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INTRODUCTION 

Basic flow chart for the production of ceramic materials 

Ceramic Powders 

Mixing 

Shaping 

Debinding 

Green Body 

Sintering 

Natural raw materials or synthetic  materials 

Pressing / slip casting / injection molding / 

tape casting / extrusion …. 

Binders are removed via heat treatment 

Final machining is applied after sintering process if it is desired  
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INTRODUCTION 

 

 Generally most of the metals and their alloys are melted and cast. 

Depending on the desired properties they can be forged or machined. 

 

 On the other hand, ceramics can be melted and cast only under very 

special circumstances. 

 

WHY ? 
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INTRODUCTION 

 Melting point of ceramics are generally very high when compared with 

the metals and alloys.  

 

 Thus melting process for ceramics are very expensive processes. 

 

 When compared with metals ceramics are very brittle. 

Melt Casting 

 

In its simplest form, this method involves melting a batch of raw materials (commonly in the 

form of powders), followed by forming into shape by one of several methods, including 

casting, rolling, pressing, blowing, and spinning.  

 

For ceramics that crystallize relatively easily, solidification of the melt is accompanied by 

rapid nucleation and growth of crystals (i.e., grains). Uncontrolled grain growth is generally 

a severe problem that leads to the production of ceramics with undesirable properties (e.g., 

low strength). Another problem is that many ceramics either have high melting points (e.g., 

ZrO2 with a melting point of 2600°C) or decompose prior to melting (e.g., Si3N4), so that 

obtaining a melt is rather difficult. 
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INTRODUCTION 

Melting temperature of common metals 
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Density and Melting Point of Some 

Elements, Ceramics, and Minerals 
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INTRODUCTION 

Density and Melting Point of Some Elements, 

Ceramics, and Minerals 
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INTRODUCTION 
The development of ultra-high temperature ceramics for aerospace 

applications continues around the globe. 
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INTRODUCTION 

Fabrication from Powders 

 

This route involves the production of the desired body from an 

assemblage of finely divided solids (i.e., powders) by the action of heat.  

 

It gives rise to the two most widely used methods for the fabrication of 

ceramics:  

 

 Melting followed by casting (or forming) into shape, referred to 

simply as melt casting, and  

 

 Sintering of compacted powders.  

 

These two fabrication routes have their origins in the earliest 

civilizations. 
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SINTERING 

 The word "sinter" comes from the German Sinter, a cognate of English 

“cinder”, which according to Concise Dictionary means, “the refuse of burned 

coals”. 

 In plain English “solid piece of matter remaining after having been subjected 

to combustion”. 

 Sintering is therefore defined as: The thermal treatment of a powder or 

compact at a temperature below the melting point of the main constituent, for 

the purpose of increasing its strength by bonding together of the particles. 

 In other words: The bonding of powders by solid-state diffusion, resulting in 

the absence of a separate bonding phase.  

or  

Sintering is a method for making objects from powder, by heating the material 

(below its melting point) until its particles adhere to each other. 
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SINTERING 

 Almost all ceramic bodies must be sintered to produce a 

microstructure with the required properties. The usual sintering 

temperature is about 2/3 of the melting temperature.  

 The widespread use of the sintering process has led to a variety of 

approaches to the subject. 

 The changes occurring during this stage may be fairly complex, 

depending on the complexity of the starting materials. In the ceramics 

literature, two terms have been used to refer to the heating stage: 

firing and sintering.  

 Generally, the term “firing” has been used when the processes 

occurring during the heating stage are fairly complex, as in many 

traditional ceramics produced from clay-based materials. 

 In less complex cases, the term “sintering” has been used. 
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SINTERING 

After binder burnout, we have a ceramic 

compact that consists of an assembly of 

ceramic particles giving a porous ceramic 

green body (generally 25-60 % porosity).  

 

At this stage the ceramic green body is at 

its most fragile state and must be handled 

with care or, better yet, simply not 

handled at all.  

 

Often this is the case as the binder 

burnout and the next step, sintering, are 

performed either (1) in the same furnace 

but at different temperatures (and 

sometimes under controlled atmospheres) 

or (2) in the same kiln albeit in different 

sections. 

 

Sintering is a process whereby the 

porosity is removed from the ceramic 

green body, giving a fully dense ceramic 

piece.  

Ceramic Powders 

Mixing 

Shaping 

Debinding 

Green Body 

Sintering 

General ceramic 

fabrication flow chart 
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Sintering and Densification 

Curved surfaces and surface energies play a significant role in the 

sintering process, in which a particulate material is consolidated 

during heat treatment. Consolidation implies that within the material, 

particles have joined together into an aggregate that has strength. 

Densification, or the increase in density through the accompanying 

reduction in interparticle voids, often accompanies sintering, but there 

are some highly porous insulation products that can actually be less 

dense after they have been sintered.  

The driving force for sintering is the reduction in the total free 

energy of the particulate system, G, which is composed of free 

energy changes of volume, � GV , boundaries, � Gb, and 

surfaces, � Gs  � 

                          G  =  GV  + Gb + Gs 

In conventional sintering, the dominant term in the free energy 

reduction is that due to surface area reduction. 
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TYPES OF SINTERING 

Types of Sintering 

Solid state sintering 

Only solid phases are 
present at the sinter 

temperature 

Liquid phase sintering 

Small amounts of liquid 
phase are present 

during sintering 

Viscous sintering 

Densification of glass 
occurs by viscous flow 

For some systems, densification achieved by any of these categories of 

sintering may be inadequate. A common solution to this problem is the 

application of an external pressure during heating, giving the method of 

pressure-assisted sintering, of which hot pressing and hot isostatic 

pressing (HIP) are common examples. To distinguish it from pressure-

assisted sintering, sintering performed without the application of an 

externally applied pressure is referred to as conventional sintering.  
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Solid State Sintering 

 Three stages of solid-state sintering are recognized, although there is not a clear 

distinction between them, and they overlap to some extent. 

 

 Initial sintering involves rearrangement of the powder particles and formation of 

a strong bond or neck at the contact points between particles. The relative density of 

the powder may increase from 0.5 to 0.6 due mostly to an increase in particle 

packing. 

 

 Intermediate sintering occurs as the necks grow, the number of pores decreases 

substantially, and shrinkage of the particle assembly occurs. Grain boundaries form, 

and some grains grow while others shrink. This stage continues while the pore 

channels are connected, called open porosity, but is considered over when the 

pores are isolated or in closed porosity. The majority of shrinkage occurs during 

intermediate sintering, and the relative density at the end of this stage is about 0.9. 

 

 Final-stage sintering occurs as the pores become closed and are slowly 

eliminated by diffusion of vacancies from the pores along the grain boundaries. Little 

densification occurs in this stage, although grain sizes continue to grow. 
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Solid State Sintering 

Development of ceramic microstructure during sintering: (a) Loose powder particles; (b) 

initial stage; (c) intermediate stage; and (d) final stage. From W. E. Lee and W. M. 

Rainforth, Ceramic Microstructures, p. 37., Kluwer Academic Publishers. 
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Solid State Sintering 

 Initial stage 

 Rearrangement of particles 

to increase points of contact 

 maximize the coordination 

number 

 Neck formation  bonding 

at points with highest surface 

energy 

 Density  up to 75 % 

theoretical density 

Sintering Stages 
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Solid State Sintering 

Intermediate stage 

 Neck growth 

 Volume shrinkage 

 Grain boundaries formed at 
the contacts  

 Grain growth  lengthening of 

grain boundaries 

 Process ends when pore 

system becomes discontinuous 

 Density   up to 75-95% 

theoretical density 

Sintering Stages 
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Solid State Sintering 

Final stage 

 Grain growth 

 Pores isolated 

 Grain boundary pores eliminated 

 Inner porosity closes  

 Density > 95 % theoretical 
density  

Sintering Stages 
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Mechanisms of Solid-State Sintering 

 The driving force (the reduction in surface free energy) provides a 

motivation for sintering, but the actual occurrence of sintering requires 

transport of matter.  

 

 In crystalline solids, matter transport occurs by diffusion of atoms, ions, or 

molecules along definite paths that define the mechanisms of sintering.  

 

 Sintering of crystalline materials can occur by at least six mechanisms or 

paths: vapor transport (evaporation/condensation), surface diffusion, lattice 

(volume) diffusion, grain boundary diffusion, and plastic flow. 

 

 A distinction is commonly made between densifying and non-densifying 

mechanisms. Vapor transport, surface diffusion, and lattice diffusion from 

the particle surfaces to the neck lead to neck growth and coarsening of the 

particles without densification.  
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Solid State Sintering 

Schematic representation of the sintering mechanisms for a system of two particles. 
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Mechanisms of Solid-State Sintering 

 The densifying mechanisms, grain boundary diffusion, lattice diffusion 

from the grain boundary to the neck, and plastic flow cause neck growth as 

well as densification (shrinkage). When the non-densifying mechanisms 

dominate, coarsening leads to the production of a porous article, whereas 

a dense article is favored under conditions when the densifying 

mechanisms dominate.  

 

 Grain boundary diffusion and lattice diffusion are important densification 

mechanisms in metals and ceramics.  

 

 Plastic flow, by dislocation motion in response to the sintering stress, 

plays essentially no role in the sintering of ceramics because of the low 

dislocation density.  

 

 The occurrence of plastic flow during the sintering of metals is 

controversial, but most likely dislocations participate in the initial stage of 

sintering.  
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Effects of Grain Boundaries 

 Because of the presence of grain boundaries in polycrystalline materials, the 

energy decrease due to elimination of free surface area does not go totally into 

driving the densification process. Part of the energy decrease goes into driving the 

grain growth process, leading to a reduction in the driving force for densification. 

Pore shape and pore stability are determined by the dihedral angle and the pore 

coordination number. (a) The pore with the concave surfaces will shrink while 

(b) the pore with the convex surfaces will grow (or become metastable). 
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Liquid Phase Sintering 

 In many sintering processes, a liquid phase is commonly used to 

enhance densification, lower the sintering temperature, achieve 

accelerated grain growth, or to produce specific grain boundary 

properties. After the formation and redistribution of the liquid, liquid-

phase sintering is generally regarded as proceeding in a sequence of 

overlapping dominant stages: 

 

 (1) rearrangement of the solid phase driven by capillary stress 

gradients,  

 (2) densification and grain shape accommodation of the solid 

phase involving solution–precipitation, and  

 (3) final stage densification driven by residual porosity in the 

liquid phase inwhich Ostwald ripening dominates the 

microstructural evolution. 
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Liquid Phase Sintering 

Schematic evolution of a powder compact during liquid-phase sintering. The 

three dominant stages overlap significantly. 
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Drawbacks of Liquid Phase Sintering 

 Compact slumping (shape distortion) which occurs when 

too much liquid is formed during sintering 

 The same parameters which control the sintered 

microstructure often control the final properties 

 Useful application temperature of the material is 

sometimes limited by the presence of too much low melting 

point material 
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Viscous Sintering 

 A further type of sintering is viscous sintering. In this case, a 

viscous glass or liquid present at the sintering temperature flows 

under the action of the capillary forces of the pores to fill up the 

porosity of the body.  

 A relatively simple example of viscous sintering is that of a 

porous glass body (e.g., consolidated glass particles).  

 A more complex example is the fabrication of clay-based 

ceramics (e.g., porcelain) from a mixture of naturally occurring 

raw materials. Chemical reaction, liquid formation, and viscous 

flow of the liquid into the pores lead to a dense body that on 

cooling consists of a microstructure of crystalline grains and 

glassy phases. This rather complex case of viscous sintering in 

clay-based materials is referred to as vitrification. 
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Viscous Sintering 
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Pressure-Assisted Sintering 

 
 The application of an external pressure enhances the densification rate 

in solidstate, liquid–phase, and viscous sintering.  

 The chemical potential of the atoms under the contact surface (neck or 

grain boundary) is enhanced by the application of an external pressure, 

when compared to atoms under the pore surface, which leads to an 

increase in the driving force for densification  

 PRESSURE 

      Hot pressing 

      Hot isostatic pressing 

      Spark plasma sintering 

      Gas pressure sintering … 
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Pressure-Assisted Sintering 

 
Hot pressing uses application of uniaxial compaction at elevated 

temperatures to enhance sintering. Applied pressure reduces the 

temperature and limits grain growth. 

 

The primary advantages of hot pressing are easier, faster 

achievement of at or very near theoretical density at lower temperature 

than sintering, e.g., by 100-200C less. This in turn results in better 

properties: for example, transparency, higher conductivity, improved 

mechanical properties, and often increased reliability.  

 

The disadvantages are mainly higher costs, commonly due primarily to 

limited shape capabilities requiring more, commonly expensive, 

machining for many applications, as well as some other cost factors 

(discussed below). There are also some material limitations due to 

reaction or reduction. 
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Pressure-Assisted Sintering 

 
Hot isostatic pressing (HIP)  

 

 Produces near-net-shape parts 

 Reduces densification time 

 Reduces densification temperature 

 Reduces grain growth 

 Minimizes porosity 

 No binders required 

 Provides a higher strength component 

Hot Isostatic Pressing (HIP) 

High temperature + High pressure 

Bond materials (densify) 
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Pressure-Assisted Sintering 

 
Hot isostatic pressing (HIP)  

 

HIPing is predominately used to achieve high property levels, which 

typically requires achieving at, or near zero porosity, which cannot be 

done without an impervious envelope around the specimen so the 

HIPing pressure is applied equally to open and closed pores in the 

body to be pressed.  

 

Earlier HIPing was commonly conducted by sealing a powder 

compact in a refractory metal can that would apply the HIP pressure 

to the encapsulated body. Such cans typically had an umbilical cord 

that allowed high-temperature evacuation in a separate furnace 

before being sealed off and moved, after cooling, to the HIP. However, 

such metal canning was very cumbersome and expensive, which lead 

to development of two alternative approaches.  
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Pressure-Assisted Sintering 

 
Disadvantages of Hot isostatic pressing (HIP)  

 

 High production cost 

 Die reactivity may occur 

 Distortion of parts possible 
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Pressure-Assisted Sintering 

 
Spark plasma sintering (SPS) is a newly developed sintering process that 

makes use of a microscopic electric discharge between the particles under 

pressure. This has been acknowledged to reduce the densification 

temperature to a  great extent with a minimum grain growth. 

Fig. Fractured surfaces of the TiO2 specimens prepared 

 (a) by spark plasma sintering at 700 °C for 1 h and 

  (b) by conventional sintering at 900 °C for 1 h. 

  The grain size was noticeably different  

depending on the sintering method used. 
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Pressure-Assisted Sintering 
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Pressure-Assisted Sintering 
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Effects of Material and Process Variables on Sintering 

 

Particle size distribution and particle packing 

The use of mixtures of discrete particle sizes or a wide distribution of 

particle sizes often results in an increase in the packing density of the 

green article, so the shrinkage required for complete densification is 

reduced. This reduction in shrinkage is important in industrial sintering 

of large objects. For the same average particle size, an increase in the 

width of the particle size distribution leads to an increase in 

densification of in the earlier stage of sintering, presumably due to the 

presence of the fine particles, as well as fine pores. Densification in the 

later stage of sintering depends critically on the particle packing. 

Heterogeneous packing often leads to differential densification and 

enhanced grain growth (due to the enhanced driving force arising from 

size difference), so the attainment of high density can be difficult. On 

the other hand, for homogeneous packing resulting in fine pores with a 

narrow size distribution, a high final density can be achieved regardless 

of the width of the initial particle size distribution.  
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Effects of Material and Process Variables on Sintering 

 

Particle size distribution and particle packing 

For enhanced sintering rates and the attainment of high density, the 

particlesshould be homogeneously packed with a high packing density. These 

packing characteristics produce fine, uniform pores with a small pore coordination 

number.  

Furthermore, the number of particle contacts is maximized, providing many grain 

boundaries and short diffusion paths for rapid matter transport into the fine pores.  

Heterogeneous packing leads to a fraction of large pores with a large 

coordination number. These large pores are difficult to sinter, and may remain as 

residual porosity in the final article. 

 A lower sintering temperature is particularly beneficial in some materials, such as 

those that evaporate or decompose at higher temperatures. 

 Nanoscale powders (particle size less than 50–100 nm) show significant 

reductions in the sintering temperature.  
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Effects of Material and Process Variables on Sintering 

 

Anisotropic sintering shrinkage 

Anisotropic shrinkage during sintering makes dimensional control of the 

final article difficult. With proper conditions (e.g., no large temperature 

gradient in the furnace or friction between the sintering article and the 

substrate), the sintering process itself is capable of producing very 

uniform final dimensions.  

Often, the powder characteristics and the method used to form the 

powder into the green article provide the major sources of anisotropic 

shrinkage (density variations in the green article, anisotropy in the pore 

shape, and alignment of non-equiaxial particles).  

Thus, when anisotropic sintering occurs, the most useful approach is to 

identify the causes and, whenever possible, reduce or eliminate them. 

In cases where it is not possible to eliminate anisotropic shrinkage, the 

magnitude of the shrinkage anisotropy should be determined and 

compensated for in the final dimensions.  
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Effects of Material and Process Variables on Sintering 

 

Sintering atmosphere 

The sintering atmosphere can also have a marked 

influence on densification rates. When the non-densifying 

mechanisms dominate, a porous microstructure is favored, 

whereas the domination of the densifying mechanisms 

leads to a dense microstructure.  

In the final stage of sintering, when the pores are isolated, 

a gas trapped in the pores from the sintering atmosphere 

(or from reactions within the pores) can limit the final 

density, and can even lead to pore growth and swelling of 

the sintering compact. This is particularly the case for an 

‘insoluble’ gas which has a low diffusivity through the solid 

material.  
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Important Parameters for Sintering  

Important Parameters for Sintering 

Powder 
preparation: 

* Particle size 

* Shape 

* Size distribution 

Distribution of: 

* Dopants 

* Second phases 

Powder 
Consolidation: 

* Density 

*Pore size 
distribution 

Sintering: 

* Heating rate 

* Temperature 

* Applied pressure 

* Atmosphere 

 Some parameters, such as the sintering temperature, applied pressure, average 

particle size and atmosphere can be controlled with sufficient accuracy. 

 

 Others, such as the powder characteristics and particle packing are more difficult 

to control but have a significant effect on sintering. 
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SINTERING 

 For maximum properties of sintered ceramics such as strength, 

translucency, thermal conductivity, and electrical properties, it is desirable to 

eliminate as much porosity as possible. 

 For some other applications like filters, it is necessary to increase the 

strength without decreasing the gas permeability. 

 Therefore, depending upon the type of ceramic and its application, different 

objectives are desired during sintering. 

Ceramic Filters 

Porous Ceramics 

Ceramic Armor 

Dense Ceramics 
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Thanks for your kind 

attention 

THE END 
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Any 

Questions 


