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Sintering of Ceramics
Removal of pores between particles at high temperatures



Sintering/Powder Metallurgy 
Not only ceramics but metal and alloy powders were also sintered into useful 

shapes.

PLZT ceramics made using compaction and 
sintering. (Courtesy of Dr. Gene Haertling.)



Examples of Functional Ceramics

Donald R. Askeland



Examples of Functional Ceramics/Con’t
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Thermal Properties of Selected 
Advanced Ceramics

Donald R. Askeland



Mechanical Properties of Selected 
Advanced Ceramics

Donald R. Askeland



Outline
• The need to understand sintering

• Classes (Categories) of Sintering
– Solid state sintering , liquid phase sintering, viscous flow

• Driving force for sintering

• Solid state sintering

• Material transport
– Densifying mechanisms

– Coarsening mechanisms

• Stages of sintering
– Initial, intermediate, final

• Liquid phase sintering
– Wetting, dihedral angle, Rayleigh instability

– Permanent, transient

• Grain and pore growth
– Normal, abnornal

• Sintering Kinetics

• Final remarks



Processing of Advanced Ceramics

Donald R. Askeland
Proof test?



What is the Purpose of Powder 
Processing?

Dense random packing: 62-64% of theoretical density

• To obtain a dense random packing prior to sintering
• To sinter the ceramic to a high density



Need to Undestand Sintering

• Therefore we need to understand how a powder 
compact behaves at elevated temperatures

Ceramic processing is based on the sintering of powder compacts rather than 
melting/solidification/cold working (characteristic for metals), because: 

ceramics melt at high temperatures

Solidified microstructures can not be modified through additional plastic 
deformation and re-crystallization due to brittleness of ceramics. 

the resulting coarse grains would act as fracture initiation sites 

Low thermal conductivities of ceramics (<30-50 W/mK), in contrast to high 
thermal conductivity of metals (in the range 50-300 W/mK) cause large 
temperature gradients, and thus thermal stress and shock in melting-
solidification of ceramics 



Need to Undestand Sintering

The sintering process is usually accompanied by changes within 
the material

– Strength, elastic modulus

– Hardness, fracture toughness

– Electrical and thermal conductivity

– Permeability to gases and and liquids

– Average grain number, size and shape

– Distribution of grain size and shape

– Average pore size and shape

– Distribution of pore size and shape

– Chemical composition and crystal structure



Sintering/Firing/Densification

• Sintering: processes in heat treatment of powder 
compacts at elevated temperatures, T> 0.5Tm[K], 
appreciable mass transport by diffusion. 

• GOAL

• A dense polycrystalline solid (usually)

• To provide strength



Classes (Categories) of Sintering
Solid State Sintering The majority of non-silicateceramics are processed 
through high-temperature treatment and sintering of powder compacts with 
little (<2 vol%) or no liquid phases. The predominant mass transport (i.e.
densification mechanism) through solid-state diffusion. 

Viscous Flow Most silica-containing ceramics, including traditional porcelains as 
well as advanced silicon nitride, sinter in the presence of viscous glass-type 
liquids, with predominant mass transport (i.e. densification mechanism) through 
viscous flow. This is defined as Viscous Sintering. 

Liquid Phase Sintering If the liquid component of the sintering system has low 
viscosity (e.g. molten cobalt in the “classical”system of WC/Co). The 
predominant densification mechanism is through rearrangement of the solid 
particles “submerged”in and wetted by the low viscosity liquid, and through 
dissolution and re-precipitation of the solid. 



Classes (Categories) of Sintering
Sintering

solid state sintering liquid state sintering pressure assisted sintering

mono-
phasic

poly-
phasic

liquid 
prop. 
<15%

liquid 
prop. 
>15%

hot 
pressing

hot 
isostatic 
pressing

without 
reaction

with 
reaction

Microwave
SPS
……



Driving Force
Sintering lowers the surface energy by reducing surface area with simultaneous 
formation of interparticle bonds (neck) by solid state diffusion or alternatively, 
liquid phase sintering. 

Therefore, usually, particles < 1 µm in size are needed as a starting material

Unsintered 
powder compact

(Partial) Sintered 
powder compact

Reduction in surface free energy of the consolidated mass of particles



Densification vs. Coarsening
Accomplished by atom diffusion processes that lead to

• Densification of the body (by transport matter from inside the grains into 
the pores) AND

• Coarsening of the microstructure (by rearrangement of matter between 
different parts of the pore surfaces without actually leading to a decrease 
in the pore volume).

Rahaman, Ceram. Proc. and Sint. 2nd Ed.

Densification process 
remove material from the 
grain boundary region 
leading to shrinkage

Coarsening processes 
produce microstructural 
changes without causing 
shrinkage

• Solid-vapor interfaces (of surface energy  SV) are replaced 
by solid-solid (SS) interfaces, where  SS<  SV. 



Effect of Temperature on Densification

Umberto Anselmi‐Tamburini Basic mechanisms involved in FAST sintering

• The mechanism of mass transfer depends on the material, experimental conditions,
and the sintering stage

• Densification and
coarsening are
parallel processes



Densification vs. Coarsening of
Hematite Particles

Hematite sintered at 1000C in
a) air
b) an Argon/10%HCl

Density and shringkage curves for 
hematite sintered in HCl atmospheres. 

HCl in the sintering atmosphere mainly
enhanced the grain coarsening
mechanisms with only little
densification

(Barsoum, 1997)



Solid State Sintering

Rahaman, Ceram. Proc. and Sint. 2nd Ed.

• Diffusion takes place

– flow over free surfaces,

– along grain boundaries,

– through the crystal lattice,

– vapor transport,

– plastic flow,

– viscous flow,

– dislocation climb.



Mass Transport During Sintering

W.D.Kingery, H.K.Bowen, D.R.Uhlmann, Introduction to ceramics , Wiley

Two factors are important to mass
transport in sintering

– stress (or force) → larger with
smaller particles and higher
surface areas

– mobility → increases with
higher temperatures (i.e.,
diffusion is faster).



Vacancy Flux

Negative curvature

Positive curvature

Nul curvature



Sintering/Stages
• Initial stage; extensive loss of surface

area, open pore space.

• Intermediate stage; tubular, rounded
pore structure that is open to the
compact surface. Gas can permeate
through the open pore space.

• Final stage; pores shrink, spheroidize,
and no longer connected to the
compact surface (closed pores), and
difficult to remove. Since open pores
are more effective in retarding grain
growth, the transition to final-stage
sintering gives less grain boundary
pinning and usually results in rapid
grain growth.



Liquid Phase Sintering

Typical microstructures observed during (a) solid state sintering (Al2O3) and (b) 
liquid phase sintering (98W-1Ni-1Fe(wt%)). S-J. L. Kang; Sintering

a) Solid state sintering b) Liquid phase sintering



Example systems
Sintering processes used for some ceramic systems



Surface Tension/ Surface Energy
• Reversible work Wr to 

increase the surface area 
by dA

• Surface tension

• Energy needed to create 
surface area dA

• Surface energy

 =
𝑑𝑊𝑟

𝑑𝐴

 =
𝜕𝐺

𝜕𝐴 T,P,ni

Physical Ceramics Y.M. Chen



Surface Tension/ Surface Energy

Physical Ceramics Y.M. Chen

Surfaces can be characterized according to their curvature (radius of curvature)

Extending a surface or changing the radius of curvature of a surface requires work

 

Pcurve = Pflat exp
2VM
kTr

 

 
 
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 
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ccurve = c flat exp −
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Pflat

r<0
Pr



Effect of Surface Curvature
The excess surface free energy is due to the different atomic arrangements 
along the surface relative to the bulk arrangement: 

Atom bonded to 6 neighbors

Atom bonded to 5 neighbors

Atom bonded to 4 neighbors

The average bonding of an atom is decrasing from concave over flat to convex
surfaces, the partial pressure over the surfaces is increasing in the same order. The
surface energy stored in small grains of ceramic materials is the driving force to
coalesce (sinter) them together.

Atom bonded to 2 neighbors



Wetting

all faces and edges are wetted
(covered) by a fluid film

all edges are wetted only three or more grain 
junctions are wetted

 cosLVSVSV +=

Spreading is the process in which the liquid distributes itself to cover the surfaces of the
particulate solid. It is expected to be important in the rearrangement stage soon after the
formation of the liquid.

Spreading will occur when  is 0 0=+ − SVSLLV 



Dihedral Angle

In solid-liquid system the liquid will be distributed according to the dihedral angle

The behavior of the liquid depends on the solid - liquid surface tension.  

Brown et al., 1992

Equilibrium Dihedral Angle

2
cos2 )(


 LSGSS =

3-D distribution of melt around grain boundaries



Rayleigh Instability
At some point the channel becomes unstable
and isolated drops form

http://en.wikipedia.org/wiki/Plateau%E2%80%93Rayleigh_instability#Water_dripping_from_a_faucet.2Ftap

Isolated pores or liquid phase at 
grain junctions

Intermediate stage of a jet breaking into drops. Radii of 
curvature in the axial direction are shown. 

http://en.wikipedia.org/wiki/File:SurfTensWavyJet.svg


Liquid Assisted Compaction
Liquid phase promotes the rearrangement of grains. For wetting angles < 45°
with the liquid distributed along the edges, the grains will be pulled towards
the common edge due to the negative curvature of the liquid-solid surface and
the associated pressure difference (capillary effect).
Example: ZnO varistors sintered with the addition of Bi2O3

concave surface =>P<0

P>0

Grain rearrangementCapillary action



• Rearrangement 
– Liquid melt due to capillary action spreads into the pores and grain rearrangement took place, 

– grains rearrange into a more favorable packing arrangement

Evolution during Liquid Phase 
Sintering

S-J. L. Kang; Sintering

• Solution-precipitation
– Atoms will preferentially go into solution and then precipitate in areas of lower chemical 

potential where particles are not close or in contact, called contact flattening .

– System is densifies in a way similar to grain boundary diffusion in solid state sintering. 
Ostwald ripening takes place, smaller particles goes into solution preferentially and 
precipitates on larger particles leading to densification. 



• Final densification
– Densification of the solid skeletal network

– liquid movement from efficiently packed 
regions into pores. 

– Requirements

– Major phase should be at least slightly 
soluble in the liquid phase 

– “Binder” additive should melt before any 
major sintering of the solid particulate 
network occurs, otherwise rearrangement 
of grains will not occur.

Evolution during Liquid Phase 
Sintering

Liquid improves the mass transport rates, densification, and coarsening. 

Exerts capillary pull on the particles equivalent to a large external pressure. 

S-J. L. Kang; Sintering



• Liquid phase exist throughout the
high-temperature portion of the
sintering cycle.
– Example: cemented carbides or

hardmetals, a sintering mechanism
involving the generation of a permanent
liquid phase is applied. This type of liquid
phase sintering involves the use of an
additive to the powder, which will melt
before the matrix phase and which will
often create a so-called binder phase.

Persistent Liquid Phase Sintering

http://www.ipmd.net/Introduction_to_powder_metallurgy/Sintering#sthash.5JEyaWgJ.dpuf

• The process has three stages:

– Rearrangement

– Solution-precipitation

– Final densification



• Transient liquid phase sintering
liquid disappears during the
sintering cycle, either due to
dissolution into the solid (solid
solution) or formation of a new
phase

Transient Liquid Phase Sintering

http://www.ipmd.net/Introduction_to_powder_metallurgy/Sintering#sthash.5JEyaWgJ.dpuf



Equilibrium Shape of Grains

(a) SEM image of rutile TiO2 particles. 
The Centre National de la Recherche Scientifique.

(b) Theoretical equilibrium crystal shape (ECS) for 
rutile TiO2. 

(1994) by the American Physical Society
(URL:http://link.aps.org/abstract/PRB/v49/e16721)

Wulff’s construction to calculate the 
minimizing surface for a fixed volume
Thermodynamics - Interaction Studies - Solids, Liquids 
and Gases, edited by Juan Carlos Moreno-Pirajan

http://www.intechopen.com/source/html/21857/media/image356.jpg


Tetracaidecahedron

The polycrystalline structure is of paramount importance to materials science and 
engineering. It is an example of a space-filling irregular network structure

http://www.susqu.edu/brakke/kelvin/kelvin.html



Pore Stability 

The surface curvature of the grains around an isolated pore is affected by their 
number and the dihedral angle. 
Pores are important and unwanted elements of a ceramic microstructure. 
The final pore space in an sintered ceramic is mainly a function of the pore 
volume in the green body.

Pores can grow or shrink. The two parameters affecting pore growth is the
number of surrounding grains and the dihedral angle.

(Small) pores with few neighboring grains have concave surfaces and tend to
shrink, whereas
(Large) pores with many neighboring grains have convex surfaces and tend to
grow



Pore Evolution During Sintering

Coordination for pore stability as a function of pore coordination number  and 
dihedral angle. For the dihedral angle 120°, pores surrounded by more than 12 
grains will grow. S-J. L. Kang; Sintering



Pore Entrapment
Pores can also be entrapped. Entrapping
happens when grain growth is too fast.
Slowing down grain boundary mobility will
prevent entrapping.

Doping
Secondary phases…..

Density as a function of grain growth
for alumina. Adding MgO slowed grain
growth and displace the region where
pore entrapping (=separation) occurs.

kg/m3

(Barsoum, 1997)



Grain Growth

• Normal Grain Growth

– obeying Ostwald’s ripening law 

– uniform grain size distribution

N
um

b
e
r 

of
 g

ra
in
s

grain diameter

initial grain
size

normal
grain growth

Two types of grain growth can be distinguished



Grain Growth

• Abnormal Grain Growth,Exaggerated
or Discontinuous Grain Growth,

– we observe few LARGE grains

– bimodal grain size distribution

discontinous
grain growth

N
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b
e
r 

of
 g

ra
in
s

grain diameter

initial grain
size

Rahaman



Sintering Kinetics

Typical axial shrinkage curve as 
function of temperature T2 > T1 

r: particle radius  m: 1-1.5 
t time (n: 1/3 -2/5) 
L: length of the sintered body

(Barsoum, 1997)

 

L

L
=
const

kT

t n

rm

It is obvious from the above equation that ceramics with small grain size will
shrink e.g. densify much faster than coarse green bodies.



Shrinkage and Densification

• A frequent measure of sintering is the linear dimensional change, designated
as a shrinkage L/Lo or density.

Erdem Akça, Ph.D.



Grain Growth
tRTQkGG

nn )/exp(00 −=−

k= constant
T= time 
Q= activation energy
G= grain size
G0= initial grain size
n= power exponent

When n is 2
It is called the parabolic law for grain growth

Generally describes the growth of grains in 
pure metals and ceramics

In practice normal growth is not common.

The power exponent in practice ranges from 2 to 4 for ceramics and some
metals

The value for n=3 was widely reported. Cubic Growth Law
Impurities and solute drag greatly effect the grain growth behavior. 



Cartoon Picture of Grain Growth 

W.D.Kingery, H.K.Bowen, D.R.Uhlmann, Introduction to ceramics , Wiley

Whether a grain grows or shrinks is 
determined by its curvature

In order to lower the material’s free energy, large 
grains grow at the expense of small grains 



Grain Boundary Pinning
Impurities or dopants are often concentrated at
interfaces. When a grain boundary moves, e.g.
during grain growth, the solutes concentrated
at the interface have to be carried along, thus
slowing down the grain boundary mobility
called solute drag.

Pores and second phase inclusions have the
same effect. The retaining force is a function of
the inclusion radius r and is given by

Increase of  interface 
area while passing an 
inclusion

 

F =2rsincos



Driving force of a grain boundary

G
F b

=  is geometric factor, 
2 for spherical grains

f

r
GL

3

2
=

Zener Relationship

GL= limiting grain size
r  =particle radius
f  =fraction of second phase



Doping and Grain Boundary Pinning

Grain size and density evolution 
of an alumina ceramic with and 
without MgO doping.

(Barsoum, 1997)



The Role of Mg in Alumina

J.E. Burke, (MRS BULLETIN/JUNE 1996)



The Role of MgO in Alumina

J.E. Burke, (MRS BULLETIN/JUNE 1996)



Sintering of Ceramics
Removal of pores between particles at high temperatures

• increase of interparticle 

contact area with time

• rounding-off of sharp angles 

and points of contact

• in most cases, the approach 

of particle centres and 

overall densification

• decrease in volume of 

interconnected pores

• continuing isolation of 

pores

• - grain growth and decrease 

in volume of isolated pores



Final Remaks



Powder Characteristics

Rahaman, Ceram. Proc. and Sint. 2nd Ed.



Only densification followed by grain growth will give good final densities.

(Barsoum, 1997)

Densification vs. Coarsening



Powder Defects/Agglomerates

Rahaman, Ceram. Proc. and Sint. 2nd Ed.

• Agglomerates are classified into two types:

– Soft agglomerates in which the particles are held together by weak 
van der Waals forces and 

– Hard agglomerates in which the particles are chemically bonded 
together by strong bridges (Neck formation).

• The ideal situation is the avoidance of agglomeration

• At least prefer to have soft agglomerates rather than hard agglomerates

• Soft agglomerates are easy to handle

• Hard agglomerates are difficult to handle



Powder Defects/Agglomerates

Rahaman, Ceram. Proc. and Sint. 2nd Ed.

• Lead to heterogeneous packing in the 
green body 

• Differential sintering during the firing 
stage. 

• Serious problems such as the 
development of large pores and 
cracklike voids in the fired body

• Agglomerates usually have higher 
density than green body

Cracklike void produced by a ZrO2 agglomerate 
shrinking away from the surrounding Al2O3/ZrO2

matrix during firing

Granulation

•The process of collecting particles 
together by creating bonds between
them intentionally



Reactive Sintering

Reaction energy may be used as driving force for sintering
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