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Introduction

 Powder Metallurgy (P/M, )

 Compacting metal powders in dies and sintering them

 Typical products

 Gears, cams, bushings, cutting tools, automotive components, etc.

 Advantages

 Material density in P/M is a controllable variable.

• Low density : porous filters

• Full density : structural parts

 Competitive with processes such as casting, forging, and machining for

relatively complex parts made of high-strength and hard alloys
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Metal powders

 Powder production → Blending → Compaction → Sintering →

Finishing operations
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Powder fabrication

 Atomization ( )

 Reduction ( ) : reduction of metal oxides using gases such as

hydrogen and carbon monoxide
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Compaction ( ) (1)

 The step in which the blended powders are pressed into shapes in dies,

using presses that are either hydraulically or mechanically actuated
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Compaction ( ) (2)



7

Prof. Ahn, Sung-Hoon

Isostatic pressing ( )

 Cold isostatic pressing (CIP, )

 Hot isostatic pressing (HIP, )
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Sintering ( ) (1)

 The process whereby compressed metal powder is heated in a controlled-

atmosphere (hydrogen, ammonia, nitrogen) furnace to a temperature below

its melting point, but sufficiently high to allow bonding of the individual

particles

 Sintering temp. : 70% ~ 90% of the melting point of the metal or alloy

 Continuous-sintering furnace : for most production today
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Sintering ( ) (2)
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Sintering ( ) (3)
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Sintering ( ) (4)

FIGURE 11.12 An example of powder rolling. The purpose of

direction baffles in the hopper is to ensure uniform distribution

of powder across the width of the strip.
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Design considerations 
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Ceramics 
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 Bonding :
 Mostly ionic, some covalent

 % ionic character increases with difference in electronegativity.

 Large vs. small ionic bond character :

SiC: small

CaF2: large

Ceramic Bonding
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 Oxide structures

 Oxygen anions are much larger than metal cations.

 Close packed oxygen in a lattice (usually FCC)

 Cations in the holes of the oxygen lattice

Tetrahedral site Octahedral site

Ceramic Crystal Structures
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1. Magnitude of electrical charge on each of component ions

- Crystals must be electrically neutral.

2. Relative sizes of cations and anions

- Does the cation fit in the site.

What determines crystal structure?
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Ionic Bonding & Structure

 Size - stable structures :
- Maximize the number of nearest oppositely charged neighbors.

- -

- -
+

unstable

 Charge neutrality :
- Net charge in the  structure 

should be zero.

- General form :

- -

- -
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A m Xp

m, p determined by charge neutrality
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 Coordination number increases with
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Interstitial Sites

Octahedral sites Tetrahedral sites
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 Same concepts can be applied to ionic solids in general.

Example : NaCl (rock salt) structure

rNa = 0.102 nm

rNa/rCl = 0.564

 cations prefer OH sites

rCl = 0.181 nm

Rock Salt Structure
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Effect of Porosity 

 Residual Porosity : 

Elastic Modulus and Strength ⇒ Lower 

Elastic Modulus, E

E = E0 (1 - 1.9P + 0.9P2) 

P : Volume Fraction of Porosity 

E0 : Elastic Modulus of Material 

Reasons : strength lowered by porosity 

(1) Cross-Sectional  Area ⇒ Reduce 

(2) Stress Concentrators 
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Al2O3 Elastic Modulus vs. Porosity
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Al2O3 Flexural Strength vs. Porosity 

Flexural Strength, σfs  

σfs = σ0 exp(-nP)
σfs , n ⇒ Experimental Constants 
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Ceramic Fabrication Methods (1)

•  Pressing: 

GLASS

FORMING

Gob

Parison 
mold

Pressing 
operation

•  Blowing: 

Suspended 
parison

Finishing 
mold

Compressed 
air

plates, dishes, cheap glasses

- Mold is steel with graphite lining

•  Fiber drawing: 

wind up

PARTICULATE

FORMING 

CEMENTATION
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Sheet Glass Forming

 Sheet forming – continuous draw

Originally sheet glass was made by “floating” glass on a pool of tin.
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Glass Structure

•  Quartz is crystalline.

SiO2: 

•  Basic Unit: •  Glass is amorphous.

•  Amorphous structure
occurs by adding impurities.

(Na+, Mg2+, Ca2+,  Al3+)

•  Impurities:
interfere with formation of

crystalline structure

Si04
4- tetrahedron

Si4+

O2-

(soda glass)

Si4+

Na+

O2-
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•  Specific volume (1/r) vs. Temperature (T): 

•  Glasses: 
- do not crystallize.

- change in slope in spec. vol. curve at 

glass transition temperature, Tg.

- transparent 

no crystals to scatter light.

•  Crystalline materials: 
- crystallize at melting temp, Tm.

- have abrupt change in spec. vol. at Tm.

T

Specific volume

Supercooled 
Liquid

solid

T m

Liquid
(disordered)

Crystalline 
(i.e., ordered) 

T g

Glass 

(amorphous solid)

Glass Properties
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•  Annealing:
- removes internal stress caused by uneven cooling.

•  Tempering:
- puts surface of glass part into compression.

- suppresses growth of cracks from surface scratches.

- Sequence :
further cooled

tension

compression

compression

before cooling

hot

surface cooling

hot
cooler

cooler

- Result :  surface crack growth is suppressed.

Heat Treating Glass
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•  Milling and screening : desired particle size

•  Mixing particles & water :  produces a "slip"
•  Form a "green" component

•  Dry and fire the component.

ram billet

container

container

force
die holder

die

Ao

Adextrusion
- Hydroplastic forming:

extrude the slip (e.g., into a pipe)

solid component

- Slip casting:

hollow component

pour slip 

into mold

drain 

mold
“green 

ceramic”

pour slip 
into mold

absorb water 
into mold

“green 
ceramic”

GLASS

FORMING 

PARTICULATE

FORMING

CEMENTATION

Ceramic Fabrication Methods (2)
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Features of a Slip

•  Clay is inexpensive.

•  Adding water to clay
- allows material to shear easily

along weak van der Waals bonds.

- enables extrusion.

- enables slip casting.

•  Structure of

Kaolinite Clay :

weak van 
der Waals 
bonding

charge 
neutral

charge 
neutral

Si
4+

Al
3+

-
OH

O
2-

Shear

Shear

(고령토)
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•  Drying:  layer size and spacing decrease.

Drying too fast causes sample to warp or crack due to non-uniform shrinkage.

wet slip partially dry “green” ceramic

•  Firing:
-T raised to 900~1400°C
-vitrification :  liquid glass forms from clay and flows between

SiO2 particles. Flux melts at lower T.

Si02 particle

(quartz)

glass formed 
around 
the particle 

micrograph of  
porcelain

Drying and Firing

70mm
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Sintering: useful for both clay and non-clay compositions

•  Procedure:
- produce ceramic and/or glass particles by grinding.

- place particles in mold.

- press at elevated T to reduce pore size.

•  Aluminum oxide powder:
- sintered at 1700°C for 6 minutes

15m

GLASS

FORMING 

PARTICULATE

FORMING

CEMENTATION

Ceramic Fabrication Methods (3)
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Powder Pressing

 Sintering - powder touches - forms neck & gradually neck thickens

 add processing aids to help form neck

 little or no plastic deformation

 Uniaxial compression - compacted in single direction

 Isostatic (hydrostatic) compression - pressure applied by fluid,

powder in rubber envelope

 Hot pressing - pressure + heat
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Tape Casting

 Thin sheets of green ceramic cast as flexible tape

 Used for integrated circuits and capacitors

 Cast from liquid slip (ceramic + organic solvent)

Ceramic 
slurry

FIGURE 11.28 Production of ceramic sheets

through the doctor-blade process.

Slurry chamber 
and doctor 

blades

Exhaust 
out

Air (filtered)
in

Ceramic tape
on carrier tape

Take-up
spool

Controller
For take-up

spool
Carrier film

Doctor blade

Ceramic film

Carrier film
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•  Produced in extremely large quantities.

•  Portland cement:

- mix clay and lime bearing materials

- calcination (heat to 1400°C)

- primary constituents:

tri-calcium silicate

di-calcium silicate

•  Adding water

- produces a paste which hardens

- hardening occurs due to hydration (chemical reactions with 

the water).

•  Forming:  done usually minutes after hydration begins.

GLASS

FORMING 

PARTICULATE

FORMING

CEMENTATION

Ceramic Fabrication Methods (4)
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Properties of ceramics
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FGM (Functionally Graded Material)

4.2nm

15R

Al2O3

100% Si3N4

10wt%12H/90wt% Si3N4

20wt%12H/80wt% Si3N4

30wt%12H/70wt% Si3N4

40wt%12H/60wt% Si3N4

50wt%12H/50wt% Si3N4

60wt%12H/40wt% Si3N4

70wt%12H/30wt% Si3N4

80wt%12H/20wt% Si3N4

90wt%12H/10wt% Si3N4

90wt% 12H/10wt%Al2O3

80wt% 12H/20wt%Al2O3

70wt% 12H/30wt%Al2O3

60wt% 12H/40wt%Al2O3

50wt% 12H/50wt%Al2O3

40wt% 12H/60wt%Al2O3

30wt% 12H/70wt%Al2O3

20wt% 12H/80wt%Al2O3

10wt% 12H/90wt%Al2O3

100% Al2O3

%
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1000 m

FGM 

Interlayer

Al2O3

Si3N4

Graded

layers

Al2O3

Si3N4
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Residual stresses calculation of FGM joint

• Significant reduction in residual stresses confirms experiment (Lee et al., Acta Mat. (2001))

Si3N4 5mm, Sialon 0.1mm, Al2O3 5mm
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