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ABSTRACT

FOAMING OF WASTE GLASS OF A GLASS POLISHING FACTORY

The foaming behavior of a glass powder, a residue from a window glass
polishing factory in Bursa, was investigated at the temperatures between 700-950°C.
As-received glass powder composition, 72.76% SiO,, 11.18% Na,O, 11.31% CaO,
1.74% MgO and 1.61% ALOs3, was well matched with that of soda lime window glass.
The expansion of the glass powder compacts started at a characteristic temperature of
690-700 °C and reached a maximum volumetric expansion values at about 866-877 °C.
The maximum volume expansion and foam density varied between 700-772% and
0.378-0.206 g/lcm3, respectively. The foaming of the compact at 750 °C yielded only
crystalline phase of quartz, as the foaming temperature increased over 750 °C,
wollastonite and diopsite crystals formed The compressive strength of the foams ranged
between 1.9 and 4 MPa and the thermal conductivity between 0.048-0.079 W/K m.
Both collapse and plateau stresses increased with increasing relative density, while
heating rate was found to be not affect the collapse and plateau stresses. The foamed
glass samples showed the mechanical behavior similar to open cell foams. This was
attributed to the thicker cell edges and thinner cell walls leading to higher glass material
accumulation on the cell edges. The self-foaming behavior of the studied waste glass
powder was attributed to the organic compounds within the boron oil which was used as

a coolant in the polishing operations.



OZET

CAM PARLATMA FABRIKASINDAN ALINAN ATIK CAM
TOZUNUN KOPUKLESME DAVRANISI

Bu caligmada Bursa’daki bir cam parlatma fabrikasindan gelen atik cam
tozlarmm 700-950 °C arasindaki kopiiklesme davranisi incelenmistir. Gelen cam tozu
% 72.76 SiO3, %11.18 Nay0O, %11.31 CaO, %1.74 MgO ve %1.61 Al,O3 icermektedir.
Cam tozu kompaktlarinin hacimce genlesmesi 690 ve 700 °C araliginda baslamis ve en
yiksek hacimce genlesme 866-877 °C araliginda gdzlenmistir. Bu sicakliklardaki
hacimce genlesme %700-772 olarak elde edilirken, kopik malzemenin yogunlugu
0.378-0.206 g/cm® olmustur. 750 °C’de gbzlenen tek kristal fazi kuvars iken, sicaklik
yikseldikge vollastonit ve diopsit kristalleri olusmustur. Uriinlerin basma mukavemeti
1.9 MPa ve 4 MPa arasinda degisirken 11l iletkenlik degerleri 0.048-0.079 W/m*K
arasinda gbézlenmistir. Basma mukavemeti ve plato stres degerlerinin yogunlugun
artmasi ile yiikseldigi goriilmiistiir. Ote yandan 1sitma hizinin plato strese bir etkisi
gozlenmemistir. Cam kopilkk numunelerin mekanik davraniglarinin agik hiicreli kopik
malzemelere benzedigi anlagilmigtir. Son olarak tozun kopiliklesme davranignin
parlatma esnasinda sogutma ama¢h kullanilan bor yagmmm i¢indeki organik

bilesiklerden kaynaklandigi anlagilmigtir.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt sttt e nne et e e nae e e aae e e nnneas viii
LISTOF TABLES ... ..ottt et re e et e e ae e e e nnaeeans Xi
CHAPTER 1. INTRODUCTION ...oiiiiiiciite st 1
1. INTTOTUCTION ..ttt 1
CHAPTER 2. FOAM GLASS: CURRENT STATUS ... 3
2.1. Glass Types and ReCYCIING .....c.ccoveiiiiiiiiiicic e 3
2.2. Foaming Glass CUMet..........ccooiiieiieecee e 5
2.3. Foaming Dismantled Cathode Ray TUDES ........ccoooeiiiiiiiiiieiieiieieien 8
2.4. FOam Glass ProdUCTION .......cceiiiiiiiieie s 13
2.4.1. Continuous Foam Sheet ProCessing ........ccovveverieenenienennennieeneenens 13
2.4.2. Glass Pellet ProCESSING ......ccvvevveiieieeieiie e 15
2.5. Properties 0T FOAM GIaSS .........cceiveiiiiiiiiireiieeesese s 17
2.6. APPIICALIONS ....c.vveiiciccieee et 23
CHAPTER 3. MATERIALS AND EXPERIMENTAL ANALYSIS ......ccocoeviieeiee, 24
B L POWOEIS ...ttt 24
3.2. CharaCteriZatioN ........ooververiiriesiesiesee et 25
3.3. Foaming Set-Up and Foaming EXperiments..........cccoeveeveeveeiineevnnene 26

3.4. Foam Sample Preparation for Compression Testing and Thermal
Conductivity MeasUremMENTS ........cccvevvieeienieieesee e eie e 29
3.5. Compression Testing and Thermal Conductivity Measurements......... 31
CHAPTER 4. RESULTS ..ottt e e e 32
4.1. Powder CharaCterization..........ccooveiiiieiiienee e 32
4.2. Characteristics of Glass Powder Compact EXpansion .............cccceevenee. 35

4.3. Effect of Holding Temperature on the Expansions of Powder

(OF0] 010 (0] 1 F PRSP RURTOPRPROT 36
4.4. Effect of Heating Rate on the EXPanSions .........ccccceveieenieniesieseeneen, 38
4.5. Effect 0 SIC AdAiItioN ....oovveeiiieceee e 38



AT XRD e 42
4.8. COMPresSion PrOPEITIES ......cvciveeiiieiieesiee e s 43
4.9. Thermal CoNdUCTIVITY .......coveiviiiiiiiiicec s 45
4.10. FTIR ANAIYSIS . .eiiiiiieiiieiieeie ettt 46
CHAPTER 5. DISCUSSIONS.....c.ooitiiiiisieieiee st 48
5.1. Particle Size of Waste Glass POWAEN ...........cccvvevvvieiivenienn e 48
5.2. XRD and XRF ANAIYSES ....cc.ecveiriiiieiieseesie et 48
5.3. TGA Curves, Weight Losses and FOAMING ........cccoocerereneneninienienen, 48
5.4. Expansion Behavior of the COmpactS...........cccccvevviveveeve e 50
5.5, CryStalliZation ........ccoveiviiiiiieseieeee e 56
5.6. Compressive Strength RESUIS .........cccovieiiiiiiiiiece e 57
5.7. Thermal CoONAUCTIVILY ....cceoveiieiecie e 61
5.8. FTIR ANALYSIS ....ooiiiiiiiieiiee e e s 63
CHAPTER 6. CONCLUSIONS ...ttt 64
REFERENGCES ..ottt sttt sttt sbe st eenennas 66

vii



LIST OF FIGURES

Figure Page
Figure 2.1. Waste container glass recycling proCess STEPS . ......ccccvvveeereriererienieeieeneenen, 4

Figure 2.2. (a) The temperature—time (b) pressure time graph of glass powder foaming
PIOCESS . ottt ettt et e e e e n e as e e st e n e e r e 6
Figure 2.3. The parts OF CRTS . .o 9
Figure 2.4. SEM picture of metallic lead and vitreous phase in processed foam glass
CEIISUITACE ...t 11
Figure 2.5. SEM micrographs of the CRT glass compacts prepared at 200 °C, witha
particle size with water contents 0f 20 Wt% ........cccccovevivevieie e 12
Figure 2.6. Continuous foam sheet processing steps using cullet............ccccccvvvvevvennnnn. 14

Figure 2.7. The continuous foam furnace with pre-heat zone, heating zone and cooling

7401 1= PRPR PR 14
Figure 2.8. FOam glass Panel. ... 15
Figure 2.9. Foam glass pellets processing, pelletizer and rotary furnace. ...................... 16
Figure 2.10. Foam glass pellets in 500 pm diameter. .........cocoveiieiienenieeie e 16
Figure 2.11. Foam glass granules (a) 5-7 mmand (b) 12 mm in diameter ................... 17
Figure 2.12. Compressive strength of foam glass (a) and (b) ... 20
Figure 2.13. The fracture surface ofa cell wall in foam glass..........ccccocevvviviiicieeinenne. 21
Figure 2.14. Thermal conductivity of foam glass (a) and (B) ......ccceoeveieniiiiiiiiie 22
Figure 2.15. Examples of utilization of FWG as lightweight fill materials.................... 23
Figure 3.1. The picture of as-received glass powder, (a) before and (b) after

PUIVEFIZALION. ...t 25
Figure 3.2. SEM picture of SIC PartiCles. .........ccooveiiiiieieiieee e 25
Figure 3.3. The picture of a glass powder compact for expansion experiments. ............ 27

Figure 3.4. (a) Schematic of foam expansion measurement set-up and
(b) foaming mold and sliding top and bottom rods............ccccceevevieieenennn. 27
Figure 3.5. Typical glass powder expansion-temperature and time graph. .................... 29
Figure 3.6. (a) The glass powder compact for compression and thermal conductivity
measurements and (b) steel die. ......oocevvei i 30
Figure 3.7. (a) Koalin coated compact mold and (b) the furnace. .........ccccoeviiiieines 30
Figure 3.8. The foamed glass before (onthe left) and after cutting (on the right). ........ 31

viii



Figure 3.9. (a) Compression foamtest sample and (b) foam sample for conductivity

MEASUIEIMEIIES. ...ttt ettt ettt e et e st e st e et e et e e et e e e b e e s e e snne e e anneas 31
Figure 4.1. Particle size distribution of as-received glass powder..........ccccccevvviiieinnns 32
Figure 4.2. XRD spectra 0f as-received POWEN. .........cccoverireninienienie e 33
Figure 4.3. TGA curve of (a) glass and (b) SIC POWUET. ........ccccevveriiririe e 34

Figure 4.4. The volume expansion-temperature and time graphs of glass powder
compacts at similar heating rates. ..........ccccovveiieiii e 36
Figure 4.5. (a) Expansion vs. time and (b) temperature —expansion curves at different
NOIdING tEMPEIATUIES. ...t e 37
Figure 4.6. The expansion vs. time curves at different heating regimes ............cccccoeu.... 38
Figure 4.7. (a) The effect of SiC additionand (b) heating rate on the glass powder
(6101110 7= 103 1RSSR 39
Figure 4.8. SEM image of the foamed glass sample at (a)750, (b) 800, (c) 850°C......... 40
Figure 4.9. SEM image of the foamed glass sample at (a) 900, (b) 925, (c) 950°C.......40
Figure 4.10. (a) The bottom and (b) cross-section pictures of the foam processed
using container glass waste powder and boron oil as blowing agent ........ 41
Figure 4.11. XRD patterns of glass foam powder at various temperatures..................... 43
Figure 4.12. Compressive stress-strain curves of the foam prepared by (a) slow
and (D) faSt NBATING. .....cveieieic e, 44

Figure 4.13. FTIR graph of glass foam powder, glass foamand boron oil added glass

POV . ...ttt bbbttt b ettt ettt e et e n s 47
Figure 5.1. TGA curves of as-received powder, typical waste window glass powder

and 10 wt% boron oil mixed typical waste window glass powder .............. 49
Figure 5.2. Glass foam powder compact (a) at 700°C, (b) foamed glass at 750°C,

(c) at 900°C and (d) at 950°C. ...oiiiiiiiiie i 52
Figure 5.3. The relative density of foamas function of foaming temperature. .............. 53

Figure 5.4. SEM micrograph showing cells in a compact foamed at

(@) initial foaming stage and (b) at maximum expansion . ..........c.cccecveuenne. 55
Figure 5.5. SEM micrographs showing (a) small pores on the cell ed ges

and cell walls and (b) interconnections onthe cells walls. ............ccccoc...... 55
Figure 5.6. The foamed glass produced at 950 °C. .........ccocoiiiiiiiiiiiiiii e 56
Figure 5.7. Foamed glass cell SEM pictures after foaming at (a) 760 and (b) 800 °C...57
Figure 5.8. Variation of (a) collapse stress, (b) plateau stress with relative density

for fast and sIOw heating rate. ..........coooveiiiiiiiii e 58

iX



Figure 5.9. Fitting the (a) collapse stress and (b) plateau stress with Equation 5.4
with the present study and literature results. ..........cccoocvvivevviie e, 60
Figure 5.10. The variation thermal conductivity with density of (a) present foamed

glass and (b) comparison with Hterature. ..........ccccceveveveieevineseese e 62



LIST OF TABLES

Table Page
Table 2.1. The composition of the container and sheet glass cullet in different

COUNTIIBS. 1.ttt ettt sttt bbbt b ettt bbb e e b e e s et e e sbenre s 5
Table 2.2 CRT glass compoSItionS iN WEYD . ......c.ooeiviiiiiiiiieieesesesesee e 10
Table 2.3. The properties of commercial foam glass products . ...........ccceveviieiieineen, 18
Table 4.1. Chemical composition of the glass powder determined by XRF. ................. 33
Table 4.2. Compression test results for slow heating rate ...........c.cccceeeiveiiviie e, 45
Table 4.3. Compression test results for fast heating rate ..........ccocooeveiiiiieniniccen, 45
Table 4.4. The densities of foamed glass........ ... 45
Table 4.5. The thermal conductivity values of foamed glass. .........cccccevviieiiieniicennne 46
Table 5.1. Chemical compositions of soda- lime glass for windows. ............ccccceveenee. 48
Table 5.2. The weight losses of the compacts with foaming temperatures. ................... 50
Table 5.3. The wavelengths and the chemical bonds obtained in FTIR analysis ........... 63

Xi



CHAPTER 1

INTRODUCTION

1. Introduction

Industrial waste recycling is a way of disposing industrial waste. Recycling as
matter of concern in the developing countries is not only important for transforming the
wastes into useful products in a cost effective way but also important for reserving the
natural sources for future generations. Foam glass production based on waste glass is a
good example to such efforts. Although, foam glass parts have been commercially
available since the 1930’s, the interests on the materials are resumed nowadays. This is
partly due to the advantages of foam glass over the foams currently used for the similar
applications. Foam glass has relatively low thermal conductivity with good mechanical
properties, relatively high resistance to chemical attack and fire and low water vapor.

Almost 80% of the recycled glass is not suitable for re-melting in the glass
processing factories and needs to be recycled into a cheap and suitable product. Foam
glass processing using glass cullet is one way of recycling waste glass. The foam glass
processing based on the use of glass powder or ground glass is a well-developed process
in which the glass powder is foamed at an elevated temperature in the presence of a
blowing agent, carbon or a carbon containing compound and an oxidizing agent. Over
the years, various types of foaming agents have been identified including calcium
carbonate, graphite, silicon carbide and silicon nitride.

Currently, there are three major foam glass products largely based on waste
glass: loose aggregates, blocks and pellets. In this thesis, the foaming behavior of a
waste glass powder which is a residue from a sheet or window glass polishing factory in
Bursa, was investigated for the processing of foam glass blocks. The powder is
currently dumped in a field near the factory. The total amount of the powder is
estimated to be 30000 tons. One of the very important properties of the investigated
glass powder waste is the self-foaming property, which excludes the addition of
blowing agent. The compression mechanical properties and thermal conductivities of

the prepared foam were also determined.



The content of the thesis is as follows: Chapter Il summarizes the foam glass
production current status with a literature survey. Experimental set-up, chemical
characterization, processing and mechanical testing are explained in detail in Chapter

[11. The results are given in Chapter IV. Chapter V and Chapter V1 are the discussions

and conclusions, respectively.



CHAPTER 2

FOAM GLASS: CURRENT STATUS

2.1. Glass Types and Recycling

Container glass is a general name, representing bottles and jars. This is one of
the most widely used glass type. The glass bottles production in Japan for example was
reported to be about 1.98 million tons in 1998 and 74% of the container glass
production was used as waste glass, cullet [1]. In UK, the cullet is estimated to reach
about 0.5 million tons per year [2]. Flat glass, also called sheet glass or plane glass, is
produced in plane form and widely utilized in windows and in the similar applications.
It is the second largest sector of glass manufacture and used for longer terms. Fiber
glass, long and short fibers, are used to manufacture glass fiber reinforced plastics
(composites) and cements. The reutilization of glass fiber is very difficult since it is
mixed with a polymeric resin. Domestic glass includes ornaments and special glass
such as the Cathode Ray Tubes (CRTs) used in the televisions and medical and other
specialist equipment.

The recycling glass market is largely based onthe container glass. The use ofor
re-melting of cullet for glass processing reduces the energy consumption by 25%
compared to glass processing using raw materials. One of the biggest problems in
reusing glass cullet in the manufacturing new glass products is the variable color of the
cullet collected.

Figure 2.1 shows the steps of container glass recycling [3]. The recycling
process starts with removing the ferrous metal items by means of the magnets. Other
contaminants are usually removed manually. Next, the cullet is crushed and then sieved
into different sizes. The light materials are separated by vacuum hoods and the opaque
materials are removed using a high pressure air jet. Finally, the recycled cullet is melted
in furnaces to make new bottles and jars. According to UK Environment Agency report,
about 670,000-770,000 tons of waste flat glass are generated every year in UK; only
210,000 tons of it are recycled, while the rest goes to landfill [4]. Another study reports
that about 900,000 tons of waste glass are generated each year in EU [5]. The glass
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bottles production in Japan was about 1.98 million tons in 1998 and 74% of the
production was used as cullet [1]. Another study reports that only 20% of the waste
glass are collected and returned to glass factories for re-melting [6]. The rest of the
waste glass is not suitable for the glass production and needs to be recycled into a cheap
and suitable product. Foam glass processing using glass cullet is one way of recycling
waste glass. For example, the foam glass production in Russia using cullet is reported to

resume in the near future [7].

Waste glass > Sieving fragiments
b Jr
Color-sorted Removel of wrong color and
unpunties
ki
L
Collection .
Melting
ki
i
Pre-sorting
Shapes
b
b
Crushung _
Glass, bottles and jars
g
Metal and paper removal

Figure 2.1. Waste container glass recycling process steps.[3]

The compositions of glass cullet suitable for glass foam processing in different
countries are tabulated in Table 2.1. The SiO, contents of the cullet in countries vary
between 67 and 72%, ALOs; between 1 and 6%, CaO between 7 and 11%, MgO
between 1 and 7% and Na,O between 14 and 15%.



Table 2.1. The composition of the container and sheet glass cullet in different

countries[8].
Mass Content

Country SiO; AlbO; Fe;0O3 CaO MgO Na,O KO SO; MnO
USA 7136 079 012 889 0.32 1538 062 051 -
Holland 70.92 2.26 027 1141 150 1278 1.04 - -
Scotland 70.18 259 125 930 0.86 1407 0.68 0.26 0.13
France 70.40 1.80 - 9.60 120 15.00 020 - -
Japan 7330 211 010 743 048 1750 082 - -
Czech Republic 73.80 0.27 0.03 441 310 18.06 0.40 0.77
Poland 7275 138 006 875 024 1435 172 055 -
Hungary 7323 217 030 558 213 16.15 100 045 -

7341 1.79 052 723 231 1407 0.38 - 0.03

7147 139 006 750 436 1407 030 - -

69.80 272 068 6.77 337 1407 - 035 0.20
Yugoslavia 7001 199 086 738 323 1406 043 - 0.10
Russia 67.15 6.28 289 762 063 1395 103 - -
Germany 69.90 1.15 129 1047 1.04 1501 037 053 -
Belarus 7207 205 042 6.60 400 1486 - - -

2.2. Foaming Glass Cullet

Foam glass processing is currently based largely on powder method in which the
mixture of glass powder with a blowing agent or gas-forming agent which releases a
gaseous product upon heating is heated to an elevated temperature above the melting
point of the glass. The ground glass was mixed with a blowing agent, carbon or a
carbon containing compound and an oxidizing agent for example CaSO,4 or MnO,. The
heating the mixture to the melting temperature lead to the sintering of the glass powder
and later foaming the mixture by the evolution of the gases such as CO, CO», HS;, N,
and etc. The use ofa cheaper blowing agent CaCO3 was developed and patented later in
1944 [9]. The use of water as a gasifying agent similar to natural pearlite in foaming

waste glass was also developed [10].



The foam glass processing is generally characterized by three stages as depicted
in Figure 2.2. In stage I, the glass powder with blowing agent is heated up to foaming
temperature within a certain duration of time. In stage Il the foaming takes place and in
the final stage the foamed glass is cooled and annealed (point A). It was reported that
the combustion of carbon contributed only 29% of the heat required for foaming and 20
— 40% of the initial carbon was combusted with gases being released [11]. The use of
liquid hydrocarbons foaming agents were recommended to retard the effect on the

combustion reaction rate.

Lg¥

a Stage 11 b
[ k] o

o Stage 1l
%

L

Stage |

T2 ¢

Temperature, k
Pressure
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300 | 1 |
0 1 2 3

Duration, h- Volume
Figure 2.2. (a) The temperature—time (b) pressure time graph of glass powder foaming
process [11].

The foaming of fused glass or vitreous silica pellets with entrapped blowing
agent was developed in 1970s [9]. In this method, the silica was ground and mixed with
a blowing agent (0.1% lampblack). Then, the mixture was fused in a furnace under
pressure. The crushed melts were finally foamed in a furnace. Using this method
various glass types including Pyrex were successfully foamed [9]. It was also shown
that silicon carbide (SiC) and silicon nitride (SisNsy were very effective in foaming
borosilicate glasses over a wide range of temperatures [12]. The addition of alumina-
containing materials was further shown in the same study to inhibit the crystallization
tendency of the glass powders to cristobalite.

The blowing agents are divided in two groups [13]: 1) neutralizers and 2) redox
agents. In the first group, the blowing agent dissociates to give a gaseous product, for
example dolomite (CaMg(COs)2) upon heating gives CaCO3 and CO, through the
following reaction:



CaMg(CO3),=> CaCO3+MgO+CO, 2.1)

and

CaCO3;->Ca0+CO;, 2.2)

The first reaction occurs at 800 °C and the second at about 890 °C [14]. When calcium
carbide was used as a blowing agent along the second reaction takes place. In foaming
with redox agents such as coal, coke, graphite, lampblack, silicon carbide, the gas
emission (oxygen and sulfuric anhydride) is due to the oxidation of the gas forming
agents by the dissolved gases in glass melt and the oxygen gas in the foaming

environment,

C+0,>CO;, (2.3)

and

2C+0,>2C0O (2.4)

Typical reaction leading to the formation of pores by gas evolution when SiC, SisN4 and

aluminum nitride (AIN) used as blowing agent are sequentially,

SIC+20,>Si0,+CO, (2.5)
SizkN4+30,>3Si02+2N, (26)

and
4AIN+30,->2AL0s+2N; @.7)

When an oxidation agent is used such as MnO, following reactions take place in

addition to above reactions, the following reactions take place,



2SIC+3Mn0O2->2Si0,+3Mn+2CO (2.8)

SizN4+6MnO2-> 3Si02+6MnO+2N5; (2.9)

The alkali treatment of glass powder was reported to result in formation of an
intermediate layer on the surfaces of glass which reduces the melting point by 50-100°C
[6].

The foaming of different types of wastes and cheaper blowing agents were
previously investigated. The SiC-based glass articles polishing wastes were used as
foaming agent in the foaming of soda-lime glass [15]. In an another study, waste soda-
lime glass powder mixed with the waste from the glass fiber manufacturing was foamed
using SiC as blowing agent [16]. The foaming of glass cullet with the addition of 20
wt% fly ash using marble cutting polishing plant sludge, mainly calcite and dolomite
[5] and SiC [5] as blowing agent were investigated. It was shown that the increasing the
amount of blowing agent tended to enhance the crystallization of foam glass and limited
the melt glass powder expansion by increasing the viscosity. The foaming was
performed between 750 and 950 °C using marble sludge and dolomite as blowing agent
and 900 and 950 °C using SiC as blowing agent. The effect of heating rate on the cell
size and expansion of soda lime foam glass were investigated [17]. Lower heating rates

resulted in lower expansions due to the escaped gases.

2.3. Foaming Dismantled Cathode Ray Tubes

There are two type of CRTs; monochromic and color. The parts of typical color
CRTs are shown in Figure 2.3 and consist of three kinds of glasses; funnel glass, panel
glass (screen) and very thin layers of faceplate. The chemical compositions of CRT
glasses are further tabulated in Table 2.2 [18]. The panel glass is a barium-strontium
glass containing relatively expensive oxides, BaO and SrO. The funnel glass contains
high concentrations of PbO (22 wt%). About 2/3 of the total weight of CRT is panel
glass [19].



Laminophorescent coat:

Screen (faceplate, panel): barium zine sulphide, yttrium and
and strontium containing glass curopium oxides, ctc.

two-thirds of tetal mass

Sealing frit and
implosion protection
X

Mask:
Steel bored with
300 000 holes
/ Vacuum
Cane (fannel): lead Conducting layer
containing glass (Aquadag’)
one third of total mass
Electron gun

Neck: ~25%Fb0
containing glass
very low mass, less than 1%

Figure 2.3. The parts of CRTs [18].



Table 2.2 CRT glass compositions in wt%][18].

Black and White Color Screen Glass Color Funnel
Compound Glass Glass

Range Standard Range Standard Range Standard

Content Content Content

Network
Formers
SiO, 64-66 65 60-63 62 52-56 52
Sh,03 0.3-0.6 0.45 0.25-0.50 0.35 0.1-0.3 0.25
ZrO; 0-05 0.25 0-2.5 1.5 - -
As;03 0-0.3 0.25 0-0.2 0.02 0-0.1 0.01
Inte rmediaries
ALO3 3-5 3 2-35 2.2 355 4
PbO 2.8-44 4 0-3 - 19-23 22
ZnO 0-0.1 0.05 0.4-0.6 0.5 0-0.1 0.05
TiO» 0.1-0.2 0.15 0.4-0.6 0.5 0-0.1  0.05
Network
Modifiers
Na,O 6.5-8 7 7.8-9 8 6-8 6.8
K20 6-7.5 7 6-7.5 7.5 75-85 7.8
LiO 0-06 0.3 0-0.5 0.2 0-0.1 -
CaO 0-1 0.5 0-2 0.5 2-4 3.8
MgO - 0-1 0.2 1.2-2 1.8
Fe,O3 0.05- 0.12 0.07-0.12 0.08 0.05- 0.06

0.2 0.07
SrO 0-2 1 6-10 8.5 0-1 0.5
BaO 9-12 11 9-11 10 0-2 1
CeO, 0.1-0.2 0.18 0.2-0.3 0.25 -

The dismantled CRTs cannot be used directly in glass component processing as
they contain heavy metal oxides. The CRTs are generally disposed into licensed land
fields or they are reutilized in the processing CRTs. In recent years, there has been
growing interest and investigations on the recycling of CRT glass through glass foam
processing [18-22]. Bernardo et. al. [23] investigated the foaming behavior CRT panel
glass using a neutralizer blowing agent, CaCO3;. The foaming experiments were
performed at constant foaming temperature of 725 °C; at various heating rates (5, 20
°C/min), holding times (5 to 30 min) and concentrations of blowing agent (3, 5 and
7%). The prepared foam densities ranged between 190 and 350 kg m, crushing
strength around 1 MPa and thermal conductivity between 0.06 and 0.07 W m® K™,
Mear et. al. [18, 20] investigated foaming behavior of CRT funnel glasses using redox
blowing agents of 4% SiC and 5% TiN. The foaming was performed between 800 and

900 °C. The reaction between lead oxide and reducing agent yielded a gaseous phase of
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CO, for SiC and N, for TiN and metal lead. Metallic lead was shown microscopically to
form on the pore surfaces (white spherical particles in Figure 2.4). Following reactions

were presumed to occur during foaming

2PbO+TIN->2Pb+TiO,+1/2N> (2.10)

and[22]
4PHO+SIC>Pb+Si0,+CO; (2.11)
20,+3Pb>Pb30,4 (2.12)

TiO; and SiO, were found in the vitrous phase of foam cells as depicted in Figure 2.4.

- >
e

Figure 2.4. SEM picture of metallic lead and vitreous phase [18]

Guo et. al. [22] investigated the foaming behavior of CRT funnel glass powder
at a foaming temperature of 850 °C using SiC as blowing agent. XRD analysis showed

11



the presence of Pb, PbsO,s and AlSiOi3 microcrystals, which was reported to
contribute to the relatively high strength of foam glass samples prepared.

Matamoros et. al. [24] investigated the feasibility of foaming CRT panel glasses
through hydrothermal hot-pressing. The glass powder compacts for foaming
experiments were hot pressed at 200 °C under a pressure of 20 MPa with 5 and 10 wt%
of water content. The water was found between the particles and the increase of
temperature promoted the chemical reaction between water and glass particles, leading
to formation of glass viscous phase. The microstructure of the glass compacts prepared
constituted by two major phases: the remaining original glass particles (white particles)
and a continuous phase (grey area) that covers the glass particles, which corresponds to
the new glass phase (Figure 2.5). The foaming was performed over a temperature range
of 650-850 °C for 1 h. A preferential crystallization of three major phases, quartz
(Si02), barium silicate (BaSiOs3), potassium silicate (K,SiO3) and barium—potassium

silicate (K,Ba3SigO2) was determined during the foaming.

Figure 2.5. SEM micrographs of the CRT glass compacts prepared at 200 °C, with a
particle size with water contents of 10 wt% [24].

A novel and effective process for the recovery of lead in dismantled funnel CRT
glass was also proposed [25]. The technique was based on pyro-vacuum processing of
crushed funnel glass powder with carbon. The optimum temperature, pressure, carbon
percentage addition and holding time for lead recovery were determined as 1000 °C,

1000 Pa, 5% and 4 h, respectively. The maximum lead recovery rate was 98.6%. In the
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funnel glass was firstly detached and changed to PbO, then reduced and evaporated, and

was recovered in the formof pure metal with a purity of 99.3%[25].

2.4. Foam Glass Production

2.4.1. Continuous Foam Sheet Processing

Continuous foam sheet processing steps using cullet are depicted in Figure 2.6.
The first step comprise processing of 75-150 um glass powder from pre-crushed waste
glass (5-20 mm) through using a hammer mill (down to 1 to 2 mm) then a rod or ball
mill (down to 100 um). The powder is then stored before passed to the foaming stage.
The glass powder feed stock is then mixed with a foaming agent with the particle size of
75-150 um. Depending on the final cell structure, dry or wet feedstock can be prepared.
Wet feedstock usually ends up with open cell structure. The foaming is usually
performed in a tunnel furnace between 700 and 900°C. The feedstock is continuously
fed into the furnace through moving belts. The continuous foam furnace consists of
three regions: pre heat zone, heating zone and cooling zone as depicted in Figure 2.7. In
the cooling zone the foam glass is annealed to reduce the extent of internal stresses. The
foam glass with 2 m wide and a thickness of up to 10 cm is then cut into sheets. To
produce loosely aggregates, foam slabs can be broken into pieces. In batch type
processing, the feed stock is placed inside the molds and the feedstock is heated with
mold. Typical picture of foam sheet panel is shown in Figure 2.8. Since the panel is
exposed to cutting operations the surface of the panel is open. The foam panel foaming

in mold usually has a dense glass layer on the surface.
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Figure 2.6. Continuous foam sheet processing steps using cullet [3].
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Figure 2.7. The continuous foam furnace with pre-heat zone, heating zone and cooling
zone [3].
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Figure 2.8. Foam glass panel.

2.4.2. Glass Pellet Processing

In the foam glass pellets processing the first step is to prepare glass powder
foam agent pellets in a pelletizer (Figure 2.9). The pellet is then fed into a rotary furnace
where the heating action drives the foam reaction to take place. The foamed pellets are
also annealed and cooled in the same rotary furnace. The size of the pellets processed
ranges between 0.5 to 5 mm. Figures 2.10 and 2.11 show the pictures of 500 um and 5-
12 mm foam glass pellets.
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Rotary furnace
Foam glass
granules

Figure 2.9. Foam glass pellets processing, pelletizer and rotary furnace [3].

Figure 2.10. Foam glass pellets in 500 pm diameter.
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Figure 2.11. Foam glass granules (a) 5-7 mm and (b) 12 mm in diameter [26].

2.5. Properties of Foam Glass

The properties of commercially produced foam glass were previously reported
[3] and shown in Table 2.3. The density of commercially available foam glass blocks
range between 105- 165 kg m>. The denser glass powder briquettes were reported to
yield lower final foam glass densities [10].

The type of blowing agent either neutralizers or redox determine the structure and
water absorption of foam glass. The water absorption in foams processed using
neutralizer blowing agent is as high as 50-70% as the pores are open, while in foams
processed using redox gas-forming blowing agent the water absorption ranges between
10-15% [13].
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Table 2.3. The properties of commercial foam glass products [3].

Pittsburgh

Pittsburgh Corning Corning Cell-u-Foam Misapor Millcell Liaver Liaver Geofil Bubles
Properties Wallboard Block Foamglass F Ultra-Cuf 1031 I;OO: ate Loose ;el?r?gr Glass Granules 2 to | Glass Granules 2 to
Block Block ggreg aggregate : . 4mm 25mm
10 to 50mm insulation
Specific Heat 0.84 kj/lkg.K 0.84 kj/kg.K 0.83 kj/kg.K
A o 4.4 x10"mP/s at 35x107m¥sat  |4.9x107m?s at

Thermal Diffusivity 0°C 0°C 0°C

q 3 3 3 3 100 to 300 3 3 3
Product density 105 kg/m 165 kg/m 128 kg/m 225 kg/m kg/m® 290 kgym® | 300 to 500 kg/m 450 to 1850 kg/m
Bulk Density 190 kg/m® 250 to 1100 kg/m®
Porosity 10%cm® 85-86 % 14-50 v%
Water absorption 0 0 0 50-60 m% 0,1-55 m%
Hygroscopicity 0 0 0 0
Permeability 0 0 0 0
Capillarity 0 0 0
Surface water adhesion 70 I/m?
Fire Non-combustible Non-combustible | Non-combustible V1 (DIN Al) Non-Combustible
Toxic fumes None None None None None
Dimensional stability Perfect Perfect Perfect Perfect
Sound transmission 0ss | ¢ ;o i, 28 db/200mm | 28 db/100 mm > 0.6 (DIN 52215) | 42 db/120 mm

at normal frequency




The collapse stress of the glass foam is determined with following equation,

O =0pglCatp reI3/2 +(1-#)Pral (2.13)

where, openg IS the bending strength of the glass, C is a constant (0.2), pre IS the relative
density of the foam and ¢ is the volume fraction of the solids contained on the plateau
borders. The first term in Eqn. 2.15 is due to bending and the second is due to
membrane stretching. Eqn. 2.15 predicts the collapse stress values of open-cell foam
when ¢ equals to 1, and the collapse stresses of closed cell foam when ¢ value equals to
0. The values of ¢ can be approximated using the following relation developed for the

closed cell tetrakaidecahedral foam.

por 30-20,) +6tx/§3(l—(2/\/§)wp) (2.14)
11315,

where |, wp, and t are the cell wall length, plateau border thickness and cell wall
thickness, respectively. The compressive strength of foam glasses are shown in Figures
2.12(a) and (b) as function density. The data in Figure 2.12(a) and (b) are taken from
the literature. Until about 500 kg m™3, the compressive stress is up to 4 MPa. Since glass
is a brittle material, the fracture of glass is accompanied by elastic deformations. The
foam glass show a brittle compression behavior and the microstructure observations
revealed the presence of smaller pores on the cell walls as shown in Figure 2.13 [27].
Microscopic studies further showed that the amount of pores on walls decreased with

increasing the addition alkali earth aluminosilicate glass powder.
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Figure 2.12. Compressive strength of foam glass (a) and (b).1-[4], 2-[4], 3-[2], 4-
[28], 5 -[29], 6-[30],7-[5],8-[16], 9-[31],10- [32], 11-[33]
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Figure 2.13. The fracture surface ofa cell wall in foam glass [27].

The thermal conductivity of foamed glass cannot be higher than about 90% of
the volume is occupied by gas and it ranges between 0.05-0.07 W m?* K [9]. The
thermal conductivity of foam glass as function of density is shown in Figures 2.14(a)
and (b). As the density increases the conductivity increases. For the foam densities
ranging between 100 and 200 kg m®, the conductivity range between 0.04 and 0.05 W

mt K1
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2.6. Applications

Foam glass with low thermal conductivity surpasses many heat-shielding
materials in a number of properties. Foam glass is resistant to water, has relatively high
mechanical strength, is incombustible, and satisfies stringent sanitary-hygienic
requirements, since it is biologically resistant does not putrefy or get moldy. The
relatively high mechanical strength of foam glass facilitates installation, and its
biological and chemical resistance ensures constancy of its thermal conductivity values
with time. Foam glass is primarily characterized by density.

The use of foamed waste glass as construction material has been proposed
recently. Foam glass can be used as light weight filler material for restoration of failed
slopes due to rainfall (higher rate of drainage) (see Figure 2.15(a)) (2) subgrade
improvement material (mixed with quick lime and used as soft subgrade soil under the
pavement (3) improvement material for soft clay, (4) light weight aggregate materials in

concrete and (5) water folding material for greening (good water folding material) [1].

Wall Enbankment

Fwg
S~
FWG A &
. Soft ground
Soft ground
(n) (c)
Enbankment ’
~
# 3 s
\ FWG b4 i FWG §
o Tt A : 3 FWG
\ \ - = .
+ 3 \ /
\ / P :1 E .
\ \ [l wnnn] Soft ground
\ Substructure
Onginal ground
(d) (e) (n

Figure 2.15. Examples of utilization of FWG as lightweight fill materials a) Reduction
of settlement and preventation of slope failure of the embankment, b)
Reduction of weight and soil pressure and the fill mountainous area, c)
Reduction of differential settlement at the structure connection, d)
Reduction of vertical soil pressure on the structure, e) Reduction of
horizontal pressure on the two sides, f) Reduction of settlement and
preventation of slope failure on soft ground
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CHAPTER 3

MATERIALS AND EXPERIMENTAL ANALYSIS

3.1. Powders

The glass powder used in the expansion experiments and foam sample
preparation for mechanical testing and thermal conductivity measurements was received
from a glass polishing factory, Camex (Bursa, Turkey). The used powder was a residue
of window glass polishing. The polishing was performed using SiC powder. In the
grinding process, boron-based oil was applied as a coolant agent. A picture of as-
received glass powder is shown in Figure 3.1(a). As-received glass foam powder is
agglomerated as depicted Figure 3.1(a) as the powder was kept in an open area. The
glass powder was pulverized using a Fritsch Disk Mill PULVERISETTE 13. The
picture of the powder after pulverization is shown in Figure 3.1(b).

In the few foam expansion experiments, SiC particles (Aldrich-code 357391)
with a particle size of <37 um and an amount of 1 wt% was added to the powder as
foaming agent. The SEM picture of the used SiC particles is shown in Figure 3.2. The
foaming properties of a glass powder received from a local company and obtained by
milling of the post-consumer and industrial glass waste was also investigated for

comparison. The average powder size of this glass powder was 70 um,
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(b)
Figure 3.1. The picture of as-received glass powder, (a) before and (b) after
pulverization.

AccV  Spotgin . Epet WD
3.00kV 20 500X (4 SE 826 NIE-MAME

L

Figure 3.2. SEM picture of SiC particles.

3.2. Characterization

The particle size of the powder was measured by means of a Malvern
Mastersizer 2000 particle size analyzer. The crystallographic structure of the powder
and the foams was determined using a Philips X’Pert Pro X-Ray Diffraction (XRD)
device (Cu-Ko radiation, A=1.54 A° and 40 kV). The XRD analysis was conducted

between 5 and 80° in 20 intervals. The FTIR analysis of the as-received powders and the

25



foam were performed using a using Shimadzu 8400S FTIR Spectrometer. The thermo-
gravimetric analyses (TGA) of the powders were conducted using a Perkin Elmer
Diamond TG/DTA device at 1200 °C maximum temperature. The elemental
compositions were determined using a Spectro 1Q Il X-Ray Fluorescence (XRF) device.
Scanning electron microscopy (SEM) was used to investigate the morphological
properties of powders and foams. SEM images were taken in a FEI Quanta 205 FEG
SEM in secondary electron mode (SE). The samples for microscopy were prepared by
mounting the samples in Buehler epo-wick branded fast curing epoxy. Samples were
grinded with Buehler Met-11 SiC grinding papers through 800, 1000, 1200, 2000 and
2400 grids. Then, the samples were polished sequentially 9 um, 6 pm, 3 um and 1 pm
diamond solution. The density of foams was determined by measuring the weight and
dimensions of the test samples.

3.3. Foaming Set-Up and Foaming Experiments

The pulverized glass powder was mixed (in the case of SiC addition) in a Ball
Mill for %2 h at 400 rpm using silica balls. The mixture was then compacted inside a
cylindrical mold under a compaction pressure of 15 MPa. The compacts of 3 cm
diameter and 7 mm thickness (Figure 3.3) were prepared for foam expansion

experiments without using a binder.

Figure 3.3. The picture of a glass powder compact for expansion experiments.
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The schematic and picture of the front view of the foaming set-up are shown in
Figures 3.4(a) and (b), respectively. The details of the experimental set-up used are
given in [34]. Simply the set-up consisted of a vertical furnace, a linear expansion
measurement system and a foaming mold. The bottom of the foaming mold (3 cm in
diameter and 8 cm in height) was enclosed tightly and the compact was placed at the
bottom of the mold. A linear variable displacement transducer (LVVDT) was connected
to the steel expansion rod through a wire and two pulleys. A thermocouple directly
contacted to the bottom of the compact was used to measure the compact temperature
during foaming. LVDT and thermocouple data were collected using a data logger (Data
Taker DT 80).

?—» pulley

= split furnace

-..-..-..-..-...l...- o

1k

counter weight +— [

expansion rod

compact

themmocouple

l corrputer I

I elavator

_ Linear variahle displacement
| data I@—— ¢ transducer
(LOVT) i

(b)

Figure 3.4. (a) Schematic of foam expansion measurement set-up and (b) foaming
mold and sliding top and bottom rods.
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In a typical experiment, the weight of the expansion rod is initially balanced
using a counter weight for the expansion rod to apply minimum force possible on the
foam during expansion (Figure 3.4(a)). Then, the furnace without foaming mold is
heated to the prescribed temperature. Afterwards, the foaming mold accompanying the
compact is inserted into the furnace by means of an elevator. After the compact
insertion into the furnace, the top expansion rod connected to LVDT is lowered until the
rod bottom head touches the compact surface.

A typical expansion-temperature-time and temperature-time graph is shown in
Figure 3.5. As soon as the mold is inserted, the furnace temperature decreases to ~100
°C and then increases gradually in ~5 min as the mold is heated up. It is noted in Figure
3.5, the foaming starts at about 679 °C. As the compact expanded, the linear expansion
measuring wire moves backward and the movement is measured with the help of a data
logger which is connected to the LVDT. After foaming, the foaming mold is taken out
of the furnace with the help of the elevator and cooled for the foam to solidify. The
linear expansion data (mm) is converted to volume percent expansion (Ve %) using the

following equation:

h, —h
V, (%) = ———< x100 (3.1)

The foaming experiments continued until about the maximum expansion.
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Figure 3.5. Typical glass powder expansion-temperature and time graph.

3.4. Foam Sample Preparation for Compression Testing and Thermal
Conductivity Measurements

The foams for compression testing and thermal conductivity measurements were
prepared by foaming 70x70x10 mm size compacts (Figure 3.6(a)). The compacts were
prepared inside a steel die (Figure 3.6(b)) with a dimension of 70x70 mm under a
pressure of 15 MPa. The powder compact was then placed inside a closed steel mold,
which was coated with kaolin powder (Figure 3.7(a)). The kaolin prevented the reaction
between the foamed glass and the mold. The expansion was limited to only the vertical
direction. The foaming was performed using a Protherm Laboratory Furnace Model
PLF 130/25 (Figure 3.7(b)). The foaming was performed at varying temperatures from
800°C to 925°C at 25°C intervals. The effect of heating rate was also investigated. Two
heating rates were implemented; slow heating, 5°C/min and fast heating, 15°C/min.
After foaming, the foam samples were cut into desired dimensions as depicted in
Figures 3.8.
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Figure 3.6. (a) The glass powder compact for compression and thermal conductivity
measurements and (b) steel die.

(@) (b)

Figure 3.7. (a) Koalin coated compact mold and (b) the furnace.
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Figure 3.8. The foamed glass before (on the left) and after cutting (on the right).

3.5. Compression Testing and Thermal Conductivity Measurements

The compression test samples were prepared in accord with ASTM C240-97
standard and had the dimension of 50x50x50 mm (Figure 3.9(a)). Quasi-static
compression tests were conducted using a displacement-controlled SHIMADZU AG-I
universal tension-compression test machine with a cross-head speed of 2.5 mm/min,
corresponding to a strain rate of 2x10° s. The thermal conductivity tests were
performed on the samples in 100x50x 10mm size (Figure 3.9 (b)) using KEM QTM- 500
thermal conductivity detector.

(b)

Figure 3.9. (@) Compression foam test sample and (b) foam sample for conductivity
measurements.
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CHAPTER 4

RESULTS

4.1. Powder Characterization

The powder particle size analysis of as-received glass powder is shown in Figure
4.1. The particle size ranges between 5.695 um (dig) and 266.498 pm (dgo) with an
average of 22.733 um (dso). The XRD results shown in Figure 4.2 confirm that the as-
received powder is amorphous. The X-Ray Fluorescence analysis results of the glass
powder are tabulated in Table 4.1 in oxide form assuming that all the elements are
present as standard oxides. The results showed that the chemical compositions of the

match with traditional window glass’ chemical composition[35].

Volume (%)
e
1
»

0. 1 10 100 1000

Particle Size (pm)

Figure 4.1. Particle size distribution of as-received glass powder.
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Figure 4.2. XRD spectra of as-received powder.
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Table 4.1. Chemical composition of the glass powder determined by XRF.
Compound SiO; Na,O CaO MgO AlLO;

Glass Oxide Concentration
: 72.76% 11.18% 11.31% 1.74% 1.61%
(As-received glass powder)

Thermo-gravimetric analysis of glass foam powder and silicon carbide powder
are shown in the Figures 4.3(a) and (b), respectively. The weight loss of glass powder is
around 11wt % at 1200 °C. The weight loss continues until about 800 °C while the rate
of weight loss decreases after melting of the powder, (~650°C). The decomposition of

silicon carbide powder starts at 800 °C. The increased weight after 800 °C is due to the
oxidation of SiC.
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Figure 4.3. TGA curve of (a) glass and (b) SiC powder.
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4.2. Characteristics of Glass Powder Compact Expansion

Figure 4.4 shows the volume expansion-temperature and time graphs of glass
powder compacts at similar heating rates without blowing agent. The compact is
quickly heated to 900 °C, thereafter the temperature became constant. In the same
graphs the numbers correspond to the different stages of compact expansion. In
region 1, the glass powder sinters as the temperature increases and then starts to expand,
as a result of decomposition of a blowing agent presumably resulting in evolution of a
gaseous product. The expansion of the glass powder sintered compact starts at about a
characteristic temperature or at a temperature range between 695 and 705 °C. In
region 2, a high expansion is seen and in this region the viscosity of the glass decreases
to give gas expansion. The expansion reaches to a maximum at about 866-877 °C. The
expansion in region 3 almost remains constant and thereafter it decreases gradually in
region 4 and as the temperature of the foamed compact reaches the temperature of the
furnace, the foam expansion tends to be constant at very long holding times. In these
foaming experiments, the cooling rate is adjusted by closing the top hole of the tube
furnace. In other foaming experiments the top of the furnace is kept open and the
heating rate in these experiments is relatively lower. The maximum volume expansions
vary between 700-772%. The maximum expansions are reached at about 2500 s after
inserting the compact into the heated furnace. It is also noted that a small variation in
the heating rate affect the expansion values of the compact as seen in Figure 4.4.
Increasing heating rate increases the maximum expansion values. It is further noted that
as-received powder expands itself without the addition of any blowing agent. This will

be elaborated in discussion section of the thesis.
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Figure 4.4. The volume expansion-temperature and time graphs of glass powder
compacts at similar heating rates; the numbers corresponding to
different stages of the compact expansion.

4.3. Effect of Holding Temperature on the Expansions of Powder
Compacts

Figure 4.5(a) shows the expansion-temperature and time curves of glass powder
compacts at different holding temperatures, from 700 to 925 °C. In these experiments,
compacts are heated with same heating rate to the holding temperature. The heating rate
in the experiments is relatively high as the top of the split furnace is closed. The results
of this expansion studies is summarized as follows. As the holding temperature
increases the expansion increases. It is noted that during heating to holding temperature
the expansion is high and the expansion increases with time during holding until about
800 °C. At higher holding temperature the expansion almost remain to be constant.
Therefore the optimum foaming temperature is between 800-825 °C for the studied
glass powder. The expansions are around 600%: the compact thickness increases 6
times after foaming. Figure 4.5(b) show log expansion-temperature curves of the

powder compacts. The compacts show very similar expansion-temperature curves. As
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noted in the figure, the foaming starts at about 680 °C, when all expansion curves are

considered.
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4 4. Effect of Heating Rate on the Expansions

Selected expansion-time and temperature-time graphs of the powder compacts
foamed with different heating rates/schedules are shown in Figure 4.6. Increasing
foaming temperature increases the expansions, while high heating rates results in higher

expansions initially. It is also noted that slow heating rates results in lower expansions.
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Figure 4.6. The expansion vs. time curves at different heating regimes

4 5. Effect of SIC Addition

The effect of SiIC (1 wt%) on the expansion behavior of glass powder compacts
is shown in Figure 4.7(a). The SiC addition at the similar heating schedules increases
the expansion values as compared with powder compact without blowing agent
addition. It is noted that in both compacts with and without SiC, the expansion starts at
the same temperature, while initially the compact with SiC expands rapidly than those
without SiC addition and reaches higher maximum expansion values. The effect of
heating rate on the compacts with SiC addition is shown in Figure 4.7(b). Similar to

compact without blowing agent, SiC added compacts show a heating rate dependent

38



expansion behavior. Higher heating rates end up with higher maximum expansion

values.
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Figure 4.7. (a) The effect of SiC addition and (b) heating rate on the glass
powder compacts.
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4.6. Microstructure

The cell structure of powder compacts foamed at 750, 800 and 850 °C are shown
sequentially in Figures 4.8(a-c). The foams were prepared by inserting the foaming
mold into a preheated furnace with holding the mold for % h in the furnace. At 750 °C
the size of the pores are relatively small and small pores and distributions of the pores
are inhomogeneous. At 800 °C, the pores start to become coarser with sphere-like
shapes. With increasing temperature to 850 °C, the sizes of the cells increase further. It
is also noted that the cells are open, the cell walls accommodates inner connections with
neighboring cells. The cell structure of powder compacts foamed at 900, 925 and 950
°C are shown sequentially in Figures 4.9(a-c). At increasing foaming temperature, the
cells become elliptical and the cells start to coalesce due to thinning of pore walls. The
elliptical shape of the cells causes lowering the volume of the sample, which means the

density of the foam glass increases.

(b)

(@) (b)
Figure 4.9. SEM image of the foamed glass sample at (a) 900, (b) 925 and (c) 950 °C.
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The bottom and cross-section pictures of the foam processed using container
glass waste powder and boron oil as blowing agent are shown in Figures 4.10(a) and
(b). Similar to foam processed using polishing waste, these foams have dense skin layer
on the surface. The cells are thicker at the bottom due to the drainage as depicted in
Figure 4.10(b).

Figure 4.10. (a) The bottom and (b) cross-section pictures of the foam processed
using container glass waste powder and boron oil as blowing agent.

(cont. on next page)
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(b)

Figure 4.10 (cont.)

4.7. XRD

The XRD spectra of the foams prepared at various foaming temperatures are
shown in Figure 4.11 together with the XRD spectrum of as-received glass powder. The
intensity values are given as arbitrary units for comparison. In the XRD pattern of the
foam prepared at 750, 800, 850 and 900 °C, the crystalline quartz peaks are seen at
21.41° and 35.45 ° (PCPDFWIN card 76-0931). Above 800 °C, two additional peaks of
crystalline phases; wollastonite (CaSiO3;, PCPDFWIN card 02-0689) and diopsite
(MgCaSi,Og, PCPDFWIN card 11-0605) are seen.
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Figure 4.11. XRD patterns of glass foam powder at various temperatures

4.8. Compression Properties

The compressive stress-strain curves of the foam prepared with slow (5°C/min),
and fast heating (15°C/min) rates are shown in Figures 4.12(a) and (b), respectively. All
foam samples showed brittle characteristics, following the collapse stress (maximum
stress) the sample fractured catastrophically. The corresponding density, collapse stress
and plateau stresses of the foam prepared with slow and fast heating are tabulated in
Table 4.2 and Table 4.3, respectively. As the foaming temperature increases, the final
density of the foam decreases for both heating rates. Accordingly, the collapse and

plateau stresses decrease as the foam density decreases.
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Figure 4.12. Compressive stress-strain curves of the foam prepared by (a) slow and
(b) fast heating.
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Table 4.2. Compression test results for slow heating rate

3
Temperature (°C ) Density (kg/m) Ly (MPa) o ol (MPa)

800 378 4 3.5
825 254 2.6 2
850 244 2.4 1.7
875 227 2.2 1.6
900 218 1.4 1.1
925 211 0.9 0.7

Table 4.3. Compression test results for fast heating rate

3
Temperature (°C ) Density (kg/m) o (MPa) o . (MPa)

800 303 2.7 2.2
825 244 2.5 1.7
850 237 1.9 1.3
875 224 1.5 1.1
900 210 1.3 1
925 206 0.7 0.5

4.9. Thermal Conductivity

The foam sample densities used in the thermal conductivity measurements are

tabulated in Table 4.4. The thermal conductivity measurements results are further

tabulated in Table 4.5. The thermal conductivities range between 0.05 and

0.079 W m* K The highest thermal conductivity is measured for the dentist foam and

the lowest for the lowest foam density. Similar to collapse stresses the thermal

conductivity increases with increasing foam density.

Table 4.4. The densities of foamed glass with respect to temperature and heating rate.

Temperature (°C) Density (kg/m°) Density (kg/m°)
Slow Heating Rate Fast Heating Rate
800 378 303
825 254 244
850 244 237
875 227 224
900 218 210
925 211 206
950 247 238
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Table 4.5. The thermal conductivity values of foamed glass with respect to temperature
and heating rate.
Temperature (°C) Thermal Conductivity (W/m*K)
Slow Heating Rate Fast Heating Rate

800 0.079 0.073
825 0.068 0.065
850 0.062 0.059
875 0.057 0.053
900 0.0515 0.05

925 0.05 0.048
950 0.063 0.058

4.10. FTIR Analysis

Figure 4.12 shows FTIR analysis results of boron oil added glass powder, glass
powder and glass foam powder after reaction. In Figure 4.12, the broad strong band
located between 3600-3200 cm? is attributed to O-H stretching. The bands located at
2960-2800 cm™ are arising from C-H stretching vibrations of aldehyde group. The
broad peak located at 1660 cm™* s stretching vibration of C-C. The peak located at 1460
cm® belongs to asymmetrical stretching of CH group. Also, the peak located at 1500
cm* indicates the aromatic structure of C=C [36]. The main strong peak located at 1050
cmt and the shoulder peak at 1200 cm are attributed to asymmetrical stretching of
Si-O-Si bonds.[37] The low frequency band (400-500 cm®) is attributed to rocking
motion of Si-O-Si bridges, whereas the corresponding bending mode is responsible for
adsorption at 700-850 cm*.[38]
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Figure 4.13. FTIR graph of glass foam powder, glass foam and boron oil added glass
powder.
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CHAPTER 5

DISCUSSIONS

5.1. Particle Size of Waste Glass Powder

The average particle size of the as-received waste glass powder was determined
as 22.733 um. The present thesis study did not aim to investigate the effect of particle
size on the foaming and foamed glass microstructure; therefore, the as-received glass
powder was directly used to make foamable powder compacts. However, it was
previously shown that the glass powder size and the blowing agent powder size affected
the cell size of foamed glass [39].

5.2. XRD and XRF Analyses

The XRD analysis of the as-received waste glass powder (Figure 4.2) exhibited an
amorphous structure, which was typically found in the soda-lime window glass [35].
Furthermore, the XRF analyses results tabulated in Table 4.1 are well matched with the

traditional window glass chemical composition tabulated in Table 5.1 [35].

Table 5.1. Chemical compositions of soda- lime glass for windows.
Oxide SiOz Na,O CaO MgO A|203

Concentration % | 71-73 % | 12-14 % | 10-12% | 1-4%| 0.5-1.5%

5.3. TGA Curves, Weight Losses and Foaming

Figure 5.1 depicts the TGA curves of the as-received glass powder, conventional
waste window glass powder and 10 wt% boron oil mixed with conventional waste
window glass powder, together for comparison. As stated before, the as-received glass
powder losses physical water (4 wt%) at about 100 °C. When the temperature increases

to 600 °C the weight loss increases to 10 wt%. As the temperature increases up to
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1200 °C, the weight loss increases to 11 wt%. It is noted that the weight of the glass
powder melkt does not change after 800 °C, while a small weight gain is seen after 850
°C. The weight loss between 100 °C and 800 °C occurs because of the burning of
organic compounds of boron oil as will be elaborated later in this chapter (evolution of
H,O and CO,). This is also reflected in the TGA curve of typical waste glass powder
mixed with 10 wt% boron oil. The weight loss of boron oil continues until about 800
°C. The total weight loss is about 9 wt% at 800 °C. The increased weight of the as-
received powder after 1000 °C is due to the oxidation of the molten glass. The same

increase is also seen in the TGA curve of typical waste glass powder.
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Figure 5.1. TGA curves of as-received powder, typical waste window glass powder and
10 wt% boron oil mixed typical waste window glass powder.

The weight losses of the compacts after foaming were also found to be very similar
to those of TGA curves. The weight losses of the compacts before and after foaming at
the prescribed foaming temperatures are tabulated in Table 5.1. The weight loss
between 750 and 950 °C is about 11 wt% on the average and found to be not
significantly affected by the foaming temperature as tabulated in Table 5.2.
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Table 5.2. The weight losses of the compacts with foaming temperatures.

Sample Heating Initial Weight ~ Final Weight ~ Weight Loss
Temperature 9) 9) (%)
(°C)

1 750 100 88.9 11.1

2 800 100 89 11

3 850 100 89.1 10.9

4 900 100 89.1 10.9

5 950 100 89.1 10.9

Silicon carbide (SiC) is the most widely used foaming agent for foamed glass
production [40]. The initial oxidation of SiC was presumed to start at about 800 °C as
depicted in Figure 4.3(b). The weight gain of SiC powders in the TGA curve of Figure
4.3(b) is noted to be parabolic over 1100 °C. The weight gain is due to the reaction:

SiC+20,-> Si0,+CO; (5.1)

as shown in a previous study [41]. Therefore it is expected that the extensive foaming of

the glass compacts with SiC blowing agent should start after about 800 °C.

5.4. Expansion Behavior of the Compacts

Typical volume expansion-time and temperature-time graphs of the foamed
glass powder compact consist of 4 different regions as marked in Figure 4.4. These are
1) Region 1: the sintering region, 2) Region 2: the expansion region, 3) Region 3: the
maximum expansion and 4) Region 4: the final region in which expansion vanishes.
Initially a slight increase in the volume of the compact occurs until about 700 °C in
Region 1. The expansion is due to the thermal expansion of the pellet. The transition
from Region 1 to Region 2 occurs at 695 °C (marked with arrow in Figure 4.5). The
transition point indicates the temperature at which the foaming starts. This temperature
also corresponds to the principle of foam glass process that is between 700 and 900 °C.

The glass powder forms into a viscous liquid and then the foaming agent decomposes to
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forma gas, inturn forms bubbles. As the temperature increases, the volume expansion
also increases. The expansion reaches a maximum value (maximum volume expansion)
at about 866 °C in Region 2. The volume expansion does not change significantly in
Region 3. In Region 4 the expansion vanishes.

The compacts expansion reached to a maximum in Region 2 in a short time, for
the temperatures above 800 °C (see Figure 4.5(a)). The compact expansion continued in
Region 2 until about very long furnace holding times when the temperature was 800 °C
or lower. This result agrees well with the weight loss of the as-received powder after
800 °C. The volume expansion, pore growth and the viscosity of the glass foam powder
compact strongly depend on temperature. On the other side, the foaming process started
at 680°C independent of the furnace holding temperature (Figure 4.5(b)). The maximum
volume expansion conducted at 800 °C was about 530 % while it was 810% at 925 °C.
As depicted in Figure 4.5(b).

The volume expansion behavior was also observed visually. The foaming just
starts at about 700 °C, and when the temperature increases to 750 °C, the compact starts
to expand further (Figure 5.2(a) and (b)). As the temperature increases to 900 and 950
°C, the compact expands rapidly (Figure 5.2(c) and (d)). If the temperature is too high
the bubbles will rise and the body will collapse and not forma foam body [42].

51



(b)

©) (d)

Figure 5.2. Glass foam powder compact (a) at 700 °C, (b) foamed glass at 750 °C, (c) at
900 °C and (d) at 950 °C.

The heating rate affected the foaming expansion (Figure 4.6). When the foaming
temperature was below 800 °C, the expansion continued, while increasing temperature
after a certain holding time reduced the expansion values as compared with the compact
heated quickly above 800 °C. During quick heating, although the volume expansion at
900 °C (Figure 4.5) was 750 %, the volume expansion at slow heating rate was around
500 %. The same effect was also observed in SiC contained compacts (Figure 4.7(b)).
The reduced expansion of powder compacts with slow heating rate was also shown in a
previous study [10]. It was concluded that slow heating lead to early release of the gas
from the foaming agent before the viscosity of the glass was low enough to allow the
glass to expand rapidly and more gas escaped from within the body [11].

The effect of foaming temperature on the final relative density of the foamed
glass is shown in Figure 5.3. The final relative densities are slightly lower when the

heating rate is fast. The heating rate significantly affects the relative density at the
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foaming temperature below 850 °C. Since the foaming agent, presumably boron oil,
decomposes completely at about 800 °C, above that temperature the heating rate is
expected not significantly affect the foam expansion. However, at the temperatures
around 800 °C, the slow heating rate will allow a higher rate of gas escape from the
compact. To reach higher expansions and lower relative densities, the compact should

be heated quickly until about 800 °C.
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Figure 5.3. The relative density of foam as function of foaming temperature.

It was further shown that the addition of SiC did not affect the foaming starting
temperature (Figure 4.7(a)). While the volume expansion of SiC-compacts, slightly
higher than that of glass powder compacts.

The glass powder compacts were prepared under 15 MPa pressure. This value
was selected since increasing the compaction pressure caused cracks on the surface and
in the corners of the compact. The use of kaolin coated foaming mold powder prevented
the reaction between the compact and the mold [43]. Furthermore, the thermal stability
of kaolin was advantageous.

The foam evolution in the foaming powder compact process may be considered

composing of several stages. The foam formation starts in the solid state just before the
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melting of the compact. As the foam expands, the decaying processes become active
with cell wall rupture, coarsening and drainage. The cell wall rupture results from the
thinning of the cell walls: the liquid flows from the film surface (cell wall) to the
plateau borders (cell edges) under the action of gravity and the pressure difference
between film and plateau border. The drainage reduces the cell wall thickness and forms
a dense layer at the bottom and the cell rupture induces larger cells at the top sections of
the foam cylinder. The cell rupture time (T) was further approximated using the

following relation;

T=b [P (5.2)

where, b, ¢, pand o are the cell wall length, thickness, liquid density and surface
tension, respectively. Haibel et. al. [44] analyzed the possible stabilization mechanisms
operative in the foaming powder compact process. In the case of no particles on plateau
borders and cell walls, the liquid metal on a cell wall, under the effect of the pressure
difference,

1 1

AP:ZG(RPB R_F (5.3)

flows from the cell walls to the plateau borders (Rpg and Rr are the radius of curvature
of plateau border and cell face, respectively). The partially wetted particles on the cell
wall form menisci of radius of RezRpg, Which reduces the pressure difference and
capillary suction. The increased viscosity of the melt by the presence of small particles
in the film may immobilize the liquid metal flow.

As the foaming time increases the cell walls become thinner, while cell edges
become thicker due to the drainage. Figure 5.4(a) shows the compact microstructure at
the very initial stage of foaming process. The cells are relatively small and the smaller
cells are spherical in shape. As the foaming proceeds, the cells not only form but also
change the shape from sphere to polyhedra (Figure 5.4(b)). This also causes to the
thicker cell edges and thinner cell walls. The foam glass microstructure observations
also revealed the presence of smaller pores on the cell edeges and cell walls as
previously observed [27]. Figure 5.5(a) shows an SEM micrograph of fomed glass cell

edge and cell walls. Small size pores on the cell edges and cell walls are clearly seen.
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The boron oil is a neutralizer blowing agent, dissociating to give a gaseous product
similar to dolomite (CaMg(CO3),) and CaCOs. The gas evolution burst the cell walls,
forming interconnections between the cells. This effect is also seen in Figure 5.5(b), in
which few torn cell walls are clearly seen. This will certainly increases the water

absorption of the foamed glass as stated earlier.

Figure 5.4. SEM micrograph showing cells in a compact foamed at (a) initial foaming
stage and (b) at maximum expansion.

@) (b)

Figure 5.5. SEM micrographs showing (a) small pores on the cell edges and cell walls
and (b) interconnections on the cells walls.
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The final macrostructure of the foamed glass is depicted in Figure 5.6. The
macrostructure is very heterogeneous in cell size: small spherical pores are distributed

around the large elliptical cells.

Figure 5.6. The foamed glass produced at 950 °C.

5.5. Crystallization

The foaming of the compact at 750 °C yielded the only crystalline phase of
quartz (see Figure 4.11). As the foaming temperature increased, wollastonite and
diopsite phases appeared. Increasing the temperature caused an increase of the intensity
of the peaks. Wollastonite formation was due to the high content of CaO in the
composition of glass, and it could be favored by the sintering temperature, close to the
temperature of maximum crystallisation rate for the same phase [15]. Furthermore
increasing the foaming temperature caused the crystallization of diopside between 800
and 900 °C. The XRD analysis result is also in a good agreement with the study of
Tulyaganov et al [45]. Figures 5.7 (a) and (b) show the SEM cell pictures of the foamed
compacts at 750 and 800 C, respectively. The needle- like features seen on the cell walls
in Figure 5.7(b) are the wollastonite and diopsite crystals. The formation of these crystal

phases were proven microscopically also.
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(b)
Figure 5.7. Foamed glass cell SEM pictures after foaming at (a) 750 and (b) 800 °C.

5.6. Compressive Strength Results

Generally the higher the density of the foamed glass, the higher is the strength.
This is due to the load is being distributed among a larger amount of glass. Both thin
and closely spaced walls and sparse walls of greater thickness yielded higher strength
[13]. For the studies on glass powder, no effect of heating rate was detected on the
collapse and plateaus tresses. Figures 5.8(a) and (b) show the variations of collapse and
plateau stresses with the relative density of the foamed glass, respectively. As the
relative density increases both collapse and plateau stresses increase, while no
significant effect of heating rate of foamed glass collapse and plateau stresses are seen
in Figures 5.8(a) and (b). In the following analysis therefore the effect of heating rate is
excluded and the foamed glass samples strength is analyzed only a function of relative
density.
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The collapse and plateau stresses of the tested foamed glass foam is fitted with

the equation given in previous chapter,

Ot = OpnalCAH " + (L= $)pra] (5.4)

In order to compare the strength of the foamed glass samples with the previously tested
similar foams, the strength values taken from the literature are also fitted with Equation
5.4. The results of fitting are shown in Figures 5.9(a) and (b) for collapse and plateau
stresses respectively. The fitting is performed for the ¢ values of 1, 0.9, 0.8, 0.7 and 1.
For ¢ value of 1 and O refers to open and closed cell foams, respectively. It is noted in
Figure 5.9(a), the collapse stress values of foamed glass fall between the ¢ values of 0.9
and 0.7. That means the foamed glass samples show a mechanical behavior near to open
cell foams. This is also microscopically proven with the relatively thick cell edges. At
low densities the foamed glass shows nearly open cell behavior as seen in Figure 5.9(a).
This mainly because of majority of glass phase is collected at the cell edges. While at
increasing densities the foam mechanical behavior switches from open cell to close cell
behavior with increasing ¢ value. The same trends are also seen in the Plateau stress

values in Figure 5.9(b).
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the present study and literature results.
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5.7. Thermal Conductivity

Thermal conductivity of foamed glass also depends on the type of the porosity.
Foamed glass with prevailing sealed pores is regarded as heat-insulating. The thermal
conductivity also depends on the ratio between the solid and the pores [13]. The lower
the density, the lower thermal conductivity is obtained. The variations in the thermal
conductivity of the foamed glass samples with relative density for fast and slow heating
show almost no effect of heating rate on the thermal conductivities as shown in Figure
5.10(a). The thermal conductivity is further noted to increase with increasing relative
density. The present foam samples are also found to show similar thermal conductivities

with the similar glass foams found in the literature (Figure 5.10(b)).
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5.8. FTIR Analysis

The FTIR analysis of glass foam powder, waste glass powder with and without
boron oil was shown in Figure 4.13. The wavelengths of the bonds found in the analysis
tabulated in Table 5.3. The FTIR analysis of these three powder showed that, both
boron oil added glass powder and glass foam powder had the same organic compound
peaks. The peaks between 3600 and 1500 cm in the FTIR analysis for glass foam
powder are due to glass powder mixing with the boron oil during polishing of window

glass.

Table 5.3. The wavelengths and the chemical bonds obtained in FTIR analysis
Chemical Bond Wavelength (cm™)

O-H 3600-3200
C-H 2960-2800
C-C 1660

Cc=C 1500

CH Group 1460
Si-O-Si 1050-1200
Si-O-Si 850-750
Si-O-Si 500-400

The exact amount of organic compounds and their chemical formula of boron oil
within the glass foam powder are unknown. Common of all hydrocarbons, heating
results in formation water vapor and carbon dioxide as,

CoHm + (W4 + 1)0, > (M/2)H,0 + nCO; (5.5)

It is presumed that the burning of the organic compounds during heating caused the

self-foaming behavior of the as-received glass foam powder.
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CHAPTER 6

CONCLUSIONS

In this study, the foaming behavior of a glass powder which is a residue from a
window glass polishing factory in Bursa, was investigated at the foaming temperature
between 700-950°C. As-received glass powder contained 72.76% SiO», 11.18% Na,O,
11.31% CaO, 1.74% MgO and 1.61% ALOs. The powder compacts for foaming
experiments were prepared using a steel mold at the compaction pressure of 15 MPa.
The foaming of the glass powder compacts was conducted in a foaming set-up,
comprising a vertical furnace and a linear variable transducer which measured the linear
expansion of the compacts. The compression tests and thermal conductivity
measurements were performed on the foam samples of varying relative densities.

Followings are concluded,

1. The XRD analysis of the as-received glass powder showed an amorphous
structure of the as-received glass powder, which was typically found in soda-
lime window glass.

2. The XRF analyses of the as-received glass were well matched with the
traditional window glass chemical composition

3. The TGA analysis of the as-received powder showed no weight loss after about
800 °C. TGA curve of typical waste glass powder mixed with 10 wt% boron oil
showed a similar TGA curve with as-received glass powder. The weight losses
of the compacts after foaming between 750 and 950 °C was about 11 wt% on
the average and found to be not significantly affected by the foaming
temperature.

4. Typical volume expansion-time and temperature-time graphs of the glass
powder compact consisted of 4 different regions, Region 1: the sintering region,
Region 2: the expansion region, Region 3: the maximum expansion and Region
4. expansion vanishes. The maximum volume expansions and foam density
varied between 700-772% and 0.378-0.206 g/cm?®, respectively.
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10.

11.

12.

13.

. The expansion of the glass powder compacts started at a characteristic

temperature of 690-700 °C and reached a maximum volumetric expansion
values at about 866-877 °C.

When the foaming temperature was below 800 °C, the compaction expansion
continued in Region 2, while above that temperature the compact reached the
maximum expansion in a relatively shorter time. The slow heating lead to early
release of the gas from the foaming agent before the viscosity of the glass was
low enough to allow the glass to expand rapidly and more gas escaped from
within the body.

The heating rate affected the relative density at the foaming temperature below
850 °C. Above that temperature the heating rate did not affect the foam density.
The addition of SiC did not affect the foaming starting temperature (Figure
4.7(a)). While the volume expansion of SiC-compacts were found slightly
higher than those of glass powder compacts without SiC addition.

XRD analysis after production the foamed glass showed that crystalline phases
occurred as the foaming temperature increased. The foaming of the compact at
750 °C yielded the only crystalline phase of quartz. As the foaming temperature
increased, wollastonite and diopsite crystals were formed.

The compressive strength of the prepared foams ranged between 1.9 and 3.9
MPa and the thermal conductivity between 0.048-0.079 W/K m.

Both collapse and plateau stresses increased with increasing relative density,
while heating rate was not found to be affect the collapse and plateau stresses.
The foamed glass samples showed the mechanical behavior similar to open cell
foams. This was attributed to the thicker cell edges and thinner cell walls leading
to higher glass material accumulation on the cell edges.

The self-foaming behavior of the studied waste glass powder was attributed to
the organic compounds within the boron oil which was used as a coolant in the

polishing operations.
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