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1.Sintering fundamental (10)
2.Solid state sintering (16)
3.Grain growth & microstructure (22) 
4.Liquid phase sintering (13)
5.Examples and practice (11)
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Sol-gel and thin films 
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Swelling

As discussed, good solubility of the solid in the liquid lead to densification and it is essential for LPS. 
Nevertheless, too high solubility should be avoided because it leads to transient liquid phase and swelling.    

Solubility (generally) 
increases with T and 
too high temperature 
may lead to swelling.
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Heating rate effect

Relative densification rate of green body undergo sintering at 4 different heating rate. 
Negative speeds corresponds to desintering (swelling). Example: BaTiO3

Fast heating rate is not always the
best approach.
Sometimes, excellent results can
be obtained by sintering close to
the max shrinkage rate.
As for dopants, the formation of
liquid phase may be influenced by
the grain size (small grains can
accommodate more defect as
limited stoichiometric deviations)
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Phase diagram and liquid phases

Barium titanate (BaTiO3) phase diagram: liquid phases can be formed  

BaO:TiO2 = 1:1
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Remember: 
- lever rule;
- eutectic point. 

e.g. by solid state synthesis
BaCO3 + TiO2 BaTiO3 + CO2
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Max sintering temperature

Sintering curves at isothermal condition. Heating rate 3.3 K min-1.
For T > 1315 °C, desintering (swelling) occurs. 

Swelling (see LPS)
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8/1328 => 0.6%

Only 0.6% difference
generate a huge difference 

on sintering because close to 
liquid phase formation!

Always check phase diagram…

Accurate thermal control;
Accurate T calibration;

Homogeneity in the oven.
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Master Sintering Curve (MSC)

What is the best heating profile? Since the thermal history define the microstructure and the microstructure 
define the properties, to a specific application an optimal sintering process corresponds.   

Generally, higher heating rates lead to a finer grain size ceramic (it should be clear why…). For ZnO sintered 
at 1100 °C, average grain size decreases of a factor 2 when the heating rate is increased from 0.5 to 5 K min-1
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Master sintering curve

An interesting observation is that plotting the  1
𝜌𝜌
𝑑𝑑𝜌𝜌
𝑑𝑑𝑇𝑇

against 𝜌𝜌 for sintering  data collected at constant heating 
rate (fig. 12.8), all data falls on the same MSC (fig. 12.9).

* Compare with Sintering  2, Slide 7

1
𝜌𝜌
𝑑𝑑𝜌𝜌
𝑑𝑑𝑡𝑡

=
𝐾𝐾 𝑇𝑇
𝐺𝐺𝑚𝑚

* Sintering  2, Slide 7

t=time; T=temperature MSC: we keep constant heating rate up to a max T, for the needed time.    
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Master sintering curve

After some mathematics, it can be argue an equation as: 

𝐹𝐹 𝜌𝜌 = Θ 𝑇𝑇, 𝑡𝑡

Densification Thermal history

The master sintering curve can be constructed from a
series of sintering experiments for different times or
temperatures. The most economical method of
generating the master sintering curve is to perform
constant heating rate sintering experiments at four or
five heating rates using a dilatometer.
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Thermomechanical analysis (TMA) / Dilatometry
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Co-firing

It is a process where more than one ceramic is sintered together and a monolithic ceramic is obtained.  Co-
firing can be: low temperature (< 1000 °C, LTCC) and high temperature (up to 1600, °C, HTCC).

With this technology ceramic microelectronic devices composed by conductive, resistive, and dielectric 
materials are fired (sintered) in a single process. As a result, a robust multilayered devices is obtained.
Initially developed for military application, LTCC are now largely used in the automotive industry and TC.

Quadriband/frontend mod./transreceiver
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Co-firing: key (starting) points

A

B C

D
E

A: sintering onset
B: shrinkage speed
C: overall shrinkage
D: thermal expansion on cooling
E: eventually, phase transitions

A…E: parameters have to match between 
materials to be co-fired.
No match  cracks, delamination, failure

Baseline not 
corrected 
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Co-firing example: 5 layers active component
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Pore formers

(Courtesy of W. Pabst) 

For some applications, pores are 
required. Organic pore formers 
can be used to control the 
porosity in the final ceramics.  
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• Initial density (after organic burnout): 0.8 - 1.0 g/mL;

• Sintered body density: 1.3 - 2. 5 g/mL

Sintering

Thermal profile: examples
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Sintering aids and porous ceramics

Porous hydroxyapatite samples with  silica- based sintering aid
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ST2 (1400°C/1 h) Bioglass 
0.5 wt.% 1.0 wt.% 2.0 wt.% 4.0 wt.% 8.0 wt.% 16.0 wt.% 

Co
llo

id
al

 S
ili

ca
 

0.0 wt.% 
CS (MPa) 
d (g cm-3) 

9 
1.42 

15 
1.49 

15 
1.56 

23 
1.69 

14 
1.57 

-- 
1.33 

0.5 wt.% 
CS (MPa) 
d (g cm-3) 

41 
1.71 

33 
1.68 

31 
1.67 

23 
1.59 

12 
1.49 

4 
1.51 

1.0 wt.% 
CS (MPa) 
d (g cm-3) 

33 
1.73 

29 
1.61 

37 
1.68 

37 
1.67 

4 
1.38 

-- 
1.49 

2.0 wt.% 
CS (MPa) 
d (g cm-3) 

42 
1.75 

37 
1.65 

32 
1.69 

21 
1.59 

10 
1.45 

-- 
1.61 

4.0 wt.% 
CS (MPa) 
d (g cm-3) 

38 
1.60 

39 
1.94 

9 
1.53 

48 
1.81 

70 
1.76 

-- 
2.07 

8.0 wt.% 
CS (MPa) 
d (g cm-3) 

88 
2.37 

91 
2.52 

93 
2.53 

78 
2.47 

33 
2.26 

6 
2.23 

16.0 wt.% 
CS (MPa) 
d (g cm-3) 

78 
2.35 

77 
2.48 

89 
2.63 

75 
2.27 

39 
2.09 

24 
2.23 

 

Sintering aids and porous ceramics

Example of hydroxyapatite co-fired samples with two 
different  porosity and mechanical properties 

CS: Compressive strength

Sintering test matrix

Co/fired sample (sandwich A-B-A)

interface
3


		ST2 (1400°C/1 h)

		Bioglass



		

		0.5 wt.%

		1.0 wt.%

		2.0 wt.%

		4.0 wt.%

		8.0 wt.%

		16.0 wt.%



		Colloidal Silica

		0.0 wt.%

		CS (MPa)

d (g cm-3)

		9

1.42

		15

1.49

		15

1.56

		23

1.69

		14

1.57

		--

1.33



		

		0.5 wt.%

		CS (MPa)

d (g cm-3)

		41

1.71

		33

1.68
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1.73
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1.61

		37

1.68

		37

1.67

		4

1.38

		--

1.49



		

		2.0 wt.%

		CS (MPa)

d (g cm-3)

		42

1.75

		37

1.65

		32

1.69

		21

1.59

		10

1.45

		--

1.61



		

		4.0 wt.%

		CS (MPa)

d (g cm-3)

		38

1.60

		39

1.94

		9

1.53

		48

1.81

		70

1.76

		--

2.07



		

		8.0 wt.%

		CS (MPa)

d (g cm-3)

		88

2.37

		91

2.52

		93

2.53

		78

2.47

		33

2.26

		6

2.23



		

		16.0 wt.%

		CS (MPa)

d (g cm-3)

		78

2.35

		77

2.48

		89

2.63

		75

2.27

		39
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		24

2.23









Practical aspects –Ovens-Furnaces
• Kiln is more widely used in traditional ceramic industry
• Oven is more often for drying ceramics or small furnaces
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Combustion Furnaces
• Gas-fired is the most common combustion 

furnace. It is mainly for large industrial 
applications (glass melting, traditional ceramics)

• For large volume production, combustion 
furnace is more economically favored.
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Electrically heated furnaces

• By thermal radiation 
• Typical for small precision parts - dry pressing Ceramaret (Bôle)
• Injection molding - SPT Roth - (Lyss)

By direct Joule heating
(Acheson method of synthesis of  SiC)
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Indirect Heating Furnaces

Induction furnaces at 60-1000Hz, 
can reach 3000oC.

.

Microwave Sintering is also one kind of induction 
furnace. Normally working at 2.4GHz for industrial use.
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Pressure Assisted Sintering

Pressage à chaud
Hot pressing (HP)

Hot Isostatic Press (HIP)
Sinter Forging 

Advantages:
Improved densification and relatively low sintering temperature (100-500 °C) compared to 
natural / conventional sintering
Fine microstructure and increased reliability of product properties
Elimination of defects: increased mechanical properties .. up to 3 times!

Disadvantages: 
High cost
Carbon contamination in HP 
Difficult shape control for forging sintering
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Spark Plasma Sintering

Field Assisted Sintering
The intrinsic lattice and defect cluster vibration in materials can be coupled with external electromagnetic field and 
further enhance the mass transport properties. (Theoretical Assumption).
Spark Plasma Sintering (SPS) and Microwave Sintering are so far the most promising and popular sintering 
techniques in this category.
Up to now, no direct evidence observed in SPS and microwave sintering can support the original design ideas. In 
SPS still no plasma found and no real pure microwave excitation found in microwave sintering. Need more 
investigation.
Both sintering techniques have strong advantage in superfast heating and cooling rate, lower sintering 
temperature and short sintering cycle period.

Heat and cooling rate: 10-600oC/min

Maxium Sintering temperature: 2100oC

Pressure: 0-200MPa

Heating by direct resistive heating  
(Joule effect) with applied pressure!
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Finishing - polishing

• A final finishing step is often 
necessary to ensure the workpiece
dimensions or e.g. the sphericity
of engine bearings.

• Diamond tools are often needed 
as ceramics are very hard.

• E.g. ceramic knife video

• https://www.azom.com/materials-
video-details.aspx?VidID=386

• For ceramics without a glaze or coating 
there is often a polishing step

• It makes the part more attractive visually 
and removes surface defects from which 
a crack can start  - this can lead to an 
improvement of the mechanical 
properties ... Up to x3!

• Polishing often made with diamond 
suspensions or pastes

Hip joints

1

https://www.azom.com/materials-video-details.aspx?VidID=386
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