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Grain growth and microstructure: introduction

• The properties of the ceramics depend on the microstructure;

• The microstructure evolves during sintering. In particular:

• Size, size distribution, and shape of the grains; 

• Amount of pores, their size and size distribution; 

• Nature and distribution of secondary phases.

• In general, for many applications, the microstructural control aims to achieve:

• High (controlled) density; Small grain size; Homogeneous microstructure;

• The properties of the sintered body depend on the green body, which in turn depends on the powder 

quality!

• Coarsening is a competitive process to densification;

• Grain growth can be normal or abnormal ;

1
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Normal and Abnormal grain growth

Normal grain growth: the grain size and shape occur within a relatively narrow range and the span of 
the grain size distribution is similar to that of an earlier time.

Abnormal  (or exaggerated) grain growth: rapid growth of few larger grains at the expenses of the smaller 
ones.

Anisotropic 

1
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Grain growth & driving force

The grain boundary is an extended 2D disordered region 
(extended defect, thickness 0.5-1 nm= 1-3 unit cells). 

Atoms (or ions) diffuses less than an interatomic distance from 
one side to the other side of the GB. The GB moves and the grain 
grows. 

As discussed before, the atoms moves from the convex to the 
concave surface because the difference in their chemical potential.

Therefore, the GB moves towards its center of curvature.

The driving force is always the same: surface decrease (GB area).

The surface term to consider is specific for that interface: γgb which 
is in the order of 0.2 – 1 J m-2

GB
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Grain size and properties

Generally, most properties are enhanced by smaller grain size: creep resistance (cold deformation upon 
stress) is an exception. The electrical and magnetic properties are affected by the grain size in a peculiar 
manner: the accurate control of the grain size allows the achievement of ceramics with tailored properties. 
Example: ZnO, BaTiO3

The breakdown voltage of varistor ceramics is directly
proportional to the number of grain boundaries per unit of
thickness and therefore to the inverse of the ZnO grain size.

Dielectric constant vs. temperature of BaTiO3 ceramic
showing various grain sizes.

Brick-wall model

2
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Toward full density

As discussed, for sintering by diffusion mechanisms: 1
𝜌𝜌
𝑑𝑑𝜌𝜌
𝑑𝑑𝑡𝑡

=
𝐾𝐾 𝑇𝑇
𝐺𝐺𝑚𝑚

m=3  lattice diffusion
m=4  GB diffusion

Rapid densification requires short diffusion distances  grains have to be small

But the equation above shows that to a rapid grain growth a drastic reduction of densification rate 
corresponds. Therefore, a long sintering time is needed to achieve high density, which increase the 
possibility of abnormal grain growth to occur.

If abnormal grain growth occurs, pores can be trapped into 
large grains and their segregation will be almost impossible.  

The attainment of high density requires control of normal grain growth as well as the avoidance of abnormal 
grain growth. Optimal sintering strategy, for a given green body, can be achieved based on the concept of the 
Master Sintering Curve (MSC, see section 5).
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Normal grain growth

Model assumption: (1) the behavior of an isolated part of the GB is representative of the average behavior 
of the whole system; (2) the γgb is isotropic; (3)  δgb is constant.

The GB velocity, vb, is considered equal to the grain growth rate: 𝑣𝑣𝑏𝑏 ≈
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

And that the vb can be represented as: 𝑣𝑣𝑏𝑏 = 𝑀𝑀𝑏𝑏𝐹𝐹𝑏𝑏

𝐹𝐹𝑏𝑏: migration driving force 
𝑀𝑀𝑏𝑏: boundary mobility (which 
takes into account the 
migration mechanism)
α: geometrical constant (which 
takes into account the GB 
shape)

The pressure difference across the boundary: Δ𝑃𝑃 = 𝛾𝛾𝑏𝑏𝑏𝑏
1
𝑟𝑟1
− 1

𝑟𝑟2
(Young-Laplace eq.)

assuming that  1
𝑟𝑟1
− 1

𝑟𝑟2
= 𝛼𝛼

𝐺𝐺

Remember:
2D surface
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Normal grain growth

𝐺𝐺2 − 𝐺𝐺02 = 𝐾𝐾 𝑇𝑇 𝑡𝑡

In practice, the grain growth data of dense polycrystalline solids do not follow the predicted law very well: 

𝐺𝐺𝑚𝑚 − 𝐺𝐺0𝑚𝑚 = 𝐾𝐾 𝑇𝑇 𝑡𝑡 m: 2-4

In ceramics m=3 is common because of several diffusion mechanisms, as discussed, and segregation of 
impurities at the GB, etc.  

𝑣𝑣𝑏𝑏 ≈
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑀𝑀𝑏𝑏
𝛼𝛼𝛾𝛾𝑏𝑏𝑏𝑏
𝐺𝐺 𝑀𝑀𝑏𝑏 =

𝐷𝐷𝑎𝑎
𝑘𝑘𝑘𝑘

Ω
𝛾𝛾𝑏𝑏𝑏𝑏

𝐺𝐺2 − 𝐺𝐺02 = 𝐾𝐾 𝑇𝑇 𝑡𝑡 𝐾𝐾 = 2𝛼𝛼𝛾𝛾𝑏𝑏𝑏𝑏𝑀𝑀𝑏𝑏
= 𝐾𝐾0exp ⁄−𝑄𝑄 𝑅𝑅𝑅𝑅

It results that:

𝐷𝐷𝑎𝑎: diff. coef. atom (limiting species)
G0: grain size @ t=0
Q: activation energy for grain growth

Arrhenius-type equation: 
activated process

3
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Effects of dopants

A small amount of dopant (solute) is dissolved into the polycrystalline solid (host) (e.g., Sr in BaTiO3).
If the solute is attracted to (or repelled from) the GB, the solute ions will be nonuniform distributed in the 
GB region. 

Two rates need to be compared: GB movement vs. 
dopant diffusion at the GB. In case (b) the GB motion 
is reduced (drag force). 

1
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Dopants and solubility limit

Dopants can be introduced to modify grain boundary energy.

When the concentration of the dopant is greater than the
solubility limit in the major component, then segregation
occurs at grain boundaries (region II).

Grain boundary mobility is slowed by segregated dopant ions.

Concentration of maximum dopant increases with surface to
volume ratio of the grain, i.e., it is higher for nanosize grains.

Above a given concentration, a new (dopant-rich) phase
precipitates.

Precipitation occurs at lower dopant concentrations as grain
size increases. (region III).

(a) Grain boundary 
segregation-precipitation 
for doped polycrystal vs. 

grain size and dopant 
content. 

(b) Example of segregation 
of Y3+ at alumina grain 

boundaries
(YAG=Y-Al Garnet)

(Y3Al5O12)

3
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Pinning effect (Zener model)

Let’s assume a monosize, spherical, insoluble, immobile, 
and randomly distributed inclusions in a polycrystalline system.
As usual, the driving force for GB movement is:

𝐹𝐹𝑔𝑔𝑔𝑔 = 𝛾𝛾𝑔𝑔𝑔𝑔
1
𝑎𝑎1

+ 1
𝑎𝑎2

and assuming that a1, a2 ∝ G

𝐹𝐹𝑔𝑔𝑔𝑔 = 𝛼𝛼𝛾𝛾𝑔𝑔𝑔𝑔
𝐺𝐺

The retarding force is: 𝐹𝐹𝑟𝑟 = 𝛾𝛾𝑔𝑔𝑔𝑔 cos𝜃𝜃 2𝜋𝜋𝜋𝜋 sin𝜃𝜃 , which is max for θ=45° 𝐹𝐹𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜋𝜋𝜋𝜋𝛾𝛾𝑔𝑔𝑔𝑔
For NA (#) inclusions: 𝐹𝐹𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑁𝑁𝐴𝐴𝜋𝜋𝜋𝜋𝛾𝛾𝑔𝑔𝑔𝑔 (per unit of GB area). 

The number of inclusions per unit of volume is: 𝑁𝑁𝑉𝑉 = 𝑁𝑁𝐴𝐴
2𝑟𝑟

including the volume fraction of inclusion (f): 

𝑁𝑁𝑉𝑉 = 𝑓𝑓
⁄4 3 𝜋𝜋𝑟𝑟3

 𝐹𝐹𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = 3𝑓𝑓𝛾𝛾𝑔𝑔𝑔𝑔
2𝑟𝑟

The net driving force: 𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐹𝐹𝑔𝑔𝑔𝑔 − 𝐹𝐹𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛾𝛾𝑔𝑔𝑔𝑔
𝛼𝛼
𝐺𝐺
− 3𝑓𝑓

2𝑟𝑟
When 𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛 = 0 the GB migration does not occur. 
Therefore: 𝐺𝐺𝐿𝐿 = 2𝛼𝛼

3
𝑟𝑟
𝑓𝑓

is the limiting grain size (Zener relationship).

Fgb: driving force (per unit of area) GB motion
G : grain size; a1, a2 (curvatures); 
α: geometrical factor, α=2 for sphere
𝛾𝛾𝑔𝑔𝑔𝑔:  specific surface energy at GB
Fr: retarding force

1
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𝐺𝐺𝐿𝐿 = 2𝛼𝛼
3
𝑟𝑟
𝑓𝑓

 

Pinning effect
Small grain size can be blocked (GB movement, grain growth) by smaller 
inclusions and by higher volume fraction of inclusions. 
At higher temperature the equilibrium will be reached earlier in time.

Once the equilibrium is reached, grain growth will be inhibited unless:

• The inclusion changes size by coarsening;
• The inclusion may re-dissolved back into the lattice;
• Abnormal grain growth occurs.

Monte Carlo simulations have also performed with the attempts to predict 
the influence of pinning effect on grain growth. Experiments shows a 
relatively good agreement. 

3
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Pinning effect Effects of dopants

Examples

3
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Pore evolution (highly porous ceramics)

Epoxy resin forced into pores of ZnO and 
dissolution of the ceramics. 

3D model of interconnected porosity. 
(Courtesy of W. Pabst) 

2
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Pore mobility (low porous ceramics)

Small isolated pores at the GB can be dragged along the GB movement.
Pore and GB are moving in the same direction: curvature of the surfaces.

Equilibrium shape, not dragged

Pore under movement

Two different scenario can be depicted:
(1) the pores remain at the GB and move with it (small pores). Pores have no effect on GB movement

Growth rate under boundary control

(2) the pores tend to be separated by the GB (large pores). Pores limit the GB movement. 
Growth rate under pore control 

2
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Pore evolution

3
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Grain growth (coarsening)

Densification and coarsening, at
least in the final stage of sintering,
occurs simultaneously, influencing
each other. Both processes are
complicated, only qualitative
consideration on their interaction
can be outlined. Considering the
generalized equation

a rough idea of the dominating
coarsening mechanism may be
argued.

𝐺𝐺𝑚𝑚 = 𝐺𝐺0𝑚𝑚 + 𝐾𝐾𝐾𝐾

3
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Densification and coarsening

As discussed, two limiting cases: pore (large 
pores) or boundary (small pores) control. 
A real sample has large and small pores. 

Large pores are less mobile and control the 
motion.
Small pores are more mobile and move with 
the GB.
These two conditions are separated by a curve, 
the equal mobility curve (light blue line). 

The separation curve (light red curve) 
identify the separation area where two 
processes are in competition and abnormal 
grain growth can occur.

G: grain size
2r: pore size

The yellow line depict the sintering profile: the separation zone should be avoided to achieve high density 
with controlled grain size. The effect of dopants is also indicated (see slides   #10)  

3
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Densification and coarsening

An optimal sintering strategy needs to be identified for each
case. The master sintering curve (MSC) approach can help
but the identification of the optimal sintering protocol for a
defined application remains (almost) an art!

2
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Remarks of the section

• Different equation describing the kinetics of normal and abnormal grain growth exist;

• This model considers an isolated GB or a single grain, therefore only qualitative assessment;

• A considerable gap exists between the theoretical understanding of the microstructural evolution 

and real cases. However, guide lines can be identified;

• High density coupled with controlled grain is achievable if coarsening is mitigated and abnormal

grain growth avoided;

• Pore management is the key to achieve high density ceramics;

• Solid –state sintering has limitation. In some cases, liquid phase sintering might be effective;

• Properties depend on microstructure. Final microstructure depends on thermal history and green 

properties. Green properties depends on forming methods and powder quality.  

No good powders = No good ceramics!

1
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4. Liquid phase sintering 

Liquid Phase Sintering: introduction • LPS is a process for high performance, 
multiphase components from powders;

• Sintering occurs under conditions where 
solid grains coexist with a wetting liquid;  

• Wettability is a key concept;
• LPS is the dominant commercial sintering 

process: the final product is a composite 
with customized properties;

• The liquid phase may be a viscous glass;
• Several composite can be obtained , 

including cermet (e.g. TiC-Fe);
• LPS may be use to densify materials that 

cannot be fabricated using other 
manufacturing approach (e.g. WC/Co, 
eutectic @ 1310, drilling and cutting 
tools;

• At the sintering temperature the solid can 
be soluble in the liquid phase (persistent
LPS);

• On cooling the liquid solidifies to produce 
a composite microstructure with tailored
properties. 

1



Three example microstructures after LPS: a) tool steel, b) cemented 
carbide, and c) molybdenum disilicide–copper composite

Liquid Phase Sintering: examples

23
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Wettability and spreading
• In general, liquids with low surface tension readily 

wet most solids, giving a low contact angle, θ.
• At molecular level, it is a matter of cohesion and 

adhesion: if the cohesion between the liquid 
molecules is greater than adhesion between the 
liquid and the solid, the liquid will not want to wet 
the solid (see adhesion/cohesion energy in lesson 4-
5).

• It is a three phase system: gas-liquid-solid. Three 
interfacial energies:

𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑙𝑙 +𝛾𝛾𝑙𝑙𝑣𝑣 cos𝜃𝜃 Young-Dupré

• Spreading: 𝛾𝛾𝑙𝑙𝑣𝑣 + 𝛾𝛾𝑠𝑠𝑠𝑠−𝛾𝛾𝑠𝑠𝑣𝑣= 0

1
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Stages of LPS
1. Redistribution of the liquid and

rearrangement of the particulate solid
under the influence of the capillary force;

2. Densification and grain shape
accommodation by solution-precipitation
(Ostwald ripening, coarsening);

3. Final stage sintering driven by the residual
porosity in the liquid.

Before the formation of the liquid phase solid-
state sintering may occur, with an initial
densification.
The capillary force of the liquid phase produce a
high packing density.
Because of the solubility of the solid phase, the
sharp edges of the solids particles are
preferentially dissolved, leading to particles
with smooth surface (in case of small amount of
liquid phase, faceting may occur)

Additive: sintering aid

1
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Driving force

Let’s consider the forces acting on the multiphase system: Interaction s-s, s-v, l-v, s-l

The wetting condition: 𝛾𝛾𝑠𝑠𝑠𝑠 > 𝛾𝛾𝑙𝑙𝑣𝑣 > 𝛾𝛾𝑠𝑠𝑠𝑠>2𝛾𝛾𝑠𝑠𝑙𝑙

As soon as the liquid melts, it coats the solid, and s/v (and s/s) interface disappears. Pores (v) in the 
liquid are formed. The (negative) pressure inside the pores is: 

𝑃𝑃0 =
−2𝛾𝛾𝑙𝑙𝑙𝑙
𝑟𝑟𝑝𝑝

which is higher than that of the liquid and it generates a compressive capillary 
stress that is equivalent to placing the entire system under an equivalent 
hydrostatic pressure.

The driving force leading to densification is the decrease of this l/v surface area (overall decrease of  
surface energy). 

Example: 500 nm pores in silica at 1400 °C, 𝛾𝛾𝑙𝑙𝑙𝑙 =0.85 J m-2

𝑃𝑃0 =
−2𝛾𝛾𝑙𝑙𝑙𝑙
𝑟𝑟𝑝𝑝

=
2 × 0.85 𝐽𝐽 𝑚𝑚−2

0.5 10−6 𝑚𝑚
= 3.4 106 𝑁𝑁 𝑚𝑚−2 = 34 bar

3
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Capillary force and rearrangement stage

The capillary pressure hold together the particles, and 
the thin viscous layer between the particle allows their 
rearrangement toward the maximum packing density.

However, if particles do not change shape (unless a
huge amount of liquid phase is present), full
densification cannot be achieved (limit: packed
spheres).

Δ𝐿𝐿
𝐿𝐿

=
1
3
Δ𝑉𝑉
𝑉𝑉
≈ 𝑡𝑡 1+𝑦𝑦

where y>0 (and depends on T). The increase in driving force is counteracted by the viscous flow.

The size of the pores decrease (higher capillary force) but the densification rate can be approximated to 
a viscous flow:

2
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Capillary force and rearrangement stage

The sphere do not come into contact, a thin liquid film
(δ) remains at the interface, as a results of repulsive
force between particles.

The capillary force is balanced by compressive force.
This pressure results in an increase of the local chemical
potential:

𝜇𝜇 − 𝜇𝜇0 = 𝑅𝑅𝑅𝑅 ln 𝑎𝑎
𝑎𝑎0

= Δ𝑃𝑃𝑉𝑉0 ln
𝑎𝑎
𝑎𝑎0

=
𝐾𝐾𝐾𝛾𝛾𝑙𝑙𝑙𝑙𝑉𝑉0
𝑟𝑟0𝑅𝑅𝑅𝑅

K: constant relating the maximum 
contact area pressure to the overall 
hydrostatic pressure  

The activity at the contact points is increased and provides a driving force for transferring material in such 
a way that the particle centers can move together and the density increase.

The major change in free energy that takes place during densification is due to the decrease in surface 
area of pores in the liquid phase, and this provides the driving force for sintering.

3
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Rearrangement and liquid phase fraction

• Initial packing: 40%v. (typical value)

• Liquid phase after melting occupy 35%v. volume of 
the final compact, full density by pure 
rearrangement is achievable (red spot).

• This value is close to that for dense random 
packing of monosize sphere (the space among 
spheres is occupied by the liquid phase)

• For smaller amounts of liquid, the fractional 
decrease in volume which can take place by 
rearrangement  is somewhat less. 

• To achieve high density, some additional sintering 
process is necessary.

Liquid 36%v. 
Solid 64*%v. 

Initial packing
40% pores
(60% solid)

Fig 10.25 of Rahaman’s book *dense random packing of monosize spheres

3
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Simulation

Monte Carlo 
Simulation
(MCS)

Discrete
Element
Method
(DEM)

3
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Solution precipitation stage

Particles rearrangement has occurred and a thin film of liquid phase is compressed among the particles. At
the contact point the solubility is larger (higher potential): a gradient is established and a diffusive mass
transfer away form the contact point occurs. The particle center-to-center distance decreases and
densification takes place.

As usual, an approximated geometrical model is needed.

ℎ = 𝑥𝑥2

2𝑟𝑟
𝑉𝑉 = 𝜋𝜋𝑥𝑥2ℎ

2
= 𝜋𝜋𝑟𝑟𝑟2

V: volume of removed matter

Matter flow by diffusion: 𝐽𝐽 = 4𝜋𝜋𝜋𝜋Δ𝐶𝐶 through the film δ

𝑑𝑑𝑉𝑉
𝑑𝑑𝑡𝑡

= 𝐽𝐽𝛿𝛿 = 4𝜋𝜋𝛿𝛿𝐷𝐷 𝐶𝐶 − 𝐶𝐶0

The concentration gradient depend on the pressure at the contact point. We need a relationship between 
pressure and particles and pores size. 

2
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Solution precipitation stage

First, a relationship between pore size (rp) and particle size (rs): 𝑟𝑟𝑝𝑝 =
𝑉𝑉𝑠𝑠
𝑉𝑉𝑝𝑝

⁄1 3

𝑟𝑟𝑝𝑝 = 𝑘𝑘1𝑟𝑟𝑠𝑠

And then, it is reasonable to assume that the pressure at the contact area is inversely proportional to the 
ratio of the contact area to the projected particle area:

where 𝑘𝑘2 is a proportionality constant. Concentration gradient is:

𝐶𝐶 − 𝐶𝐶0 = 𝐶𝐶0 exp
𝑘𝑘2𝛾𝛾𝑙𝑙𝑙𝑙𝑉𝑉0
𝑘𝑘1ℎ𝑅𝑅𝑅𝑅

− 1

To a decrease of the volume, a decrease of pore volume corresponds:

Δ𝑃𝑃 =
𝑘𝑘2
⁄𝑥𝑥2 𝑟𝑟2

𝑃𝑃0 =
𝑘𝑘2𝑟𝑟2

2𝑟𝑟𝑟
2𝛾𝛾𝑙𝑙𝑙𝑙
𝑟𝑟𝑝𝑝

=
𝑘𝑘2𝛾𝛾𝑙𝑙𝑙𝑙
𝑘𝑘1ℎ

𝜇𝜇 − 𝜇𝜇0 = 𝑅𝑅𝑅𝑅 ln 𝑎𝑎
𝑎𝑎0

= Δ𝑃𝑃𝑉𝑉0 

Δ𝑉𝑉 =
4
3
𝜋𝜋 𝑟𝑟𝑝𝑝𝑝3 − 𝑟𝑟𝑝𝑝3 =

𝜋𝜋𝑥𝑥4

16𝑟𝑟
𝑟𝑟𝑃𝑃 = 𝑟𝑟𝑝𝑝𝑝3 −

3𝑥𝑥4

64𝑟𝑟

3 For x:    0 0.4  (+40%)
rp:   1 0.94 (-6%)

V0: initial volume

3
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Solution precipitation stage

The decrease in volume of the particles must be equal the flux of matter from the circumference of the 
circular contact area: 

𝑑𝑑𝑉𝑉
𝑑𝑑𝑡𝑡

= 4𝜋𝜋𝜋𝜋 𝐶𝐶 − 𝐶𝐶0 = 4𝜋𝜋𝐷𝐷𝛿𝛿𝐶𝐶0 exp
𝑘𝑘2𝛾𝛾𝑙𝑙𝑙𝑙𝑉𝑉0
𝑘𝑘1ℎ𝑅𝑅𝑅𝑅

− 1 = 2𝜋𝜋𝜋𝜋
ℎ𝑑𝑑ℎ
𝑑𝑑𝑡𝑡

If the exponential is replaced with the first term of its series expansion, integrating, and considering 
(h/r) = (∆L/L0): 

Δ𝐿𝐿
𝐿𝐿0

=
1
3
Δ𝑉𝑉
𝑉𝑉

=
6𝑘𝑘2𝛾𝛾𝑙𝑙𝑙𝑙𝑉𝑉0𝐷𝐷𝐷𝐷𝐶𝐶0

𝑘𝑘1𝑅𝑅𝑅𝑅

⁄1 2

𝑟𝑟− ⁄4 3𝑡𝑡 ⁄1 2 ∝ 𝑟𝑟− ⁄4 3𝑡𝑡 ⁄1 3

The shrinkage due to solution-precipitation should be proportional to the one-third power of time and
inversely proportional to the four-thirds power of the initial particle size. In addition, with reasonable
assumptions as the values for the constants involved, an estimation of the order of magnitude for the
sintering-densification rate can be made.
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