of the mixture are formed by blending the powder 

mix ture w ith the organic binder polyvinyl alcohol (PV A.). The 13 mm diameters pellets are 

sintered at three different temperatures, namely 800°C, 900°C, and 1000°C for 120 m inutes 

each. The batches of the g lass-ceramics are displayed in Table 2 .2 below. As a comparison, 

one pellet from each batch will be left at ambient temperature. 

Every batch ofthe glass-ceram ic for the sampleS l consists of 15wt.% of ES powder 

and 85wt.% of SLS g lass, whilst sample S2 has 20wt.% ofES powder and 80wt.% of SLS 

g lass and sam ple S3 has 25wt.% of ES powder and 75wt.% of SLS g lass. Archimedes 

principle is applied to determine the density of each WGC pe llet, and the X-Ray 

Fluorescence (XRF) measurement was carried out w ith a Shimadzu Energy Dispersive X

ray Spectrometer model EDX-270. To evaluate the structure of each WGC sample, the 

Phil ips X-ray (Model pw 1380) is uti li sed. X'Pert Highscore programme is used to co llect 

the acqu ired resu lts. The samples had densit ies of approximate ly 2.5g/cm3 at room 

temperature, 27°C, closer to density of the SLS g lass. The densities of sam pies S I, S2, and 

S3 increased in the range of 2.7g/cm3 at 800°C sintering temperature, 2.9 g/cm 3 at 900°C, 
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and roughly 3.0 g/cm3 at 1000°C because the WGC samp les sintered at higher temperatures, 

ranging from 800°C to 1 000°C. 

Table 2. 2: Batches of glass-ceram ic composite (Noor et al. , 20 15) 

Sample Code 
Fil ler Load ing (wt.%) 

ES SLS glass 

Sl 15 85 

S2 20 80 

S3 25 75 

Shamsudin eta/., (2018) used recycled soda-l ime si licate glass (SLSG) waste and 

cockle shells (CS) fo r producing the GCC. The cockle shel l filler is dried at 1 00°C fo r 24 

hours in drying oven and calcined at temperatures of 800°C and I 000°C before being 

exposed to the direct sintering process. T he powder particle size for recycled SLSG and CS 

are 75).1111 . The formulation of the tiller loading for the composite is 30wt.%, 40wt.%, and 

50wt.% for CS and 70wt.%, 60w.%, and 50wt.% for recycled SLSG. The compos ite is 

sintered at fixed sintering temperature at 800°C with a constant heating rate at 2°C/min for 

60 m inutes dwelling time. 

Based on the result of apparent porosity, it has been discovered that apparent porosity 

is proportional to filler load ing. The lowest percentage of apparent porosity is 3.62%. 

2.4 Sintering Process 

Sintering is a thermal energy-based manufacturing techniq ue for producing density

controlled materi als and components from metal or ceramic powders (Kang, 2005). As a 

resu lt, s intering is c lassified as patt ofthe synt hesis/processing element of materials science 

and engineering, which can be seen in Figure 2.3. As material synthesis and processing have 

become increasingly important in recent years fo r material development, the importance of 

sintering as a material processing method is growi ng. Sintering process wi ll cause materia l 

densification, which results in components with improved mechanical, thermal, and 

electrical propetties (Van Nguyen et a l., 20 16). Sintering intends to man ufacture sintered 

objects with reproducible and, if poss ib le, specified microstructures by controll ing sintering 

factors. Controlli ng grain size, sintered density, and the size and distribution of other phases, 
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including pores, is referred as microstructural control. The ultimate goal of microstructural 

management is to construct a fully dense body w ith a fine grain structure. 

Structure I 
composition 

Performance 

Processing/ synthesis 

Figure 2. 3: The four fundamental components of materials in science and engineering (Kang, 
2005) 

2.3.1 Type of Sintering Process 

Sintering process are broadly classified into two types: solid state sintering and li quid 

phase sintering. For so lid state sintering. it tends to happen when the powder compact is 

entirely densified in a solid state at the sintering temperature, whereas liquid phase sintering 

occurs when a liquid phase is noticeable in the powder compact a ll through sintering. The 

schematic phase diagram in Figure 2.4 depicts the two types of sintering process. Solid state 

sintering occurs in an A-B powder compact With composition x, at temperature T,, however 

liquid phase sinteringl1appens in the identical powder compact at temperature TJ (Kang, 

2005). Kang (2005) a lso mentioned that there are other types of sintering, such as transient 

liquid phase sintering and viscous flow sintering. 

T 
liquid phase sintering 

Tm.a 

A x, 8 
ComPOsition 

Figure 2. 4: The phase for the sintering process (Kang, 2005) 

12 



2.3.2 Factors Affecting the Sintering Process 

There are two types of s ignificant variables that influence sinterability and the 

sintered microstructure of a powder compact: materia l variables and process variables. The 

raw materia l facto rs (material variables) compri se the chemical compos ition of the powder 

compact, powder size, powder form, powder size d istribution, degree of powder 

agglomeratio n, and so on. These characteristics have an impact on the powder's 

compressibi lity and sinterabi lity (densificatio n and gra in growth) . The uniform ity of the 

powder combination is especially important in compacts compri sing more than two types of 

powders. Not only mechanica l mi lling but also chemica l process ing, such as sol-gel and 

coprecip itat ion techniques, have been explored and used to increase homogeneity. Many 

factors can infl uence the s intering properties, the most s ignificant factors are the properties 

of the powder,. the forming circumstances, and sintering conditions. The e lements for 

sintering conditions consist of sinter ing temperature and time, heating rate, cooling rate, 

sintering environment and sintering pressure . The porosity, density, strength, and hardness 

of the s inter a re all affected by the s intering temperature and time. When the s intering 

temperature is too high and the t ime is too long, the performance suffers, and there may even 

be an over-burning defect. .. .. .. v , .. -.. 
UN VERSITI TEKNIKAL MALAYSIA MELAKA 
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2.3.3 Influence of Sintering Temperature on Physico-mechanical Properties of GCC 

Saparud din et al., (2020) conducted a study usmg SLS glass and ES waste to 

synthesize foam glass-ceramic. The powder partic le average size for SLS g lass and ES waste 

is 45 J.L m. A digita l analytical balance is utilised to weigh both ofthe powders. T hen, both of 

the powders were put into the motiar using the empirical fo rm ula (6 % ES and 94% SLS 

g lass powder) and grou nd fo r 10 to 15 minutes to obtain a homogeneous powder. The 

powder was then pressed into pellet fo rm using a hydraulic pressing machine with a diameter 

of 13 mm and a thickness of 2 mm with an applied force of 5 MPa. An electric furnace is 

used to sinter all pe llet samples at three d ifferent sintering temperatures, which are 700°C, 

800°C, and 900°C for I hour at a heating rate of l0°C/min. The pellets were ground into a 

fine powder after the sintering process for further analysis. 

There is a linear relationship between 0 % and 0.3 % compressive strain at 700°C of 

sintering temperature, showing that is the elastic area. After being sintered at 800°C for 60 

minutes, the samples had a maximum pot:osity of 83.6 %and a minimum density of 0.42 1 

g/cm3. At 700° sintering temperature, the greatest compressive strength is 1.82 MPa and the 

lowest is 0.42 MPa. The technique resulted in changes in the foam-glass ceram ics sample at 

900°C, which improved to 1.06MPa. 

... .. ....., 

iKAL MALAYSIA MELAKA 
2.4 Properties Characterization 

Fouri er Transform Infrared Spectroscopy (FTIR), apparent porosity, linear 

shrinkage, bulk density, X-ray diffraction (XRD), V ickers hardness test, acoustic test, and 

glass-ceramic surface morphology were all employed in this study. The properties and the 

characteristics of the sintered g lass-ceramic composite were investigated. 

2.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

The Fourier Transform Infrared Spectroscopy (FTIR) technique is used to get the 

absorption, emiss ion, and photoconductive infrared spectra of solids, liquids, and gases 
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(S indhu et al., 2015). Distinct functional groups that existed in the samples at different 

temperatures is shown in the FTIR result in Figure 2.6, whereas Tab le 2 .3 showed the 

assignment of vibrational modes based on different wavenumbers. Jusoh et a l. , (2019b) 

reported the existence of Si-0 -Si bending and stretching modes with wavenumbers in the 

range of - 860-940 cm-1 and - 1020 cm-1, respectively, in all s intered samp les at different 

temperatures corroborated the presence of silica in SLS g lass powder. The presence of a P 

O bending mode bond and asymmetric P-0 -P bond in samples sintered at 600, 800, 1000, 

and 1200°C showed the production of a crystallisation Ca-P phase in the ASF glass-ceramics 

composition during the s intering process. When the sample was treated to 1 000°C, the 

production of the Ca-P phase in FTIR spectra and needle-like crystals 111 the FESEM 

micrograph confirmed the formation of the fluorapatite crystal phase. 

A study by Shamsudin et al., (20 19) used FTIR to evaluate the tested samples, and 

the hydrogen bond affecting. the densification of the recycled SLSG and CS composite is 

proven. All sintered samples are calcined to produce a better outcome, and no cracks are 

di scovered by eye inspection. Regrettably, samples without calcination and the add it ion of 

fi ller loading (wt.%) of cockle shell fi ller rose from 30wt.% resulting in crack fo rmation 

among samples of composite with 40wt.% and 50\vt.% of CS filler loading. Because the 

absorption water molecules were still trapped and the result is displayed from the hydrogen 

bond in the FTIR spectrum, this behaviour is predictable. ~ r' J 

Table 2. 3: The vibrational modes are assigned an FTLR spectral band (Jusoh et al. , 20 I 9b ). 

~415-540 

~550-560 

~720-760 

-S60-940 

- 1020 

-1400-1500 

Assignm=t of vibrational mod~ 

Si-0-Si b=ding mod~ 

?-0 b~nding mod~ 

Svmmdric P-0-P bond 

Si-0-Si strdclling mod~ 

Si-0-Si strotching modo 

C--0 str~tclling mod~ 
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Figure 2. 5: .7\.nalysis ofFTIR for ASF-based glass-ceramics sintered at various sintering 

u.. 
.... 

2.4.2 Apparent Porosity 

temperatures (Jusoh et aL1 20 19b) 

•• 

Guan et al., (2016) revealed that the initial porosity and particle size distribution 

impact the rate of porosity decline with sintering time. The greater the difference in initial 

porosity and patiicle size d istribution, the slower the reduction in poros ity rate. The study 

by Mesri et a!., (2020b) stated that the apparent porosity is calculated after 24 hours of 

soaking. In a broad sense, as the sintering temperature increased, the apparent porosity 

decreased. At Owt.% of ES fi ller load ing, apparent poros ity decreases from 17.95% to 

12.97%. The apparent porosity is decreased from 18.89% to 14. 13% when the fi ller loading 

is increased to 5wt.%. At 10 wt.%, apparent poros ity decreases from 21.26% to 14.38%. 

On the other hand , higher sinter ing temperatures have an impact on apparent porosity 

because the optimum viscous flow has the potent ia l to seal the porosity. 
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2.4.3 Linear Shrinkage 

Hi sham et a!., (202 1) compared foa m glass-ceramics with di fferent compositions 

generated from ark c lamshe ll (ACS) and soda-lime silica g lass (SLSG) bottles sintered at 

d ifferent sintering temperatures. According to the study, when the ACS content and sintering 

temperature increase, the lin ear shrinkage and total porosity decrease, and therefore the 

results using the fie ld emission scanning e lectron microscope are trustworthy (FESEM). 

Yang et a!., (20 16) concluded that linear shrinkage does not increase as the s intering 

temperature increases. With increasing retenti on time, the initia l shrinkage temperature ratio 

gradually decreases. 

2.4.4 Bulk Density 

Almasri eta!., (2017) reported that forming of g lass-ceramics increases the density 

of the g lass's fundamental structure. The increase in the overall density of the sample might 

be due to the formatio n of crystals on the g lass. The crystallization process also leads to an 

increase in density. As the bonding develops during crystallisation, the particles are 

reorganised, the bond flow generates sintering, and the particles are shaped by the sintering 

neck. This has a slightly positive impact in terms of decreasing the pore size of the glass

ceramic sample, resu lting in partic le aggregation and an increase in density . 

The investigation on g lass-ceramic from the industrial residue by Chinnam el al., 

(20 15) concluded that the density of g lass-ceramic composite decreases s ignificantly as the 

s intering temperature increases. When sintered at 700 and 800 °C, the bulk density of foam 

glass-ceram ics was reduced from 0.682 to 0.42 1 g/cm3
. Saparuddin et al., (2020) stated that 

the trend of the bulk density determined the advancement of porosity. The trend was 

reversed when the sample was s intered at 900 oc when the density of the sample increased 

to 0.565 g/cm3. 
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2.4.5 X-Ray Diffraction (XRD) 

XRD is used to identify the crystalline phase for ASF glass-cerami cs. The sample 

that was synthesised represents the sample that did not go through the s intering process after 

being quenched. (J usoh et a!., 20 l 9b) reported that fo r different sintering temperatures, three 

peaks are seen in ASF-based glass ceramics, which pertain to fluorapati te (Cas(P04)3F,98-

00 1-7206), mulli te (A lsSi09.5,98-002-3557), and anorth ite (Ca (Ai2Si20s), 98-000-6200). 

As the samples were sintered at 600 °C and 800 °C, the amount of fluorapati te phase 

increased. Once the sample was heated to I 000 °C, mullite phase growth w ith most 

fluorapatite phases was detected. Fluorapatite and anorthite are the crystal phases in ASF 

glass-ceramics at a sintering temperature of 1200 °C. Fluorapatite exhibits the highest 

intensity phase of the diffractio n peak, and the intensity of the peak increased with increasing 

sintering temperature. Furthermore, as the sintering temperature increased, the fluorapatite 

peaks increased, and the formatio n of the fluorapati te phase became optimal because energy 

was supp lied throughout the s interi ng process. 

The XRD pattern of the composite s intered at various temperatures is depicted in 

Figure 2 .6. At 750°C, several peaks with defecti ve crystalline structures began to develop, 

indicating the presence of albite, quartz, and diopside crystals. The addition of niobium 

oxide a ided in the creation of crystalline structures, verifyjng the manufacture of g lass

ceramics at temperatures ranging from 650 to 750°C. (Saparuddin et al.. 2020) has discussed 

that w ith an inc rease in s inte ring temperature to 800 °C, there was an appearance of 

cri stobalite (S i02,96-900-9688) and the growth of wollastonite (CaSi03,96-900-5778), 

whereas, at 900 °C, there was a s ignifi cant increase in the peak of wollastonite (CaS i03,96-

900-5778) as we ll as the growth of cristoba lite . 
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Figure 2. 6 : XRD pattern of foam-glass ceramics sintered for 60 minutes at different temperatures 
(Saparuddin et al., 2020) 

XRD is used to identify the crystal line phases present in the treated sample of cockle 

she ll fi ller and composite, it was discovered that CaO completely precip itated when the 

calcination temperature is increased to 1000°C, and quartz phases predominated at high 

volume glass content. The XRO finding for sintered glass waste composite reveals a 

prominent peak at 36.14 o of 28, indicating the presence of high-intensity quartz (JCPDS 

card81-65) solid solution. Because of the primary structure of both cockle she ll s and glass, 

the quartz phase can be determined. The appearance of the quattz phase with high intensity 

was identified in all samples at the diffraction peak between 20° and 40°. 

Mesri et al. , (2020b) reported that the XRD study demonstrated that quartz first 

prec ipitated and that when the SBE loading increased to 25% wt. , phases coesite, 

cristobalite, and carnegeite precipitated as well. Meanwhile, Noor et al., (20 15) procured the 

XRD results ofWGC samples that revealed the pattern of wollastonite's crystalline phase at 

temperatures above 900°C. 

2.4.6 Vickers Hardness Test 

Ben Ghorbal eta!. , (20 17) defined the Vickers hardness test as a hardness test that 

involves driv ing a diamond indentor in a rectangu lar base pyram id with a calibrated 

machine. After loading the sample, the diagonal of the produced print is measured. To 

measure mechanical properties such as hardness, modulus of elastic ity, tensile properties, 

bulk material toughness, and ceramic coating adhesion, the traditional indentation test, 

which is the Vickers hardness test. 
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Before performing the Vickers hardness test, severa l things must be addressed. For 

example, the sample must be small eno ugh to fit o n the scale, and the sample surface must 

be smooth to acquire an accurate impression and prevent mistakes during testing (ben 

Ghorbal et a l. , 20 17). The finding by Zawrah eta/., (20 17) stated that during the s intering 

process, the random orientation and entanglement of the resulting phase crysta ls in the g lass 

matrix d istorts or weaken the fraction. The generated crysta ls drive the inner thin layer and 

the outer coarse layer in the g lass matri x, resulting in residual stress and improved flexibility 

and absorption. 

2.4.7 Acoustic Testing 

The transmission of high frequency sounds into a material to interact with elements 

within the substance that reflect or attenuate it is referred to as ultrasonic testing. U ltrasonic 

testing is classified into three types: pulse-echo (PE), through transmiss ion (TT), and time 

of fli ght diffraction (TOFD). The result of flexural test ing on ceramic materials is dependent 

on sample preparation. which includes multiple handling processes. Accord ing to Wowk et 

al., (20 18) the problem with composite materials is determining how coupon test ing can be 

utilised to derive properties that can be used for design and analysis rather than just quality 

control. As a result, the ultrasonic technique is utilised to authenticate the coupon testing 

result fro m the flexural test. indicating that the coupon testing result is appropriate for usage 

in services or products. 

ASTM E494-95 acts as a practi ca l reference in the use ofNDT procedures measuring 

ultrasonic ve locity in com posite materia ls/structures. Ultrasonic velocities can be used to 

determine the modulus of e lasticity or Young's modulus of materials, monitor the 

progress ion of thermal shock damage, define indi rect ly fracture toughness, R-curve 

behaviour, hardness depending on heat treatment, volume fraction porosity, and density 

(Phan i, 2007). Ultrasonic evaluation methods such as A-scans, B-scans, and C-scans can be 

used to investigate various sorts of fl aws in ceramic materia ls. A-scans display w ill be used 

to present the find ings from the typical ultrasonic pu lse-echo defect detection equipment in 

ASTM £494-95. 

Moghanizadeh (2021) c la imed that ultrason ic wave is associated w ith e lastic 

constants and materiar s density. Seeing as d ifferent materia ls have distinct e lastic constants, 
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products made of different materials can be differentiated by measuring their elastic 

constants. Fwthermore, the elastic constants ofmaterials can be calculated by measuring the 

velocity of longitudinal and transverse waves (Moghanizadeh & Farzi, 2016). 

Moghan izadeh also stated that material elastic constants are related to fu ndamental solid

state phenomena such as specific heat interatomic forces, co-ordination changes, and so on, 

along with impact shock, fracture, porosity, crystal growth, and microstructural facto rs such 

as grain shape, grain boundaries, texture, and precipitates etc. As a result, investigating the 

propagation of ultrason ic vibrations in materia ls is a clever method for determining elastic 

constants, wh ich gives data to di fferentiate different materials from one another. The 

calculation of longitud inal and transverse wave velocities in an isotropic material allows the 

elastic constants to be approximated using the fo llowing formula in Equation 2.1 unti l 

Equation 2.4 (ASTM E494-95)(ASTM E49-l - 95 Standard Practice for Measuring 

Ultrasonic Velocity in Materials, n.d.). 

In which u is the Poisson's ratio and E, G, and K are the Young's Modulus, transverse, 

and bulk modules. The ultrasonic longitud inal and transverse wave velocities are denoted 

by v, and Vs,_ respectively. The equations below are commonly used for material 

characterization using ultrasonic wave velocity measurements as well as for evaluating the 

effect of metallurgical characteristics such as precipitation on metals in isotropic materials 

(ASTM E494- 95 Standard Practice for Measuring UltMsonic Velocity in Materials, n.d.). 

Measuring ultrasonic velocity entails determining the time oftravel between the first 

and second back surface refl ections and dividing it by the distance travelled by ultrasound, 

as displayed in Figure 2.7 below. The accuracy of these measurements is determined by the 

precision with which time of travel and component thickness are measured (Murayama et 

al., 2004). For measuring longitudinal ve locity, a standard beam probe should be ut ili sed. 

The value of known longitudinal ve locity in the test specimen shall be computed as the 

Equation 2.5 below, where Ak is the distance, m, measured along the basel ine of A-scan 

disp lay from the first to the Nth back echo, n1 is the number of round tri ps, unknown material, 

l1 is the thickness of unknown material in m, Vk is the velocity in known materia l, m/s, A1 is 

the distance from the fi rst to the Nth back echo on the un known material, m, measured along 

the baseline of the A-scan display, m is the number of round trips, and tk is the thickness of 

known material. Similarly, the unknown transverse velocity (Vs) can be calculated by 

comparing the transit time of a transverse wave in an unknown material to the transit time 
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in a known material (VJ. The measurements must be performed in the same manner as 

indicated for the longitudinal wave. 

((1- 2) (~/) 
(J= l 

2x(l- (~)
2

) 
Equation 2. I 

pV,(3V? - 4V,2) 
E = --:::------::---

V12- V,2 
Equation 2. 2 

G = pV,2 Eq uation 2. 3 

- 2 4 
K - p(Vl - 3(V,2)) Equation 2. 4 

(Akn1t1vk) v = ---:----
(Alnktk) 

Equation 2. 5 

/ . . 
·~ ~ ... . 
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UN IV L IV ALAYSIA ELAKA 

Figure 2. 7: Technique for Ul trasonic Pulse-echo (Moghanizadeh, 202 1) 

2.4.8 Surface Morphology 

Surface morphology and topography are essential features of g lass-ceramic materials 

(from the nano to the macro scale) that are derived from chemical properties/structures and 

fabrication methods (Popelka et a l. , 2020). The surface morphology can be carried out using 

scanning e lectron microscopy (SEM) and fie ld em ission scanning electron microscopy 

(FESEM). 
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The association between physica l characteristics and microstructure were 

determined using SEMina study by Mesri eta/. , (2020b). The microstructure of the sintered 

glass composite significantly shifted with variations in eggshell (ES) waste fi ller load ing at 

different s intering temperatures, according to the observations. As demonstrated in Figure 

2.8 and Figure 2.9, w ith I Owt.% ES loading, fewer pores and a dense surface were found as 

compared to 5wt.% ES fi ller. As the sintering temperature increased , at 20wt.% of ES fi ller, 

fewer pores were found. 

Figure 2. 8: SEM micrographs of glass composite sintered at 800°C with varying egg shel l contents 
(a) 5wt.% (b) IOwt.% (c) 15wt.% (d) 20wt.% [Indicator: 0 - Open pore; C- Closed pore](Mesri et 

al., 2020b) 
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Figure 2. 9 SEM micrographs of glass composite sintered at 850°C with varying egg shell contents 
(a) 5wt.% (b) lOwt.% (c) 15wt.% (d) 20wt.% [Indicator: 0 -Open pore; C -Closed pore](Mesri et 

al. , 2020b) 

The fabrication of A lumino-Silicate-Fluoride (ASF) based bio-g lass derived from 

waste c lam shell and soda-lime silica glasses has been studied by Rahman et al., (2019). In 

thi s study, the filler loading weight percentage is 5, I 0, 15, and 20 wt.%. The samples were 

sintered at 1500°C for 4 hours. The microstructure of bio-glass samples may be fully 

examined and analyzed using field emission scanning electron microscopy (FESEM). 

M icroscopic images of g lass salnples were examined using FESEM analysis, which 

included grain s ize, shape, and morphology. According to the FESEM examination, all bio

g lass samples displayed uneven particle di stribution, irregular shape and varied grain size. 

The distinction is that the amount ofCaO in the composition does not influence the sample's 

increased crystallin ity. All of the g lass samples exhibited a clean glass surface with no 

indication of crystal formation, as illustrated in Figure 2. 10 below. 
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Figure 2. I 0: FESEM micrograph of ASF bio-glass samples before sintered at B I :Swt. %, 
132: I Owt.%, 83: 15wt.%, and B4:20wt.% (Rahman et al., 20 J 9) 

... .... 

An in vestigation by Shamsudin eta/.. (20 19) investigated the physical properties and 

morphological of sintered cockle shell/recycled soda-lime si licate composite. The 

formu lation of the filler load of cockle shell (CS) is 30wt.%, 40wt.% and 50wt.%. Scanning 

electron microscopy (SEM) was used to study the apparent morphology of sintered glass 

composite. Figure 2.11 below ill ustrated the sintered g lass-ceramic composite with 30wt.% 

of CS filler. Because of the large g lass volume, the microstructure of the 30 wt.% cockle 

shell sample reveals more crystal. Th is implies that crystall isation occurs at the expense of 

bulk g lass. It also has the fewest pores and the thickest surface. 
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Figure 2. II: Micrograph ofgiass-ceram ic composite with 30wt.% ofCS (Shamsud in eta!., 2019) 
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CHAPTER3 

METHODOLOGY 

This chapter outlines the suggested approach for this research, which incl udes the 

concepts ofthe procedures that were used to fin ish the study. Fo llowing a thorough analys is 

of the specification and specifics of prior research, the material se lecti on, process ing and 

testing were prov ided. The central idea of methodo logy is to provide appropri ate approaches, 

tools, and methods to conduct this study. 

3.1 Overview of Methodology 

The methodology is being devised to investigate the effect of fill er load ing from eco

waste materials on the physico-mechanical property of glass-ceramic composite. The 

procedures established are fo llowing the scopes of the research to achieve the obj ecti ves 

ment ioned. Furthermore, the ASTM is the standard method for all operations including 

standard tools, techniques, and specimen testing. Moreover, process settings are based on 

prev ious research. T he flow chart is shown in Figure 3.1 below outlines the overa ll process 

of obtain ing the fi nal result, which includes, materia l and sample preparation, fabri cation of 

the sample, testing methods, and data analysis. 

3.1.1 The Relation between Objectives and Methodology 

The significance of the method employed to accomplish the obj ectives is illustrated 

in Table 3 .1. To meet the quality standards for th is study, the appropriate procedures for 

each of the a ims were applied. 
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Table 3. I : The significance of methodology used in the study 

Objective Method 

1) To characterise the effect filler loading Forming Process: 

(wt.%) of the cockle shell s (CS) in the 

physical properties in the recycled soda-

• Machine: Manual Hydraulic Press 

• Mould Dimension: 18 mm x 18 mm x 4 

lime sil icate (SLS) glass at different mm 

sintering temperatures. • I 0 tonnes 

Sintering Process: 

• Laboratory Electric Furnace: Carbolite 

1300 

Physical Test: 

• ASTM C373 

Characterization of Material: 

Fourier Transform Infrared 

Spectroscopy (FTIR) 

.. ' r / Phase Identification: 

: . .J'}~vD ~-·~ j · .. ::--• PANalytical X-ray Diffraction (XRD): 

X'PertPro MPD PW3060/60 

2) To measure the mechanical properties of Microhardness Test 

SLSG/CS glass-ceramic composite using 

microhardness testing and acoustic 

method. 

• Vickers Hardness Test 

• ASTMCI327-99 

Ultrasonic Test: 

• Ultrasonic Pulse Velocity 

• ASTM E494-95 

3) To correlate the effect of filler loading on Microstructure Observation: 

physico-mechanical to morphology from 

the literature review. 

28 

• Literature review 



3 .. 1.2 Flow Chart for Process Planning 

The flow chart is used to bu ild the plann ing process. The flowchart of the planning 

process is detailed to help the reader understand how the technique is used and moved. This 

study·s fl ow chart is depicted in Figure 3.1. ----

Preparation of Powder 

Recycled Soda-Lime 

Silicate (SLS) Glass 

Formulation of Batch 

(Table 3.2) 

Cockle Shel ls (CS) 

Ca lcination 

process 

L- - -- - ------------------------------------------ - ---- -- ------- -------------- - -- -- -- ----- - ---
Physical Test 

Characterization 

of material 

Phase 
.. 

Sinter the powder at different 

temperature: 700°C, 750°C, 

800°C, 850°C 

rd .fi . 1-\L.J-O.YSIA M~ r<A ent1 !Cation 

----- - ------------~--- -- ~~~~~~~~~~~~- -~~~~~-::::::::::-~::::::: ____ _ 

Result, Discussion, Conclusion, and Recommendation 

Figure 3. 1: The Flow Chatt for Process Planning 
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3.2 Preparation of Powder 

The preparati on of powder is divided by the materia ls which are recycled soda-lime 

si licate (SLS) g lass and cockle she ll s (CS). This is because the preparations for both of the 

materials are d ifferent. The preparations are exp lained in the subtopic below. 

3.2.1 Recycled Soda L ime Silicate G lass (SLSG) 

Recycled soda li me silicate g lass (SLSG) is from glass bottle waste. It was obtained 

from household wastes; the g lass bottle must be clear. Figure 3.2 ill ustrates the clear g lass 

bottles from household waste. Then, it was cleaned and dried under the sun li ght fo r one day. 

Next, the g lass bottle was manually crushed using a pile of cloth and a hammer. Figure 3.3 

displays the crushed g lass using a hammer. The g lass bottle that had been crushed was 

layered under the pile of cloth to avoid the shards. The coarse particle of the glass bottle that 

had been obtained was put inside the planetary ball mill (INSMART) as displayed in Figure 

3.4 to achieve a fine particle. Then, sieved with a vibratory sieve shaker (OCTAGON 

Digital) with a 75 f.!.m of stainless-steel sifter to obtain an average particle size of 75 f.l-111 . 

The vibratory sieve shaker and 75 f.llTI sifter are depicted in fjgure 3.5 and Figure 3 .6. The 

GCC requires fine powder smce particle size affects the ultimate result of tbe GCC. Then, 

the fin ished g lass powder was stored in a suitable container at room tem perature and 

conven ient to retrieve if des ired. 

Figure 3. 2: Clear glass bottle from household waste 
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Figure 3. 3: Size of crushed SLSG using a hammer 

Figure 3. 4: Planetary Ball Mill used to crush the coarse particle into a fine particle 

UN VERSITI TEKNIKAL MA Aye. ELAKA 

Figure 3. 5: Vibratory sieve shaker 
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Figure 3. 6: Size of75f!m of stainless-steel sifter 

3.2.2 Cockle Shell (CS) 

Figure 3.7 depicts the cockle shell wastes that were obtained from the cockles that 

have been bought from the market. The cockle shells (CS) were purified to remove dirt and 

contaminants. Then, CS was dried under sunl ight for two days. The shells were crushed into 

small pieces using pestle and mortar then the pieces were pulverized as demonstrated in 

Figure 3.8. Next, the powdered shell is sieved using a siever shaker (OCTAGON Digital) to 

achieve the appropriate particle size, which was approximately 75 IJ.m. Then, one crucible 

container, as shown in Figure 3 .9, containing powdered cockle shell is calcined at 1000°C 

temperature with a heating rate of J 0°Cirnin for four hours (Shamsudin et al.., 2019). Before 

usage, the calcined powder is maintained in a tightly sealed container contain ing silica gel 

to avoid reactions with carbon dioxide and humidity. 

Figure 3. 7: Cockle shell waste 
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Figure 3. 8: CS in pestle and mortar 

Figure 3. 9: Calcined GS in crucible container. 

UN V LAKA 

3.3 Formulation of Batch 

In this study, there were a total number of four batches. The batches were d ivided 

according to the formu lation of the fi ller load ing (wt.%). The code used to identify the 

batches is A, B, and C. For batch A, the composition is 70wt.% recycled SLS g lass and 

30wt.% of CS. Whereas for batch B, it has 60wt.% of recycled SLS g lass and 40wt.% of 

CS, batch C has 50wt.% of recycled SLS g lass and 50wt.% of CS. The fo rmulation of the 

batch is obtained from a study by Khemthong et al., (2012a). The formulat ion of the batch 

in this study is shown in Table 3.2 below. 
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Table 3. 2: Formulation of batch (Khemthong et al., 2012b) 

Formulation (wt. %) 
Code 

SLSG Cockle Shells (CS) 

A 70 30 

B 60 40 

c 50 50 

3.4 Mixing of Batch 

Before the fo rming process, the powders were mixed together to ensure the materials 

were spread uniformly. Weighing paper was used to weigh both of the powders on weighing 

scale according to the formulations of the GCC in Table 3.2. A planetary ball mill was used 

to combine the SLSG and CS powders. The batches of glass composite were weighed with 

an accuracy of ±0.01 g to 0.05g using a weighing scale. The powder was put into two 

stainless-steel bowls with five stainless-steel balls on each bowl for 20 minutes. After the 

powder has been mixedi it was stored inside an airtight container with sil ica gel to avoid 

carbon dioxide and humidity. N&J J -~ ~ ~ V Y: .. 
UN VERSITI TI=K IKAL AYSIA E AKA 

3.5 Processing recycled soda-lime silica (SLS) glass and cockle shells (CS) 

composite 

All of the samples for the recycled SLS glass and CS composite are created by 

util is ing conventional powder processing procedures such as pressing and sintering. The 

recycled SLS glass powder and CS powder are formed together using uniaxial dry pressing. 

3.5.1 Forming Process 

The uniform distribution ofthe batch 's formulation was moulded into a square shape 

with dimensions of 18mm x 18mro x 4mm. As depicted in Figure 3.1 0, the samples were 
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produced by un iaxial press ing. By exetiing pressure in a s ingle axial direction using a hard 

punch, the powder mixture was pressed into the rigid die. The applied pressure was l 0 

tonnes, and the pressed samples were ma intained in the rigid die for about a minute before 

the rigid d ie punch was released. The square type green pieces were produced using a rigid 

die with dimensions of 18mm x 18mm x 4mm. A pressure of I 0 tonnes was app lied to 

construct a compact e lement over the combined powders, which will increase the green 

strength and result in a good consol idated powder. Pri or to compacting, the mass of the 

fo rmulations was measured using a weighing scale with an accuracy ofO.O l g to 0.05g. The 

total number of specimens required for a ll tests was 32 square-shaped samples for both 

physical and mechanica l testing. Before commencing the s intering process, a picture of the 

prepared samples was acquired to compare with the image captured after the s intering 

process. Each sample's colour changes were observed and documented. 

Figure 3. 10: Uniaxial Pressing 

3.4.2 Process of Sintering Temperature 

After the recycled SLS glass's powder and CS's powder has been pressed, the 

powder will be sintered at different s intering temperature wh ich are 700°C, 750°C, 800°C, 

and 850°C with the constant heating rate at 2°C/min and with a constant dwell ing time 60 

minutes. The powder will be sintered using a laboratory e lectric furnace (Carbolite 1300). 

A study by(Gualberto et al. , 20 19) d ivided the powder according to temperature 

respectively. Table 3.3 displays that the samples are div ided according to the formu lation of 
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the filler loading (wt.%) and s intering temperature. The tab le also displays the heating rate, 

sinteri ng temperature and dwelling time. Firstly, the first batch of the sam ple is put inside 

the laboratory e lectri c furnace and w ill be heated at the first s intering temperature at 700°C 

as demonstrated in Figure 3.11 . The samples w ill be stored inside an a irtight container after 

the samples were cooled. The s intering process was carried out at the University Teknikal 

Malaysia Melaka's (UTeM) Centralized Furnace/oven Laboratory. Figure 3. 12 illustrates the 

single step sintering technique employed in th is investigation to s inter the samples. Then, 

e lemental analysis, physica l test, phase identification, microstructure observat ion, and 

mechanical properties analysis are performed on a ll of the samples. 

Figure 3. ll: Samples in Electric Furnace 

Sintering Temperature (0 C) .. 
t:KNIKAL MALAYSIA MELAKA 

c 
B 

Figure 3. 12 : Sintering profile's schematic diagram 
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Table 3. 3: Parameters for Sintering Process 

Batch Code Formulation Material B: Sintering A: C: 

of batch Temperature Heating Dwelling 

(wt. %) CCC) Rate Time 

(°C/min) (min) 

Al 100 SLSG 

Batch A2 70:30 
700°C 

I A3 60:40 SLSG:CS 

A4 50:50 

Bl 100 SLSG 

Batch B2 70:30 
750°C 

2 B3 60:40 SLSG:CS 

B4 50:50 60 
2°C/min 

C1 100 SLSG minutes 
" 1-

If)_ Batch C2 70:30 \ t,.. 
I 

800°C ~ 
3 C3 60:40 

-

SLSG:CS 

u·~ C4 50:50 IJ 
01 ., 100 SLSG 

Batch 02 70:30 . I~ 
850°C ~ "v~J\ 

4 03 60:40 SLSG:CS 

04 50:50 
. LAYS I (; LAt< 1\ 

3.5 Characterization of CS powder 

The process of measuring and determin ing the physical, chemical, mechan ical, and 

microstructural properties of materia ls is known as material characterisation. 

Characterization of raw materia ls is critical in the quality control process of product 

manufacture or development, ensuring that impurit ies, residual solvents, catalysts, water, 

partic les, and/or degradants meet standards. In this study, the e lement of calcined CS 

powder was analysed using Fourier T ransform Infrared Spectroscopy (FTIR). After CS 

37 



powder has been calcined, 1.8g of the powder was taken for FTIR ana lysis. The analysis 

was conducted in Nano-materials Laboratory, UTeM. T hen , 

3.6 Characterization of GCC 

3.6.1 Apparent Porosity, Bulk Density, and Linear Shrinkage 

The apparent porosity is the physical analysis of the recycled SLS glass and CS 

composite, and it can be determined using the ASTM C373 standard. The apparent porosity, 

%AP, expresses the correlation between the vol ume of the specimen's open pores and its 

outer vo lume as a percentage . The equation to calculate the poros ity is as the Equatio n 3 .1 

below, where %AP is the apparent porosity, V is the exterior volume in a cub ic centimetre, 

0 is the dry mass in gram, and M is the saturated mass in gram. 

Berger (20 I 0) used Archimedes buoyancy technique with dry weights, soaked 

weights and immersed weights in water to calculate the apparent porosity (%AP). According 

to the Archi medes Principle, the buoyant force on a submerged object is equal to the weight 

of the fluid di sp laced by the object. The sample for each different sintering temperature and 

different fi ller loading is selected. The dry mass, 0 is determined to the nearest 0.0 1 g. M is 

the saturated mass of the sample and V is the volume of sample in cm3. The samples are 

placed in a pan of distilled water, ensuring the samples are covered with water. Setter pins 

or a simi lar device can be used to k parate the specimens from the bottom and sides of the 

pan, as well as from one othe r. Equatio n 3 .2 was used to ca lculate the bulk density. The 

result of the bulk density was compared with the experimenta l va lue of the sample using 

densimeter, where p is the bu lk density, Wa is weight of the sample in a ir, Wb is we ight of 

the sample in disti lled water, and Pb is density of d isti lled water. Then linear shrinkage, L 

was ca lculated using Equ ati on 3.3 . 

[M-D] 
o/oAP = v X 100 Equation 3. 1 

Wa Equation 3. 2 

Initial Diameter - Final Diameter 
L = ------------

Initial Diamter 
Eq uation 3. 3 

38 



3.7 Characterization of sintered recycled SLS glass and CS composite 

3.7.1 Identification of phase 

The sample of recycled glass SLS glass and CS composite for each different sintering 

temperature were used for this phase identifi cation. This analysis used wide-angle X-Ray 

Diffraction (XRD) to distinguish the nature of the samples' amorphous and crystalline 

components at d ifferent sintering temperatures and different filler loading. XRD 

measurement was investigated with the Cu-K radiation in the 2 range from 20° to 80° using 

X'PERT PRO PANalytical software. To determine the crystal phase offoam glass-ceramics, 

the software X'Pert Highscore plus (PANalytica l) was utilised. According to Jusoh et a l., 

(Jusoh et a l., 2019a) the crystalline phase will differ based on the sintering temperature. The 

crystal line phase of the samples that sintered at 700°C, 750°C, 800°C and 850°C were 

analysed to observe the phase at each temperature. Figure 3.4 depicts a scan of a mixture of 

crystalline (Ermrich & Opper, 2011). 

"""" 

ELAKA 

20 "' .. "" 70 

Figure 3. 13: Typical powder pattern (Ermrich & Opper, 20 I I) 

3.8 Mechanical properties analysis 

In this study, the mechanical property that had been analysed was the microhardness 

propetty ofthe recycled SLS glass and CS composite. This is due to the potential application 
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as a build ing materia l. Due to unforeseen issues, the samples that have been prepared were 

tested under microhard ness test. 

3.8.1 Microhardness Test 

The mechani ca l propett ies of the GCC samples were investigated using the Vickers 

hard ness test. The GCC's microhardness was determined using an HM-200 Series 

Microhardness Testing Machine. The surface of the samples shou ld have a consistent and 

well-poli shed surface, and the roughness should be less than O. ljlm rms, accord ing to 

ASTM-C 1327-99: Standard test procedure for Vickers indentation hardness of advanced 

ceramics. In these tests, the load was 0.5kg for 5 seconds. The hardness measurements were 

based on the average of fi ve indentations (P l -P5) done on the same samples as illustrated 

in F igure 3.14. The Vickers hardness test was performed on five samples. The mathemati cal 

so lut io n fo r the Vickers hardness can be seen in Equation 3.4.where F is the applied load 

measured in kilogram-force (kgf) and D2 is the area of the indentation measured in 

milim itetres square (mm 2). 

Figure 3. 14: Schematic offive indentations on sam ple. 

3.9 Acoustic Measurement 

The propagati on and reflection of sound waves through the th ickness of a specimen 

is the basis for ultrasonic velocity measurements. In order to acquire Young 's Modulus, th is 

40 



approach used two types of transducers that produced lo ngitudinal and transverse (shear) 

waves (Franco et al. , 20 II ). 

3.9.1 Ultrasonic Pulse Velocity 

Each sample of the recycled SLS glass and CS composite s intered at 700°C, 750°C, 

800°C and 850°C with flat parallel surfaces and the thickness of each to an accuracy of 

±0.02 mm is measured. Each sample's Young's modulus was calculated by measuring the 

longitudinal sound wave velocities with an EPOCH 650 series Olympus Ultrason ic Flaw 

detector, as illustrated in Figures 3. 15 and 3. 16. The frequency range employed for modulus 

measurement ranges from 0.1 MHz to 20 MHz, depend ing on the width of the resonance 

curve. 

The measurements were taken at room temperature. To increase sound wave 

transmission between the transducer and the samples, samples were pre-smeared w ith a 

water-based (Magnaflux) coupling medi um. For the computation of Young's modu lus, the 

time-of-flight, or the time it took for a wave to be released by the transducer, reflected by 

the sample, and received by the transd ucer, was recorded. The time-of-flight data were 

obtained as the mean ofthree measurements.-----------~ 

The search unit for each sample is aligned and a nominal signal pattern of as many 

back echoes as are clearly defined will be obtained. as shown in Figure 3.15 The longitud inal 

and transverse wave times-of-flight in each specimen were measured between the second 

and third back wall echoes. Acoustic measurements have been carried out in accordance 

w ith the principles o utlined in the test standard A TSM E 494-95. Equation 3 .5 was used to 

calculate the long itudinal velocity, v,, based o n the transit time across the thickness of the 

samples. 

2 x d (m) Equation 3. 5 
v - ----

l - t(s) 

Where V/. d, and I represent the longitudinal wave veloc ity. sample thickness, and time-of

flight, respectively. 

The Young's modulus was deri ved from the aforementioned measu rements using Eq uation 

3.6 (Za id et a l. , 20 II ). 
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E = pvf Equation 3. 6 

where p denotes the dens ity of the tested sample and Vt denotes the longitudinal velocity of 

each sample tested. 

Figure 3. 15: The EPOCH 650 Series Olympus Ultrasonic Flaw Detector 

Time, t/s 

Transducer 

Data acquisition- A 
system 

Figure 3. 16: Schematic of Ultrasonic Pulse Velocity Diagram 
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Figure 3. 17: 7 Back Echoes and Initial Pulse (ASTM E494 - 95 Standard Practice for Measuring Ultrasonic 
Velocity in Materials, n.d.) 

3.10 Morphology Analysis 

3.10.1 Scanning Electron Microscope (SEM) 

f~..lAYS1.q 

The microstructure of the sintered sample was observed by scanmng electron 

microscopy (SEM). SEM is an imaging technique that employs electrons. The electrons in 

the beam interact with the sample, producing a variety of signals that can be utilised to 

determine the surface topography and composition. SEM (EYO 50 Carl Zeiss SMT) is used 

to observe the surface ofthe recycled SLS g lass and CS composite sintered at 700°C, 750°C. 

800°C, and 850°G with a different fi ller loading 30 wt.%, 40 wt.% and 50v.t.%. It was a lso 

used to obtain the characte rization images fo r the di stance between the defect and the 

surface, which was supported by an A-scan display . By using the SC-7620 mini sputter, the 

surfaces of the samples were coated with go ld layers at an adequate size to confirm that the 

samples are conductive. This is due to their inabi lity to conduct electrons, and SEM requires 

a conductive surface to work effectively. 
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CHAPTER4 

RESULT AND DISCUSSION 

This chapter compnses the findings and di scussion of a study involving the 

characterisation of raw materials. The raw materia ls used are powdered soda-lime s ilicate 

glass (SLSG) and cockle shell (CS) . To support the physical and mechanical characteristics 

of the glass-ceramic composite after s intered at varied sintering temperatures with constant 

heating rate and holding duration, microstructure and phase analyses were performed. The 

physical investigation perform ed in this study included linear shrinkage, apparent porosity, 

and bulk density. The mechanical characteristics were then ana lysed using microhardness 

tests and acoustic measurements. 

4.1 Characterization of CS 

FTIR analysis )Vas analysed to determine the hydrogen bond in the CS powder. 

Figure 4.1 disp lays the existence of a peak at 3641 cm-1 for calcination at I 000°C. This resu lt 

was in the same agreement (Shamsudin et al., 20 19) where there is the presence of formation 

ofOH bonds during water adsorption by CaO. 
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Figure 4. I: FTIR spectra of calcined CS powder at I 000°C 
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4.2 The influence of diffea·ent sintering tern peratures on the characte.-istics· of 

Glass-ceramic composite (GCC) 

Physical and mechanical tests were used to investigate the effects of different 

sintering temperatures on g lass-ceramic samples. Visual observations, linear shrinkage, bu lk 

density, and apparent porosity were used to study physical characteristics . Furthermore, 

phase and microstructura l analyses were performed to va lidate the mechanical 

characteristics derived from microhardness tests and ultrasonic procedures. Sintered 

samples of various compositions were sintered for 1 hour at 700, 750, 800, and 850 o Cat a 

heating rate of2 o C/min. 

4.2.1 Physical Properties 

Optical observations, linear shrinkage, apparent porosity, and bulk density were used 

to investigate physical attributes. The tests were carried out in the Physics Laboratory of 

UTeM. ,.... 

4.2.1.1 Visual Observation 

The major co lour vari ations for di stinct formulation samples w ith different sintering 

temperatures are sl)qwn in Table 4.1 below. Figure 4.2 depicts the sample prior to s intering. 

The typical colour of the sample before s intering was grey, but a visual check revealed that 

the sample of the 1 OOwt.% CS formulation was milky white. After the sintering process, the 

shade of each formulation varies. Most compositions s intered at 700°C turn dark grey and 

grey in colour. The sample became dark brown when at SLSG 1 OOwt.%. The co lour of 

samples si ntered at 750°C changed to light grey for 40wt.% and 50wt.% CS fillers. T he 

co lour ofthe sample with 30wt.% CS fill , on the other hand, becomes dark grey. The co lour 

of samples conta ining 1 OOwt.% SLSG was dark brown. 

Light grey was the most noticeable co lour change for samples s intered at 800 and 

800°C with CS fi ller load ing of 30, 40, and 50wt.%. samples containing I OOwt.% SLSG 

become grey. Bharatham et al. (2014) discovered that vividly coloured samples had hi gh 

levels of calcium. As a resu lt, the CS fi ller load w ith 50wt.% samples have a brighter colour 

than others. 
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Table 4. I: The colour differs as the sintering temperature changes. 

Sintering 

Temperature, °C 

700 

750 

800 

850 

100 

Dark Brown 

Grey 

Formulation of Batch, (wt.%) 

70:30 60:40 

Dark Grey Dark Grey 

Light Grey Light Grey 

CS Sl-5"" 
IOO wl t 1o.> ..... . 1, 

Figure 4. 2: Pressed sample at 5 tonnes before the sintering process 

46 

50:50 

Grey 

Light Grey 



The samples that have been shattered as a result of inappropriate sample handling 

are shown in Table 4.2 below. It is the end product of two days in an electric furn ace. The 

samples were also expanded and partially shattered. The shattered samples were predicted 

due to the presence of OH bonds where the SLSG/CS absorbs moisture from the air in the 

furnace (as illustrated in Figure 4.3) without being stored immediately after sintering within 

an airtight container containing silica gel. The samples shou ld not be left inside the furnace 

for a long time. 

Table 4. 2: Overdried sample in the furnace 

Temperature 

Formulation, 70:30 60:40 50:50 100 (SLSG) 

(wt.%) 

Result 

11 
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•• 
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Figure 4. 3:FTIR analysis of the shattered sample 
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4.2.1.2 Linear Shrinkage 

The linear shrinkage of a GCC at different sintering temperatures can be depicted in 

Figure 4.3 below. The initial sample dimension for a ll formulations is 18mm x 18mm x 

4mm. At 700, 750, 800, and 850°C, the dimension has been shrunk for all formu lations 

containing 1 OOwt.% SLSG with al l the value are negative. All samples were sintered at 

850°C with 30, 40, and 50wt.% CS filler load, on the other hand, exhibit an expansion in 

dimension. The maximum expansion of the sample is at 750°C with 30wt.% of CS fi ller 

load, 1 0.56cm. Th is is due to the crystallization and the densification that occur during the 

crystallization temperature, Tc, 750°C (Salleh et al. , 20 17). 

15.00 

10.56 
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u 
c 
::l 

-10.00 

·15.00 ... -13.89 
·15.56 

-2o.ooJNlVERSITI TEl ~ELAKA 
Sintering t emperatu re, ' C 

• 70:30wt.% • 60:40wt.% SO:SOwt.% 

Figure 4. 4: GCC' s linear shrinkage at different sintering temperature 

Table 4. 3: Data for linear shrinkage ofGCC at different s intering temperature 

Sintering Temperature Formulation of GCC 

(OC) 100 70:30 60:40 50:50 

700 -9.44 1.67 1.11 1. 11 

750 -13.89 10.56 2.78 9.44 

800 -15.56 2.78 3.33 2.78 

850 -12.22 0.56 3.33 3.89 
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4.2.1.2 Bulk Density 

The bu lk density for every sample formulation at different sintering temperatures is 

depicted in Figure 4.5 below. From Figure 4.5 below, the graph of the result for the bu lk 

density shows an inconsistent trend due to the distribution of particle inside the composite. 

For samp les sintered at 850°C show an increasing trend for 30, 40, and 50wt.% ofCS filler 

loading. The samples with 50wt.% ofCS filler loading shows a linear relationsh ip between 

the bulk density and the apparent porosity. When the density is increased , the apparent 

porosity of the samples with 50wt.% of CS fill er loading, increased. But the results can be 

inaccurate due to the hand li ng of the samples while using densimeter. 

3.00 ~'"AYs1 
11 

250. 

2.00 

_-;;:;-
.~ E 
~ ~150 
QJ-
0 0. 

1.00 

0 .. 50 

0.00 
700 750 BOO 850 

Sintering Temperature, oc 

• wt% 100 • wt% 70:30 • wt% 60:40 wt% 50:50 

Figure 4. 5: The bulk density for every sample formulation at different s intering temperatures 

4.2.1.3 Apparent Porosity 

The result of apparent porosity determ ined using Equation 3.1 is then plotted into the graph 

displayed in Figure 4.6. The vo lume of the closed pores is not included in the apparent 

porosity. According to Figure 4.5, the majority of the samples si ntered at 850°C have a 

higher percentage of porosity than the samples s intered at 700°C. The porosity developed 
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on each of the sam pies impacted the varying percentages of perceived porosity. Because of 

the reduced amount of porosity, the samples with 30wt.% CS filler load had the lowest 

percentage of porosity at 850°C than the samples at 800°C. Because the cockle shell does 

not completely fuse with the SLSG, porosity form s in the sample. 

62.00 61.15 

60.13 
60.00 

58.97 58.90 58.75 

58.00 57.49 

;;<! 
0. 
<t 56.00 
:i
'8 
g_ 54.00 

c 
~ 
l1 52.00 
c.. 
<t 

50.00 

48.00 

46.00 

57.74 57.50 

Figure 4. 6: Apparent porosity at different sintering temperature 

.. .. .. .. .._..... v ,., .. ..., .. 
4.2.2 Phase and Microstructure NIKAL MALAYSIA MELAKA 

4.2.2.1 X-Ray Diffraction (XRD) Analysis 

The crystall ine phase detected by the GCC's XRD pattern is shown in Figure 4.7. 

The research demonstrates the formulation of phase transitions as a function of sintering 

temperature. The primary crystalline found at 850°C sintering temperature with 30wt% CS 

fil ler load is quartz and cri stobalite. In the XRD patterns, a modest number of crystal line 

peaks were found, with the peak of quartz located at 28 31.891°. These find ings suggest that 

the amount of SLSG in glass composite may have a sign ificant impact on the crystalline 

phase product, quartz, in the tested formulations of filler load. As a result, the proper 

sintering temperature of 850°C is critical for obtaining a good glass composite with great 
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mechanical strength. ln add ition, there are more peaks for sintering temperature 850°C than 

other sintering temperature. The sample with I OOwt.% SLSG sintered at 750°C reveals that 

the crystallisation peak does not present in the XRD pattern due to the very amorphous 

structure. As a result, when compared to samples sintered at 850°C, properties including 

apparent porosity and bu lk density perform poorly. 

Q - Quartt 
0- C.O 
t4- Na,o 

\DO 

Q-Quaru 
0 - C..O 
~~ - Na,o 

0 - Quoru 
o- c~o 

N - r~ a"O 

0~~~~.~~~.~~.~~~.~~ 
20 JO 40 so 60 10 eo 

PoUIOII{'Zll>m) (Copptf (Cu)) 

Figure 4. 7: XRD Analysis of the samples at a) Owt.%, b) 30wt.% c) 40wt.% and d) 50wt.% ofCS 
filler load 

51 



4.2.3 Mechanical Property 

The ASTM C 1327-99 standard test procedure fo r samples that were free of flaws 

(shattered and distortion) to the naked eyes were chosen to evaluate the hardness . Vickers 

indentation hardness of advanced ceramics was used fo r the microhardness testing. 

4.2.3.1 Microhardness 

Table 4.4 di splays the results of the microhardness tests. T he results show that the sample 

with 30% CS fi ller load has the highest microhardness val ue at 850°C, which is I 004.86Hv. 

When samples sintered at 700°C were compared to those sintered at 613.58Hv, the hardness 

increased by almost 38% (6 13.58/ (613 .58+ 1 004.86).The formulation of filler load of 

30wt.% CS contributed to outstanding mechanical qualities, demonstrating the fo rmulation's 

superior physical capabi I ities. 

The highest m icrohardness attained as a result of crystal precipitation in glass. 

Accord ing to Leenakul et al., (2016)'s research, crystal precipitation in glass increases the 

overall density of the g lass composite. As the sintering temperature rises the average 

reading result is predicted to rise. The process of indentation is responsible for the decreased 

average reading. The newly formed indentation may fall ri ght upon a big pore. Furthermore, 

one of the e lements that influenced the microhardness measurement was the cleanliness of 

the indenter. Aside from that, the surface of the sample should be ground and smooth to 

maximise the accuracy of the read ing. 

As indicated in Figure 4.7, the XRD analys is of the samples that sintered with 

30wt.% shows that there is more crystalline peak than other formulation of the filler load. 

The phase existing in the structure influences microhardness; the more crystalline phase 

present, the greater them icrohardness result of the samples may be produced. Furthermore, 

the decreased hardness of the sample is owing to the presence of micropores and a less 

crystalline phase. The samples with 30wt.% of CS filler loading has a lower apparent 

porosity than other formulation of the CS filler load. The intensity of the X-ray lines 

illustrates how the g lassy phase decreases as the sintering process temperature rises. 
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Table 4. 4: Average reading of microhardness of selected sample. 

Sintering Formulation of Average 

Temperature, °C GCC, wt.% Reading, Hv 

700 100 477.90 

70:30 249.76 

750 100 508.10 

850 100 613.58 

70:30 1004.86 

4.2.4 Acoustic Measurement 

4.2.4.1 Ultrasonic Pulse Velocity 

Tab le 4.5 below depicts the result of the Young' s modulus ofthe se lected samples wh iche 

were free from flaws at different sintering temperature. The Young· s modu lus was 

calculated using Equation 3.6. Young's modulus is defined as density multiply with squa red 

long itudinal velocity. The value of E reflects how much strain a g lass sample can sustain 

when subjected to a ~ecific Je el of stress. From the Table 4.5 below, glass-ceramic 

composite samples have a Young's modulus of less than I 00 GPa. As a resu lt. the lower 

va lue of Young's modulus suggested that the g lass samples did not tolerate the stra in well 

(Zaid et a l. , 20 11 ) . At 850°C of sintering temperature, Young's modulus fo r the samples 

w ith 30wt.% of CS filler load is 80.74MPa. The mod ulus for temperature 850°C is lower 

than the mod ulus at temperature of 700°C w ith I OOwt.% SLSG. The modu lus is reduced 

due to the add ition of30wt.% ofCS filler load as a resu lt of the presence of porosity. 
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Table 4. 5: Young's Modulus at different sintering temperature 

Sintering Formulation of Young 

Temperature GCC, (wt.%) Modulus, E (Pa) 

(°C) 

700 100 83.88 MPa 

70:30 80.74 MPa 

750 100 82.83 MPa 

850 100 73.04 MPa 

70:30 80.74 MPa 

4.3 Surface Morphology Analysis 

Due to unforeseen issue during the project, surface morphology analysis 

cannot be done for the samples. Hence, the comparison of the result for surface morphology 

analysis were conducted using selected micrograph from previous research. Accordi ng to 

Mesri eta!., (2020b) the microstructure of the sintered glass composite significantly shifted 

with variations in eggshell (ES) waste filler loading at different sintering temperatures. As 

demonstrated in Figure 4.7 and Figure 4.8, with 1 Owt.% ES loading, fewer pores and a dense 

surface were found as compared to 5wt.% ES fill er. As the sintering temperature increased, 

at 20wt.% ofES fi ller, fewer pores were found. 
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Figure 4. 8: SEM micrographs of glass composite sintered at 800°C with varying egg shell contents 
(a) Swt.% (b) I Owt.% (c) 15wt.% (d) 20wt.% [Indicator: 0- Open pore; C- Closed pore](Mesri et 

al., 2020b) 

Figure 4. 9: SEM micrographs of glass composite sintered at 850°C with varying egg shell contents 
(a) Swt.% (b) I Owt.% (c) 15wt.% (d) 20wt.% (Indicator: 0- Open pore; C- Closed pore](Mesri et 

al., 2020b) 

Rahman et al., (2019) investigated the fabrication of Alumino-Silicate-Fluoride 

(ASF) based bio-glass derived from waste clam shell and soda-l ime silica glasses. In this 

study, the fi ller loading weight percentage is 5. I 0, 15, and 20 wt.%. The samples were 

sintered at 1500°C for 4 hours. FESEM analysis was used to study microscopic images of 
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glass samples, which comprised grain s1ze, shape. and morphology. According to the 

FESEM examination, all bio-glass samples displayed uneven particle distribution, irregular 

shape and varied grain size. The distinction is that the amount of CaO in the composition 

does not influence the sample's increased crysta llinity. All of the glass samples exhi bited a 

clean glass surface with no indication of crystal formation, as illustrated in Figure 4.9 below. 

Figure 4. 10: FESEM micrograph of ASF bio-glass samples before sintered at B I :5wt. %, 
82: I Owt.%, B3: 15wt.%. and B4:20wt.% (Rahman et al., 20 19) 

.. .. v .. .. !,.;' .. v ~ .. .., .. 
An investigation by Shamsudin eta!., (20 19) investigated the physical properties and 

morphological of sintered cockle shell/recycled soda- lime silicate composite. The 

formulation of the filler load of cockle shell (CS) is 30wt.%, 40wt.% and 50wt.%. Figure 

4.10 below illustrated the sintered glass-ceramic composite with 30wt.% of CS fill er. 

Because of the large glass volume, the microstructure of the 30 wt.% cockle shell sample 

reveals more crystal. This implies that crysta lli sation occurs at the expense of bul k glass. It 

also has the fewest pores and the th ickest surface. 
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Figure 4. II: Micrograph of glass-ceramic composite with 30wt.% ofCS (Shamsudin et al., 2019) 
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CHAPTERS 

CONCLUSION & RECOMMENDATION 

5.1 Conclusion 

Filler load refers to organic or inorganic substances that are put into matrix material 

to alter its characteristics. The various physical and mechanical characteristics of the g lass

ceramic composite were influenced by the different fi ller load and sintering temperature 

applied to the glass-ceram ic composite. As a result, the use of cockle shell as a fi ller in g lass 

composites has been studied. Experimentation and testing comprising physical 

character istics, material characterization, mechanical properties, and acoustic measurement 

were performed to meet the sign ificant objectives of this study. The resulting outcome is 

re lated to the different sintering temperatures employed. In this study, sintering tem peratures 

of 700, 750, 800, and 850 ° C were employed. This chapter presents the findings of a study 

on batch formulations of glass-ceramic composite at different sintering temperatures: 

a) The colour sh ift can be utilized as a visual indicator that crystalline precipitation has 

occurred. The colour variations happened as the sintering temperature increased. 

Diffusion leads to the d ifferent sinting behaviour on the GCC surface. For the linear 

shrin kage, the dimension is shrunk when the samples without CS fi ller loading at all 

temperatures. Only 30wt.% ofthe CS filler load can minimise porosity, which causes 

shrinkage during the GCC sintering process. As a result, the porosity created during 

the sintering process resulted in a larger percentage of apparent porosity on samples 

with 40 and 50wt.% CS filler load. The density of30wt.% ofCS fil ler load ing at 700 

and 850°C have the same value of 2.3 1 g/cm3. Because the Cs fi ller was totally fused 

into the SLSG, it exhibited decreased porosity created in the structure of30wt.% CS 

filler load. 
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b) The microhardness of the glass composite displays that formulation of the composite 

with 30wt.% of CS filler loading sintered at 850°C has the highest va lue, which is 

I 004.86Hv. It is can be concluded that at 850°C, the hardness increased 

approximately 38% (6 13.58/ (6 13.58+ I 004.86) from 613.58 to 1004.84 compared 

to samples sintered at 700°C and thi s composition with 850°C. value density also 

high which supported the value of hardness. By using acoustic measurement, 

Young's modulus can be approximately ca lculated. Unfortunately, for 40 and 

50wt.% of CS filler load, Young's modulus va lue cannot be calculated due to the 

samples has been shattered. But from what can be concluded, the trend cannot be 

compared due to the inconsistency of the data. 

c) Surface morphology cannot be done due to unforeseen issue during the laboratory 

works. Hence the comparison of the surface morphology from past literatures 

conclude that, when the sintering temperature increasing, the micropores decreased . 

In th is work, the identification was explored in order to offer critical information about the 

glass-ceramic composite. Thus, more research is needed to learn more about the cockle shell 

as a filler in the glass-ceramic composite. The following are suggestions for the future: 

• It is critical to study the inclusion of binder throughout the manufacturing process of 

the green body. This effort will contribute to the enhancement of the physical and 

mechanical characteristics of the glass composite. 

• For the pressed mould , it is suggested to use a pellet mould due to the pressure 

di stribution. This is because, the pressure on the square mould is not uniform ly 

di stributed resulting in the inconsistency data in m icrohardness. 

5.3 Life Long Learning Element 

Life long learning can be defined as the ongoing growth of knowledge and abilities 

that people experience after completing formal education and throughout their li ves and able 

to apply the knowledge in reality. The knowledge that has been gained through this study is 
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to develop an understanding of the element in eco-waste materials to use as substitutes 

material in any application. 
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