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Uniaxial isostatic

Cold Hot Cold Hot

Pressing

Casting

-Drain

-Squeeze

-Centrifugal

TAPE casting

Extrusion Injection
Moulding
(very rare)

Overall process from starting powder to slurry: 
https://www.youtube.com/watch?v=UHD1SzAJjU8

https://www.youtube.com/watch?v=UHD1SzAJjU8


� Ceramic powder 50%
� Water (or other suspension media) 40%
� Binder (legante) 5%
› Organic: PVA, PEG, Cellulose, starch
› Inorganic: Clay, colloidal silica, aluminates

� Plasticizer (plasticizzante) 2-3%

� Lubricant (lubrificante) 1-2%
› Stearic acid or stearato
› Graphite, BN, steatite





https://www.youtube.com/watch?v=WuxRkt_ics0

https://www.youtube.com/watch?v=WuxRkt_ics0


Animation

Animation 2





video





https://www.youtube.com/watch?v=FZzOTX9Ihqs

https://www.youtube.com/watch?v=FZzOTX9Ihqs




Presentazione Della Mea su Tape casting video







https://www.youtube.com/watch?v=Oql0eOubnmY

https://www.youtube.com/watch?v=Oql0eOubnmY




� https://www.youtube.com/watch?v=0hI7wVDa9Ww

https://www.youtube.com/watch?v=0hI7wVDa9Ww




https://www.youtube.com/watch?v=yiUUZxp7bLQ

Ceramic 3D printing

Ceramics 3D printing

https://www.youtube.com/watch?v=yiUUZxp7bLQ
https://www.youtube.com/watch?v=cUYpsj1Vig8
https://www.youtube.com/watch?v=sSE_NLBrLoY&t=6s




ceramic matherial with porosity: 
before sintering

It is a thermal process of microstructural rearrangement in which the 
particles of powder are compacted and the porosity decreases to 
form a dense piece of ceramic.

monodisperse powder fcc or hcp:   PF=74.5%



KIC = yσ c

K: the parameter for the determination of the stress at the tip of the crack.
y: dimensionless constant that depends on defect’s geometry and load
c: length of defect (m)

For the polycrystalline alumina: KIC = 3MPa m

In ceramics materials these values are very low compared to metals.
A very small defect or porosity lead to failure during an application of stress.

The absence of defects and porosity is very important for the 
mechanical properties:





� concave zone 
� convex zone

The atoms in a convex zone tend to migrate in a concave zone in according to 
a diffusion process actived by temperature.

BEFORE SINTERING:

• powder compact united by  weaks Van der Waals forces

• individual grains separated by 25-60% of volume porosity



� Thermodinamically favored
� kinetically slow

FICK’S LAW (1D):
dC
dt

= D
d 2C
dx2

Diffusion coefficient: D = D0e
−
Ea
RT

In order of kinetics to be fast enough for microstructural 
rearrangment to occur in short time, the sintering temperature
must be:

T =
2
3
Tm



� SURFACE 
DIFFUSION

� VAPOR 
TRANSPORT

densification

decrease of the distance 
between particle centres 

NO densification

thinning of the particles

• BULK DIFFUSION 

•GRAIN BOUNDARY DIFFUSION





� atoms migration in the neck zone
� pores disappearence
� obtaining straight grain boundaries
� same chemical potential
� thermodynamically stable





SECONDARY,  ABNORMAL GRAIN GROWTH 



Polycrystalline flurite CaF2

illustrating normal grain growth

Growth of a large Al2O3 crystal into 
a matrix of uniformly sized grain.



PROGRESSIVE DEVELOPMENT OF MICROSTRUCTURE
IN LUCALOX ALUMINA

a) SEM of initial particles befor sintering (5000x)

4µm



b) SEM of particles after1minute 
at 1700°C (5000x)

c) SEM of particles after 2 
minutes at 1700°C (5000x)

4µm 4µm



d) SEM of particles after 6 minutes 
at 1700°C (5000x)

e) SEM of the final microstructure 
that is nearly porefree, with only a 
few pores located within grains 
(500x)

4µm 40µm



� The differences in the curvature of surface, 
causes a pressure difference in the various 
part of system, that leads to atoms transport.

� At the surface of the particle there is a 
positive radius of curvature, so that the 
vapour pressure is larger than would be 
observed in a flat surface.

� At the junction between particles there is a 
NECK whith a small negative radius of 
curvatures and a vapour pressure lower than 
that for the particle itself.



P : Supplementary pressure to 
create  the bubble.

: surface tension γ

SPHERICAL MODEL:

A = 4πR2 V =
4
3
πR3

GENERICALLY:

Δp = γ LV
1
R1
+
1
R2

#

$%
&

'(
pdV = γ LVdA
Δp4πR2dR = γ LV 8πRdR

Δp = 2γ LV

R



 H2O(l) H2O(g) in equilibrium condition

vapour pressure of water
in a flat liquid-vapour interface

e
−
ΔG
RT = e

−
ΔG0

RT e
−
VΔP
RT

If the liquid-vapour interface is not flat, as in a small drops, the water 
has a vapour pressure that is larger than that in a flat surface:

PH2O = PH2O
0 e

−
2γ V
rRT

PH2O
0 : standard vapour pression 

p° = Ke = e
−
ΔG0

RT



V =
MW
ρ

N =
3MW
4πa3ρ

=
3V
4πa3

SA = 4πa
2N =

4πa2 3MW
4πa3ρ

= 3V
a

ES = SAγ =
3Vγ
a

: molecular volume 

: density

: particle radius

: number of particles in a mole of powder

: surface area

:surface energy

: surface tension

: molecular weight

V

ρ

a

N

SA

ES

γ

cm3

mol
g
cm3

MW

≈ 1 J
m2

J
mol

≈ µm

g
mol

m2



� Energy available without added pressure in a 
sintering process of alumina:   

� Energy available with added pressure in the 
same sintering:

ES =
3Vγ
a

= 75 J
mol

V Al2O3 = 25 ⋅10−6
m3

mol

P = 30Mpaw = PAV = 750 J
mol

Image from Kingery



true in the absence of friction:

otherwise: 

Einstein’s generalized equation of 
mobility:

v
M
M

D

: friction coefficient

: mobility 

: diffusion coefficient

F = ma

F = m dv
dt
+
v
M

D = MRT



� define a DRIVING FORCE
� define the GEOMETRY
� define the MECHANISM OF TRANSPORT

PARAMETERS TO DEFINE THE MODEL:

STAGES OF THE SINTERING:

• INITIAL STAGE :  from 50-55% to 75% of TD

• INTERMEDIATE STAGE :  from 75% to 92% of TD

• FINAL STAGE :  from 92% to 100% of TD

MODELING



ρ

r
x

: radius of the neck’s curvature

: radius of particle

: parameter indicated the progress of 
the sintering

GEOMETRY

r + ρ( )2 = r − ρ( )2 + x + ρ( )2

ρ =
x2

4r

ANeck = 2π x ⋅πρ =
π 2x3

2r

VNeck =
π x4

8r

Approximations :
ρ2 = 0
xρ = 0



FLUX

The material transfer is linked to the flux.
Considering the area through which the transport takes (the neck area):

J = 1
ANeck

d
MW

dVNeck
dt

d :  density
MW : molecoular weight
J : flux

Variation of the neck volume 
based on the increase of the 
‘x’ parameter:

dVNeck
dt

=
4π x3

8r
dx
dt

=
π x3

2r
dx
dt

J =
2r
π 2x3

d
MW

π x3

2r
dx
dt

=
1
πV

dx
dt



FLUX expressed as a DRIVING RORCE

J = cMF

J = cMF

M =
D
RT

F = −∇G = −
dG
dx

≈
dG
ρ

c :  concentration
M : mobility of bulk and grain boundary atoms
F :  force

Variation of the free energy during the diffusion on the neck area:

ΔG = ΔpV = Vγ
1
r1
+
1
r2

#

$%
&

'(
= Vγ

1
x
−
1
ρ

#

$%
&

'(
=
Vγ
ρ

F = ΔG
ρ

=
Vγ
ρ2



1
Vπ

dx
dt

=
cD
RT

Vγ
x4

16r2

1
5
x5 =

5πV
2
cDγ r2

RT
t

x =
5πV

2
cDγ r2

RT

#

$
%

&

'
(

1
5

t
1
5

integration between 0 and x

t=0, x=0

t: sintering time

J = cMF = c D
RT

Vγ
ρ2



Variation of the volume of the 
particles in the sintering process 
during the time:

The increase of a few degrees in temperature has much more influence  on the 
grain size than the increase of a one order of magnitude of the time

Variation of the relative density 
variatung time and temperature:

t

T







pore
grain boundary

v
v pore > v grain boundary

GS

E.G. : 

ALUMINA ‘LUCALOX‘: 
polycrystalline  Al2O3 - 1% MgO 

• During the growth, the larger grain leaves behind a lot of pores and the 
piece can not achive the 100% of theoretical density (DT).

• To avoid the pore incorporation inside the grain, the speed of grain 
boudaries must be lower than that of the pores.

• Some impurities can segregate on grain boundary (GRAIN BOUNDARY 
PINNING) slowing the growth and so it’s possible to achive the 100% of 
DT.











WETTABILITY

Is the ability of a drop of liquid to recline on a solid surface.

Varying the pressure changes the wettability.

α

γ LV

γ LS

γ SV

: contact angle
: liquid-vapour interfacial energy
: liquid-solid interfacial energy
: solid-vapour interfacial energy



possible cases:

The contact angle specifies the condition for minimum energy, 
according to the relation:

γ SL + γ LV cosα = γ SV

cosα =
γ SV − γ SL

γ LV

non-wettabilityα > 90°
α < 90°
α = 0

wettability

spreading



� It is the process of adding an additive to the powder which 
will melt before the ceramic grains.

� The metal added, at high temperatures, melt and WET the 
grains. The intergranulary spaces are such as to have a 
capillary forces which attract the grain one another.

� ( By lowering the temperature, the amorphous phase does 
not wet the grains anymore and ritires in triple junctions.)

� (This gives good mechanical proprieties.)
� E.G. : WIDIA ( 93% WC in a Co matrix).

LIQUID PHASE SINTERING



















� Determination of the Tm Tsintering = 2/3 Tm E.G. :      Al2O3

Tm =2400°C    Tsintering = 1600°C
� CALCINATION (200°C-300°C under the sintering temperature)      

E.G. :      ZrO2 stabilized by CaO, Y2O3, CeO2

� FORMING the ceramic parts
� SINTERING

D ⋅ t
a

≈ 1



� D = dry weight
� boil the piece for 5 hours
� W = wet weight in air
� S = wet weight in water suspended
� V = external volume of the piece:        V = W - S
� BULK DENSITY                                 B = D/V
� P = apparent porosity                         P = (W-D)/V





1400°C

500°C

T

t

1 h

1-10 h

2-5 K/min
1-5 K/min

10 K/min



� Visual inspection
� Penetrant dyes https://www.youtube.com/watch?v=xEK-c1pkTUI

� Ultrasonic testing https://www.youtube.com/watch?v=UM6XKvXWVFA

� Radiographic testing https://www.youtube.com/watch?v=IcWjZbXiFkM

� Magnetoscopic testing
� Eddy currents

https://www.youtube.com/watch?v=xEK-c1pkTUI
https://www.youtube.com/watch?v=UM6XKvXWVFA
https://www.youtube.com/watch?v=IcWjZbXiFkM






Fluorescent penetrant dye revealed with a Wood lamp



https://www.youtube.com/watch?v=UM6XKvXWVFA

https://www.youtube.com/watch?v=UM6XKvXWVFA










X ray image of C inclusions in Si3N4

X ray image of WC  inclusions in Si3N4

https://www.youtube.com/watch?v=SZgPBbbo-Cw

https://www.youtube.com/watch?v=SZgPBbbo-Cw










AlN

SiC























� Glasses lack the periodic (long range) order of a crystal
� •
� Infinite unit cell (no repeating large scale structures)
� •
� 3D network lacking symmetry and periodicity
� •
� ISOTROPIC: same average packing and properties in all directions
� •
� Crystals in different directions(see above):
� •
� different atom packing and so different properties









Si-O
1.62

O-O
2.65

Si-Si
3.12

Si-O 
2nd
4.15







1) An oxygen atom is linked to no more than
two glass-forming atoms A.

2) The number of oxygen atoms around each
glass-forming atom A is small, perhaps 3 or 4.
3) Among the oxygen-containing polyhedra, a 
polyhedron cation A shares corners, but no 
sides or faces.
4) For three-dimensional networks of oxygen-
containing polyhedra, at least three corners 
must be shared.

In general, all four rules should be satisfied for
glass formation to occur.
Low coordination numbers, corner-sharing
rules imply that glass formation is more likely
with open, low density polyhedral structures.









� Formers Modifiers Intermediate

� B Sc Ti
� Si La Zr
� Ge Na Pb
� Al K Al
� V Rb Th
� As Cs





104 Poise

107 Poise



https://www.youtube.com/watch?v=ig4G5WbOMLc







Bottle production line
http://www.youtube.com/watch?v=A_M8WBJMcM0

https://www.youtube.com/watch?v=A_M8WBJMcM0


� Insulators: Al2O3, BeO, AlN
� Conductors (+ and -): LaCrO3, ZnO, ITO, ZrO2
� Dielectrics: BaTiO3
� Ferroelectrics: BaTiO3
� Piezoelectrics: PZT
� Pyroelectrics: LiTaO3, PZT
� Magnets
� Optics

























Typically, in PZT, lead zirconate ceramics, the Voltage obtainable is of the order
of some volts, for loads of some Newton over 1 cm2  (d33 is around 200-300 pC/N)

Typical applications: Sensors, transducers, actuators



https://www.youtube.com/watch?v=VbTUsluY2xUhttps://www.youtube.com/watch?v=VbTUsluY2xU









� https://www.boldmethod.com/blog/video/2016/04/watch-a-737-land-through-the-hud/

ITO

https://www.boldmethod.com/blog/video/2016/04/watch-a-737-land-through-the-hud/






� Pure or doped SiO2: very small loss over distance

� Na2O-CaO-SiO2 (NCS) or NaO2-B2O3-SiO2 (NBS)
Small distances, cheap

� Fluoride glasses (ZBLAN):
ZrF4-BaF2-LaF3-AlF3-NaF; not yet industrial



Fabrication: https://www.youtube.com/watch?v=uSnjo5tOGQA

https://www.youtube.com/watch?v=uSnjo5tOGQA






Dn=n3(rcE+RE2)

Linear POCKELS Effect Quadratic KERR Effect





CrO2

CMR Colossal Magneto Resistance
: La1-x(Ba, Sr, Ca)MnO3

Most relevant in ceramics





Hard Magnets:
Starter motors, 
loudspeakers, 
closing fixtures

Soft Magnets:
Memories,
Deflection coils







Chiara definizione dei requisiti del componente
Ed ordine di priorità

Confronto tra requisiti e proprietà del
Materiale candidato

Le attuali esperienze di 
fabbricazione consentono di 
ottenere i requisiti richiesti?

Le attuali esperienze di 
fabbricazione consentono di 
ottenere i requisiti richiesti ad 
un prezzo accettabile?

SI

NO

Materiale scelto e problema risolto

Raggiungo requisiti 
Migliorando un materiale
commerciale

SI

NO

Raggiungo 
requisiti 
Migliorando un 
materiale noto ma 
non commerciale

SI

SI

Sviluppo un materiale 
totalmente ex-novo

SI

NO

CONSIDERAZIONI PROGETTUALI





























Magnification

Voltage

Working distance

Detector type

Length marker
















