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Abstract 

 

Our targets were the study of the effect of using organic templates in sacrificial templating 

technique to produce porous ceramics. Porous alumina ceramics with two organics templates 

expandable polymer spheres and glassy carbon were prepared by using gel casting process. 

These samples were prepared by mixing alumina with binder solution of 4 weight percent and 

pore former. Binders provide better green strength to the ceramic bodies and their efficient 

removal from the system during pyrolysis plays a crucial role in the strength of debinded 

bodies. 

 

 The drying step was studied as critical step in order to understand the defect formation in 

green bodies.  The best drying practice was determined to produce green bodies with less 

number of defects.  

 

The thermal decomposition characteristics of the two templates were carried out. On the basis 

of these studies, the organics burnout temperatures were 170°C, 400°C and 500°C. The 

template burn out cycle was long and combined with crack formation. We optimized the burn 

out cycle and suggested the template which had the least effect on the mechanical properties 

of the final porous ceramic bodies. We found that the expandable spheres burn out occurs first 

by the decomposition of copolymer and was accompanied with release of toxic gases. 

 

The defects related to burn out varied by changing the template. The study of the defects 

related to the burn out of each template was performed and a comparison of their mechanical 

properties was reported.   

 

Incomplete burn out was observed with fast pyrolysis which affected adversely the 

compression strength, therefore recommendations were made on the burn out cycle of ceramic 

bodies containing glassy carbon and expandable microspheres as templates.  
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1. Porous ceramic 
1.1. Introduction 

The ceramics are used for applications that occurred under harsh environments (high 

temperature, active atmosphere, so on). Ceramics (The word ceramic is originated from Greek 

word “keramikos “and it means fired clay1) have attracted the attention of researchers and 

industry due to their good properties such as good mechanical stability, excellent thermal and 

mechanical resistance18, and low environmental impact 20.  

High porosity was avoided in solid ceramics because of its inherently brittle nature, but by 

increasing the number of applications 1, High porosity has been required. Due to the porosity, 

porous ceramics have special properties compared to their conventional dense counterparts4. 

Generally, porous ceramic is defined as materials (ceramics) with porosity over 30% and it is 

produced from any nonmetals inorganic materials (ceramic powders) or organic materials 

(polymer precursor such as PMS, so on…). Porosity between 20 and 27% can be reached 

without great difficulty, but special techniques have been required to produce porous ceramic 

with super high porosity. The technologies of porous ceramic have been used in the industry 

in Russia and other countries since 19307.  

Typically, the pore size and the porosity vary from 1 to 700 µm and from 15 to 95%, 

depending essentially on the type, size, volume fraction of the template9 and the forming 

technology3, Look Figure 01. The pore size distribution, the pore shape and the porosity 

achieved by the sacrificial template method could be controlled due to the presence of broad 

range of sacrificial templates which are available for use.  
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Figure 01: The porosity vs the average pore size for different strategies4. 

 

 

1.2. Oxide and non-oxide ceramics 

The oxide ceramics have low corrosive resistance compared to non-oxide ceramics, thus the 

non-oxide ceramics have attracted attention8.  
 

1.3. Properties 

The properties such as the microstructure, mechanical properties, electrical conductivity, 

thermal shock resistance, permeability, strength under normal or elevated temperatures, creep, 

elasticity modulus, thermal conductivity, thermal resistance and volume constancy (additional 

shrinkage) in heating are related strongly to the porosity 3,4 and the processing route3,4,9. 

By increasing the porosity some features are benefited such as low thermal mass, controlled 

permeability, high surface area, low density, high specific strength, and low dielectric 

constant4. The porous materials are essentially produced to decrease the thermal conductivity 

because the porosity retains air3, to be used under harsh environment conditions, and to 

increase the gas and liquid permeability7.  

Both pore morphology and pore size are really affected by the pyrolysis temperature9. 
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Defects are often observed because of shrinkage (during drying, debinding and sintering) and 

the force that was applied to unmold the green body18. 

 

1.4. Mechanical properties 

The strength of porous ceramic is related strongly to the apparent density via the model of 

Gibson and Ashby (look equation 01)1,9. 
𝑬
𝑬𝒔

= 𝑪(
𝝆
𝝆𝒔

)𝒏 (𝟎𝟏) 

 

This model doesn’t take into account the effect of defects and the influence of the porosity 

type (open or closed)1. The strength is affected by other many parameters such as dissimilar 

cell density and an abnormally large amount of voids or microdefects in the struts, pore shape, 

pore size and thickness of corresponding solid material1, but these realities aren’t shown in the 

equation above. 

 

The flexural and the compressive strength of porous ceramics obtained by the sacrificial 

template strategy ranging between 1 and 40 MPa and between 10 and 100 MPa, respectively9. 

Therefore, the sacrificial template strategy is benefited to increase the porosity in the 

preceramic polymers.  

 

 

1.5. Classification 

The porous ceramic, their typical applications and the forming technology are classified 

depending on the pore size19, Look Figure 02. Porous ceramic are divided in three groups 

(meso, micro, macroporous) regarding to the pore size. The microporous where the pore size, 

D, is lower than 2 nm and meso- porous where D is between 2nm and 50nm, and macro 

porous where D is higher than 50nm 1, 5.  
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Figure 02: Classification of porous ceramic, their typical applications and fabrication 

processes regarding the pore size19. 

 

Despite there is no general classification of porous ceramics; they can be classified according 

to the following characteristic attributes7: 

• Chemical composition of initial material: silicate, alumino silicate, oxide, oxygen-free, 

etc. 

•  Porosity: moderate porosity (30 – 50%), high porosity (60 – 75%), and super high 

porosity (over 75%). 

• Inner structure: granular, cellular, fibrous. 

• Refractoriness correlated to service temperatures: low melting (below 1350°C), high-

melting (1350 – 1580°C), and refractory (1580 – 1770°C), highly refractory (1770 – 

2000°C), super refractory (over 2000°C). 

•  Destination and application area: heat-insulating (main parameter: thermal 

conductivity); heat-shielding (main parameter: the product of heat conductivity and 

apparent density values), and permeable (main parameters: porosity, pore size, and 

permeability). 
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2. Strategies 

 
2.1. Replica techniques 

The replica technique is the first strategy invented to produce porous ceramic, 9. This strategy 

is based on the impregnation of natural or synthetic Template in ceramic suspension or 

ceramic precursor followed by organics burn out then sintering ceramic skeleton. The final 

porous ceramic should present similar morphology to the initial porous material3 and it leads 

to a positive copy of replica9 look figure 031 

 

 

 
Figure 03: Macroporous ceramics obtained by replica technique1. 

It can be divided into two groups according to the type of the used template, synthetic 

template and natural template. 

• Synthetic template 

This strategy is simple, flexible and frequently used in the industry to produce filters for 

molten metals and gas or lightweight structure in various applications. In 1960, 

Schwartzwalder and Somers used polymeric sponges as template, the frequently used one is 

polyurethane PU, to produce Macroporous ceramics. Since this date, it becomes possible to 

prepare porous ceramics with various chemical compositions (Alumina and silicon carbide, so 

on…), pore sizes, and porosities. The sponge replica method is widely utilized today to 

fabricate porous ceramics such as filters15. 
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Polymeric sponge with high porosity is impregnating in ceramic slurry until the pores of PU 

become completely filled with the slurry (ii) thin ceramic coating on the surface of polymeric 

sponge is leaved by removing the excess of suspension by passing the polymer foam through 

rollers (iii) drying (iv) heat treatment to remove the polymer sponge which leave hollow 

cavities in the struts (v) densification of the ceramic skeleton by sintering under appropriate 

temperature and atmosphere3. The porous ceramic fabricated by sponge replica method have a 

wide range of open porosity from 40% to 95%15.  

 

It is not possible to avoid some defects like hollow cavities on the struts and cracked struts 

which result from the remove of polymer sponge during debinding. The stress resistance, the 

mechanical strength and reliability of porous structures decreases significantly1 during the 

pyrolysis because of pits or voids which are observed because of the remove of the residual 

carbon. This drawback is overcome in sacrificial template method which is used instead of 

replica technique when the application requires high mechanical strength9. 

 

Many attempts have been taken place to overcome this drawback; they used polymeric 

precursor solutions to produce silicon carbide (SiC) foams. The evaluation of this method 

doesn’t show any holes at the center of struts, so it can be explained by good penetration of 

the precursor solution into the PU during coating and the inward mobility of the polymeric 

precursor during pyrolysis15. 

 

• Natural template15 

The essential natural templates are coral and wood. Since 1972, corals are early natural 

templates used to prepare several porous ceramics. The method that used coral as template is 

called biomimetic method. Wood has attracted the attention of researchers due to an 

anisotropic, porous morphology with excellent strength at low density, high stiffness, 

elasticity, and damage tolerance. The two used types of wood are coniferous wood and 

deciduous wood, which are obtained in nature easily. 

How to convert cellular wood into porous ceramics? 

The cellular wood is heated at elevated temperature (600~1800 ºC) under inert atmosphere to 

obtain a carbon cellular preforms. Then, the carbon preform is infiltrated with gases or liquid 

at higher temperature to produce porous ceramic through a reaction process, Look Figure 04. 
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The use of wood as template is very time consuming and need high temperature which might 

lead to high cost and restrict its application. 

 

Porous ceramic produced by using wood as sacrificial template is required for the applications 

that need high mechanical properties. 

 

 
Figure 04: Transformaion of cellular wood into porous ceramics15 

 

2.2. Sacrificial template method 

The sacrificial phase technique is widely used in industry to prepare porous ceramic with 

various chemical compositions. It is usually based on the preparation of biphasic composite 

by mixing appropriate amounts of templates with ceramic. This biphasic mixture is reached 

by well dispersion of sacrificial phase template in ceramic powder or ceramic precursor. The 

pore former should be distributed homogonously in the continuous matrix because their 

dispersion affects the porosity and the microstructure of final porous ceramic2,3,4,5,15. Look 

Figure 05. 
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Figure 05: Macroporous ceramics obtained by sacrificial template method15. 

The remove of sacrificial phase from the mixture leads to porosity within the microstructure. 

It occurs either by pyrolysis or by another way such as sublimation or evaporation, then the 

sintering step takes place4. The final porous ceramic is a negative replica of the initial 

sacrificial phase, whereas the replica method shows a positive copy 1,3,4,9,15.  

 

The important advantage of this method is the possibility of use a wide numbers of templates, 

look table 01.   
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Table 01: Some examples of templates reported in the literature3. 

 

 
 

 

 

This method is used with numerous available sacrificial templates to independently tailor the 

properties of the final porous products2 such as the porosity, pore size distribution, and pore 

morphology through appropriate choice of the sacrificial template. The pore size distribution, 

the pore shape, and the porosity are controlled by the size, shape, and content of the sacrificial 

template3,4. Compared to replica technique, the philosophy of this strategy can ovoid some 

defects in ceramic walls which increase its mechanical behavior. Otherwise, the use of a large 

quantity of polymer component as templates has some disadvantages. 
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• Templates 

There are various sacrificial materials such as synthetic and natural organics, liquids, salts, 

metals, filters, carbon nanotube, carbon fiber, silica and ceramic compounds that can be used 

as pore former to produce porous ceramics 1,3,4, 9,10. It is expected that the way used to remove 

the template from the consolidated composite are numerous (pyrolysis, sublimation, washing, 

acidic leaching, so on)15 as an answer of the broad variety of the type of pore former 3,4.  

Synthetic and natural organic materials can be used as sacrificial phase and they are extracted 

via pyrolysis by applying thermal treatments at high temperature 200-600°C. For example, 

heat treatment for more than 3 weeks is required to remove the sacrificial material from an 

alumina brick (5 cm, 10 cm, 23 cm) with porosity 50%. The debinding step can be very time-

consuming and release a large amount of exhaust gas which can cause environmental 

problems. During pyrolysis, the amount of released gas is the main drawbacks of using the 

organic material as pore former and can induce stresses, thus cracking and deformations. The 

drawbacks generated during the burn out of synthetic and natural organic materials are 

partially overcome by applying a liquid pore former such as water, oils (volatile oils) and 

solid phase (naphthalene). The removal of these pore formers still consume of the time, but 

without release of toxic gases and excessive stresses4. 

 

Salts, ceramic and metallic particles are often extracted by applying chemical treatments 

instead of thermal treatments. The end of salt extraction has been occurred by repeatly 

washing the composite with water. Ceramic and metallic particles are often removed by acidic 

leaching4, 9. 

 

Starch has been used as sacrificial template to produce porous ceramics due to its ready 

availability in various morphologies and sizes (2–100 mm) 4. 

 

• Discussion 

Compared to replica technique, the main advantage of sacrificial template method is the 

possibility to modify the pore size, porosity, and pore morphology by appropriate choose of 

sacrificial template15. 
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Porous ceramic obtained by sacrificial method doesn’t exhibit flows in struts as in the case of 

replica techniques. Therefore, the mechanical strength of porous ceramic obtained via 

negative replica is often higher than that of porous ceramic produced via positive replica due 

to their almost flawless struts2. 

 

2.3. Gel – casting1  

It is a new strategy developed by Oak Ridge National Laboratory (ORNL) for one decade ago 

to produce complex-shaped ceramics with high performance and low cost20 and it has 

attracted the attention due to its simplicity and the advantages it offers over other strategies17, 

19,22. Gel casting is the more conventional technique for making porous ceramics and it has 

been used for various materials such as metals, ceramics, alloys and composites19.  

Gel casting is the combinations of old forming process and polymer chemistry where the 

monomers represent the key element, thus the selection of monomers and their ratio has an 

important role20. MAM-MBAM system represents 3-4 wt% of monomers in solution and the 

ratio of MAM and MBAM is between 2:1 to 6:120. Single double bond in monomers 

(monofunctional21) is required in order to produce linear polymer chain while two double 

bond at least (difunctional21) in cross linkers are required to form crosslinking polymer 

molecules, look Figure 06, where M refers to monomer and X refers to crosslinkers). 

 It is used to produce green ceramic body with high strength. It is based on suspension that 

contains ceramic powder and water soluble organic (monomer, crosslinker)1, this suspension 

is casted in the mold to get a desired shape and during heating the monomers and  crosslinkers 

will polymerize in situ to form a green body with network stucture1,20,22. The in-situ 

polymerization leads to strong bodies 19,20.  Network polymer gel holds the ceramic powder in 

the desired shape22. 

 

In the initial period after its invention, this method wasn’t attractive from industrial viewpoint 

because of the use of Acrylamide which is defined as toxic monomer17,19,20. Regarding to 

toxicity a lot of monomers such as methacrylamide (MAM)19,20 with formulation 

C7H10N2O2
19, hydroxymethylacrylamide (HMAM), N-vinylpyrrolidone (NVP) and methoxy 

poly(ethyleneglycol) monomethacrylate (MPEGMA) are used to produce linear polymer 

chains and some crosslinkers such as methylene bisacrylamide (MBAM)19,20,21 with 

formulation (C2H3CONH )2CH2
19,21 and poly(ethylene glycol) dimethacrylate (PEGDMA) are 
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used to form crosslinking polymer20,22. In reality, besides the monomers’toxicity some 

parameters such as strength, stiffness, toughness of gel, strength of wet and dry material, 

green machinability, reactivity and price are taken into consideration during the selection of 

monomers and crosslinkers20. The famous binder systems that are often used in gel casting are 

MAM-MBAM 17,1920 and MAM-PEGDMA 20.  

The use of free radical initiator accelerates the formation of high molecular weight polymer 

which fills the space between the particles in the ceramic slurry and form organic bridges 

between the powders. The famous initiators are ammonium persulfate (APS), tetramethyl-

ethylene diamine (TEMED), azobis (2 amidinopropane) HCl (AZAP) and azobis [2-(2-

imidazolin-w-yl) propane] HCl (AZIP)20. Despite the toxicity20 of APS with formulation 

H8N2O8S2 and TEMED with formulation C6H16N2
17,19, they were usually used as initiator and 

catalyst, respectively19. 

The gel temperature affects the foam. In fact, high temperature is detrimental to the foam 

stability and disrupts the foam structure17. Catalyst is often added to decrease the on-set 

polymerization temperature of gel casting system. 

 The polymerization time depends to catalyst, initiator percent, PH and temperatures19, Look 

Figure 07. 

During the initial period of sintering, the gas penetrate in the suspension and the liquid 

surround each bubble to form a thin film, the SDS move to the new created surfaces to 

prevent further thinning. The oxygen presence in the foamed ceramic slurry affects negatively 

the strength and acts as inhibitor of the free radical polymerization17. The SDS is added as 

surfactant to solve this drawbacks19. Besides, the surfactant, catalyst, initiator are used to 

prevent the coalescence of bubbles which leads to large pores in the final porous product. 

Otherwise, foam volume increases with the SDS amount and sintering time until a steady state 

was achieved at the maximum value19, Look Figure 08. 
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Figure 06: The in situ polymerization of monomers and crosslinkers20
.
 

 

 

 
 

Figure 07: The effect of catalyst (TEMED) and initiator (APS) on the gel time19. 
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Figure 08: The effect of stirring time and loadings of surfactant on foam volume in 

suspension19. 

 

• Properties 

 

The use of organic monomers represents the main difference between the gel casting strategy 

and other ceramic process such as slip casting, injection molding and pressure casting20. 

It has some advantages compared to other processes:  

-rapid forming cycle20 

-high green strength compared to other strategies due to less flawed structure and dense strut 
19,20. 

- Many mold materials: aluminum, stainless steel, plastic, glass and wax molds19,20. 

-The time of binder removal is short because the amount of binder is lower20. 

  
- High density compared to slip casting, dry pressing, tape casting and injection mold21. 

-low cost, it doesn’t need new components compared to conventional strategies18,20. 

- Easy to produce complex-shaped ceramic scales18 due to the presence of much liquid19,20. 

-gel casting can be used with any ceramic powder and leaves no cation impurities in the fired 

part21. 

-no environmental problems for disposal21.  
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-short time of binder burn out because of low binders amount (3-4 wt %)1,17,20
, While the burn 

out takes around 7 days in the injection molding18. 

-The mold material must allow shrinkage to occur and minimize the internal stresses in the 

cast body 17,18,19. Otherwise, softer mold materials can be used to minimize stress result from 

drying shrinkage17. 

 

The pure ceramic body is obtained after some steps: Firstly, remove the solvent from the 

ceramic suspension by drying in air22. Drying is the consuming time in gel casting, to reduce 

the time and minimize the unrelieved stress in the body, it is recommended that the initial dry 

occur at high humidity until the shrinkage stop and then the drying rate is increased either by 

decreasing the humidity or increasing the temperature or the both22. Then pyrolysis (the 

removed organic are essentially the polymerized monomers and crosslinkers19). Finally, 

sintering the ceramic materials to get a full density20. 

 

• Viscosity 

Low viscosity is required for both mixing and casting and it needs to be combined with high 

solids loading to reduce the shrinkage and the risk of crack formation during drying19. The 

gravitational interaction between the alumina particles (is related to the distance between 

them) encourages the powders to stick together and form structure in the slurry, but by 

increasing the shear rate this internal structure is destroyed and the viscosity decreased. High 

shear rate is required to prevent the formation of internal structure19. 

 

• Drawbacks 

Despite the excellence of this method compared to other techniques, it still has some 

drawbacks such as bubbles, some powders aren’t crushed to small grains in the ceramic 

slurry1, and there is an additional cost of removal of organic solvents22. 

The air bubbles preserved during de-airing or large powder particles which weren’t crushed 

into smaller particles in the ceramic slurry are the famous problems which decrease the 

strength of final porous ceramic20. 
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Defects such as cracks, distortion, delamination, bubbling, and voids are generated because of 

buildup of internal pressure during binder burn out where the conversion of binders from 

liquid state to vapor state takes place. The open porosity is required in the green body to 

prevent the crack formation by leaving the volatile products escape out from the body through 

them. The open porosity is maintained when the volume fraction of binders compared to 

powders is between 0.08-0.15 (except injection molding and compression molding)24.  

Nowadays, many copolymer are used as sacrificial materials. The burn out of these templates 

is very time-consuming, besides it generates exhaust gases that cause environmental 

problems. The use of liquid material such as water and oil as sacrificial material still time 

consuming but avoid the generation of undesired gas and the excessive stress during the 

removal of templates4. Freezing method is preferred to avoid the mentioned drawbacks 

because it uses water as sacrificial material15. 

 

2.4. Freezing method3,9,11 

 

The freezing method is used to produce highly aligned porous SiC ceramics17 with well-

defined porosity. The steps involved in this method are discussed: (1) the preceramic 

precursor PCS is dissolved in organic solvent camphene at 60°C without deteriorating the 

chemical structure of PCS, solvent trap is recommended to minimize the evaporation of 

camphene. Camphene (𝐶10𝐻16)  is friend to the environment and no dangerous on health.   

(2) The warn solution is casted in mold. The thermally separation of phase (liquid nitrogen is 

used to indicate the freezing direction) leads to regular bicontinuous structure where each 

phase (PCS or 𝐶10𝐻16) is interconnected in a regular pattern. Beyond the freezing point, the 

camphene grows dendritically from the broad to the center of cast body and the PCS polymers 

became concentrated between the dendritic arms. Long straight and short elongated channels 

were formed parallel and normal to the direction of the camphene growth, respectively. (3) 

Before unmolding, the frozen bodies have to be in area at -63°C to improve the green 

strengths (4) the frozen network camphene is sublimated via freeze drying. Then the sample 

displays high porous structure, (5) the porous PCS has to be cross-linked. (6) By pyrolysis at 

1400°C in a flowing Argon atmosphere, the porous PCS is converted to porous SiC ceramic.  

Porosity with special morphologies has been obtained by using freeze casting method with 

water or high melting point oil as sacrificial template. By tuning the growth of ice/oil crystals 
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during the unidirectional freezing, dendritic or highly oriented porous structure are obtained 

after sublimation of templates4.  

 

 

 
Figure 09: The phase separation during freezing. 

 

 

2.5. Direct foaming method  

This strategy is based on the incorporation of gas bubbles into ceramic slurries to prepare 

ceramics with cellular structure. It is done either by mechanical frothing or bubbling (gas 

injection)3, then setting to keep the porous structures created by the gas bubbles intact. Look 

Figure 10.  

In this technique, ceramic or precursor suspension is foamed with physical or chemical 

blowing agents such as volatile liquids to create stabilized foam, dried and subsequently 

sintered to obtain Macroporous ceramics3.  

 

The final porosity of porous ceramics produced by this strategy is determined by the content 

of gas incorporated into the suspension during the foaming process2. Despite its advantages 

compared to replica technique, the pore size still one of its drawbacks because it is difficult to 

produce ceramics with a narrow pore size distribution2,3. Otherwise, the pore size is highly 

affected by the wet foam stability before setting2.  
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The destabilization processes increases the size of gas bubbles through coalescence and result 

in large pores in the final porous ceramic. Therefore, the stabilization of the bubbles in the 

wet foam is required15. 

 

How the stabilization process can be achieved ? 

 

Here, we discuss only the surfactant which is defined as amphiphilic molecules with long 

chains and biomolecules. It can be absorbed by the surface of gas bubbles and decrease the 

interfacial energy between suspension and gas, thus retarding coalescence. 

 

 

 

Figure 10: Production of ceramics by using direct foam technique. 

 

The foaming technique is an easy and fast environmental-friendly route to prepare cellular 

ceramic structures with a wide range of porosity.  

Many attempts were done to improve this route. For example to optimize the process time, the 

Freon (C𝐶𝐿3F) was used by Fiuji et al to produce silica foam in a rather time consuming way. 

On other hand, Tomita et al used mechanical attempted to avoid toxic ingredients by using 

frothing with surfactants. Pradhan and Bhargava added sucrose (improve the foam stability) to 

ceramic suspension to decrease the brittleness of green bodies2. 
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• Discussion 

The cellular ceramics fabricated by direct foaming show a relatively higher mechanical 

strength in comparison with the replica method15.  

 

2.6. Dry pressing 

 

The production of porous ceramics with relatively high density can be achieved with dry 

pressing process which is governed by proper formulation and controlling material feed 

(granulated powder and binder). Addition of binders provides coating to granules, gives better 

flow ability and leads to sliding and rearrangement which increase the packing density, but 

too much binder is not suitable for densification as a greater pressure is needed to achieve the 

required densities. 

The deformation generated by applied pressure increases the area of contacts, eliminates large 

pores, and reduces the inter-granular porosity. 

The compaction process reaches the required density through three stages.  

Firstly, with a little increase in pressure, sliding and rearrangement causes initial 

densification. Secondly, neighboring of particles is required, so the pressure should pass yield 

pressure in order to reach high granules deformation. Thirdly, by increasing in pressure really 

high density can be achieved. Look Figure 11. 
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Figure 11: Granule and Pore size change during Compaction Process. 

 

 

2.7. Paste extraction25 

It is considered as classic route, and used to produce honeycombs for various applications 

such as filters, for instance. Using this technique, the first paste should be prepared by high-

shear mixing, for this reason, some components such as ceramic powders, polymeric or 

mineral binder additions and lubricating agents are required. The green body is achieved after 

mechanical extrusion, then it follows the traditional ceramic processing procedures involving 

drying, debinding, and sintering. An example of Honeycombs obtained by this strategy is 

presented in. Figure 12 

 

This route presented some advantages and drawbacks including the possibility of extrusion 

honeycombs with well-defined unidirectional channels with many different cross-sectional 

shapes (square, circular, triangular) for different specific applications. Environmental 

concerns can be reached due to the large quantity of polymeric binders and lubricating agents. 
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Figure 12: Honeycombs: (A) as pressed, (B) Material AL 1600 as fired and (C) Material AZT 

1600 as fired. 
 

 

 

 

 



 Master Thesis 09/2015| 27 
 

3. Organic effect on ceramic bodies 
The role of binders in ceramics is so complex regarding to plasticity and pyrolysis. During 

gelation, they form organic bridge between the powders. During burn out, they build up the 

internal stress and increase the defects fraction. 

3.1. Binders 

The binders (monomers and cosslinkers) constitute the major organic additives in the green 

body19. The binders are dissolved or dispersed in solvent and then the ceramic powders are 

add to the binder solution, but for injection and compression molding the ceramic powders are 

mixed directly with the binders. The binder amount depend the forming strategy, (3-4wt %) 

gel casting, (3-17wt %) tape casting, (7-20wt %) injection molding.  

The main role of binders is to bind the powder together. The binders are retained in the body 

to provide organic bridge between the powders and they provide the necessary plasticity and 

guarantee high green strength25. The binder role is too complex, it is necessary for 

manufacture and on other hand their removal cause problem. The binders are required for 

green strength, but too much binder can decrease the green strength by particle-particle 

separation24. Low binders amount makes the debinding step less critical and reduce the crack 

formation1. During burn out, excessive amount of binders can cause deformations, sagging, or 

blistering defects 24. 

3.2. Crack 

The cracks are expected in the pre-sintering bodies because of many factors: 

• During heat, The mismatch in the thermal expansion coefficient between polymers 

(organic) and Alumina (inorganic)4. 

• The bubble formation during binder burn out. 

• Particle-particle separation in case of high binder amount 

•  During fast binder burn out, the release of large volumes of volatile build up the 

internal stress which can lead to crack formation as well as deformation 25. To avoid 

cracks, the burnout rate can’t be higher than 20 mg/min for thin ceramic plates (3-4 

mm) 4.  
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1. Fabrication process 

• Premix solution 

To form the organic solution, the monomer Methacrylamide “MAM” (C7H10N2O2), the cross-

linker Methylenbisacrylamide “MBAM” ((C2H3CONH)2 CH2) ”, in 5:1 ratio and  distilled 

water were mixed by vigorous magnetic stirring for 2 min at 90°C. 

 

• Ceramic Suspension 

- Low viscosity is required for both mixing and casting.  

- Gel casting is a process where concentrated ceramic slurry is obtained by adding 

monomer solution to water-based ceramic suspension. 

In the first stage, the half of Alumina powder, 1.5 wt% of Sodium dodecyl sulfate “SDS” as 

surfactant and water were mixed by magnetic stirring for 2 min. In the second stage, the 

organic solution and the rest of alumina powders were added to the suspension (The powders 

were added slowly in order to reach 36 vol% without agglomeration). In the third stage, the 

suspension was mixed for 6min to ensure its homogenization.  

 

• Ceramic sample 

The slurry was milled in the polymer bottle which already contained milling beads. After 24 

hours of milling, the slurry was filtered to separate the beads. During deairing an optimum 

amount of antifoaming agent “1-butanol” (C₄H₉OH), pore former: the expandable polymeric 

spheres (EPS) 461DE40d60 and the glassy carbon (GC), the initiator ammonium pre-sulfate 

“APS” (H8N2O8S2) were dissolved by magnetic stirring for 30 min. By using vigorous 

magnetic stirring, the expandable polymeric spheres (EPS) 461DE40d60 and the glassy 

carbon (GC) were dispersed homogenously to form high foam volume. The amount of 

initiator was higher than the one in literature because of oxygen inhibition. The suspension 

was casted in glass mold and simply placed in an oven preheated to 70°C and 90°C for EPS 

and GC, respectively. To remove the moisture and antifoaming, the samples were dried at 50 

°C until unmold then at room condition for 3 days then at 117° for 6h. The obtained green 

body was strong enough for green machining. The burn out cycle “debinding” was performed 

like described in compressive strength part. 
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Figure 13: Porous ceramic after expandable spheres burn out: (1) 921WE40d24, (2) 

461DE40d60, (3) green body with glassy carbon (4) porous ceramic after glassy carbon burn 

out. 
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2. Characterizations 

The template burn out was performed in a tube furnace at 600-1000 °C. The microstructure of 

ceramic bodies was studied by using the scanning electron microscope “SEM”. 

Thermogravimetric analysis (TGA) coupled with mass spectroscopy were performed in order 

to understand the template removal process, chemical reactions involved during the burnout 

and effect of furnace atmosphere on the burn out and the gases evolved during the burn out 

cycle. The pre-sintered bodies were tested for their mechanical properties as a function of 

heating rate and holding times. 
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1. Evaluation 

1.1. Study of Drying  

• Mold 

Fortunately, it is possible to use numerous molds (glass, Aluminum, so on) with gel casting. 

The properties of the molds coupled with the molds design play an important role in forming 

of green body, as it must allow shrinkage to occur and minimize stresses in the cast part 

during drying. To reduce the risk of crack formation during drying, the thermal expansion 

coefficient (CTE) of the mold should be closer as possible to the one of Alumina. For this 

reason, glass mold (CTE = 5.9 10-6/K) was used as mold to form Alumina ceramic (CTE = 5.4 

10-6/K). 

• Drying  

Drying step is really critical and as consequence it is defined as key step, for this reason a lot 

of drying methods were used depending on the raw materials and the forming technology. The 

particles (Alumina powder) in a non-dried green body (moist body) were surrounded by a 

water film. The gelation occurred at 70°C which decreased the problems related to the water 

evaporation. During drying, the water was removed that enhance particles to move closer 

together and the distance between them was decreased. This change seems as volume 

reduction and it was known as drying shrinkage. 

• Drying shrinkage 

By increasing the temperature or decreasing the humidity, the water between the particles was 

removed and the distance between them was decreased. The maximum of drying shrinkage 

(DS) was achieved at the end of the first stage of drying, look Weight Loss and Drying 

shrinkage. 

 In this experiment, The Drying shrinkage (DS) was anisotropic for Alumina and Zeolite; it 

was higher in cross-section than in length. The DS was presented in Table 01. 

𝐷𝑆 =  
𝐷2
𝐷1

 𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑎 𝑎𝑛𝑑 𝑍𝑒𝑜𝑙𝑖𝑡𝑒    

Where: D1 and D2 are the diameters of the non-dried and the dried samples, respectively. 
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Table 01: Drying shrinkage during drying of green ceramic bodies. 

ceramic Template DS ( percent) 

Alumina * 20 

Alumina EPS 18 

Alumina GC 12 

Zeolite * 15 

 

The DS was changed by varying the powders. The DS of Zeolite was lower than the one of 

Alumina. Therefore, the shrinkage was related to the raw materials.  

The DS of Alumina with 36 vol% was lower than the one of Alumina with 20 vol%, and then 

the DS increased with the content of moisture. 

Regarding literature, the DS was related to the forming technology.  

• Weight loss and drying shrinkage 

 

 

Figure 14: Decrease of Weight Loss vs time during drying of Alumina ceramic. 
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To understand deeply the drying step which is really critical in gel casting technique, it is 

recommended to study the weight loss instead of the drying shrinkage.  

The decrease of weight loss as a function of time involved two parts with two different drying 

rates. From 0-20h: the drying rate was so high because the water evaporation was occurred at 

the external surface of the body. Therefore, the distance between the particles was decreased 

and the ceramic particles contact each other.  

After almost 40 hours of drying, the curve became flatter and the drying rate was low. The 

low drying rate could be explained by the removal of internal water through the voids 

between the particles, through pores and through big cracks. The removal of internal water 

needed longer exposures at room temperature and humidity.  

Drying for one day was required to avoid the visible defects then drying for two days at least 

was preferred to avoid invisible cracks.  

 

 

Figure 15: The microstructure of green body during drying. (1) Beginning of drying, (2) end 

of drying. 

 

1.2. Optimum gel casting 

The effect of polymerization time, gelation temperature, milling, initiator, solid loading and 

heating rate were discussed in this paragraph.  

The polymerization time affected the pore size distribution because it allowed time for 

bubbles enlargements. For this reason, the suspension was polymerized for 25 min in order to 

give enough time for polymerization step and to avoid the gas expansion. 
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 The polymerization temperature was varied by changing the template. It was 70 °C for EPS 

in order to prevent the problems related to water evaporations and 90 °C for GC to avoid their 

fast down. 

 

The properties of the suspension were affected by milling: 

The milling time has to be equal to or more than 20 hours to obtain low viscosity. For milling 

time shorter than 20 hours, the viscosity decreased when the time increased. For this reason, it 

was recommended to milling the suspension for one day, but not too long to avoid the 

undesirable gelation.  

The green bodies were divided to two parts when the milling time was lower than one day and 

the weight of milling beads was lower than three times of the one of powder. This defect 

could happen because the molecular network, hold ceramic particles together, weren’t mixed 

well with the powders during milling.  

The voids in the suspension and as consequence the viscosity were increased by increasing 

the size of milling beads. 

 

It is possible to control the idle time (*) by varying the amount of initiator. By increasing the 

amount of initiator the idle time decreased, as consequence, the problems related to water 

evaporation and inhibition could be avoided.  

 

The recent research proved that higher solid loading is required to reduce the shrinkage of 

ceramic green body during drying and sintering. This decrease in shrinkage reduces the 

problems of cracking and warping1,19,20. On other hand, too high solid loading leads to high 

viscosity that isn’t suitable for mixing and casting.  Porous ceramic with good performance 

was produced from ceramic slurry with low viscosity (flowable slurry and with as high solid 

loading as possible). For this project, the solid loading was 36 %.  

The size of powders affected the reproducibility of ceramic slurry, for example the reduction 

in the powder size increased the viscosity which influenced the reproducibility of the ceramic 

structures18. 
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The rate of volatiles escape out was affected so much by the heating rate.  If the release of 

gases is higher than they can escape out, the stress will build up leading to cracks or 

deformation. For this reason, low heating rate was recommended to escape out the volatiles 

easily through the pores. Otherwise, the open pores were required to facilitate the escape out 

of gases and to minimize the internal stress. The open pores depend the ratio between the 

binder volume and the powder volume, may be further work is required in this way. 

(*)  it represents the time between the addition of initiator and the start of polymerization. 

 

1.3. Porosity 

• Definition 

The term porosity is used in many fields including ceramics. Porosity is a fraction of the 

volume of voids, which air or water can get through, over the total volume and it is expressed 

between 0 and 100%.  

The porosity was generated by three different factors which were the inter-particle voids with 

pore size D = 0.84µm, the bubbles incorporated inside the suspension and the pore former.  

Generally, the bubbles were the most defects that alter the final porous ceramic product. 

Bubbles were incorporated inside the suspension during many steps: mixing, milling, and 

organic burn out. The samples which contained a lot of bubbles were very brittle. To avoid 

the effect of bubbles, it was recommended to work under nitrogen atmosphere, see Figure 16 

. 



 Master Thesis 09/2015| 38 
 

The pore bubble could be observed in the green body either in the case of bad deairing or 

during the preparation of the sample under oxygen atmosphere.  

 

Figure 16 : (1,2) SEM of ceramic at different magnification, (3) ceramic sample contain 

bubbles  

. 
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• Calculate porosity 

 

 
Figure 17: Structure of green body. 

 

The powders and the Templates (pore former) were mixed randomly by gelcasting process, so 

the intervoids represent 40% of  the sample. 

Pv = 40 + �𝑉𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒
𝑉𝑇𝑜𝑡𝑎𝑙

� ∗ 60 

Pd = 1- ( 𝐷
𝐷𝑝𝑜𝑤𝑑𝑒𝑟𝑠

) 

Where:, VTemplate ,VTotal , Dpowders and D refer to volume of templates , total volumes, density 

of powders and  sample density respectively. 

 

Table 02: calculated porosity by using the volume and the density. 

ceramic Templates Pv Pd 

Alumina 461DE40d60 67 70,814 

Alumina Glassy carbon 67 69 

 

 

voids 

ceramic 

Templates 
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the porosity is always measured by using the porosimetry, but it can be measured by using 

simple and easy process which involves some steps: 

- Put the sample, volume V, in empty cylinder with volume, V1, then put them on the 

balance. Determine "V1" by multiplying the height of the cylinder by the cross-

sectional area of the cylindrical column. V1 = π*r*r*h   

- Add water slowly into the cylinder. Continue to pour water into the column until it is 

filled with water. 

- To determine the volume of added water "V2", Weigh the water-filled the cylinder 

then convert this value from grams to cubic centimeters. 

- The volume of voids inside the sample is : Vvoids = V2 – (V1 - V) 

- the porosity is defined as the voids volume divided by the sample volume.  

P(%) = 100*(V2 – (V1 - V))/V 

 

1.4. Scanning electron microscope  

The dry expandable polymeric spheres 461DE40d60 were formed from a copolymer shell and 

a blowing agent as isobutane. The copolymer was prepared from acrylonitrile and vinylidene 

chloride. The copolymer was able to encapsulate the blowing agent. The product was coated 

with about 2 wt% of silica and its specific density is 60 g/L and its mean size (D50) is 20-40 

µm. This template was expanded due to the couples of two phenomenon softening and 

increased in the internal pressure. The copolymer shell was softening when the temperature 

passed its glass transition temperature. Parallel to this process, the isobutane expanded which 

resulted to significant increase in the internal pressure of the microspheres. The expansion 

temperature of this template varied with some parameters such as heating rate, the co-polymer 

composition and its glass transition temperature. 

The microstructure of porous Alumina ceramic produced by using this Template and glassy 

carbon were shown in Figures 18 and 19, respectively.  

The microstructure of the porous bodies varied with the templates. Regarding the 

microstructure, the pores were distributed homogenously only with GC. 

In the green body, The EPS and the GC were covered and surrounded by Alumina powder 

and no cracks were observed. By heating until 1000°C, The templates were completely 
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removed. Even though the de-airing method wasn’t changed by modifying the template, the 

bubbles were observed only with EPS. The bubble formation could be explained by the 

thermal decomposition of the copolymer shell. Therefore, the glassy carbon burn out involved 

only the combustion and the expandable spheres burn out involved decomposition and then 

combustion. During their removal, formation of cracks took place because of the escape out 

of gases and the mismatch in the thermal expansion coefficients of polymers and ceramics.  

The setting and the consolidation of Alumina powders should occur after the maximum 

expansion of 461DE40d60 in order to avoid the build-up of internal stresses which can lead to 

defects. 

Note: Compared to EPS, The distribution of GC is more homogenous due to its weight.  

Figure 18: SEM of ceramic body produced by expandable spheres 461DE40d60: (1, 2) green body,(3) 

debindied body,(4) sintering. 
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Figure 19: SEM of ceramic body produced by glassy carbon: (1, 2) green body, (3) debindied body 

(4) defects. 
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2. Gas formation during burn out 

2.1 Process 

• TGA 

Thermogravimetric analysis (TGA) consists of a sample pan which resides in a furnace and it 

is a technique in which, upon heating or cooling, sample weight increases or decreases as a 

function of temperature or time under different atmosphere. The sample weight loss is 

monitored during heating or cooling under different atmosphere.  

• GC 

Gas Chromatography (GC) is a high-resolution technique which frequently used to separate 

volatile and semi-volatile compounds. The gas mixtures are separated based on the 

differences in component distribution between a stationary phase (e.g., inner coating of a 

capillary) and a mobile phase (purge gas; e.g., helium, nitrogen, argon, hydrogen).  

• MS 

MS is applied as a detection system at the outlet of the GC separation column and will register 

the time distribution of the separated gas components in the purge gas flow. Due to this pre-

separation of the gases by the GC and the sensitivity and the resolution of the MS, detailed 

structural information is provided, allowing most compounds to be exactly identified. 

• TGA-GC-MS 

The TGA was coupled with a GC/MS for many tests. They were widely used in laboratory 

due to its ability to detect very low levels of gases in complex mixtures, for example to 

remove organic pore former and binders from the green body. By heating the sample in the 

TGA (act as furnace), gases were released because of the thermal decomposition. These gases 

were transferred to the GC where they could be collected and separated, and then the detected 

peaks were easily identified by MS, see Figure 19. 
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Figure 19: TGA-GC-MS  

All TGA analyses were done under air or argon atmosphere with flow rate 20 ml/min. 

ceramic pellets with total weight 30 mg were used for the TGA investigations. The buoyancy 

effect in TGA has been taken into account by carrying out empty crucible runs and 

subtracting the resulting weight differences from the subsequent sample mass loss data. The 

DSC/TG experiments were done in the Netzsch 414 Thermal Analyzer. The samples were 

heated and cooled at heating rate 10°C/min and 20°C/min respectively, see Figure 20. 

 

 

Figure 20:  Heating rates during heating and cooling 
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2.2. DSC and TGA 

The DSC-TGA helped to understand the weight loss behavior which referred to organic burn 

out at a particular temperature range. 

 

Figure 21: TGA-DSC for expandable spheres 461DE40d60 under Oxygen  

 

 

Figure 22: TGA-DSC for expandable spheres 461DE40d60 under Argon 
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The evolution of weight loss as a function of temperature was displayed in Figures 21 and 

22.  

At a heating rate 10°C/min, the decrease of weight loss referred to two phenomenons which 

were occurred between 170°C - 600°C and after 600°C.  The total weight loss was around 6-

8wt%, it is relatively small and it included the decomposition of network polymers 4wt% 

(MAM as monomers and MBAM as crosslinkers), the expandable polymeric spheres EPS 

1.3wt% and surfactant SDS 1.5wt %. The weight loss related to polymer burn out was around 

5wt% (EPS, MAM and MBAM) and it started at 170°C and finished at 600°C.  

The DSC curves didn’t show the same peaks under different atmospheres (Air, Argon), so the 

removal of polymeric binders and organic templates were affected by the environment 

atmosphere. The DSC curve was the superposition of one endothermic peak and three 

exothermic peaks. The exothermic peaks were observed around 170°C, 400°C and 500°C and 

they referred to EPS burn out and binder burn out, respectively. Under oxygen, the shown 

exothermic peaks at 400°C and 500°C proved the decomposition of binders, monomer MAM 

and crosslinkers MBAM. The polymer decomposition initiated at weak link sites, such as 

hydroperoxy and peroxy groups, which always presented within the polymer chain. Under 

Argon, these peaks weren’t observed, and then oxygen contributed in the thermal degradation 

of polymers. The endothermic peaks referred to carbon dioxide formation and they were 

observed at 700 °C and 900°C for oxygen and Argon, respectively. Therefore, the oxygen is 

required to remove the carbonyl groups. Air is required for both decomposition and 

combustion.  

 

Note: The maximum weight loss was occurred between 170°C and 600°C; to avoid the 

incomplete burn out and to reduce the risk of crack formation it was recommended to heat 

slowly with multiply holding time in this temperature range.  

 

2.3. Spectrometry 

It helps to characterize the gases evolved during template burn out cycle. It was performed for 

two organic templates: expandable spheres and glassy carbon. 
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• Expandable spheres 461DE40d60 

 

During the thermal decomposition of monopolymer vinyldene chloride “VDC”, two reactions 

took place to release first volatiles such as polyene and then carbon radical “carbonization”. 

This monomer is thermally unstable and undergoes degradative dehydrochlorination above 

120°C to generate chloroacetylene “C2HCl”, wasn’t detected by spectrometry, and 

Hydrochloric Acid HCl. Then the carbonization reaction took place by the decomposition of 

chloroacetylene volatile to Hydrochloric Acid and carbon radical. The first peak of HCl was 

detected at 150 °C which mean that the thermal decomposition of copolymer is more complex 

than the one of monopolymers. The second peak of HCl was detected at 350°C which mean 

that the reaction (2) is very slow, Look figure 23. 

 

(1) C2HCl2                    C2HCl + HCl 
 

(2) C2HCl                      2C + HCl 
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Figure 23: Release of Hydrocloric Acid during the EPS burn out under Oxygen and Argon 

 

Otherwise, it is possible to produce vinyl chloride monomers via the following exothermic 
reaction by using Acetylene, hydrogen chloride and mercuric chloride as catalyst 

C2H2 + HCl                          CH2 CHCl 

The Acetylene reacted with oxygen to form Formaldehyde and released the radical of carbon, 
Look Figure 24. 
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Figure 24: Release of Formaldehyde during the EPS burn out under Oxygen and Argon 

 

 

The peaks of volatiles under oxygen were higher than the ones under Argon; therefore the 

release of Formaldehyde is due to the expose of vinyldene chloride to oxygen. The presence 

of oxygen under Argon could be explained by the thermal decomposition of different 

chemicals which contained oxygen like Surfactant, Crosslinker and Monomer. 
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The Carbon Dioxide, CO2, was released during the thermal decomposition of EPS and 

binders. The radical of carbon released during the formation of some volatiles could react 

with oxygen to form carbon dioxide. The intensive peak of CO2 was observed between 400°C 

and 600 °C and it referred to the decomposition of Crosslinker and Monomer, but this peak 

wasn’t observed under Argon because of the deficient of Oxygen. The intensity of CO2 under 

oxygen was higher than the one under Argon, Look Figure 25. 

Note: under Argon, the release of CO2 didn’t stop until the end of the test. Carbon gas still 

encapsulated inside the sample, as consequence, the incomplete burn out was expected which 

was equal to the formation of defects during pre-sintering and sintering.  

 

 

Figure 25: Release of Carbon Dioxide during the EPS burn out under Oxygen and Argon 
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The hydrogen cyanide HCN and Ammonia NH3 were released because of the hydrolysis of 

the cyano groups which were formed during the thermal decomposition of Acrylonitrile, 

Look Figure 26 and 27. 

 

 

 

Figure 26: Release of Hydrogen Cyanide during EPS burn out under Oxygen and Argon 
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Figure 27: Release of Ammonia during EPS burn out under Oxygen and Argon 
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The Hydrocarbon reacted with –OH groups to form Methanol, Look Figure 28. 

 

 

Figure 28:  Release of Methanol during EPS burn out under Oxygen and Argon 
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Oxygen difluoride was detected even though the copolymer of EPS didn’t contain Fluorine. 

The peaks weren’t affected by changing the furnace atmosphere because the formation of OF2 

didn’t involve the decomposition step, Look Figure 29. 

 

 

 

Figure 29: Release of Oxygen Difluoride during EPS burn out under Oxygen and Argon 
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The H2S was released due to the thermal decomposition of SDS and EPS. The decomposition 
of SDS was retarded under Argon. 

 

 

 

 

Figure 30: Release of Hydrogen Sulfide during EPS burn out under Oxygen and Argon 
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Figure 31: Release of water during EPS burn out under Oxygen and Argon 
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• Glassy Carbon 
 

During the Glassy Carbon burn out, the released volatiles were the carbon dioxide. It was 

observed at the temperature range 600°C -900°C. The removal of GC was affected by furnace 

atmosphere; it was so fast under Oxygen than under Argon. 

 

 

Figure 32: Release of Carbon Dioxide during glassy carbon burn out under Oxygen and 
Argon 
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from the binder burn out. Two peaks of CO2 were released at 170°C and 800°C from the EPS 

and the GC burn out, respectively.  

The release of CO2 from GC was 20 times higher than the one from EPS, and then three 

things were expected with GC: build up of internal stress, gas expansion during pre-sintering 

and incomplete burn out. Otherwise, the temperature range of GC burn out was short and the 

hold temperature was very high: 900 °C, therefore the seal up of external surface before the 

remove of the volatiles was expected.  

The damages related to EPS and binders were the same, then by changing the binders it was 

possible to improve the Compressive strength of the final porous ceramics produced by EPS.  

Therefore, it was expected that the defects related to GC burn out were higher than the ones 

related to EPS burn out, and then the mechanical properties with GC should be lower than the 

ones with EPS. 

 

 

Figure 33: Release of carbon dioxide during the expandable spheres burn out and glassy 
carbon burn out.  
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2.5. Incomplete burn out  

 

The incomplete burn out affected adversely the compressive strength of fired body and it was 

affected essentially by the furnace atmosphere, holding temperature and burn out cycle. Under 

inert atmosphere like Argon, the combustion couldn’t start after the decomposition and the 

carbonyl group still on the surface of the sample. The holding temperature shouldn’t be so 

high to avoid the seal up of external surface before the escape out of all the gases. In case of 

very high holding temperqture, the gases trapped inside the sample expanded either during 

pre-sintering or sintering and they could lead to bloating which typically induced cracks. The 

template burn out cycle should occur slowly to avoid the bubble formation. 

Long time, active gas such as oxygen and low holding temperature were required for 

complete burn out. If these conditions do not exist, the incomplete burn out will be expected 

and the center of the sample has a gray cast. 

Fast burn out cycle wasn’t suitable for debinding because low and high carbonaceous residue 

remained in alumina sample after pyrolysis under reactive and inert gas, respectively, see 

Figure 34.  

 

 

 

Figure 34: Color of surface of porous ceramic after expandable spheres burn out under (1) 
Argon, (2) Oxygen. 
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2.6. Optimize 

 

Binder burn out was very long, as consequence, it wasn’t good for industry and then the 

optimization of pyrolysis step was required. 

Binder burn out refers to the removal of binders, pore former and surfactant which were 

removed by decomposition then combustion. The main parameters that affected the binder 

burn out were: 

 

 

• Their amounts. 

• Mixing (homogenization). 

• Hold time and heating rates. 

• Furnace atmosphere and the size of the body. 

 

In this work, only the effects of Furnace atmosphere and the size of the body were studied. 

The TGA test was performed with heating rate 10°C/min until 1000°C. 

 

• Environmental atmosphere  

 

 
Figure 35: weight loss vs time during expandable spheres burn out under oxygen and 

Argon. 
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Figure 36: weight loss vs time during glassy carbon burn out under oxygen and Argon. 
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out, see Figure 34. 

 

 

 

 

 

 

0 20 40 60 80 100

65

70

75

80

85

90

95

100

105

M
as

s (
%)

Time (min)

 Air
 Ar



 Master Thesis 09/2015| 62 
 

• Sample size 
 

Figure 37: Effect of sample size on the weight loss during expandable spheres burn under 
Oxygen. 

 

Figure 38: Effect of sample size on the weight loss during glassy carbon burn under Oxygen. 
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. 

 

During debinding, the oxygen accelerated the polymer decomposition first at the surface and 

the carbon burned and became gases at high temperature (649°C-760°C) and could react at 

the surface first with oxygen to form carbon dioxide CO2 and carbon monoxide CO which 

will escape out. Air penetrated the entire thickness of the sample in order to replace the 

volatiles which have to escape the same way, then as more oxygen penetrated the body, then 

more organic was decomposed and more carbon formed the CO or CO2 gas then escaped out. 

Generally, the polymer decomposition and the escape out of volatils takes longer time for 

thicker sample. 

Note: The thermo-oxidative decomposition mechanisms proposed for organic are affected by 

the sample size and the environment atmosphere. The optimization of burn out cycle of 

template should be governed and the weight loss shouldn’t be higher than 20 mg/min for thin 

sample (3-4 mm) because the release of large volumes of volatiles could lead to some defects 

such as crack, as well as to deformation of the specimen.  
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3. Compressive strength 

3.1. Introduction 

• Goal 

Usually, the removal of organic templates from ceramic took long time in order to avoid the 

crack formation which were observed either in case of fast burn out cycle or high porosity. 

The pyrolysis  often occurs at heating rate 0.2°C/min, then the organic burn out was very 

long. We tended to establish the effect of heating rate on the microstructure. 

• Background 

Ceramics are strong and brittle regarding to their compressive strength (CS) and tensile 

strength, respectively. Compared to other materials like Metals, Ceramics are known by good 

compressive strength due to predominantly of ionic nature bonding which resistant to the 

movement of defects like cracks. For compression testing a ceramic sample is usually in the 

sample of a simple brick, cube or cylinder.  

 The heating rate, HR, affected adversely the mechanical properties by creating some defects 

such as vacancies, cracks and pores that acted as stress concentration and stress starters. The 

effect of HR on the mechanical properties was studied in this part. 

• Definition 

The compressive strength, CS, is defined by the ratio between the maximum compressive load 

a body can bear before crush and the initial cross section area.  

𝐶𝑆 =  
𝐹𝑚
𝑆

 

Where CS, 𝐹𝑚 and S are the compressive strength, maximum load and cross section, 

respectively. 

• Heating rates 

The bodies were debinding whether with five heating rates 1, 3, 5, 10 and 12 °C see Figure 

39 or with different holding time 45, 30 and 0 min. 

Note: To get the exact compressive strength, the up and down surfaces should be really 

smooth (CS).  
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Figure 39: Heating rates for pyrolysis. 

 

3.2. Results 

The compressive strength of porous ceramic was decreased rapidly by increasing the heating 

rate, but its Young Modulus and resistance elastic were affected slightly, see Figure 40. 

The fast pyrolysis increased the fraction of defects inside the sample because of the formation 

of cracks during the escape out of large amount of volatiles. 

 

Figure 40: Mechanical properties of porous ceramic after glassy carbon burn out. 
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During the thermal decomposition of templates, the release of gases increased by increasing 

the heating rate. If the rate formation of these volatiles was higher than they could escape out, 

then many cracks will take place and the sample will fail easily. The buildup of internal stress 

was increased by increasing the heating rate. The decrease of CS as function of heating rate 

was expected, see Figure 41.  

The compressive strength of porous ceramics produced by EPS was affected by many factors 

such as: the expansion of EPS during gelation, the mismatch in thermal expansion coefficients 

(CTE) between EPS and Alumina, bubble formation during EPS burn out, build up of internal 

stress during fast pyrolysis, so on. The compressive strength of porous ceramics produced by 

GC was affected by the release of large amount of volatiles, short range temperature of glassy 

carbon burn out, high hold temperature which affected adversely the compressive strength and 

the incomplete burn out which was expected.  

The CS with GC was lower than the one with EPS because the movement of cracks was so 

fast for GC.  It could be explained either by high amount of released volatiles which escaped 

out between 600°C and 900°C or lot of carbon gas expansion during the pre-sintering.  

 

Figure 41: The compressive strength of porous ceramic 

 

 

 

0

1

2

3

4

5

6

0 5 10 15

Co
m

pr
es

ss
iv

e 
st

re
ng

th
 (N

/m
^2

)  

Heating rate  

461DE40d60

Glassy Carbon



 Master Thesis 09/2015| 67 
 

 This part deals with the effect of holding time on the CS after the glassy carbon burn out.  For 

this reason, the holding time was varied between 0 min holding time, 30 min holding time, 45 

min holding time. 

Regarding the Figure 42, The CS decreased with the hold time because of the expansion of 

carbon gas which leads to defects like cracks and deformation. To optimize the CS, the 

dedinding should occurred slowly to give time to carbon to react with Oxygen and to form 

Carbon Dioxide then escaped out before the pre-sintering.  

 

 

Figure 42 Compressive strength VS holding time of porous ceramic. 
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Conclusion 
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• The drying step was affected by many factors like, mold and drying profile. It was 

critical because during drying the crack forms and reduces the mechanical stability.  

 

• The TGA-MS proves that the burn out involve two main steps: polymer burn out and 

carbon dioxide formation in air atmosphere. However carbon dioxide formation was 

suppressed in argon atmosphere. 

 

• It was possible to optimize the organic burn out by changing the furnace atmosphere 

or decreasing the size of the ceramic bodies. 

 

• Toxic gases were released during burn out of specimens containing expandable 

spheres. To reduce this risk it was recommended not to use toxic binders like 

acrylamibe (MA). 

 

• The carbon dioxide released by glassy carbon was 20 times higher than the one 

released by the expandable spheres and caused formation of defects in the specimens 

and could be responsible for their low compressive strength. 

 
• The carbon dioxide released by expandable spheres and other organics in the green 

bodies was in a close temperature range and therefore these green bodies showed 

higher mechanical stability after burn out cycle.   

 
• The compressive strength decreases with the heating rate adopted during burn out 

cycle. 3°C/min was the optimized heating rate to reduce the time for burn out cycle 

without losing the compressive strength. 

 

• The incomplete burn out affected adversely the compressive strength because it might 

lead to defect formation like cracking, black coring, bloating and formation of closed 

pores. Slow pyrolysis, longer holding time at low holding temperature and enough 

oxygen are required to avoid the incomplete burn out.  
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