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ABSTRACT 

 
PROCESSING FOAM-LIKE POROUS GLASS STRUCTURE USING A 

COMBINED PROCESS OF GLASS POWDER EXPANSION IN 
AQUEOUS ENVIRONMENT AND SINTERING PROCESS 

 

 Soda-lime glass foams were formed by the controlled pore structure of inorganic 

particle-liquid suspensions at room temperature and then sintered at elevated 

temperatures between 650oC-800 oC. The slurries were prepared using the glass particles 

below 38 m (fine), between 38 and 45 m (medium) and between 45 and 56 m (coarse) 

and with 50, 55, and 60 wt% solid content and 2, 3, and 4 wt% carboxymethyl cellulose 

(CMC) binder addition. The slurries were foamed using an Al-based foaming agent and 

a calcium hydroxide alkali activator with an amount of 1 wt%.  

 An increase in CMC content and a decrease in particle size shifted the slurries 

from a Newtonian to a non-Newtonian behavior and slurry stabilization with the CMC 

addition. The extensively increased initial bubble pressure in high viscosity slurries 

resulted in higher linear expansion rate initially followed by a bursting of gas bubbles. 

The maximum foam linear expansion of the slurries increased with CMC addition until 

about ~5 Pa s and the expansions stayed almost constant over 400% expansion, while the 

slurries with the viscosity above 50 Pa s could not be foamed. The most effective factor 

on the maximum expansion was found the solid content followed by CMC content and 

the least effective factor was determined the particle size. Partial bonding of glass 

particles and excessive shrinkage of glass particles due to the melting of foam green 

bodies were seen at 650 and 800 oC sintering temperatures. Prepared foam glasses showed 

lower compressive strengths and thermal conductivities than the glass foams reported in 

the literature.  

 Finally, foaming at room temperature with this technique was found to be more 

advantageous than conventional glass foam production techniques due to ease of pore 

formation controlling at room temperature. 
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ÖZET 
 
SULU ORTAMDA CAM TOZUNUN GENLEŞMESİ VE SİNTERLEME 

YÖNTEMİNİ BİRLİKTE KULLANARAK KÖPÜKSÜ GÖZENEKLİ 
CAM YAPILARIN ÜRETİMİ 

 

 Soda-kireç cam köpükleri, oda sıcaklığında inorganik tanecik-sıvı 

süspansiyonlarının kontrollü gözenek yapısı ile oluşturulmuştur ve daha sonra 650-800 

oC arasında yüksek sıcaklıklarda sinterlenmiştir. Bulamaçlar, 38 m (ince) altı, 38 ve 45 

m arası (orta), ve 45 ve 56 m arası (kaba) cam partiküller kullanılarak ağırlıkça %50, 

%55 ve %60 katı oranlarıyla ve ağırlıkça %2, %3 ve %4 CMC bağlayıcı ilavesiyle 

hazırlanmıştır. Bulamaçlar, ağırlıkça %1 miktarında Al bazlı bir köpürtme ajanı ve 

ağırlıkça %1 miktarında bir kalsiyum hidroksit alkali aktivatörü kullanılarak 

köpükleştirilmiştir.  

 CMC içeriğindeki artış ve tane boyutundaki düşüş, bulamaçları Newtonian ’dan 

Newtonian olmayan bir davranışa götürmüştür ve CMC ile bulamaçlar stabilize 

edilmiştir. Yüksek viskoziteli bulamaçlardaki yoğun şekilde artan başlangıç kabarcık 

basıncı, daha sonra gaz kabarcığı patlamasıyla daha yüksek doğrusal genleşme oranına 

sebep olmuştur. Bulamaçların maksimum köpük lineer genleşmesi, CMC ilavesi ile 

yaklaşık ~ 5 Pa s'ye kadar artmıştır ve genleşmeler, %400 genişlemenin üzerinde sabit 

kalırken, 50 Pa s'nın üzerindeki viskoziteye sahip bulamaçlar köpükleşememiştir. 

Maksimum genleşmedeki en etkili faktör, katı oranının ardından CMC içeriği olarak 

bulunmuştur ve en az etkili faktörün tane boyutu olduğu tespit edilmiştir. Cam 

partiküllerin kısmı olarak bağlanması ve yaş köpük malzemenin aşırı büzülmesi 650 ve 

800 oC sinterleme sıcaklıklarında görülmüştür. Hazırlanan cam köpükler, literatürde 

bildirilen cam köpüklerden daha düşük basma dayanımı ve termal iletkenlik göstermiştir. 

 Son olarak, bu teknikle oda sıcaklığında köpükleştirmenin, oda sıcaklığında 

kontrollü gözenek oluşumu kolaylığından dolayı geleneksel cam köpük üretim 

tekniklerinden daha avantajlı olduğu bulunmuştur. 
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CHAPTER 1 

INTRODUCTION 
 

 

 Foams refer to the group of materials in which gas bubbles (cells) are regularly 

distributed in a liquid phase. Solidified liquid foams referred as to solid foams are 

classified as metal, polymer and ceramic foams based on the material of which they are 

made. Glass foams are made of SiO2 and hence grouped within ceramic foams. Glass 

foam blocks are commercially available by few different companies and are primarily 

used for insulation purposes in buildings, water and hot oil pipes and tank bases. The 

specific applications in buildings include the roof and interior and exterior walls. Glass 

foams are effective in preventing the spreading of fire once it is ignited, exhibit higher 

compressive strength than polymeric foams and have comparable strength with metal 

foams. They have also low moisture absorption coefficient, giving them high durability 

and long-term life. 

 Recycled glass called also cullet is a very cheap source of glass foam production. 

The cullet is initially milled down to micron size powder after sequential and repetitive 

crushing, grinding and cleaning. Thereafter, the cleaned and milled glass powder is mixed 

with a foaming agent (e.g SiC, C and CaCO3) at room temperature. In a later stage, the 

powder mixture is heated to an elevated temperature, typically to 900-1000 oC. During 

heating the glass powder melts, meanwhile the foaming agent decomposes to give a 

gaseous product such as CO2 which expands the viscous molten glass. 

 Aerated concrete (AC), which is also known as a foam material, was invented by 

Swedish Architect Dr. Johan Axel Eriksson in 1920 together with Professor Henrik 

Kreüger at the Royal Institute of Technology 1. The commercial AC production is based 

on a ceramic slurry of silica, lime, cement and water, which is expanded by the addition 

of an Al-powder contained foaming agent. The reaction between Al and calcium 

hydroxide results in H2 gas evolution, leading to the expansion of slurry. In a final stage, 

dried foam is autoclaved under a relatively high pressure to give a cellular product called 

autoclaved aerated concrete (AAC).  
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 In present thesis, a novel glass foam processing method which was a combination 

of glass powder expansion in aqueous slurry similar to AC and sintering green glass foam 

structures at high temperature was studied experimentally. A glass powder contained 

slurry was foamed in an aqueous environment at room temperature and then the foamed 

green structure was sintered to give a solid structure. The slurries in different solid content 

(50, 55 and 60 wt%), CMC amount (2, 3 and 4 wt%) and powder size distributions (45-

56 m, 38-45 m and below 38 m) were prepared. The rheology and dynamic expansion 

behavior of these slurries were investigated and the critical relationship between these 

two and their effects on the control over the pore formation and structure of the green 

body were discussed. The compressive mechanical properties of the sintered green bodies 

(600-800 oC) were also determined.  

This study gives a new insight for foam glass production. Compared to conventional 

foam glass production techniques, the studied method offers more controllable pore size, 

shape, and distribution by eliminating foaming at a high temperature. The sintering 

temperature is also lower than that used in conventional techniques, so that the production 

cost is further lowered. Although, the study has used recycled soda-lime silica glass as 

the main ingredient, the discussed method lends itself to use other forms and chemistries 

of recycled glass making it a viable green technology candidate. 
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CHAPTER 2 

PROCESSING AND PROPERTIES OF AERATED 

CONCRETE  

2.1. Aerated Concrete 

 Concrete is made of approximately one-part Portland cement by volume, two parts 

fine aggregate (fine limestone or quartz sand), three parts coarse aggregate (course 

limestone or quartz) and water 2. Portland cement as the main component of concrete 

production and considered as the most consumed building material in the world. Its 

chemical composition encompasses major oxides of CaO, SiO2, Al2O3, Fe2O3 and minor 

oxides of MgO and SO3 including alkali oxides of K2O and Na2O. Limestone, chalk, marl, 

clays, slags and shale are the main raw materials for the Portland cement production. Its 

production starts with crushing rocks and mixing the ingredients including iron ore and 

fly ash. After grounding and homogenizing, the powder mixture is calcined and fused at 

1450oC 3.  

 Aerated concrete (AC) also called cellular concrete or lightweight concrete is 

formed by entrapping air bubbles in a mortar matrix mechanically or through the reaction 

of a foaming agent 4. Low density and low thermal conductivity make AC suitable 

materials for insulating buildings 4. It also provides material saving possibilities in 

structural applications such as side walls and roofs in buildings. Aerated concrete 

processing also requires much lower processing temperatures (usually processed at room 

temperature) than cellular ceramic processing such as glass foam that are foamed at an 

elevated temperature 2.   

 Aerated concrete production starts with a slurry of silica, Portland cement, lime 

and water as shown in Figure 2.1. While other siliceous materials such as sandstone, shale 

ash, fly ash, and their mixtures may replace sand and cement/lime mixtures may replace 

Portland cement 5. In an initial step, the raw materials are grinded in order to obtain fine 

particle size. The method of forming porous structure in the slurry, which is the third step 

in Figure 2.1, differentiates two types of methods, air-entraining and foaming method. In 
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the air-entraining method, a gas-forming agent is added to slurry. The reaction of gas-

forming agent causes volume expansion and pore formation of slurry. Aluminum powder 

is the most widely used air-entraining agent. Aluminum flake-shape powder, usually less 

than 100 μm, and made of foil scrap 1, is added to the slurry in the form of a paste. After 

mixing the silica sand, lime, cement and water to form a slurry, the slurry is poured into 

a mold. Upon the addition of Al foaming agent, the following reaction takes place 

 

2Al + 3Ca(OH)2 (s) + 6 H2O (l) → 3CaO Al2O3 6H2O (s) + 3H2 (g) (2.1) 

 

 The reaction between Al powder and hydrated lime gives rise to tricalcium 

hydrate and H2 gas which expands the mortar. In the foaming method, the pores are 

introduced to the slurry mechanically. Foaming agents like soap, resin and saponin are 

mixed with the water or mortar in order to obtain pre-formed foaming in matrix 4. As a 

final optional step, autoclaving is applied (Figure 2.1). Autoclaving enhances mechanical, 

shrinkage and absorption behavior of aerated concrete 4, 6. 

 

 
 

Figure 2.1. Schematic illustration of AAC production 
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 The mechanisms of aluminum powder dispersion in calcium hydroxide solution 

under controlled hydrogen gas release rate was previously investigated 7. The reactions 

between calcium ion, aluminum hydroxide anion and water molecules result in katoite 

formation and hydrogen release as shown in Figure 2.2.  

 

 
 

Figure 2.2. Schematic illustration of aluminum dissolution in Ca(OH)2 solution 
(Source: Kanehira et al., 2013) 

 

 The weight ratio of calcium hydroxide was shown to be the most important factor 

affecting the hydrogen gas release rate 7. The possible reactions of hydrogen gas release 

are  

 
Al + 3H2O → Al(OH)3 + 3H2 (2.2) 

Al + 2H2O → Al(OOH) +3/2H2 (2.3) 

Al + 3/2H2O → 1/2Al(OOH) +3/2H2 (2.4) 
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 The dissolution of aluminum with Ca(OH)2 is accomplished by four stages 

presented by the reactions given below 

 

Al2O3 + H2O ↔ 2AlOOH (2.5) 

AlOOH + H2O ↔ Al(OH)3 (2.6) 

Al(OH)3 + OH ↔ Al(OH)4 - (2.7) 

3Ca2+ + 2 Al(OH)4 + 8H2O ↔ Ca3Al2(OH)4 + 6H2 (2.8) 

 

 Stage 1 starts with the breakage of Al-O-Al bonds by the reaction between thin 

oxide layer on aluminum and water to form AlOOH (Equation 2.5). Al-O-Al forms two 

Al-OH for each water molecules in the hydrolysis reaction. Then, the hydration proceeds 

with the formation of aluminum hydroxide (Al(OH)3) (Equation 2.6). The amorphous 

Al(OH)3 is thermodynamically more stable than Al2O3 in hot water and tends to form 

Al(OH)4 – ion (Equation 2.7). In stage 2, Al(OH)4 – ion reacts with Ca2+ ions and water, 

leading to the growth of katoite (Equation 2.8). In stage 3, the hydrogen release is 

proceeded primarily by the reactions in Equations 2.2, 2.3 and 2.4 since the passive oxide 

layer on aluminum is dissolved in the solution. As these reactions proceed, the size of 

aluminum decreases in stage 4 and hydrogen release is discontinued until the aluminum 

dissolves in the solution 7. 

2.2. Microstructure and Mechanical and Thermal Properties of AAC 

 During hydrothermal process, the green body is strengthened by autoclaving 

under steam pressure. As a result of autoclaving, nearly one nanometer size tobermorite 

and crystallized C-S-H are formed as the main binding phases 8. Besides tobermorite and 

crystalline C-S-H, xonotlite, jennite and other calcium silicate hydrates may form as 

secondary phases depending on bulk CaO/SiO2 ratio, autoclaving temperature and time 
9. Although, autoclaving is essential for the formation of crystalline phases, prolonged 

autoclaving was reported to inhibit the formation of tobermorite after 8 h 8. The pore 

structure of autoclaved aerated concrete (AAC) is composed of several levels of pore 

sizes between 50 nm and 60 μm 4. The pores bigger than 60 μm are considered macro 

pores mainly formed by the expansion of mortar (Figure 2.3(a)). Micro pores are formed 
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in the vicinity of the cell walls of macro pores (Figure 2.3(b)). And inter-particle pores 

form on the cell walls, near micro pores (Figure 2.3(c)).  

 

 
 

Figure 2.3. Pores in AAC (a) artificial air pore, (b) inter-cluster pore and (c) inter-
particle pore (Source: Narayanan and Ramamurthy, 2000) 

 

 The method of foaming of AAC determines the microstructure and mechanical 

and thermal properties. The typical mechanical and thermal properties of AAC is 

tabulated in Table 2.1 as function of density. As the density increases both compressive 

strength and elastic modulus increase. The similar increase in thermal conductivity is also 

seen. As with other ceramic foams, the compressive strength shows a power-law or nearly 

linear strengthening with increasing density 8, 10. 

 

Table 2.1. The mechanical and thermal properties of AAC 
(Source: Ergul et al., 2009) 

 

Dry Density 
(kg m-3) 

Compressive 
Strength (MPa) 

Elastic Modulus 
(GPa) 

Thermal Conductivity 
(W m -1 K-1) 

400 1.3-2.8 0.18-1.17 0.07-0.11 
500 2.0-4.4 1.24-1.84 0.08-0.13 
600 2.8-6.3 1.76-2.64 0.11-0.17 
700 3.9-8.5 2.42-3.58 0.13-0.21 

 

 The compressive strength of AAC is affected by admixture addition 1. It was 

reported that the compressive strength increased with fiber substitutes and the highest 

compressive strength increase was found in carbon fiber reinforced AAC 12. In another 

study, both fracture load and toughness of AAC increased with the increase of Poly-olefin 

fibrillated fiber content 13. The presence of fibers prevents the premature fracture and 

improve the post-cracking stiffness and ductility. The compressive strength of AAC was 

shown higher than that of short polymer fiber added AC, while the ratio of residual 
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strength to peak strength of polymer fiber added AC was much higher than that of AAC 
14. Although AAC did not provide much crack resistance under flexural or tensile loading, 

polymer fiber added AC absorbed high amounts of energy as a result of crack bridging 

action of fibers (Figure 2.4). The flexural toughness of short polymer fiber added AC was 

found 100 times higher than of that of AAC due to the role of fibers in bridging the micro 

and macro cracks.  

 

 
 

Figure 2.4. The fracture pictures of (a) AC and (b) fiber added AC test specimen showing 
crack bridging of fibers (Source: Bonakdar et al., 2013) 

 

 Moisture content affects the compressive strength of AAC. Aerated concrete 

usually contains 25-45 wt% water after autoclaving. The compressive strength after 

autoclaving is lowest; as the water content decreases the compressive strength increases 

particularly below 10wt% of water (Figure 2.5) 2. The strength also varies with the 

direction of applied force. During foaming the bubbles rise normal to slurry surface. The 

density in the foaming direction, normal to slurry surface, is therefore lower than that of 

transverse direction, which induces anisotropy in mechanical and thermal properties. The 

creep behavior of AAC materials is function of the applied stress, moisture content, 

ambient temperature and relative humidity 5. 

 The thermal conductivity of AAC becomes important when used as insulator 15. 

The heat transfer mainly occurs by conduction, convection and radiation. Thermal 

conductivity of AAC is influenced by the density and moisture content; ACCs with finer 

pores have lower thermal conductivities 4. 



9 

 
 

Figure 2.5. The effect of moisture content on relative compressive strength 
(Source: Scheffler and Colombo, 2005) 
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CHAPTER 3 

MANUFACTURING METHODS AND PROPERTIES OF 

GLASS FOAMS 

3.1. Brief History of Foam and Nodulated Glass Processing 

 Glass foam production dates back to the 1930s. Long 16 patented “glass product 

and method of manufacturing sponge-like glass” in 1934. A batch containing silica or 

sand, alkali metal salts and other metal compounds such as zinc oxide, aluminum 

hydroxide together with boric acid or borax and carbonaceous materials was melted. The 

melt was then cooled down to the softening temperature (500-700 oC) and maintained at 

that temperature until the spongy glass was formed. In a method patented in 1932, the 

dissolved air or gas in molten glass was drawn out by applying vacuum (Figure 3.1(a)) 
17. This induced a porous structure after solidifying the vacuumed glass melt contained 

gas bubbles. The foam glass produced by this method was reported inhomogeneous in 

pore size and porosity distribution. In order to obtain relatively homogeneous pore size 

and porosity distribution, a gas forming agent such as SiC powder was mixed with molten 

glass inside a mold; then, the air surrounding the mold was evacuated (Figure 3.1(b)) 18. 

The decomposition of SiC powder resulted in the release of CO2 which expanded the 

molten glass. The evacuation of air facilitated the growth of gas bubbles in the molten 

glass. 

 The foam glass processing using ground glass or glass powder was patented in 

1934 19. The ground glass powder was mixed with a foaming agent powder, and then 

powder mixture was heated to the softening point of glass powder (Figure 3.1(c)). The 

sintering of glass particles enclosed foaming agent powder and prevented the escape of 

the gas formed by the decomposition of the foaming powder. Heating to a higher 

temperature to the decomposition temperature of foaming agent powder expanded the 

softened glass powder. Diatomaceous earth powder which contained air inside nano-

porous frustules was also used as foaming powder agent 20. The density of the foam glass 

processed by this method ranged 350-400 kg m-3. In order to reduce the density of foam 
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glass, porous vermiculate or diatomaceous earth powder (1-8 wt%) was added to ground 

window glass and foaming agent (CaCO3 (0.5-2 wt%)) powder mixture 21. The mixture 

was heated to 650 oC to sinter the glass particles and then to 815-912 oC to decompose 

CaCO3 into CO2 and soften the glass sufficiently to permit the decomposition gas to 

expand. The vermiculate or diatomaceous earth remained unchanged and embedded in 

the cell walls (Figure 3.1(d)). In order to increase resistance to water and water vapor at 

elevated temperatures, flint (10-40 wt%) was added to the mixture of glass and foaming 

agent powder. During heating, the flint entrapped into the foam glass cell walls without 

interacting with glass and foaming agent powder.  

 

 

 

 

(a) (b) 

 

 

 

 
(c) (d) 

 

Figure 3.1. Foam glass processing (a) vacuuming molten glass, (b) mixing molten glass 
with foaming agent powder, (c) heating glass powder/foaming powder 
agent and heating glass powder and foaming agent powder with (d) 
vermiculate 
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 Nodulated cellular glass and method of forming were patented in 1954 22. The 

soda lime glass or borosilicate glass powder was pulverized in a ball mill with 0.1-2 wt% 

carbonaceous foaming agent powder (e.g. carbon black, coal or coke) (Figure 3.2(a)). The 

pellets or nodule were then formed using the pulverized glass and foaming agent powder 

mixture and a suitable binder (water, urea solution or colloidal silica solution) in a 

briquetting machine. The pellets were then heated in furnace to give cellular nodular 

structure. Heating consisted of two stages: 1) sintering the glass powders in the pellets at 

700-787 oC and 2) foaming the pellets at 871-926 oC. The process yielded cellular nodules 

in various diameters with dense outer skins. Alternatively, the ball milled glass powder-

foaming agent mixture was sintered together to give sintered glass powder masses (Figure 

3.2(b)). Then, the sintered glass powder mass was crushed in a crushing machine. The 

sorted sintered glass masses were then foamed in a rotary furnace to obtained cellular 

glass nodules.  

 

 
(a) 

 

 
(b) 

Figure 3.2. Nodulated cellular glass and method of forming based on (a) briquetting 
and (b) crushing sintered powder mixture 



13 

3.2. Current Foam Glass and Granule Processing 

 Currently glass foams are produced by several companies. The properties of 

commercial foam glass products and trade names are tabulated in Table 3.1. Glass foam 

are either available in block form for thermal insulation or in aggregate/granules form for 

filling or sound insulation. The properties listed in Table 3.1 indicates that the important 

properties of glass foams which include lightweight, rigid, thermally insulating, freeze-

tolerant, nonflammable, chemically inert and nontoxic, insect and bacteria resistant and 

water resistant. These special properties make glass foam beneficial for construction 

applications such as insulation of roofs, walls and floors 2. The density of glass foams 

ranges 105-500 kg m-3. As also noted in Table 3.1, the block form of glass foam has no 

water absorption property. 

 

Table 3.1. The properties of commercial foam glass products 
(Source: Scheffler and Colombo, 2005)  

 

Properties 

Pittsburgh 
Corning 

Pittsburgh 
Corning 

Cell-u-
Foam Misapor Millcell Liaver Liaver Geofil 

Bubles 

Wallboard 
Block 

Foamglass 
F Block 

Ultra-Cuf 
1031 Block 

Loose 
aggregate 
10 - 50mm 

Loose 
aggregate 

Reapor 
sound 

insulation 

Glass 
Granules 2 

-4mm 

Glass 
Granules 
2- 25mm 

Specific Heat 
(kj/kg.K) 0.84 0.84 0.83      

Thermal 
Diffusivity  
(m2/s at 0°C) 

 
4.4 x 10-7  

3.5 x 10-7 4.9 x 10-7      

Product density 
(kg/m3) 105 165 128 225 100 to 300 290 300 to 500 450 to 

1850 
Bulk Density 
(kg/m3) 

     190  250 to 
1100 

Porosity (%)      85-86  14-50 

Water 
absorption 
(m%) 

0 0 0   50-60  0.1-55 

Hygroscopicity 0 0 0 0     

Permeability 0 0 0 0     

Capillarity 0 0 0      

Surface water 
adhesion (m-3) 

   70 l/     

Fire 
 

Non-combustible  

V1 (DIN 
A1) Non-Combustible 
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 Specifically formulated pristine glasses were used to produce glass foams in 

1930s. However, this process was more expensive than currently used methods due to the 

glass type used and the high sintering temperatures. Today, waste glass or cullet is 

commonly used for glass foam production. The amount of waste glass generation 

annually in 1998 was reported about 0.9 million tons in EU and 1.98 million tons in Japan 
23. About 74% of the container glass production was used as waste glass in Japan 23. The 

cullet generation was estimated 0.5 million ton per year in UK 24. A study reports that 

only 20% of the collected waste glass are returned to glass factories for re-melting 25. The 

current waste glass-based foam glass manufacturing seems to be one of the most 

economical ways of recycling large quantities of waste glasses generated. Recycling of 

glass products such as container and flat glasses, borosilicate glasses, and fluorescent 

lamp glass can generate different types of waste glasses. The mixture of pristine glass and 

waste glass can also be used together in glass foam production 2. 

 The composition of glass cullet in different countries are tabulated in Table 3.2. 

Despite small variations between glass cullet of different countries, on the average they 

have 70% SiO2 and 14% Na2O as major compounds. In addition to waste glass, fly ash, 

which is produced as a by-product of the coal combustion, is also used in glass foam 

production 26-28. Cathode ray tubes (CRTs) in televisions and computer display monitors 

include 50-85 wt% glass. Cathode ray tubes are valuable sources as a recycling glass 

material 29-30.  The composition of the CRTs is further tabulated in Table 3.3. Cathode ray 

tubes contains lesser amount of SiO2 and Na2O and additional compounds such as PbO. 

 

Table 3.2. The composition of container and sheet glass cullet in different countries 
(Source: Bobkova et al., 2007) 

 

 Mass Content 

Country SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 MnO 

USA 71.36 0.79 0.12 8.89 0.32 15.38 0.62 0.51 - 

Holland 70.92 2.26 0.27 11.41 1.50 12.78 1.04 - - 

Scotland 70.18 2.59 1.25 9.30 0.86 14.07 0.68 0.26 0.13 

France 70.40 1.80 - 9.60 1.20 15.00 0.20 - - 

Japan 73.30 2.11 0.10 7.43 0.48 17.50 0.82 - - 

Germany 69.90 1.15 1.29 10.47 1.04 15.01 0.37 0.53 - 
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Table 3.3. CRT glass compositions in wt% 
(Source: Bobkova et al., 2007) 

 

Compound 

Black and White 
Glass Color Screen Glass Color Funnel Glass 

Range Standard 
Content Range Standard 

Content Range Standard 
Content 

Network 
Formers  

SiO2 64-66 65 60-63 62 52-56 52 
Sb2O3 0.3-0.6 0.45 0.25-0.50 0.35 0.1-0.3 0.25 
ZrO2 0-0.5 0.25 0-2.5 1.5 - - 
As2O3 0-0.3 0.25 0-0.2 0.02 0-0.1 0.01 

Intermediaries       

Al2O3 3-5 3 2-3.5 2.2 3.5-5 4 
PbO 2.8-4.4 4 0-3 - 19-23 22 
ZnO 0-0.1 0.05 0.4-0.6 0.5 0-0.1 0.05 
TiO2 0.1-0.2 0.15 0.4-0.6 0.5 0-0.1 0.05 

Network 
Modifiers  

Na2O 6.5-8 7 7.8-9 8 6-8 6.8 
K2O 6-7.5 7 6-7.5 7.5 7.5-8.5 7.8 
Li2O 0-0.6 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 
Fe2O3 0.05-0.2 0.12 0.07-0.12 0.08 0.05-0.07 0.06 
SrO 0-2 1 6-10 8.5 0-1 0.5 
BaO 9-12 11 9-11 10 0-2 1 
CeO2 0.1-0.2 0.18 0.2-0.3 0.25 -  

3.3. Foaming Agents 

 Foaming agents are grouped in two types. The foaming agents decompose upon 

heating and release a gaseous product (CO2) are grouped as neutralizers. The examples 

include CaCO3 and CaMg(CO3)2. The foaming agents which form gaseous products of 

CO2, CO or N2 depending on the composition of the used foaming agent through reacting 

with glass are classified redox agents. The examples of redox agents are C, SiC and Si3N4 
32. The reactions of various foaming agents are tabulated in Table 3.4.  

 Various types of glass powders and blowing agents were previously investigated 

for the processing of foam glass. The glass particles polishing wastes containing SiC 
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particles were used as blowing agent for foaming soda-lime glass powder 33 and the 

powder mixture of soda-lime glass and glass fiber 34. The glass cullet mixed with 20 wt% 

fly ash was foamed using marble polishing plant sludge (mainly composing of calcite and 

dolomite) and using SiC as blowing agent 28. The dismantled waste CRT glasses were 

foamed using CaCO3, SiC and TiN as blowing agents and hydrothermal hot-pressing 35-

41. Borosilicate glasses were reported to be effectively foamed using SiC and Si3N4 over 

a wide range of temperatures 42. Water and liquid hydrocarbons were further investigated 

as blowing agents in foam glass processing; the latter were recommended to retard the 

effect of combustion reaction rate 43-44. 

 

Table 3.4. Foaming agents and their decomposition reactions 
 

Foaming Agent Decomposition Reaction 

Dolomite 
CaMg(CO3)2 

CaMg(CO3)2(s) CaCO3(s)+MgO(s)+CO2(g) 
CaCO3(s) CaO(s)+CO2(g) 

Carbon 
C(s)+O2(g)  CO2(g)  
2C(s)+O2(g) 2CO(g) 

SiC 
SiC(s)+ O2(g) SiO2(s)+CO2(g) 

SiC(s)+MnO2(s) SiO2(s)+MnO(s)+CO2(g) 

Si3N4 
Si3N4(s)+3O2(g) 3SiO2(s)+N2(g) 

Si3N4(s)+MnO2(s) 3SiO2(s)+MnO(s)+N2(g) 

AlN 
4AlN(s)+3O2(g) 2Al2O3(s)+2N2(g) 

4AlN(s)+3O2(g) 2Al2O3(s)+MnO(s)+2N2(g) 

3.4. Foaming Kinetics and Mechanical Properties 

 It was shown that there existed a relationship between the particle size distribution 

of glass powder to be foamed and the pore size and density of the foam glass 2. The pore 

diameter increased with the increase of the glass powder particle size as shown in Figure 

3.3 for a glass foam foamed using 5 wt% SiC. The foaming temperature increased cell 

size at the same final foaming time (Figure 3.4) 45.  

 The apparent density of foamed glass was also shown to increase with increasing 

glass powder particle size 46. Figure 3.5 shows the effect of mean glass particle size and 

heating rate on the apparent density of foam glass. Both mean particle size and heating 

rate increase the apparent density.  
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Figure 3.3. The influence of glass powder particle size on the microstructure of a glass 
foam foamed with 5 wt% SiC foaming agent                                          
(Source: Scheffler and Colombo, 2005)  

 

 
 

Figure 3.4. The pictures of cells of foam glass processed at (a) 750 (b) 800, (c) 850, 
(d) 900 and (e) 950 oC (Source: Attila et al., 2013) 

 

 
 

Figure 3.5. The effect of particle size (D50) on the apparent density of foam glasses 
prepared at same temperature with different heating rate  

  (Source: König et al., 2016) 
 

 The foam glass foaming and its cellular structure evolution may be considered 

composing of several consecutive stages 45. Figure 3.6(a) shows the volume expansion-
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temperature and volume expansion-time graphs of foamed glass compacts heated to 900 
oC. In Region 1 of Figure 3.6 (a), the glass powder sintered as the compact temperature 

increased and slight expansion in this region was due to the thermal expansion of the 

compact. The expansions of the glass powder compacts started at the temperature 

between 670 and 680 oC when the glass powder was melted in Region 2. The volume 

expansion reached a maximum value at about 866-872 oC. The expansion in Region 3 

was nearly constant and thereafter decreased slightly in Region 4 as the temperature of 

the foamed compact reached the temperature of the furnace. The transition from Region 

1 to Region 2 indicated the temperature at which the glass powder transformed partially 

or completely into a viscous liquid. Although the decomposition of the blowing agent 

started before the softening of glass particles, the sintering of the particles through neck 

regions prevented the escape of the gases before the melting of the glass powder, causing 

the rapid expansion of the briquette upon the sintering and/or partial melting of the glass 

particles. Figure 3.6(b) shows the volume expansion-temperature and volume expansion-

time curves of glass powder briquettes heated to the final temperatures between 700 and 

900 oC with different heating rates. The heating rate as seen in this figure increased the 

maximum expansion. 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 
42. 

 

(a) (b) 

Figure 3.6. The volume expansion-time and temperature-time graphs of (a) three glass 
powder compacts heated with the same rate and (b) glass powder 
compacts heated to different temperatures with different heating rates, the 
numbers corresponding to the different stages of compact expansion 
(Source: Attila et al., 2013) 
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3.5.  Mechanical Properties of Glass Foams 

 Glass foams show typical stress-strain behavior of other brittle foams. In 

compression, they show catastrophic failure following a maximum or collapse stress 10. 

The collapse stress of brittle cellular structures is given as 10 

 

σf=σs Cσφρrel

3
2+ 1-φ ρrel   (3.1)

 
where, s is the strength of glass, C is a constant, rel is the relative density of foam and 

 is the volume fraction of the solids contained on plateau borders 47. The relative density 

is ρ
ρs

, where ρ is the density of the foam and ρsis the density of the solid. The values of C 

is given as 0.2. The value of φ is given as 10 

 

φ=1-
3t(l-2Wp)2+6t 3(l-(2/ 3)Wp)2

11.31l3ρrel

 (3.2)

 
where l, Wp, and t are the cell wall length, plateau border thickness and cell wall thickness, 

respectively (Figure 3.7). 

 

 
 

Figure 3.7. Geometry of the cross-section of a tetrakaidecahedral cell edge with 
plateau borders (Source: Gibson and Ashby, 1997) 

 

 Figure 3.8 shows the experimental and Equation 3.1 (glass collapse stress was 

taken 70 MPa) collapse stresses as function of density 45. It was shown that the 
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experimental collapse stresses of glass fall between φ values of 0.7 and 1 for the foam 

densities up to 300 kg cm-3 and between 0.7 and 0.9 above the foam density of 300 kg 

cm-3. This confirmed that glass foams exhibited near open cell foam behavior. This was 

attributed to relatively thicker cell edges. Results from the literature are also provided for 

comparison. These results are taken from the references 1-48, 2-48, 3-24, 4-49, 5 -50, 6-51,7-
28,8-34, 9-52,10- 53, 11-54,1245, respectively. 

 

 
 

Figure 3.8. The fitting of glass foam compressive strength with Equation 3.1 
 

 The compressive strengths of the glass foams prepared using SiC or TiN at 750-

850 oC for 60-120 min varied between 4 to 267 MPa depending on their porosity as seen 

in Figure 3.9 38. A similar effect of porosity is also seen on flexural strength, as the 

porosity increased flexural strength decreased. In another study, it was shown that the 

amount of foaming agent initially decreased compressive strength and then increased the 

compressive strength as seen in Figure 3.10 39. The effect of cell size on the tensile, 

compressive and bending strength of glass foams were also investigated 55. The results 

revealed that the strength of glass foams increased for small cell size samples. 
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Figure 3.9. Compressive and flexural strength vs. porosity of different samples 
(Source: Mear et al., 2007) 

 

 
 

Figure 3.10. Compressive and bending strength as function of SiC amount 
(Source: Guo et al., 2010) 

3.6.  Thermal Conductivity of Glass Foams 

 The thermal conductivities of the glass foams as function of density were reported 

in the current literature 31, 38, 48, 50. The thermal conductivities of glass foams increased 
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with increasing foam density and varied between 0.048 and 0.079 W K-1 m-1. For the 

foam densities ranging between 100 and 200 kg m-3, the conductivities were between 0.04 

and 0.05 W m-1 K-1. Usually, closed-cell foams have lower thermal conductivity. It was 

reported that foaming agent affected the thermal properties of glass foams 56. Thermal 

conductivity of sintered and melt-quenched glass foams of CRTs foamed using MnO2 

and Fe2O3 increased with increasing wt% of foaming agent (Figures 3.11(a) and (b). The 

effective thermal conductivity (λeff) is given as 

 
λeff=α ρ Cp (3.3)

 
where,  is the thermal diffusivity,  is the bulk density and  is the heat capacity. The 

thermal conductivity of melt quenched, and sintered samples provided upper and lower 

limits. 

 

 
 

Figure 3.11. Thermal conductivity of sintered and melt-quenched samples with different 
foaming agents and amounts (Source: Østergaard et al., 2017) 

3.7. Current Situation in Glass Foams 

 There are approximately 170 scientific articles published in the literature. 

However, the total number of patents related to manufacturing of glass foams is 390 until 

2015 which implies the importance of need for new methods. Figure 3.12 the number of 

foam glass related patent publications comparing total publications and publications of 

countries between 1930 and 2015. In the period of 1930 and 2015, total 161 patents were 

published by the USA, 135 patents by China, 31 patents by European countries, 25 patents 
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by Japan and 38 by Russia (Figure 3.13). The patent publications by China started in 

1990s and gained an increase after 2000s.  

 
 

Figure 3.12. Number of foam glass related patent publications 
 

 

Figure 3.13. Number of foam glass related patent publications comparing total 
publications and publications of countries  
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CHAPTER 4 

FOAM STABILITY 

4.1. Background of Cellular Structures 

 Belgian Physicist Joseph Plateau formulated the structure of soap films in 1873. 

Plateau showed that each bubble has constant mean curvature, triples of surfaces meeting 

along curves at 120o angles and these curves meet in groups of four at equal angles. The 

last rule was mathematically proved by Taylor in 1976 on the stability of foams 57. The 

properties of cellular solids, which can be made of polymers, metals or ceramics, are 

dependent on the properties of their solid structure, the topology and shape of the cells 

and relative density 2. 

 The foams containing relatively low amount of liquid are called dry foam. It 

consists of polyhedral cells with curved walls (Figure 4.1). As opposite, wet foams 

accommodate a high amount of liquid and hence the bubbles are spherical and behave 

like a liquid. Consequently, wet foams do not support shear forces. Draining out liquid 

phase from cell walls due to gravitational and capillary forces transforms a wet foam into 

a dry foam 57-58. 

 
 

Figure 4.1. Tetrahedral vertex at the intersection of four Plateau borders 
(Source: Waire and Phelan, 1996) 

 

 Gas bubbles induce the cell formation in a foam structure and, the main 

components of cells are the cell walls, Plateau borders and nodes. The intersections of 

cell walls are the Plateau borders and the intersections of the Plateau borders are the nodes 
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as seen in Figure 4.2. The cell geometry depends on two conditions. The internal energy 

and internal surface should be as small as possible and the gathering of cells has to be 

space filling 58. The cell wall thickness in foams varies between 10-9 and 10-4 m depending 

on the prevailing stabilization mechanisms. In aqueous foams, the dry cell wall thickness 

is typically 10-9 m, forming the lower limit for cell wall thickness. As seen in the 

radioscopy picture of an aluminum foam in Figure 4.3, nearly all liquid is located on the 

Plateau borders in dry foam 58. The thicker white lines in the same figure represent the 

Plateau borders, while cell faces are not clearly seen as they are very thin.  

 

 
 

Figure 4.2. Cell parts: Left Tetrakaidecahedra cell with walls, right: Weaire-Phelan cells 
(Source: Koerner, 2017) 

 

 
 

Figure 4.3. Radioscopy of aluminum foam showing Plateau borders 
(Source: Koerner, 2017) 

 

 Foaming by in-situ gas generation proceeds with several sequential/simultaneous 

stages. These stages are shown in Figure 4.4 for a foamable Al compact which contained 

a foaming agent in it. Upon heating, the compact is melted, and the foaming agent 
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decomposes and releases gases. At this early stage, the compact is expanded by the 

nucleation of gas bubbles. As expansion continuous, the formed gas diffuses into the 

bubbles, increasing the amount of gases in the bubbles and resulting in growth of bubbles. 

Later, these stages are followed by the stages of the combination of coarsening and decay. 

Coarsening is due to the growth of larger bubbles at the expense of smaller ones. This 

may be reason of pressure differences between two adjacent bubbles or simply due to 

rupture of the cell wall of two adjacent bubbles. Decay occurs mostly by drainage which 

is the downward flow of the liquid metal through the cell edges due to gravitational forces. 

Drainage results in formation of thick dense layer of liquid metal at the bottom and cells 

with thicker walls in the middle 59. Particulate addition to the foams is known to have a 

stabilizing effect. The presence of particles on the cell walls increases the viscosity of the 

liquid; therefore, tends to reduce the liquid metal flow. 

 

 
 

Figure 4.4. Foaming stages: nucleation, growth, coarsening and decay 
(Source: Koerner, 2017) 

 

 Foam is a two-phase system of fluid and gas phase. The dynamics of gas phase 

may be neglected due to the large density difference between liquid and gas phase. The 

dynamics of an incompressible fluid is shown by Navier-Stokes equations 60. In these 

equations, mass and momentum conservation are expressed as 

∂αϑα=0 (4.1)

∂tϑα+ ϑβ∂β ϑα=-
1
ρ
∂αp+v∂β

2ϑα+gα (4.2)

where, ρ is the density, ϑ is the velocity, p is the pressure, v is the viscosity and g is the 

gravitational acceleration 58, 60. The gas pressure (pi) in the bubble is 
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pi=
niR T

Vi
 (4.3)

where, R is the ideal gas constant, ni is the mole of gas, T is the temperature and Vi is the 

volume of bubble. The momentum transfer between gas and liquid phase occurs at the 

gas-fluid interface (Γ). At the interface, the velocities of fluid (ϑf) and gas (ϑg) equal  

ϑf x =ϑg x , x  Γ (4.4)

The force balance at the fluid-gas interface is shown in Figure 4.5. The gas pressure at 

the interface is balanced by the capillary pressure, fluid pressure and viscous forces. Since 

the gas has only normal forces, the boundary conditions split into two components, 

normal and tangential component, as 

 
p-2ρϑ∂nϑn=pi-2σK (4.5)

∂nϑt+∂tϑn=0 (4.6)

 
where ϑn and ϑt are the normal and tangential component of velocity. The term in 

Equation 4.5, 2σK, is the capillary pressure. K is average curvature and σ is the surface 

tension 60. 

 

 
 

Figure 4.5. Force balance at the fluid-gas interface 
(Source: Koerner, 2017) 

 

 The expansion kinetics of an isolated bubble with radius R in an incompressible 

liquid with a pressure of p0 is given by the Rayleigh equation as 

 

ρRR+
3
2
ρR2+4ρv

R
R

+
2σ
R

=pi-p0 (4.7)
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(R= dR
dt

, R= d2R
dt2

) (4.8)

where pi is the bubble pressure, R is the bubble radius, ρRR+ 3
2
ρR2 is the inertial pressure, 

4ρv R
R
 is the viscous pressure, 2σ

R
 is the capillary pressure and pi-p0 is the bubble 

overpressure. Equation 4.7 indicates that inertial, viscous and capillary pressure play a 

great role for the expansion of a single bubble. The bubble volume growth rate (V) is 

 
V=4πR2R, where R is constant (4.9)

 
The time to reach the final radius (tf) is  

 

tf=
Rf

R
 (4.10)

 
Considering a single bubble in a fluid, the bubble rises due to gravity and achieves a 

stationary velocity of ϑ. At this velocity, drag force and buoyancy reach equilibrium and 

the velocity is given by Stokes’ law as 

ϑ= gR2

3v
  (4.11)

where, g is the gravity constant. While bubbles are expanding and moving, bubble-bubble 

interactions occur (Figure 4.6, gray scale indicates the velocity field).  

 

 
 

Figure 4.6. Transient cell wall formation 
(Source: Koerner, 2017) 

 

 Because of the velocity field of two expanding bubbles, the bubbles become 

deformed asymmetrically during the expansion (Figure 4.6). The surface tension and 

viscosity of liquid and the growth velocity and size of bubbles determine the formation 

of transient cell walls 58. 
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 Drainage due to capillary forces affects the cell wall thickness. The pressure 

difference between cell walls and Plateau borders induces a fast cell wall thinning. As 

seen in Figure 4.7, the Plateau borders are under lower pressure (-) and the cell walls are 

under over pressure (+), which drains the liquid from cell walls 58, 60.  

 

 
 

Figure 4.7. Drainage in cell walls 
(Source: Koerner, 2017) 

4.2. Foam Stability 

 Thermodynamically, foams are unstable due to high interfacial energy. 

Kinetically, foams are grouped in two types. These are unstable/transient and 

metastable/permanent foams. In unstable foams, surfactants or particles prevent drainage, 

and foam formation is resulted from Gibbs-Marangoni effect 58. If there are not external 

disturbances, evaporation, vibrations, temperature gradients or diffusion of gas, foam is 

stable infinitely 58. In metastable foams, the cell wall thinning time is shorter than its 

lifetime.  

 Particles increase foam stability. For instance, silica particles stabilize aqueous 

foams without surfactant molecules 61. Particles to be added may be spherical, oblate and 

cylindrical in shape and have irregular surface roughness as shown in Figures 4.8(a) and 

(b). The foam stabilization may be achieved by the particles absorbed at the interface 

(Figure 4.8(c)), distinct hydrophilic particles aggregated or gelified particles in the foam 

channels (Figure 4.8(d)), aggregated particles adsorbed at the interfaces (Figure 4.8(e)) 

and in the bulk and large aggregates or individual particles in Plateau borders (Figure 

4.8(f)) 62. 
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Figure 4.8. Foam stabilization with particles: a) particles with different shapes, b) 
surface roughness of particles, c) particles absorbed at the interface, d) 
individual hydrophilic particles, and aggregated or gelified particles in the 
foam channels, e) aggregated particles adsorbed at the interfaces and in the 
bulk and f) large aggregates or individual particles in Plateau borders 
(Source: Fameau and Salonen, 2014) 

 

 Hydrophobicity or hydrophilicity of particles affects the way in which they 

interact with bubbles. The particles with hydrophilicity or having intermediate wettability 

stabilize foams 62. A particle is attached to the interface between liquid and gas phase, if 

the particles is partially wetted. Smaller particles tightly bound to interfaces. Partially 

wetted particles bridge the liquid as shown at the top of Figure 4.9 (θ<90) while wetted 

particles stabilize the foam (θ>90) as shown at the bottom of Figure 4.9 63. In many cases, 

the particles are much smaller than film thickness; therefore, Figure 4.9 is not applicable 
63. The pressure difference (∆p) at the Plateau borders controls the flow of liquid out of 

film between the particle and liquid phase. The value of pressure difference was proposed 

as 64  

∆p RPB
-1- RF

-1 (4.12)

 

where RPB is the Plateau border radius, and RF is the film radius. RF is infinite for flat 

films and when  is small,  becomes very large (Figure 4.10). The particles on the 
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cell wall increase the values of RF and when RPB=RF, ∆p becomes very small and 

therefore, capillary driven flow is prevented, and the film is stabilized (Figure 4.10) 63-64. 

 

 
 

Figure 4.9. Wetting angle effect on the foam stabilization, top partially wetted particles 
and bottom wetted particles (Source: Banhart, 2006) 

 

 
 

Figure 4.10. Stabilization of foams (Left: poorly wetted, right: wetted particles) 
(Source: Banhart, 2006) 

 

 The presence of static stabilizing forces is another way of foam stabilization. 

Foam films drain slowly due to gravitational or capillary forces. Since the capillary forces 

reduce the film thickness, an additional force called “disjoining pressure” Π balances the 

capillary forces. Disjoining pressure emerges when interaction of the film surfaces begins 
58. The disjoining pressure is 
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Π=Π el+Π vdW+Π st (4.13)

 
where Π el is repulsive electrostatic double layer repulsion on two surfaces, Π vdW is short 

range attractive van der Waals interactions and  is steric or structural interaction. Cell 

wall stability is provided as long as ∂Π/∂d<0 60. A typical example of the relationship 

between disjoining pressure and cell wall thickness is shown in Figure 4.11. The cell wall 

rupture occurs when d<dcrit and capillary pressure exceeds Π max. The stability criteria of 

a cell wall are 58, 65 

 

d>dcrit: ∂Π(d)/∂d<0 Stable 

d=dcrit:          ∂Π d =∂d=0    Metastable 

d<dcrit: ∂Π(d)/∂d>0 Unstable 

 

 
 

Figure 4.11. A typical example of cell wall thickness and disjoining pressure 
(Source: Koerner, 2017) 

 

 Particle size and particle content are two important parameters in foam processing. 

Figure 4.12 shows the preferred particle size and particle volume range for successful Al-

SiC composite processing 66. When the particle size is too small (in nanometer level) it is 

difficult to mix the particles with liquid aluminum and if it is too large it settles on the 

bottom of liquid aluminum. When particle volume content is too low, the foam is not 

stabilized and if it is too high the viscosity increases significantly. A volume fraction of 
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10% and a particle size of 5μm was proposed for the Al-SiC foams having homogeneous 

cell size distribution 63, 66.  

 

 
 

Figure 4.12. Al foam processing parameters 
(Source: Jin et al., 1992) 
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CHAPTER 5 

COLLOIDAL CERAMICS AND RHEOLOGICAL 

PROPERTIES OF SLURRIES 

5.1. Colloidal Ceramics 

 The term colloid is a homogeneous system containing molecules or particles in 

between 1 nm and hundreds of microns, dispersed through a medium 67. Since the contact 

area between particles and the medium is very large, the suspension behavior is affected 

by the forces between particles or surfaces 68. Ceramics, especially clay-based materials, 

have been processed with colloids since the ancient times. In clay-water system, which is 

the basis for many traditional ceramic processing, clay particles have negatively charged 

faces and positively charged edges and dispersed in a polar solvent water (Figure 5.1(a)). 

The plasticity of clay suspensions tends to aggregate the clay particles (Figure 5.1(b)) 68.  

 

 
 

Figure 5.1. Clay particles suspended in water a) individual particle b) aggregated 
particle due to the attractional forces between the particles                 
(Source: Lewis, 2000) 

5.2. Particle-Particle Forces 

 Colloidal suspension may be found as dispersed, weakly flocculated or strongly 

flocculated dependent on the interparticle forces (Figure 5.2). In dispersed state, particles 
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repel each other as repulsive barrier is higher than kbT (kb is the Boltzmann constant). In 

weakly flocculated state, aggregated particles are separated by an equilibrium distance 

corresponding the secondary minimum, well depth in around 2–20 kbT (Figure 5.2). The 

strongly flocculated or coagulated particles correspond to primary minimum state and 

result in the formation of individual clusters of particles in the suspension 68. 

 

 
 

Figure 5.2. The relationship between interparticle potential energy and the subsequent 
colloidal structure (Source: Lewis, 2000) 

 

 Colloidal stability is provided by the total interparticle potential energy, Vtotal, 

given as  

 
Vtotal=VvdW+Velect+Vsteric+Vstructural (5.1)
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where  is the attractive potential energy due to the van der Waals forces between 

particles,  is the repulsive potential energy between charged particles,  is the 

repulsive potential energy due to the steric interactions between particle surfaces coated 

with polymers and  is the potential energy due to the unabsorbed species in 

solution 68. Van-der Waals forces are long-range forces and attractive between particles. 

Hamaker expression defines the  for equal sized spherical particles as 68  

 

VvdW=-
A
6

(
2

S2-4
+

2
S2 +ln

S2-4
S2 ) (5.2)

 

where  is given as 

 

S=
2a+h

a
 (5.3)

 
 In above equation, A is the Hamaker constant, h is the minimum separation 

between particle surfaces and a is the particle radius 68. The Hamaker constants for some 

ceramics in vacuum and eater medium are tabulated in Table 5.1. 

 

Table 5.1. Non-treated Hamaker constants for ceramic materials interacting under 
vacuum and across water at 298 K (Source: Lewis, 2000) 

 

 Hamaker Constant (x10-20 J) 

Material Crystal Structure Under Vacuum Across Water 

α-Al2O3 Hexagonal 15.2 3.67 

CaCO3 Trigonal 10.1 1.44 

SiO2 (quartz) Trigonal 8.86 1.02 

SiO2 Amorphous 6.5 0.46 

ZnO Hexagonal 9.21 1.89 
 

 Dielectric properties of suspension medium and the surface potential resulting 

from the interaction of particles also affect the total interparticle potential energy. This 

effect is called electrostatic potential, Velect. For equal sized spherical particles, it is given 

as 68 

Velect=2πεrε0aΨ0
2ln[1+ exp -kh ] (5.4)
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and is applicable when kα > 10. When kα < 5, Velect is given as 

 
Velect=2πεrεr0aΨ0

2exp(-kh) (5.5)

 
where, εr is the dielectric constant of the solvent used, ε0 is the permittivity of vacuum,  

Ψ0 is the surface potential and k is the Debye-Hückel screening length. The values of k 

are given as 

 

k=
F2 Nizi

2
i

εrε0kT

1/2

 (5.6)

 
where Ni and are the number density, and i is the counterions, and F is the Faraday 

constant 68. 

 Electric double layer is a phenomenon in electrostatic stabilization of colloids. 

Colloidal particles gain negative electrical charge when negatively ions of dispersion 

medium are adsorbed on particle surface. Therefore, negatively charged particle attracts 

the positive counterions surrounding particle (Figure 5.3).  

 

 
 

Figure 5.3. Electric double layer diagram 
(Source: Park and Seo, 2011) 
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 As shown in Figure 5.3, an electric double layer consists of three regions, surface 

charge, stern layer and diffuse layer. Surface charge means charged ions adsorbed on the 

particle surface. Stern layer means counterions attracted to the particle surface. Diffuse 

layer means a film of dispersion medium containing higher concentration of counterions. 

Stern layer is the electric double layer having the maximum value on the particle surface. 

Slipping plane (shear plane) is the plane occurred by the motion between the colloidal 

particles and the dispersion medium 69.  

 According to the DLVO theory, ionic strength and changing pH to the isoelectric 

point (IEP) make dispersions unstable 68. For instance, weakly attractive alumina 

suspensions were formed in aqueous environment at pH conditions below the IEP and 

yield strength increased with the increase of electrolyte concentration 60, 62-63.  

 In steric stabilization the adsorbed organic molecules initiate steric repulsion to 

prevent flocculation and vdW attraction between adsorbed layers 68. Different polymer 

systems are used for steric stabilization. Figure 5.4 (a-d) sequentially show the 

stabilization ceramic surfaces by homopolymer, diblock copolymer, comb-like 

copolymer and functional polymer. Polyelectrolyte species are also used to provide 

electrostatic and steric stabilization for colloidal dispersions 68. 

 

 
 

Figure 5.4. Schematic representations of different types of polymers adsorbed in 
ceramic surfaces: a) homopolymer b) diblock copolymer c) comblike 
copolymer and d) Functional polymer (Source: Lewis, 2000) 
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5.3. Rheology 

 Rheology is the study of the flow of matter and provides information on the flow 

and deformation properties for processability of materials. Preparation of suspensions 

with desired flow properties and having stability against sedimentation, aggregation and 

agglomeration can be succeeded by understanding the rheological behavior of the 

suspension.  

 Fluidity of materials under specific flow conditions can be characterized by a 

dimensionless number which is called the Deborah Number (De), which is given as 70 

 

De=
tc
tp

 (5.7)

 

where,  refers to the characteristic flow time and  refers to the stress relaxation time. 

If the Deborah number of a material is lower than 1, the material is defined as liquid-like 

material. If the Deborah number of a material equals to 1, the material is defined as 

viscoelastic material. If the Deborah number of a material is higher than 1, the material is 

defined as solid-like material.  

 Ideal solids are defined by Hooke’s and Newton’s law. Liquid-like and 

viscoelastic materials are categorized as Newtonian and Non-Newtonian, respectively. In 

Newtonian fluids, viscosity is independent of shear rate. The relationship between shear 

stress and shear rate is  

 

τ=η
dγ
dt

=n γ (5.8)

 

where  is the shear stress, η is the viscosity, γ is the deformation and t is the time.  

 For Non-Newtonian fluids, viscosity is a function of shear rate. Some materials 

behave as Newtonian at lower shear rates. However, their viscosities decrease at higher 

shear rates. These materials are identified as shear-thinning (pseudoplastic) materials 

(Figure 5.5 (b)). Some materials exhibit Newtonian behavior at lower shear rates, but their 

viscosities increase at higher shear rates. These materials are called as shear-thickening 

materials (Figure 5.5 (c)) 71. 
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Figure 5.5. Types of rheological behavior a) Newtonian flow, b) shear thinning c) shear 
thickening d) Bingham plastic and e) pseudoplastic with yield stress 
(Source: Lewis, 2000) 

 

 The most widely used measurement method of suspensions consists of oscillating 

strain over a range of frequencies and measuring the peak stress, σ0. In the linear 

viscoelastic region, stress and strain relationship is as follows 72 

 

G*=σ0/γ0 (5.9) 

 

where G* is the dynamic modulus which is independent of stress or strain. Dynamic 

modulus is also expressed as  

 

G*=G'+iG" (5.10)

 

where G' is the storage modulus, G" is the loss modulus and i is the complex number 

which equals to -1 72.  

5.4. Stable Suspensions 

 Colloidally stable suspensions show a shear-thinning behavior under steady shear 

because of the perturbation of the suspension structure. At stead shear rates, suspension 

structure is close to the equilibrium because thermal motion controls over the viscous 
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forces. At higher shear rates, viscous forces affect the suspension structure, so shear 

thinning occurs. At very high shear rates, the viscous forces dominate the suspension 

structure and hydrodynamic forces become effective. Increasing volume fraction of solids 

increases the degree of shear thinning and the viscosity 72.  

 A model describing shear-thinning behavior was developed at high shear rates and 

given as 72 

 

η=η∞+
η0-η∞
bγp  (5.11))

 

where b and p are the fitting parameters, γ is the shear rate and η0 and η∞ are the low 

shear and high-shear limiting viscosities respectively. The model is applicable at the shear 

rate region where bγp>>1. Figure 5.6 represents the viscosity vs. shear rate of a silicon 

nitride suspensions at different solid contents. As seen in Figure 5.6, Equation 5.11 is well 

fitted with the data at higher shear rates and hence well described the steady shear 

properties of a stable silicon nitride suspension 72.  

 

 
 

Figure 5.6. Degree of shear thinning of silicon nitride suspension at different solid 
contents (Source: Bergstrom, 2017) 
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5.5. The Effect of Solid Content, Particle Size and Particle Shape 

 The viscosity of suspensions is highly dependent on solid content with the 

viscosity approaching infinity at a maximum solid volume fraction, m. As the average 

separation distance between particles approaches to zero, particles pack together and flow 

become impossible. Also, particle size distribution and the particle shape affect the 

maximum volume fraction. A wide particle size distribution causes higher volume 

fraction because small particles can fit into the voids between the large particles 72-73.  

 Non-spherical particles in the suspension cause the rotation of the particles in 

Brownian motion which results in an excluded volume greater the volume-fraction of the 

particles. Thus, as the anisotropy increases, this effect increases. Figure 5.7 represents the 

relationship between the volume fraction of different solids and viscosity. The 

experimental values were fitted to a modified Krieger-Dougherty Equation given as 

 

ηr= 1-
m

-n

 (5.12)

 
where m and n are used as fitting parameters 74.  

 

 
 

Figure 5.7. The relationship between viscosity and volume fraction of different solids 
(Source: Sigmund et al., 2000) 
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CHAPTER 6 

MATERIALS AND EXPERIMENTAL PROCEDURE 

6.1. Powders 

 The glass powder used in foaming experiments was obtained from waste glass 

(cullet) and received from a local supplier in powder form as shown in Figure 6.1. The 

powder cullet was mainly composed of waste window glass. The average particle size of 

the powder was determined ~72 m. As-received glass powder was fractioned for 

foaming experiments by sieving below 38 m, between 38 and 45 m and between 45 

and 56 m. The sieving was performed in a Fritsch Analtysette 3 PRO type vibrational 

sieving machine. The sieved powders were then coded as fine for the powder particle 

sizes less than 38 m, medium for the powder particle sizes between 38 and 45 m and 

coarse the powder particle sizes between 45-56 m. The SEM picture of as-received glass 

powder is shown in Figure 6.2(a) and the powder particle sizes between 38 and 45 m, 

between 45-56 m and below 38 m in Figures 6.2(b-d), respectively.  

 

 
 

Figure 6.1. The picture of as-received waste glass powder  
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(a) (b) 

  
(c) (d) 

Figure 6.2. a) As-received glass powder and powders sieved between b) 45 and 56 
and c) 38 and 45 m and below d) 38 m  

 

 A commercially available aluminum powder paste and calcium hydroxide (lime) 

supplied by AKG Gazbeton company of Turkey was used as the foaming agent in the 

foaming experiments. The same foaming agent is currently used in the production of 

AAC. In order to prevent the oxidation of Al powder, the surfaces of powder particles 

were covered with an oil-based paste by the producer. Before microscopic analysis the 

agglomerated as-received Al powder paste was dispersed in water. A drop of dispersed 

particles was then deposited on a filter paper and let to dry. Dried powder particles were 

then analyzed in SEM. The SEM micrographs of aluminum particles in the foaming agent 

are shown in Figures 6.3(a-d) at increasing magnifications. Aluminum particles are in 

flake form and mostly angular in shape as seen in the same micrographs. The long and 

short axes of flakes were 10 μm and 5 m, respectively. All the slurries prepared for 

foaming experiments contain 1 wt% aluminum paste and 1 wt% calcium hydroxide.  
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(a) (b) 

  
(c) (d) 

 

Figure 6.3. The SEM micrographs of Al powder in a) 500x b) 1000x c) 2500x and d) 
10000x magnification 

6.2. Binder 

 Sigma Aldrich (419273) sodium carboxymethylcellulose (CMC) was used as a 

binder. Carboxymethyl cellulose or cellulose gumis a cellulose derivative with 

carboxymethyl groups (-CH2-COOH) bound to some of the hydroxyl groups of the 

glucopyranose monomers that make up the cellulose backbone. It is often used as its 

sodium salt, sodium carboxymethyl cellulose. Carboxymethylcellulose is used in food as 

a viscosity modifier or thickener, and to stabilize emulsions in various products. Carboxyl 

groups of the carboxymethyl cellulose interact with the surface of the glass particles 
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forming steric stabilization of particles. The schematic representation of interaction 

between the glass particles and CMC is shown in Figure 6.4.  

 

 
 

Figure 6.4. Schematic representation of steric stabilization of glass particles provided by 
CMC addition 

6.3. Characterization 

 The particle size distribution of the glass powder was determined in a Malvern 

Mastersizer 2000 laser diffractive analyzer. The crystal structure of the powders was 

determined by Philips X’Pert Pro X-Ray Diffraction (XRD) device (Cu-Kα radiation, 

λ=1.54 A° and 40 kV). The XRD analysis was subjected between 5 and 80o in 2θ intervals. 

The elemental composition was determined using a Spectro IQ II X-Ray Fluorescence 

(XRF) device. Morphological properties of powders and foams were analyzed using a 

FEI Quanta 205 FEG and Philips XL 30SFEG SEM. Buehler epo-wick fast curing epoxy 

was used to prepare the samples for SEM analysis. The samples were grinded with SiC 

grinding papers through 800, 1000, 1200, 2000, and 2400 grids and polished by 9 μm, 6 

μm, 3 μm and 1 μm diamond solutions respectively. Density of the green and sintered 

bodies were determined by measuring the dimensions of samples and the weight.  

6.4. Rheological Properties of Slurries  

 Rheological properties of slurries were studied using a Thermo Electron 

Corporation Haake Mars II Rotational Rheometer device (Figures 6.5 (a) and (b)). Slurry 
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was placed to the fixed bottom plate and the top plate were rotated on the sample in order 

to form shear forces on the slurry. The plates were made of 6 mm diameter titanium. 

Shear rate versus shear stress and shear rate versus shear stress curves of each slurry were 

measured for at least 3 times in order to prove the repeatability of properties.  

 

  
(a) (b) 

 
Figure 6.5. (a) Haake Mars II Rotational Rheometer device and (b) measurement plate 

where the sample placed 

6.5. Slurry Preparation and Foaming Experiments 

 The stages of the slurry preparation for foaming experiments are schematically 

shown in Figure 6.6. The process started with the mixing of appropriate amounts of glass 

powder, foaming agent, lime and CMC solution in distilled water. Mechanical disperser 

was used to mix the ingredients for 1 minute at 2000 rpm to form a homogeneous slurry. 

Then the mixture was poured into a cylindrical Teflon© tube which was closed at the 

bottom for expansion experiments (Figure 6.7 (a)). The tube was placed on a Teflon plate 

and the bottom side was made airtight using a sealing strip material as seen in Figures 6.7 

(a) and (b). The molding tubes were in 40 mm in inner diameter and 5 mm in thickness. 

Teflon© was used in order to reduce the friction between the slurry and the mold during 

foaming. However, a transparent plexiglass mold was also used in few foaming 

experiments in order to record bubble formation and expansion (Figure 6.7 (b)).  
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Figure 6.6. Stages of slurry preparation for foaming experiments 

 

  
(a) (b) 

Figure 6.7. The molding tubes used in foaming experiments (a) Teflon© and (b) 
Plexiglass transparent tube 

 

 Preliminary studies showed that foaming of slurry highly was dependent on the 

rheological properties. The slurries with the solid contents lower than 50 wt% and higher 

than 60 wt% showed relatively lower expansions sequentially due to relatively low and 

high viscosities of slurry. Therefore, the solid contents of the slurry in present study were 

chosen 50, 55 and 60 wt%. The amount of binder was 2, 3 and 4 wt% as lower and higher 

amount found to be not effective in expansion. The investigated slurries are tabulated in 

Table 6.1 together with wt% of solid content and binder and glass powder size. Each 

slurry in Table 6.1 was foamed at least three times and the resultant expansions were 

averaged. A 33 full factorial design was used to determine experimental conditions. By 

using this method, three factors were studied each at three levels.  
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Table 6.1. Slurries used in foaming experiments 
 

 Factor 1 Factor 2 Factor 3 

Specimen A: Solid Content 
(wt%) 

B: CMC Content 
(wt%) 

C: Particle size of 
glass powder (μm) 

23 55 3 49.6 
15 60 3 31 
20 55 2 49.6 
19 50 2 49.6 
9 60 4 12.4 

18 60 4 31 
2 55 2 12.4 
3 60 2 12.4 

14 55 3 31 
1 50 2 12.4 

26 55 4 49.6 
10 50 2 31 
8 55 4 12.4 

12 60 2 31 
27 60 4 49.6 
13 50 3 31 
11 55 2 31 
16 50 4 31 
22 50 3 49.6 
21 60 2 49.6 
4 50 3 12.4 

25 50 4 49.6 
17 55 4 31 
7 50 4 12.4 
5 55 3 12.4 
6 60 3 12.4 

24 60 3 49.6 

 

 The foaming setup used is shown in Figure 6.8. The experimental setup mainly 

consisted of a foaming mold (tube) and a linear expansion measurement system. The 

linear expansion measurement system consisted of a laser sensor standing above the 

foaming mold and clamped by a holder, a data logger (Data Taker DT 80) and a computer. 

The picture and technical drawing of the laser sensor, Micro Epsilon ILR1030-8 (4-20 

mA), are shown sequentially in Figures 6.9 (a) and (b). The minimum distance between 

the measured sample and the laser sensor should be at least 20 cm in order to get 

measurable signals. The sensor was operated between 4 to 20 mA and was initially 

calibrated for distance measurement. The calibration was made by determining the 
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corresponding current difference of a known distance. By dividing known distance to the 

current difference then the calibration constant was determined as distance/current. Then, 

the simultaneous length change measured by the sensor was recorded by a data logger. 

 

 
 

Figure 6.8. Foaming set-up 
 

 
 

(a) (b) 

Figure 6.9. (a) Picture and (b) the technical drawing of Micro Epsilon ILR1030-8 
laser sensor 

 

 A piece of white paper was inserted on the surface of slurry before foaming 

experiment started. This paper stayed at the top, as the slurry expanded upward, providing 
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a white color background at the slurry’s surface throughout the expansion and making the 

expansion measurement possible. The percent volume expansion (VE%) was calculated 

using the following relation 

 

VE % =
hf-h0

h0
x100 (6.1)

 
where, hf and ho are the final and initial height of the slurry, respectively. The bubble 

formation during the foaming was recorded by a Sony RX100ii high resolution camera. 

High-resolution pictures were taken from the pre-determined points of recorded video 

and the images were used to measure the bubble size distribution. The measurements 

were performed using Image J software program. In order increase the contrast, image 

enhancement techniques including image smoothing, sharpening and threshold were 

applied. An example of image enhancement is shown in Figure 6.10 (a-b). Foaming 

images in Figure 6.10 (a) were processed into the images in Figure 6.10 (b) using image 

enhancement techniques.  The white area in Figure 6.10 (b) represents the glass matrix 

and the black areas represent the bubbles. The pictures were taken at 7, 9, 12, 20, and 30 

minutes after foaming started. In the experiment, foaming started after 2 minutes 

following the foaming agent was added to the slurry. Since the bubble size was very small 

at these minutes, the bubble size could not be detected from the video records. Therefore, 

the bubble size was determined after 7 minutes. Therefore, the bubble formation until 7 

minutes was not considered in this study.  

 

  
(a)  (b) 

 

Figure 6.10. The image of bubbles (a) from video record and (b) after Image J 
processing 
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6.6. Sintering of Green Bodies and Preparation for Compression Test 

and Thermal Conductivity Measurements 

 The green bodies of foamed samples were sintered in a Protherm Laboratory 

Furnace Model PLF 130/25. Circular shaped paper box molds were used to minimize the 

destruction of body while rejecting from the mold and minimize the stress concentration 

formation at the edges of the mold. The diameter of the mold was 75 mm. Green bodies 

were sintered at 650, 700, 750 and 800 oC temperatures. Sintering duration was 30 and 60 

minutes and heating rate was 10 oC min-1.  

 The cylindrical test samples 20 mm in diameter and 20 mm in length were core-

drilled from sintered foam samples. The surfaces of the core-drilled samples were cleaned 

by applying pressurized air. Before the compression test, the end surfaces of the samples 

were grounded flat. The compression test samples were weighted and kept inside a 

desiccator until they were tested. The density of each sample was measured before the 

compression test. Room temperature quasi-static compression tests were conducted using 

a displacement-controlled SHIMADZU AG-I universal test machine at the strain rate of 

1x10-3s-1. To compress the samples axially, self-aligned pin-ball compression test platen 

was used in the tests. A video extensometer synchronized with the test machine was used 

to record sample axial displacement. The sample deformation until and after fracture was 

recorded simultaneously during a test using video camera. At least 4 tests were performed 

for each group of samples. The nominal stress (σ) and strain (ε) were calculated using the 

following relations, 

 

σ=
P
As

 (6.2)

and 

ε=
δ
Ls

 (6.3)

 
where, P, As, δ and Ls are the applied load and the initial area, displacement and initial 

length of the sample, respectively.  

 Thermal conductivity analysis was performed at C-Therm Thermal Conductivity 

Analyzer device using 30x10x10 mm rectangular samples (Figures 6.11 (a) and (b)). The 

device employs a modified transient plane source (MTPS) technique in characterizing 



53 

and effusitivity of materials. In this technique, a known current is applied to the sensor’s 

spiral heating element and provides a small amount of heat. A guard rig supports a one-

dimensional heat transfer into the sample, as a result of the heat rising at the interface 

between the sensor and the sample, a voltage drop occurs in the sensor. The rate of 

increase in sensor voltage is used to determine the thermal properties of the sample 75. 

 

  
(a) (b) 

 

Figure 6.11. (a) Thermal conductivity measurement device and (b) Glass foam 
sample for thermal conductivity measurement 
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CHAPTER 7 

RESULTS  

7.1. As-Received Glass Powder 

 The XRD spectrum of as-received glass powder is shown in Figure 7.1. The XRD 

spectrum shows typical amorphous structure of glass powder.  As-received glass powder 

is composed of 73% SiO2, 12% Na2O, 12% CaO, 1.6% MgO and 1.4% Al2O3 determined 

by XRF analyses, which represented the typical composition of soda-lime glass. 

 

 
 

Figure 7.1. The XRD pattern of as-received glass powder 

7.2. Rheology of Slurries 

 Figure 7.2(a) shows three shear stress-shear rate curves of the medium particle 

size slurry with 50 wt% solid content and no CMC addition. Significant variations in 

shear stresses between three measurements are noted in the same figure, although the 
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same slurries are used in the measurements. It was noted that part of slurries flied away 

between the discs during measurements as they were most likely not stable and hence 

resulted in differences between the measurements. The same differences are also seen in 

the viscosity-shear rate curves of three measurements as shown in Figure 7.2(b). 

 

  
      (a)          (b) 

 

Figure 7.2. Three measurements of (a) shear stress-shear rate and (b) viscosity-shear 
rate curves of the slurry with medium particle size, 50 wt% solid content 
and with no CMC addition 

 

 The shear stress-shear rate and viscosity-shear rate curves of three different 

measurements of the slurry with medium particle size, 50 wt% solid content and 2 wt% 

CMC are shown in Figures 7.3(a) and (b), respectively. As seen in the same figures, the 

separate measurements show very much similar shear stress-time and viscosity-time 

curves with each other. These slurries were stabilized with CMC addition and stayed in 

between the test discs throughout the measurement. These confirm the critical role played 

by CMC for the preparation of stable slurries before foaming experiments. As seen in 

Figures 7.3(a) and (b), the slurry shows a non-Newtonian behavior at the beginning of the 

measurement; thereafter, the behavior switches into a Newtonian nearly after about 20/s. 

The separate measurements of the slurry with medium particle size, 55 wt% solid content 

and 2 wt% CMC also show similar shear stress-shear rate curves (Figure 7.4) with 50 

wt% solid content and 2 wt% CMC slurry. Although the slurry shows a non-Newtonian 

behavior at the beginning of measurements, the behavior switches again into a Newtonian 

behavior after about 20/s as seen in Figure 7.4. However, the slurry with medium particle 

size, 60 wt% solid content and 2 wt% CMC addition shows a non-Newtonian shear 
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thinning behavior (Figures 7.5(a) and (b)). The increase in solid content causes a shift 

from Newtonian to non-Newtonian behavior. The shear stress-shear rate and viscosity-

shear rate curves of fine, medium and coarse particle size slurries with different CMC and 

solid contents are given in Appendix A. The measured and average viscosities of 

investigated slurries at 20/s are tabulated in Table 7.1. All viscosity measurements in the 

thesis were reported at 20/s. 

 

        (a)        (b) 
 

Figure 7.3. Three measurements of (a) shear stress-shear rate and (b) viscosity-shear 
rate curves of the slurry with medium particle size, 50 wt% solid content 
and 2 wt% CMC  

 

  
 

Figure 7.4. Three measurements of shear stress-shear rate curves of the slurry with 
medium particle size, 55 wt% solid content and 2 wt% CMC  
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        (a)            (b) 
 

Figure 7.5. Three measurements of (a) shear stress-shear rate and (b) viscosity-shear 
rate curves of the slurry with medium particle size, 60 wt% solid content 
and 2 wt% CMC  

 

Table 7.1. The measured and average viscosities of the slurries 
 

Sample 
Viscosity 1 

(Pa s) 
Viscosity 2 

(Pa s) 
Viscosity 3 

(Pa s) 

Average 
Viscosity 

(Pa s) 

Fine 2% CMC 50% solids 0.1 0.1 0.13 0.11 
Fine 2% CMC 60% solids 1.36 1.35 1.3 1.34 
Medium 2% CMC 50% solids 0.1 0.1 0.1 0.10 
Medium 2% CMC 60% solids 1.36 1.35 1.3 1.34 
Coarse 2% CMC 50% solids 1.1 1.06 1.06 1.07 
Coarse 2% CMC 60% solids 0.24 0.24 0.25 0.24 
Fine 3% CMC 50% solids 2.88 2.62 2.47 2.66 
Fine 3% CMC 60% solids 4.59 4.21 4.07 4.29 
Medium 3% CMC 50% solids 3.65 3.49 3.45 3.53 
Medium 3% CMC 60% solids 4.93 4.73 4.73 4.80 
Coarse 3% CMC 50% solids 1.08 1.08 1.08 1.08 
Coarse 3% CMC 60% solids 1.66 1.67 1.67 1.67 
Medium 4% CMC 50% solids 6.41 6.3 6.19 6.30 
Medium 4% CMC 60% solids 28.7 18.2 18.2 21.70 
Coarse 4% CMC 50% solids 3.42 3.26 3.34 3.34 
Coarse 4% CMC 60% solids 6.48 5.36 5.74 5.86 

 

 Figures 7.6 (a), (b) and (c) show the shear stress-shear rate curves of fine, medium 

and coarse powder size slurries with 50, 55 and 60 wt% solid and 2, 3 and 4 wt% CMC, 
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respectively. For each slurry, only one representative curve is shown in the same figures. 

With increasing CMC content, shear stress increases for each powder size slurries. The 

increase in shear stress is more pronounced in fine powder slurries, particularly when 

CMC content increases to 4wt% (Figure 7.6(a)). The increase in shear stress is the lowest 

in coarse powder slurry.  

 

      (a)       (b) 

 

 
      (c) 

 

Figure 7.6. The shear stress-shear rate curves of the slurries with 50 wt% solid and 2, 
3 and 4 wt% CMC: (a) fine, (b) medium and (c) coarse powder size  

 

 When the solid content increases from 50 to 55 wt%, the shear stress of all powder 

size slurries increases as seen in Figures 7.7 (a), (b) and (c). Note that the shear stress of 

fine powder slurry with 4wt% CMC increases significantly when the solid content 

increases to 55 wt%. As seen in the same figures, both solid content and CMC additions 
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are effective in increasing shear stress. Both medium and coarse powder slurries show 

similar shear stress-shear rate behavior at 55 wt% solid content.  

 

      (a)       (b) 

 

 
     (c) 

 

Figure 7.7. The shear stress-shear rate curves of the slurries with 55 wt% solid and 2, 
3 and 4 wt% CMC: (a) fine, (b) medium and (c) coarse powder size 

 

 Increasing solid content to 60 wt% increases the shear stresses further with 

increasing CMC addition (Figures 7.8(a), (b) and (c)). At this solid content, fine powder 

slurry exhibits unmeasurable shear stress increase when CMC addition is 4 wt% (Figure 

7.8(a)). Accordingly, the increase in CMC wt% also causes the increase of average 

viscosities of all slurries with 50, 55 and 60 wt% solid content as shown in Figures 7.9(a), 

(b) and (c), respectively. 
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      (a)       (b) 

 
      (c) 

 

Figure 7.8. The shear stress-shear rate curves of the slurries with 60 wt% solid and 2, 
3 and 4 wt% CMC: (a) fine, (b) medium and (c) coarse powder size 
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      (a)       (b) 

 

 
      (c) 

 

Figure 7.9. The average viscosity vs. CMC wt% of the slurries with (a) 50, (b) 55 and 
(c) 60 wt% solid content at 20 s-1 shear rate 

7.3. Characteristics of Foam Expansion  

 Two types of linear expansion behavior are observed in the foaming experiments 

which are dominantly dependent on the solid content of the slurries. The expansion and 

time curve of 50 wt% solid content slurries is basically consisted of 4 foaming stages as 

marked in the figure 7.10 with the numbers in the circles through 1 to 4. The bubble 

formation initiates at the stage 1. In the stage 2, expansion rate increases immediately, 

and bubbles are formed in a steady-state expansion rate. In stage 3, the expansion rate 

decreases until reaching the maximum expansion point. In stage 4, the final height of the 
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expanded foam stays stabile for this kind of slurries prepared in 50 wt% solid content. 

This type of expansion behavior will be defined as “stable” in the following pages. 

 

 
(a) 

 
(b) 

 

Figure 7.10. (a) Linear expansion-time curve of two foaming experiments and (b) 
smoothed and experimental foam expansion curves (medium powder 
with 2wt% CMC addition and 50% solid content)  
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 Typical linear expansion behavior of slurries prepared in 60 wt% solid content is 

shown in Figure 7.11. Distinctly from the previous expansion behavior, the expanded 

foam does not keep its expanded structure and starts to lose its volume with a constant 

shrinkage rate as can be seen in stage 4. In stage 5, the foam reaches its final length. This 

type of expansion behavior will be defined as “unstable” in the following pages.  

 

 
Figure 7.11. Linear expansion-time curve of two foaming experiments and smoothed 

and experimental foam expansion curves (fine powder with 2wt% CMC 
addition and 60% solid content) 

 

 The expansion behavior of slurries prepared in 55 wt% solid content was found 

to be in a structure between stable and unstable. Their expansion stages are found to be 

similar to the expansion behavior of the slurries prepared in 60 wt% solid content. 

7.4. The Expansion Behavior of Slurries: Solid content and CMC 

Addition  

 The expansion behavior of slurries prepared with different particle sizes in 50 wt% 

solid content with no CMC addition is shown in Figure 7.12. Two separate 

experimentation was done for each slurry. However, as a guide to the eye, one 

representative curve for each parameter was shown in Figure 7.12 and the following linear 

expansion curves. The foaming was succeeded with no CMC addition as can be seen on 
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the figure. However, the slurries prepared with these parameters did not keep their 

expanded structure and were collapsed after drying in the stove since the water was 

evaporated and nothing could bind the particles. Therefore, CMC binder was used in the 

following experiments. Varying the particle size resulted in insignificant effect on the 

foaming for these parameters. Also, it can be expressed that the expansion amount of 

slurries with no CMC was smaller than slurries with CMC addition, which will be seen 

on following foaming curves. 

 

 
(a) 

 
(b) 

 

Figure 7.12. The expansion-time curves of slurries prepared with no CMC addition 
and different powder sizes (a) 50 and (b) 60 wt% solid content  



65 

 The expansion behavior of slurries prepared with different particle sizes in 50 wt% 

solid content with 2, 3, and 4 wt% CMC addition are shown in Figure 7.13. In this state, 

all the foaming behaviors were found to be stable. The whole powders in different sizes 

were expanded as close to the each other since their viscosity values were found to be 

close to each other. 

 

(a) (b) 

 

 
(c) 

 

Figure 7.13. The expansion-time curves of slurries with 50wt% solid content (a) 2, (b) 3 
and (c) 4wt% CMC 

 
 
 

 

 

 The expansion behavior of slurries prepared with different particle sizes in 55 wt% 

solid content with 2, 3 and 4 wt% CMC addition are shown in Figure 7.14. The maximum 

expansion amount was observed in the slurries prepared with medium size particles, but 
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their expansion amounts were similar to each other. The expansion behavior of these 

slurries is similar to samples in 50 wt% solid content. A small amount of shrinkage occurs 

after the reaching the maximum expansion point in these slurries. 

 

  
(a) (b) 

 

 
(c) 

 

Figure 7.14. The expansion-time curves of slurries with 55wt% solid content (a) 2, (b) 3 
and (c) 4wt% CMC 

 

 The expansion behavior of slurries prepared with different particle sizes in 60 wt% 

solid content with 2, 3, and 4 wt% CMC addition is shown in Figure 7.15. In this state, 

all the foaming behaviors were observed unstable. Shrinkage occurs after the reaching 

the maximum expansion point in these slurries. Also, expansion rate is higher than the 

other slurries prepared with 50 wt% and 55 wt%.  
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(a) (b) 

 

 
(c) 

 

Figure 7.15. The expansion-time curves of slurries with 60wt% solid content (a) 2, (b) 3 
and (c) 4wt% CMC 

 

 The representative expansion-time curves of fine, medium and coarse powder 

slurries with different solid and CMC content are shown sequentially in Figure 7.16, 

Figure 7.17 and Figure 7.18. The numbers inside circles show CMC content in these 

curves and arrows show solid content. In the same figures, the corresponding expansion-

time curves of the slurries without CMC addition are also shown for comparison. These 

curves are shown in the curves with solid and filled-circle points and the solid contents 

are shown on the expansion curves. 



68 

 The addition of CMC increases the expansions of fine powder slurries compared 

to without CMC added slurries (Figure 7.16). The maximum expansions of 50, 55 and 

60% solid content slurries are very similar except the slurry with 55% solid and 4% CMC 

content. In this slurry the expansion is over 400% and in other slurries it is nearly 300%. 

Except 50% content slurry, the increase of CMC addition increases the expansions, while 

the slurry with 60% could not be prepared. Expansion rate of 55 and 60% solid content 

slurries rate is similar and it is higher than that of 50% solid content slurries. 

 

 
 

Figure 7.16. The expansion-time curves of fine powder slurries with different solid and 
CMC content  

 

 The maximum expansions of medium size powder slurries increase with 

increasing both CMC addition and solid content as shown in Figure 7.17. The maximum 

expansion is seen in 60% solid content slurries with 3 and 4 wt% CMC addition. The 

maximum expansion is nearly 400% in these slurries, the maximum expansions in 55% 

solid content slurries with CMC addition are higher than 300% and the maximum 

expansion of 50% solid content slurries is nearly 300%. Again, a lower expansion rate is 

seen in 50% solid content slurries compared to 55 and 60% solid content slurries.     

 When solid content increases to 60%, the expansion rates of the slurries become 

similar (Figure 7.18). The expansions of 50 and 55% solid content slurries are very 

similar, over 250 and below 300%, no effect of CMC addition on maximum expansions 
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are seen in CMC added slurries. The maximum expansion of 60% slurries on the other 

side increase with increasing CMC content; sequentially 300%, 340% and nearly 400% 

with 2, 3 and 4% CMC addition.  

 For all powder slurries, the expansion declines sharply after maximum expansion 

when the maximum expansion is high, ~400%. In these slurries the expansion rate is also 

higher.  Such slurries correspond to 4% CMM-added 55% slurry in fine powder, 3 and 

4% CMC-added 60% slurries in medium powder and 4% CMC-added 60% slurry in 

coarse powder. 

 

 
 

Figure 7.17. The expansion-time curves of medium powder slurries with different solid 
and CMC content 

 

 Figure 7.19 shows the expansion-time curves of medium powder with 4% CMC 

addition and 55% and 50% solid content and the corresponding foam expansion pictures. 

A Plexiglas (transparent) mold was used to accommodate slurries in these experiments. 

Although the expansion values do not represent the real expansions in Teflon mold, they 

can show the trends of the expansion behavior of the slurries. The rapid rise of 55% solid 

content slurry is seen in the same figure, within 1000 s the slurry reaches the maximum. 

While the expansion rate in 50% solid slurry is rather slower and the maximum expansion 

is reached at about 1500 s. 
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Figure 7.18. The expansion-time curves of coarse powder slurries with different solid 
and CMC content 

 

 
 

Figure 7.19. The expansion-time curves of medium powder with 4% CMC addition and 
55% and 50% solid content and the corresponding foam expansion pictures 
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 The variation of maximum expansion with log viscosity of 50, 55 and 60% solid 

content slurries are shown in Figure 7.20. The expansion of the slurries with CMC 

addition is also shown as without CMC addition with a dashed line, 200% on the average. 

Addition of CMC increases the expansions from 200 to 300% at low viscosities, ~0.22 

Pa s. Between this viscosity and ~5 Pa s the expansions increase until about a critical 

velocity of 5 Pa s. At this velocity and till 50 Pa s the expansions increase over 400%, 

remaining almost constant. The expansion above this viscosity the slurry cannot be 

foamed as being very thick. 

 

 
 

Figure 7.20. The variation of maximum expansion with log viscosity 

7.5. Bubble Distribution  

 The variations bubble diameter of medium powder slurry with 4 wt% CMC 

addition as function of time are shown in Figures 7.21 (a-c) for 50, 55 and 60 wt% solid 

contents, respectively.  The bubble size in 50wt% solid content slurry is less than 0.5 mm 

after 7 minutes of foaming (Figure 7.21(a)). As the foaming time increases to 9 minutes, 

the bubble size increases over 0.5 mm and the size distribution gets wider. Further 

increase in bubble size and widening in bubble size distribution are seen after 16- and 20-

minutes foaming. The bubble size and distribution are seen to saturate after 25 minutes 

foaming in 50wt% solid content slurry. The bubble size and distribution in 55 and 60wt% 

solid content slurries are very much similar to each other as seen in Figures 7.21(b) and 
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(c). At the beginning of foaming, after 7 minutes, the maximum diameter of bubbles is 

slightly over 0.5 mm. As the foaming time increases to 9 minutes, the bubble size does 

not change significantly, but after 12 minutes of foaming time the bubble size and 

distribution are seen to saturate these slurries. Figure 7.22 shows the bubble size 

distribution in 50, 55 and 60 wt% solid content slurries after 9 and 25 minutes of foaming 

time. The rapid increase of bubble size of 50 wt% slurry is clearly seen in this figure, 

while the bubble size increase in 55 and 60wt% solid content slurries are comparatively 

slower. The bubble size distribution is also wider for 50 wt% solid content. 

 

(a) (b) 

 

 
(c) 

 

Figure 7.21. The variations bubble diameter of medium powder slurry with 4 wt% 
CMC at different foaming times a) 50 b) 55 c) 60 wt% percent solid 
contents 
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Figure 7.22. The variations bubble diameter of medium powder at 9 and 25 minutes 
with different solid content 

7.6. 33 Full Factorial Design of Experiments 

 The analysis of variance (ANOVA) with a 3-level factorial design was used to 

determine the impact of factors and their levels on the results. was used in ANOVA. The 

factors along with their levels and their responses are tabulated in Table 7.2. 3-level 

factorial design requires 33 different experiments to be done. Since, three measurements 

were performed for each response, the mean values were included in the design. The 

Design Expert 11 Software was used to determine the significance of each factor. The 

experimental results of the 27 different types of the specimens, which is suitable for the 

experimental design theory, can be seen on Table 7.2.  

 The ANOVA table for Response 1 (maximum expansion) is shown in Table 7.3. 

The average maximum expansion was 324.31 with a standard deviation 20.27 and a R2-

value of 0.8256. The ANOVA table shows a significant with a p-value of 0.0001. Also, 

f-value of 8.42 implies that the model is significant. The factors and the levels have an 

impact on the maximum expansion. There is only a 0.01% chance for this f-value could 

occur due to noise. P-values less than 0.05 indicate the significant model terms. A, B, AB, 

A² are therefore significant model terms. Values greater than 0.1 indicate insignificant 

model terms. The ANOVA table also shows that the most effective factor on the 

maximum expansion is the solid content as it has the lowest p-value, 0.0001. The second 

effective factor is CMC content with a p-value of 0.0130 and the least effective factor is 

the particle size.  
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Table 7.2. Responses of the study with different factors and levels 
 

 Factor 1 Factor 2 Factor 3 Response 1 Response 2 

Specimen 
A: Solid 
Content 

(%) 

B: CMC 
Content 

(%) 

C: Particle 
Size of the 

Glass Powder 
(μm) 

Maximum 
Expansion 

(%) 

Viscosity 
(Pa.s) 

23 55 3 49.6 317.5 0.83 
15 60 3 31 424.5 4.8 
20 55 2 49.6 287 0.52 
19 50 2 49.6 303.5 0.23 
9 60 4 12.4 N/A N/A 
18 60 4 31 405 21.7 
2 55 2 12.4 289 0.7 
3 60 2 12.4 318.5 1.34 
14 55 3 31 328.5 3 
1 50 2 12.4 326.5 0.57 
26 55 4 49.6 319.5 2.42 
10 50 2 31 279 0.22 
8 55 4 12.4 290 4.2 
12 60 2 31 356 1.34 
27 60 4 49.6 408 5.86 
13 50 3 31 291 1.1 
11 55 2 31 312.5 0.38 
16 50 4 31 291 1.11 
22 50 3 49.6 309 0.62 
21 60 2 49.6 308 0.24 
4 50 3 12.4 312 1.11 
25 50 4 49.6 308 1.11 
17 55 4 31 339.5 4.03 
7 50 4 12.4 290.14 4.2 
5 55 3 12.4 312 2.07 
6 60 3 12.4 363.5 4.29 
24 60 3 49.6 343 1.67 
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Table 7.3. ANOVA table for response 1 (maximum expansion) 
 

Source 
Sum of 
Squares 

Df 
Mean 

Square 
F-value p-value  

Model 31121.77 9 3457.97 8.42 0.0001 Significant 
A-Solid Content 17887.72 1 17887.72 43.53 < 0.0001  

B-CMC Content 3206.30 1 3206.30 7.80 0.0130  

C-Particle Size of 
the Glass Powder 

19.04 1 19.04 0.0463 0.8323  

AB 3857.07 1 3857.07 9.39 0.0074 Significant 
AC 0.5626 1 0.5626 0.0014 0.9709 Not significant 
BC 839.08 1 839.08 2.04 0.1722 Not significant 

Residual 6574.68 16 410.92    

Cor Total 37696.45 25     

 

 The ANOVA diagnostics normal probability plot of residual and predicted vs. 

actual graphs of maximum expansion are shown in Figured 7.23(a) and (b), respectively. 

Figure 7.23(a) indicates that the highest maximum expansion is an outlier. One outlier is 

accepted to be reasonable for statistics. In Fig. 7.23(b), it shown that the model well 

predicts the experimental data with adjusted R2-value of 0.8256. 

 

   (a)   (b) 
 

Figure 7.23. ANOVA diagnostics a) Normality plot of residual b) Predicted vs actual 
plot according the Response 1 (Maximum Expansion) 

 

 ANOVA table for the Response 2, viscosity, is tabulated in Table 7.4. The average 

viscosity was 2.68 Pa.s with a standard deviation of 3 and an R2-value of 0.8576. The 
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ANOVA table shows that the model is significant with a p-value of 0.0029 and with an 

f-value of 5.07. The factors and the levels are therefore having impact on the viscosity. 

The chance of being a large f-value due to noise is 0.01%. The ANOVA table shows that 

the most affective factors on viscosity are the solid content and the CMC content (the 

lowest p-values, 0.0032. Then, the particle size is less effective on the viscosity with a p-

value of 0.1721.  

 
Table 7.4. ANOVA table for response 2 (viscosity) 

 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F-value p-value  

Model 273.68 6 45.61 5.07 0.0029 Significant 
A-Solid Content 101.83 1 101.83 11.33 0.0032  

B-CMC Content 141.95 1 141.95 15.79 0.0008  

C-Particle Size of 
the Glass Powder 

18.10 1 18.10 2.01 0.1721  

AB 79.73 1 79.73 8.87 0.0077 Significant 
AC 4.52 1 4.52 0.5029 0.4869 Not significant 
BC 9.32 1 9.32 1.04 0.3212 Not significant 

Residual 170.77 19 8.99    

Cor Total 444.45 25     

 

 The ANOVA diagnostics normal probability plot of residual and predicted vs. 

actual graphs of viscosity are shown in Figs. 7.24(a) and (b), respectively. Figure 7.24 (a) 

indicates that the highest viscosity is an outlier. In Fig. 7.24 (b), it shown that the model 

also well predicts the experimental data with adjusted R2-value of 0.8256.  

 

 
              (a) (b) 

 
Figure 7.24. ANOVA diagnostics a) Normality plot of residual and b) Predicted vs. 

actual plot according the response 2 (viscosity) 



77 

 Figure 7.25 shows the variation of maximum expansion with viscosity. The 

maximum expansion is related to the viscosity with a correlation number of 0.811. 

 

 
 

Figure 7.25. Relationship between maximum expansion and viscosity by simulating the 
results 

7.7. Microstructural Analysis  

 A typical green body of foam glass (medium powder, 55 wt% solid content with 

4 wt% carboxymethyl cellulose) after taken from the foaming mold is shown in Figure 

7.26. Macro pores are easily seen in this micrograph.  

 

 
 

Figure 7.26. Glass foam green body 
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 The SEM images of the polished surface of a foam glass green body in epoxy 

mold are shown in Figures 7.27 (a-d) at 60, 100, 250 and 1000x, respectively. In these 

micrographs white areas are the glass particles on the foam cell walls and black areas are 

the epoxy in the pores of cells. The particles are shown in these figures are not bonded to 

each other and partial foam structure occurred because of the steric stabilization folding 

the particles together. These also proves an efficient interaction between carboxyl groups 

of the carboxymethyl cellulose and the surfaces of glass particles. And, both macro pores 

inside cells and micro pores in the cell walls are seen in the same micrographs. 

 

  
(a) (b) 

  
(c) (d) 

 

Figure 7.27. SEM images of the polished surface of foam glass embedded into 
epoxy matrix at different magnifications (a) 60x (b)100x (c) 250x (d) 
1000x 

 

 The pictures of foam samples before and after sintering at 750 and 800 oC are 

shown in Figure 7.28(a-c), respectively. After sintering at 750 oC, although showed 

shrinkage (Figure 7.28(b)), the samples sintered at 800 oC were partially melted and the 

cells were collapsed (Figure 7.28(c)). 
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  (a)  (b)  (c) 
 

Figure 7.28. The pictures of foam samples (a) before sintering and after sintering at 
(b)750 and (c) 800 oC 

 

 The SEM surface images of the foam samples with 60 wt% solid content, foamed 

for 1800 s and sintered at 700 and 750 oC are shown in Figures 7.29(a) and (b), 

respectively. In the same figures, the facture surfaces of both foam samples are seen to 

contain small and large pores (shown by arrows) within the cell walls. While the amount 

of these pores is lowered, and the sizes increased in the foam sample sintered at 750 oC.  

 The facture in both samples occurs through the cell walls as seen in Figures 

7.30(a) and (b). Non-complete sintering of cell walls in the foam sample sintered at 700 

oC is noted in Figure 7.30(a) as large pores inside the cells. The appearance of small pores 

on the fractures cell walls, shown by arrow in Figure 7.30(a), also proves non-complete 

sintering of glass powder. It is noted that the cell walls are thicker and completely sintered 

in the sample sintered at 750 oC (Figure 7.30(b)). The denser cell walls are therefore 

separated by cleavage type of fracture as similar with bulk glass. The effect of sintering 

temperature is therefore to 1) increase cell wall density and 2) reduce the extent of cell 

wall pores.  

 Figures 7.31(a) and (b) show the SEM fracture surface images of the foam 

samples foamed until the same duration (1800 s) and sintered at 750 oC with 55 and 60 

wt% solid content, respectively. A comparison between Figures 7.31(a) and (b) reveals 

that increasing solid content reduces the cell wall pores and induces the thicker cell walls. 

The presence of cell wall pores is also noted to be effective in fracture. Figures 7.32(a) 

and (b) show the SEM fracture surface images of the foam samples sintered at 750 oC 

with 55 and 60 wt% solid content, respectively. In both samples, the cracks are seen to 

originate from cell wall pores, as shown by arrows. 
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(a) 

 
(b) 

Figure 7.29. SEM images of sintered samples with 60 wt% solid content sintered at 
(a) 700 and (b) 750  oC  
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(a) 

 
(b) 

Figure 7.30. SEM images of sintered samples with 60 wt% solid content sintered at 
(a) 700 and (b) 750 oC showing fractured cell walls 
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(a) 

 
(b) 

Figure 7.31. SEM images of sintered samples sintered at 750  oC (a) 55 and (b) 60 
wt% solid content  
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(a) (b) 

 

Figure 7.32. SEM images showing cell wall pores in foam samples sintered at 750  oC 
(a) 55 and (b) 60 wt% solid content  

7.8. Compression Strength and Thermal Conductivity of Sintered 

Bodies 

 Figures 7.33(a-d) show quasi-static compression stress-strain curves of sintered 

foam samples with 55 and 60wt% solid content sintered at 700 and 750 oC for 30 min, 

respectively. In Figure 7.33(d), the stress-strain curves of the foam sample of 60wt% solid 

content sintered 750 oC for 60 min are also shown. The stress in compression test 

increases initially to a maximum stress and the sample fails by forming progressive 

facture either starting at the top or bottom of compression test plate as shown in Figure 

7.34. After the failure, the sample remains in between the test plates and progressively 

fractures until about large strains. The initial peak before progressive fracture is taken as 

the compressive strength as marked in Figure 7.33(a). Except one sample, the sintered 

foam samples with 55 and 60wt% at 700 oC show relatively very low compressive 

strength around 0.2 MP as seen in Figures 7.33(a) and (b). When the sintering temperature 

increases to 750 oC both foam samples’ strength values increases over 0.5 MPa. The 

increase of sintering time from 30 to 60 min increases the fracture strength over 1 MPa 

as seen in Figure 7.33(d). The average density and compressive strength of sintered foams 

are tabulated in Table 7.5. As tabulated in the same table, sintered foams samples with 

60wt% have higher densities as compared with sample with 55wt% solid content. The 



84 

foam samples with 55 wt% solid content, density of 405 and 355 kg m-3 and sequentially 

sintered at 700 and 750 oC show average stresses of 0.15 and 0.57 MPa. The foam samples 

with 60 wt% solid content, density of 530 and 504 kg m-3 and sequentially sintered at 700 

and 750 oC show average stresses of 0.32 and 0.58 MPa. Doubling the sintering time 

increases the average compressive strength to 1.3 MPa. These results confirmed that both 

sintering temperature and time are effective in increasing the compressive strength. 

 

(a) (b) 

(c) (d) 
 

Figure 7.33 The compression stress-strain curves of the foamed and sintered samples 
(a) 55 wt% solid and 700 oC, (b) 60 wt% solid and 700 oC, (c) 55 wt% 
solid and 750 oC, (d) 60 wt% solid and 750 oC and the same foam sample 
sintered 60 min  

 

 The measured thermal conductivities of foam samples with 55 and 60wt% and 

sintered at 750oC are tabulated in Table 7.6. The thermal conductivity of sintered foam 
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samples with 355 kg m-3 density is 0.042 w m-1 K-1, while it increases to 0.057 w m-1 K-1 

when the density increases to 504 kg m-3.  

 

Table 7.5. The average density and compressive strength of compression tested sintered 
foam samples  

 

Sample 
Average 
Density 
(kg m-3) 

Average Compressive 
Strength (MPa) 

55 wt% sintered at 700 oC for 30 min  405 0.15 (0.077-0.23) 
60 wt% sintered at 700 oC for 30 min 530 0.32 (0.2-0.52) 
55 wt% sintered at 750 oC for 30 min 355 0.57 (0.47-0.67) 
60 wt% sintered at 750 oC for 30 min 504 0.58 (0.50-0.71) 
60 wt% sintered at 750 oC for 60 min 504 1.3 (1.05-1.43) 

 

 
 

Figure 7.34. The picture of a failed sintered foam sample in compression test 
 

Table 7.6. Thermal conductivities of sintered (750 oC) foams in different solid contents 
 

Sample Density 
(kg m-3) 

Thermal Conductivity 
(W m-1 K-1) 

750 oC 55 wt% Solid Content 355 0.042 
750 oC 60 wt% Solid Content 504 0.057 
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CHAPTER 8 

DISCUSSION 

8.1. The Effect of Particle Size on the Viscosity and Maximum 

Expansion 

 The XRD pattern of the as-received glass powder, shown in Figure 7.1, displays 

a broad hump trend which pronounces its amorphous structure 76. The XRF analysis of 

the powder is well matched with the literature and represents that the powder is in soda-

lime glass structure 77.  

 Parameters like particle size, binder amount and solid content affected the 

viscosity and expansion behavior of slurries prepared for glass foaming. Particle size is 

one of the main parameters determining the rheology of ceramic slurries. The effect of 

particle size on the rheological behavior of ceramic slurries were previously investigated. 

When a system having particles with various sizes is packed closer than a system having 

the same size particles 78. The particles used in the experiments, although were sieved to 

few particle sizes ranges, may be considered having wide particle size distribution and 

hence close packed. In close packed particle systems, rheological properties of the bubble 

surface are more pronounced than interparticle forces and steric forces 8, 78. Since the 

close packing of the particles increases with decreasing of the interval of sieving 

decreases, the viscosity increases as the particle size decreases. However, the effect of 

particle on foam expansions was found to be not significant. The reason of this might 

come from choosing closer sieving sizes to obtain different size distributions and other 

experimental parameters affected the results more dominantly.  

 Sphericity of the particles is another important parameter affecting the viscosity 

of the slurries. In Krieger-Doughtery and Batchelor’s model 79, the particle fraction was 

only considered. The effect of the particle sphericity on the viscosity of liquid-solid 

suspensions was investigated previously 8. An increase in the particle sphericity resulted 

in a decrease in apparent viscosity. The sphericity of glass powder used in this study may 

be increased by applying high energy ball milling. This will be investigated as a future 

study. 
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8.2. The Effect of Solid Content and CMC Amount on Viscosity  

 Theoretical and experimental studies showed that the relative viscosity, μrel and 

solid fraction, ϕ are highly dependent to each other 78. The variation of relative viscosity 

with solid fraction is summarized in Figure 8.1 80-83. The relative viscosity shows a rapid 

increase after 0.5 solid fraction. This behavior was also observed in present study. Figures 

7.9(a-c) shows the average viscosity vs. CMC wt% of the slurries with 50, 55 and 60 wt% 

solid content. The viscosity particularly increases when the solid content is 60% for fine 

powder slurries. The increase in solid content causes viscosity to increase by preventing 

the particle flow in the slurry and by increasing the probability of interparticle interactions 

and packing the particles together 72. 

 

 
 

Figure 8.1. The relationship between solid fraction, ϕ and relative viscosity, μrel 
(Source: Konijn et al., 2014)  

 

 CMC addition stabilizes the slurries sterically and it also increases the viscosity 

of the system since as the CMC amount increases, the amount of the carboxymethyl 
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groups binding hydroxyl group increase. The binding energy of the powder increases the 

packing of the particles; hence viscosity increases.  

8.3. Expansion of Foams 

 Thermodynamically, aqueous foams are unstable as foams collapse with time. 

Foam decay occurs mostly by drainage and coarsening (Figure 8.2). Drainage is the 

downward flow of the liquid metal through the cell edges due to gravitational forces. 

Coarsening is caused by the bubble-bubble gas transport which is resulted from the 

pressure difference. The gas in bubbles transport from smaller to larger bubble due to the 

concentration gradient from the pressure difference in bubbles. Disproportionation rate 

depends mainly on the partial pressure differences of the gases present. However, when 

the gas composition is uniform inside the bubble, the rheological behavior of the bubble 

surface becomes the main parameter affecting the disproportionation rate 84. The duration 

of the decrease in bubble radius is greater in foams having lower viscosity since the 

surface tension and the dissolution rate of the gas decreases. Rheology of foams affects 

the drainage and coarsening of the foaming structure. Coarsening is accelerated with the 

increase of solid content or CMC content since the shear modulus increases 85.   

 The slurries that kept their expanded structure at longer times are classified as 

stable and the slurries that collapse after the maximum expansion as unstable in this study. 

As shown in Figures 7.16, 7.17 and 7.18, the unstable foams are only seen in the slurries 

with 60 wt% solid content, although they have the highest maximum expansion. The 

increase of CMC also tends to form unstable foams.  

 The expansion rate of slurries was found to be highly dependent on the viscosity 

change (Figure 7.20). As the flow of the slurry gets more difficult at high viscosity, the 

slurry expansion becomes difficult and pressure difference between the bubbles and the 

slurry matrix increases. This causes a local change in the gas-liquid ratio of the slurry 

after the foaming reaction starts and the gas diffusion from slurry matrix to the bubbles 

increases the internal pressure inside the bubbles 86. Thus, a sudden explosion-type 

expansion in particularly slurries having 60 wt% solid content. This causes an increase in 

expansion rate. However, this also accelerates the foam decay and when the surface 

tension becomes more pronounced where the maximum expansion is reached. Therefore, 

in the slurries with high viscosity, the rate of the foam coarsening increases. This was also 
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observed previously 58, 84, 87. This effect is also seen in the image analysis of bubble 

formation in Figures 7.21(a-c). Bubble diameter increases with the solid content increase 

due to the internal pressure increase with viscosity. 

 

 
 

Figure 8.2. The interdependence of drainage, coarsening and rheology 
(Source: Hilgenfeldt, et al., 2001) 

 

 The variations of number of cells in a selected area of slurries having different 

solid contents with 4 wt% CMC addition with medium powder is shown in Figure 8.3 

The number of cells in 55 and 60 wt% solid content slurries are higher than in 50 wt% 

solid content slurries at 500 s corresponding to maximum expansion. This is because of 

the higher expansion rate in these foams. However, the number of cells in 55 and 60 wt% 

solid content slurries decreases below that in 50 wt% solid content slurries at 1500 s 

corresponding to the foaming duration after maximum expansion. This proved the 

increased foam decay in 55 and 60 wt% solid content slurries after foam expansion.   

 The average cell size increases during foaming in slurries having 50 wt% solid 

content since the cell wall rupture occurs easily in slurries having lower viscosity. The 

number of cells of these slurries decreases dramatically after about 720 seconds. After 

1500 seconds, the number of cells is increasing due to the explosion of the bubbles and 

formation of smaller new bubbles since the gravitational forces prevents the expansion of 
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the slurry while new bubbles occurring. The increase in the cell number of slurries having 

higher viscosities might be explained by the shrinkage of the slurry. Glass particle shape 

might affect the shrinkage of the slurries after foaming. Sharp edges of the glass particles 

might explode the bubbles when they reach to a point they interfere with these sharp 

edges.  

 

 
 

Figure 8.3. The variations of number of cells in slurries having different solid contents 
with time  

 

 Slurries with fine particles with 4 wt% CMC addition in 60 wt% solid content 

cannot be foamed as being very thick. The thickness of this kind of slurries comes from 

the much larger surface to volume ratio compared to large particles. Fine particles tend 

to agglomerate, and their flow behavior is affected by this phenomenon. Thus, in the large 

surface area of fine particles, the ratio of surface free energy to bulk energy is high. 

Therefore, below a critical diameter, surface drift diffusion allows matter transfer 

between the particles in a medium, such as the aqueous environment of this study and this 

prevents the material flow in the foaming medium. 
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8.4. The Foaming Reaction 

 The reaction kinetics and the hydrogen release mechanism shown in Figure 8.4 

affects the foaming properties of the glass powder slurries. The corrosion rate of 

aluminum with hydrated lime depends on temperature, particle size of the aluminum and 

calcium hydroxide powder, aluminum and calcium hydroxide concentrations in the 

solution and the pH of the reaction environment. In this study, all the parameters except 

the pH of the environment are constant. The pH of the environment varies with the 

varying the CMC and solid content. Therefore, the productivity of hydrogen release, 

which increases the foam expansion, is augmented by the increase of the solid content 

and CMC. In order to understand the reaction kinetics in detail, the parameters mentioned 

above might be considered in the future.  

 

 
 

Figure 8.4. Schematic representation of the foaming system 

8.5. 33 Full Factorial Design Results 

 Total 27 types of experiments were analyzed, and the parameters impacted the 

results were determined with 3-level factorial design in ANOVA. According to ANOVA, 

the most effective factor on the maximum expansion is the solid content, the second 

effective factor is CMC content and the least effective factor is the particle size. The 

variation in solid content is the most effective factor in the viscosity of the slurries 

according to the experimental results shown in Figure 8.5. Solid content dominates the 
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results mostly. The particle size had insignificant effect on the response of the maximum 

expansion since the size intervals might be chosen as close to each other.  

 

 
 

Figure 8.5. The response surface 3D plot of CMC content-maximum expansion and 
solid content-maximum expansion 

8.6. Microstructural Analysis and Mechanical and Thermal Properties 

 The colloidal stability of the slurry was provided by the addition of the CMC with 

steric stabilization. Decaying process of the foam was prohibited by preventing the 

flocculation and van der Waals attractions between the adsorbed particles 68. Therefore, 

the green body structure was obtained effectively as shown in Figure 7.26. The sintering 

increased the cell wall density and reduced the extent of cell wall pores (Figures 7.31 and 

7.32). Increasing sintering temperature caused shrinkage of the body and decreased the 

pore size 88.  

 The compressive strength of glass foam samples tested previously are shown as 

function of density in Figure 8.6, together with those of present study. The collapse stress 

vs. density shown in Figure 8.6 (references in Fig. 13: 1-48, 2-48, 3-24, 4-89, 5 -50, 6-90,7-
91,8-34, 9-52,10- 53, 11-54 and 12- 45 ) were fitted with Equation 3.1. The collapse stresses 
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of the investigated and reported foam glasses are well fitted with the  values between 

0.7 and 1 for the foam densities up to 300 kg m-3 and the  values between 0.7 and 0.9 for 

the foam densities above 300 kg m-3. The tested present glass foam showed lower 

compressive strength than those of previous studies. The compressive strength however 

shows a well match with those of open cell foams. The lower strength of present foams 

simply arises from the porosities on the cell edge and walls and partly from introduced 

anisotropy during drying and sintering. The cells are elongated to the transverse to the 

foaming direction, which induced a lower strength in this direction.   

 

 
 

Figure 8.6. The collapse strength of glass foams and the present study  
 

 Thermal conductivities of the glass foam samples reported previously as function 

of density are shown in Figure 8.7 together with the thermal conductivities of glass foams 

of present study (reference: 1-38, 2-50 3-48, 4-48, 5-31,7-92and 8-93). Thermal conductivities 

of tested foam glass range between 0.042 to 0.057. The tested foam glass, as shown in 

Figure 8.7, exhibit lower thermal conductivities than those of foam glasses reported in 

the literature. The uniform pore distribution and open cell structure of the glass foams in 

the present study might be occasioned for lower thermal conductivities. In addition to 
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this, lower pore sizes, nanosized crystalline tobermorite structure, also residual hydration 

products increase the insulation properties of the product 1, 5, 9.  

 

 
 

Figure 8.7. The thermal conductivity of foam glasses and present study 
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CHAPTER 9 

CONCLUSIONS 
 

 

 Processing foam glass structures from aqueous solutions using a foaming agent of 

Al (1 wt%) and an alkali activator of Ca(OH)2 (1 wt%) was experimentally investigated 

at room temperature. The rheological behavior and the effect of solid content (50, 55 and 

60 wt%), CMC amount (0-4wt%) and glass-powder size distribution (fine, medium and 

coarse) on the foaming behavior of the prepared slurries were determined. The linear 

expansion of the slurries was measured using a laser distance measuring device standing 

above the foaming mold. The bubble size distribution of the slurries during foaming was 

also investigated from the video records of the foaming process. Followings were 

concluded. 

 The slurries with 50 and 55 wt% showed a Newtonian, while the slurries with 60 

wt% solid content showed a non-Newtonian shear thinning behavior. In fine powder 

slurries with 60 wt% solid content and 4wt% CMC addition, no measurement could be 

taken due to the relatively high viscosity of the slurry. Results showed that an increase in 

CMC content and a decrease in particle size caused a shift from Newtonian to non-

Newtonian behavior in the slurries. Furthermore, the slurries were determined to be 

stabilized with CMC addition.  

 Two types of linear expansion behavior were observed dependent on the solid 

content of the slurries. After the initial maximum expansion, the linear expansion stayed 

almost constant with time in low viscosity slurries and the linear expansion decreased 

with time in high viscosity slurries. The foam initial linear expansion rate until maximum 

expansion was also higher in high viscosity slurries. The extensively increased initial 

bubble pressure in high viscosity slurries resulted in explosion-type expansion initially 

leading to high expansion rates initially followed by a bursting of gas bubbles.  

 The bubble size and distribution were observed to be saturated after 12 min 

(~1250 s) in 50, 55 ad 60 wt% solid content slurries. A higher size of bubbles was found 

in 50 wt% slurries, while the size of bubbles in 55 and 60 wt% solid content slurries were 

comparatively smaller. The coarsening was accelerated in low viscosity slurries.   
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 The ANOVA with a 3-level factorial analysis showed the most effective factor on 

the maximum expansion was the solid content followed by CMC content and the least 

effective factor was determined the particle size. Similar results were also found on the 

viscosity of the slurries.  

 The SEM images of the polished surface of a foam glass green bodies proved an 

efficient interaction between carboxyl groups of the carboxymethyl cellulose and the 

surfaces of glass particles.  

 The foam green bodies showed no binding at a sintering temperature of 650 oC, 

while sintering at 800 oC resulted in excessive shrinkage due to the melting of glass 

particles. The foam samples with 55 wt% and 60wt% solid content sintered at 700 and 

750 oC for ½ hr showed average densities between 355-530 kg m-3 and average 

compressive stresses between 0.15 and 0.58 MPa. Increasing the sintering time from ½ 

to 1 hr at 750 oC increased the average compressive strength from 0.58 to 1.3 MPa for 60 

wt% solid content foam. These proved that the sintering temperature and time were 

effective in increasing the compressive strength of foamed slurries. The thermal 

conductivity of sintered foam samples with 355 kg m-3 density was 0.042 w m-1 K-1, while 

it increased to 0.057 w m-1 K-1 when the density increases to 504 kg m-3. The tested foam 

glasses exhibited lower compressive strength and thermal conductivities than foam 

glasses reported in the literature.  

9.1. Recommendations for Future Studies 

1) Particle size effect on foaming was found to be least effective parameter, while 

the effect of wider particle size range should be investigated on the foaming 

behavior of such slurries. 

2) The foaming and alkali activator content in present study kept constant, 1 wt%. 

The effect of the contents of the foaming agent and alkali activator on the foaming 

behavior should be investigated as future study. 

3) The possible reactions between silica, foaming agent and alkali activator after 

foaming and after sintering should be investigated further. 

4) The fine tuning of the compressive strength and thermal conductivity of the 

prepared foams should be performed by optimization of the sintering temperature 

and time.  
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5) Although, this study used soda-lime silica glass as the main ingredient, other 

materials such as metals or ceramic powders are good candidates where this 

method is useful. 
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APPENDIX A 
 

SUPPLEMENTARY MATERIAL 
 

 

A.1. Viscosity Experiments 
 

 

 
Figure A.1. Three measurements of shear stress-shear rate and viscosity-shear rate 

curves of the slurry with fine powders in 60 wt% solids content with 2 
wt% CMC 

 
 

 
Figure A.2. Three measurements of shear stress-shear rate and viscosity-shear rate 

curves of the slurry with coarse powders in 50 wt% solids content with 2 
wt% CMC 
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Figure A.3. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with coarse powders in 60 wt% solids content with 2 
wt% CMC 

 

Figure A.4. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with fine powders in 50 wt% solids content with 3 
wt% CMC 

 

Figure A.5. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with fine powders in 60 wt% solids content with 3 
wt% CMC 
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Figure A.6. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with medium powders in 50 wt% solids content with 
3 wt% CMC 

 
 

Figure A.7. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with medium powders in 60 wt% solids content with 
3 wt% CMC 

 

Figure A.8. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with coarse powders in 50 wt% solids content with 3 
wt% CMC 
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Figure A.9. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with coarse powders in 60 wt% solids content with 3 
wt% CMC 

 
 

Figure A.10. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with medium powders in 50 wt% solids content 
with 4 wt% CMC 

 
 

 

Figure A.11. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with medium powders in 60 wt% solids content 
with 4 wt% CMC 
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Figure A.12. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with coarse powders in 50 wt% solids content with 
4 wt% CMC 

 

 

Figure A.13. Three measurements of shear stress-shear rate and viscosity-shear rate 
curves of the slurry with coarse powders in 60 wt% solids content with 
4 wt% CMC 

 
 

 
 

Figure A.14. Two measurements of shear stress-shear rate curve of the slurry with 
medium powders in 55 wt% solids content with 2 wt% CMC 
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Figure A.15. Three measurements of shear stress-shear rate curve of the slurry with 
medium powders in 55 wt% solids content with 3 wt% CMC 

 

 
 

Figure A.15. Three measurements of shear stress-shear rate curve of the slurry with 
medium powders in 55 wt% solids content with 3 wt% CMC 

 

 
 

Figure A.16. Three measurements of shear stress-shear rate curve of the slurry with 
medium powders in 55 wt% solids content with 4 wt% CMC 
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Figure A.17. Three measurements of shear stress-shear rate curve of the slurry with fine 
powders in 55 wt% solids content with 2 wt% CMC  
 

 
 

Figure A.18. Three measurements of shear stress-shear rate curve of the slurry with fine 
powders in 55 wt% solids content with 3 wt% CMC 

 

 
 

Figure A.19. Shear stress-shear rate curve of the slurry with fine powders in 55 wt% 
solids content with 4 wt% CMC  
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Figure A.20. Three measurements of shear stress-shear rate curve of the slurry with 
coarse powders in 55 wt% solids content with 2 wt% CMC 

 

 
 

Figure A.21. Three measurements of shear stress-shear rate curve of the slurry with 
coarse powders in 55 wt% solids content with 3 wt% CMC 

 

 
 

Figure A.22. Three measurements of shear stress-shear rate curve of the slurry with 
coarse powders in 55 wt% solids content with 4 wt% CMC 
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A.2. Linear Expansion Experiments 
 
 

 
 

Figure A.23. Two linear expansion measurements of slurries with Medium powders 
with 2 wt% cmc in 50 wt% solids content 

 

 
 

Figure A.24. Two linear expansion measurements of medium powders with 2 wt% cmc 
in 60 wt% solids content 

 

 
 

Figure A.25. Two linear expansion measurements of Coarse powders with 2 wt% cmc 
in 50 wt% solids content 
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Figure A.26. Two linear expansion measurements of coarse powders with 2 wt% cmc in 
60 wt% solids content 

 

 
 

Figure A.27. Two linear expansion measurements of fine Powders with 3 wt% cmc in 
50 wt% solids content 

 

 
 

Figure A.28. Two linear expansion measurements of fine Powders with 3 wt% cmc in 
60 wt% solids content 
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Figure A.29. Two linear expansion measurements of medium powders with 3 wt% cmc 
in 50 wt% solids content 

 

 
 

Figure A.30. Two linear expansion measurements of medium powders with 3 wt% cmc 
in 60 wt% solids content 

 

 
 

Figure A.31. Two linear expansion measurements of coarse powders with 3 wt% cmc in 
50 wt% solids content 
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Figure A.32. Two linear expansion measurements of coarse powders with 3 wt% cmc in 
60 wt% solids content 

 

 
 

Figure A.33. Two linear expansion measurements of fine powders with 3 wt% cmc in 
50 wt% solids content 

 

 
 

Figure A.34. Linear expansion measurements of medium powders with 4 wt% cmc in 
50 wt% solids content 
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Figure A.35. Two linear expansion measurements of medium powders with 4 wt% cmc 
in 60 wt% solids content 

 

 
 

Figure A.36. Two linear expansion measurements of coarse powders with 4 wt% cmc in 
50 wt% solids content 

 

 
 

Figure A.37. Two linear expansion measurements of coarse powders with 4 wt% cmc in 
60 wt% solids content 
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Figure A.38. Two linear expansion measurements of coarse powders with 2 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.39. Two linear expansion measurements of fine powders with 2 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.40. Two linear expansion measurements of medium powders with 2 wt% cmc 
in 55 wt% solids content 
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Figure A.41. Two linear expansion measurements of coarse powders with 3 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.42. Two linear expansion measurements of fine powders with 3 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.43. Two linear expansion measurements of medium powders with 3 wt% cmc 
in 55 wt% solids content 
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Figure A.44. Two linear expansion measurements of coarse powders with 4 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.45. Two linear expansion measurements of fine powders with 4 wt% cmc in 
55 wt% solids content 

 

 
 

Figure A.46. Two linear expansion measurements of Medium powders with 4 wt% cmc 
in 55 wt% solids content  
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