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Built in 1929, last remodel 1940
image at left shows current footprint
(3rd floor) ( )



N fl l hNew floorplan shows 
central atrium replacing 
the 1940 addition



Renderings of new 1st floor main lobby 
Area (above) exterior of new mainArea (above) exterior of new main 
entrance at what is currently rear of
Building (left)



Ceramic Processing Research 
at Penn Stateat Penn State

• Transparent YAG for laser gain mediap g

• Macro porous acicular mullite for diesel particulate
1 cm

• Macro‐porous acicular mullite for diesel particulate 
filters

• The effect of dopants/impurities on the sintering of 
alumina
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Ceramic Processing ResearchCeramic Processing Research 
at Penn State
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• Constrained sintering of                       
layered ceramics                                                             
( MLCC SOFC) 20
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• Additive manufacturing of glasses and ceramics
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Temperature (°C) Curvature of bilayer samples due 
to sintering strain rate mismatch

• Templated grain growth of ceramics for structural 
and piezoelectric applicationsand piezoelectric applications
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O tliOutline

• What are ceramics?
• How are ceramics different from metals and• How are ceramics different from metals and 
polymers?

• Ceramic processing• Ceramic processing
• Microstructure‐processing‐property relationships

15



C iCeramics are ….
• Nonmetallic inorganic materialsNonmetallic, inorganic materials
• Typically metal oxides, carbides, borides and/or nitrides

• Examples include monolithic ceramics:• Examples include monolithic ceramics:
• Al2O3, Al4C3, AlN, AlON
• SiC, Si3N4, SiAlON3 4

• PMN‐PT, BaTiO3

• TiO2, TiB2, TiC
A ll it• As well as composites:

• SiC whisker reinforced Al2O3

• C or SiC fiber reinforced SiC

• Ionically and covalently bonded
• Crystalline• Crystalline
16



Applications of CeramicsApplications of Ceramics



Applications of CeramicsApplications of Ceramics



New Ceramics and Applications 
in the Past 20 Yearsin the Past 20 Years

• Thermoelectrics
• Solid state lighting• Solid state lighting
• High Tc superconductors
• Laser gain media
• Ultrahigh temperature materials
• Ultrahard materials
• Solid oxide fuel cells• Solid oxide fuel cells

19



Bi i A li tiBioceramic Applications
• Example applications:p pp

• Hip and dental implants  (e.g., ZrO2) – high relative 
density, hardness, wear resistance, toughness

Smileinthecity.com

• Bone scaffolding (e.g., hydroxyapatite) – low relative 
density, micro‐ and macro‐porous

• Nano composite particles for drug delivery (e g calcium
Bonesmart.org

• Nano‐composite particles for drug delivery (e.g., calcium 
phosphate) – core shell architectures

• Bioceramic material requirements:Bioceramic material requirements:
• Biocompatible and non‐toxic
• Either stable or bioabsorbablet e stab e o b oabso bab e
• Bioactive

20

Tabakovic et al., WIREs Nanomed. and 
Nanobiotech, 4 (2012)

Sun et al, Adv. Healthcare Maters., 1 (2012)



Characteristics of Advanced 
Ceramic ProductsCeramic Products

• Composition
• Simple : Al2O3, Si3N4, TiC
• Multicomponent(aka mixed metal oxides) : BaTiO3, Pb1‐xLax(ZryTi1‐x/4)O3, Na2O∙11Al2O3

• Composites : ZrO2‐Al2O3, Co‐WC, SiCw‐3Al2O3∙2SiO2p 2 2 3, , w 2 3 2

• Microstructure
• Equiaxed or anisotropically‐shaped grains
• Fine grain size < 10 m
• Dense (>95% of theoretical)

• Fabrication
• Product shape and dimensional stability
• As little shrinkage as possible during component ‘drying’     

D ifi i• Densification
• As low a temperature and for as short a time as possible
• High green density of particulate system (i.e., as‐formed) to limit sintering shrinkage g g y p y ( , ) g g
• Shrinkage (<18% linear during sintering)

21



Ceramics vs. Metals andCeramics vs. Metals and 
Polymers

Ceramics Metals Polymers

ZrO2 Zn (C2H4)n ‐ polyethylene

(C H O ) l th lBi2Sr2CaCu2O8‐x Pt (C10H8O4)n – polyethylene 
terephthalate

B C Fe C2nH4n+2On+1 ‐ polyethyleneB4C Fe glycol

SrTiO3 Al (C2H6OSi)n –
polydimethylsiloxanep y y

Si3N4 NiTiNOL (C6H10O5)n ‐ cellulose

PLZT Ti (C2F4)n ‐ PTFE

UO2 Ni (C2H3Cl)n ‐ polyvinylchloride

Y Gd F O A [NH−(CH2)6−NH−CO−(CH2)4−CY3‐xGdxFe5O12 Au [ ( 2)6 ( 2)4
O]n – nylon 6,6

MgAl2O4 Mn22



Ceramics vs. Metals vs. Polymers:Ceramics vs. Metals vs. Polymers:
Bonding

• Ceramics
• Ionic bonding – metal to nonmetal bonds

• Electrons transferred from metal to nonmetal
• Bond strength dependent on valence of each ion and relative 
ionic radius

• Covalent bonding – two nonmetals
• Electrons shared between atoms
• Bond strength scales with number of shared electrons

• Bonds yield:
• High elastic modulus hardness melting pointHigh elastic modulus, hardness, melting point
• Low thermal expansion, toughness, electrical and thermal 
conductivity
G d h i l t bilit• Good chemical stability

23 http://ceramics.org/learn‐about‐ceramics/structure‐and‐properties‐of‐ceramics



Ceramics vs. Metals vs. Polymers:Ceramics vs. Metals vs. Polymers:
Bonding

• Metals
• Metallic bonding

• Electrons move freely between atoms
• Relatively weak bonds

• Bonds yield:
• Ductility, high electrical and thermal conductivity

http://mypchem.wikispaces.com/Metallic+Bonding

• Low corrosion resistance

• Polymers
• Covalent bonding – within chainsCovalent bonding  within chains
• Intermolecular bonding – between chains

• Van der Waals, hydrogen, dipole‐dipole
• Bonds yield:Bonds yield:

• Elasticity and chemical resistance
• Low melting point, strength, electrical and thermal conductivity

• Most polymers have a glass transition temperature above

http://commons.wikimedia.org/wiki/File:Kevlar_che
mical_structure.png

Most polymers have a glass transition temperature above 
which they are elastic, below which they act like a glass

24 http://ceramics.org/learn‐about‐ceramics/structure‐and‐properties‐of‐ceramics



Ceramics vs. Metals vs. Polymers:Ceramics vs. Metals vs. Polymers:
Properties

Property Ceramic Metal Polymer
Hardness Very High Low Very Low
Elastic modulus Very High High LowElastic modulus Very High High Low
Thermal expansion High Low Very Low
Ductility Low High High
Corrosion resistance High Low LowCorrosion resistance High Low Low
Wear resistance High Low Low
Electrical conductivity Depends on material High Low
D it L Hi h V LDensity Low High Very Low
Thermal conductivity Depends on material High Low
Magnetic Depends on material High Very Low

Note: For general comparison only; specific properties depend on the material’s specific 
composition and how it is made.

25 http://ceramics.org/learn‐about‐ceramics/structure‐and‐properties‐of‐ceramics



C i P iCeramic Processing

‐ OR –
How to go fromHow to go from 

Here                   to                     Here



C i P d S th iCeramic Powder Synthesis

• Beneficiated ores
• Bauxite – Bayer‐process Al2O3
• Clays – kaolinite, porcelain

• Solution synthesis using metal salts
• Al O s nthesis from alko ides• Al2O3 synthesis from alkoxides
• Co‐precipitation of YAG from Al(NO3)3  and YCl3∙6H2O

• Solid state reaction of mixed powdersSolid state reaction of mixed powders
• Calcination (i.e., heat treatment) of powder mixtures (e.g., 
Si3N4 + Al2O3 + AlN→ SiAlON)

• Vapor phase synthesis
• Spray pyrolysis

27
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P ti l P i it ti StParticle Precipitation Steps

29



Heterogeneous vs.Heterogeneous vs. 
Homogeneous Nucleation

(A)

• Energy barriers associated 
with homogeneous 
nucleation (∆G*hom) and 
heterogeneous nucleation 

t0 t1 t2

g
(∆G*het) at critical radius r*.

(B)

• Schematic microstructure evolution for conditions of:

• (A) constant nucleation rate (unseeded system)

• (B) site saturation, nucleation rate ≈ 0 (seeded system)

30



S lid St t R tiSolid State Reaction
A parabolic rate law is often observed for kinetic processes in which the rate limiting step is mass transport through the reaction zone t1/2

relation.

y = thickness of product layer
t = time

(1)  let y = (KDt)1/2 K = configurational constant
D = diffusivity

A

Bry
r = particle radius

(2)  V = 4/3π (r - y)3 - volume unreacted
(3)  V = 4/3πr3 (1 - )          = volume fraction reacted

B

Combine equations (2) & (3)

 

Schematic representation of reaction-product 
layers forming on surface of particles in powder 
mixture. 

(4)                                          - a relation between particle size, thickness, and vol. fraction reacted.

Combine equations (1) & (4) Jander Equation.          KD = Reaction rate constant (diffusion limited)

 3 α11ry 

(5) Assumes (1) parabolic rate law
(2) no molar volume change; consequently only valid for 

initial stage of reaction
(3) Arrhenius relation

  t





 2

23

r
KDα11

2

KDslopeK 

31

2r
p







  RT

QexpKD
r

KDK 2 W. Jander, Z. Anorg. Allg. Chem., 163, 1 (1927). 



S lid St t R tiSolid State Reaction
(1 13 )2

(a)

• By plotting

• (1)  vs. t can establish              

• (2) K vs 1/r2 can validate dependence of K on 1/r2

23 )11(  2r
KD (b)

• (2)  K vs. 1/r2 can validate dependence of K on 1/r2

• (3)  From Arrhenius equation:  
 Q/RT- expKK 

• can establish and verify diffusional nature of process

• (where Q = Activation Energy) (c)

• Solid reaction between silica and barium carbonate 
showing (a) time dependence, (b) particle‐size 
dependence, and (c) temperature dependence of 
reaction rate FromW Jander Z Anorg Allg Chem

32

reaction rate.  From W. Jander, Z. Anorg. Allg. Chem., 
163, 1 (1927). 



Solid State ReactionSolid State Reaction
(1)   Valid for small ∆y

(2) Ignores changes in molar volume between products and reactants(2) Ignores changes in molar volume between products and reactants

Correction for These Two Oversimplifications Yields:

     tKDz12)-1)(1(z1z1 2
2/32/3 






 

(R.E. Carter, J. Phys. Chem. 34, 2010 1961) and 1137 (1961))

z = volume of particle formed per unit volume of a spherical particle consumed.

    
r

))(( 2 





Plot:    [1 + (z‐1)]2/3 + (z‐1)(1‐)2/3

Reaction between ZnO and Al2O3 to form 
ZnAl2O4 at 1400˚C in air (two spherical 

33
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P d C diti iPowder Conditioning

• Granulation
• Calcination:

• Phase formation/solid state reaction
• Phase transformation (e.g., γ‐Al2O3 → α‐Al2O3)
• Decomposition of precursor species (e.g., carbonates, nitrates p p p ( g
in source material salts)

• Increasing particle size – Ostwald ripening
• Removing impurities

• Size separation
• Milling

d• Size reduction 
• Homogeneous mixing  of powders and slurries
• Addition of processing aids

34



C l i tiCalcination
• Annealing process during which chemical/physicalAnnealing process during which chemical/physical 

changes occur 
• Best to avoid the occurrence of these changes during sintering
• Large volume changes during reaction and/or weight loss due 

to evolution of gases can disrupt evolving microstructure
• Potential reactions/outcomes• Potential  reactions/outcomes

• Phase formation/solid state reaction
• Phase transformation (e g γ‐Al2O3 → α‐Al2O3)Phase transformation (e.g., γ Al2O3 → α Al2O3)
• Decomposition of precursor species (e.g., carbonates, nitrates 

in source material salts)
• Increasing particle size – Ostwald ripening
• Removing impurities
• Crystallization• Crystallization

35



Calcination – PhaseCalcination  Phase 
Transformation 

Transformation of boehmite (AlOOH) 
to α‐Al2O3:

γ‐AlOOH→ γ‐Al2O3 → θ‐Al2O3 → α‐Al2O3

450°C 900°C 1200°C

2 3

Boehmite gel – physically and 
chemically homogeneous

γ γ 2 3 2 3 2 3

36

After calcination ‐ unseeded After calcination– seeded (1 wt% α‐
Al2O3 seeds)



C l i ti D itiCalcination ‐ Decomposition
• Precursor metal salts• Precursor metal salts 
react with 
atmosphere to form 
metal oxidesmetal oxides

• Relatively large 
volume changes occur 

h
g

– want this process to 
happen   

• Ellingham diagramsEllingham diagrams 
useful for predicting 
atmospheric 
conditions whereconditions where 
decomposition will 
occur

37 Kingery et al., Introduction to Ceramics, Wiley, 1976



C l i ti C t lli tiCalcination ‐ Crystallization

TGA/DTA

XRD

l W
ei
gh
t)

TGA
Crystallization 
peak for YAG

W
ei
gh
t L
os
s (
%
 In
iti
a TGA

DTA

p

Calcination of co‐precipitated 
YCl 6H O + Al(NO ) to form Y Al O

38

YCl3∙6H2O + Al(NO3)3 to form Y3Al5O12



C l i ti P ti l G thCalcination – Particle Growth

YAG Particle Size vs Calcination Conditions

200

160

200
(n
m
)

80

120

ar
ti
cl
e 
Si
ze
 

2 hr 4 hr
8 hr

16 hr

40

80

6 20E 04 6 40E 04 6 60E 04 6 80E 04 7 00E 04 7 20E 04 7 40E 04

Pa 2 hr 4 hr1 hr

6.20E‐04 6.40E‐04 6.60E‐04 6.80E‐04 7.00E‐04 7.20E‐04 7.40E‐04

1/T (K‐1)
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Characterization of Ceramic Powders



Powder CharacteristicsPowder Characteristics



Powder SpecificationsPowder Specifications



Particle Size MeasurementParticle Size Measurement 
Techniques

It is important to know how eachIt is important to know how each 
technique works to know how to 

interpret the results
• Dproj

• Sieving
Q i i i• Quantitative microscopy

• Light scattering

• Dv
• Particle motion

B i• Brownian
• Sedimentation

• Electrical resistance
• Acoustic spectroscopy

• Ds

43

Ds 
• Gas adsorption



Different Methods for Particle Size Analysis
Method Diameter Frequency Size Range (µm) Comments

Dry Sieving dproj weight >38 Electrostatic charge <50 µm

Wet Sieving d weight 5 100Wet Sieving dproj weight 5‐100

Optical 
Microscopy dproj number 1‐100 Orientation dependent

SEM dproj number 0.1‐100 Electrical charging

FESEM dproj number 0.02‐10 Electrical charging

TEM d number 0 005 0 05 Sample preparation dependentTEM dproj number 0.005‐0.05 Sample preparation dependent

Light Scattering dproj number 0.01‐3000 Dilute suspensions

Sedimentation dv weight 0.1‐300 Brownian motion limited

Centrifugation dv weight 0.01‐50 Excellent for 0.1‐1 µm

Electrical 
Resistance dv number 0.04‐250 CoincidenceResistance

Acoustic 
Spectroscopy dv weight 0.05‐100 Need “perfect” powders

f d

44

Surface Area ds <100



Particle PackingParticle Packing

45



Forming of ceramicsg
Colloidal Dispersions

• Slip casting (colloidal filtration)

Dry Forming
• Uniaxial pressing• Slip casting (colloidal filtration)

• Tape casting

• Pressure filtration

Uniaxial pressing
• Isostatic pressing
• Roll compaction
• Lamination

Plastic Forming

• Extrusion  (mechanoplasticity – plasticity 

Additive manufacturing 

• Powder bed systems( p y p y
due to stress and shape retention upon 
removal of stress – characteristic of clay‐
based systems)

• Injection molding (thermoplasticity

• Polymer jetting
• Selective laser melting

• Fused deposition modeling• Injection molding (thermoplasticity –
deformation enabled by heating and 
retained during cooling) 

Fused deposition modeling
• Stereolithography

Many factors including dispersion rheology, degree of saturation and fabrication 
stresses must be controlled to form a green ceramic that possesses high green density, 
sufficient green strength and plasticity for subsequent processes. Because advanced

46

sufficient green strength and plasticity for subsequent processes.  Because advanced 
ceramics seldom use clay, plasticity is usually obtained by using organic additives.



Dry Pressing

f “ b h h d

y g

• Definition:  “process by which ceramic powders are 
consolidated inside a cavity into a predetermined shape 
through the use of an applied pressure”through the use of an applied pressure  

• Most widely used high‐volume forming process for 
iceramics

• Low cost 
• Easily automated
• Relatively simple shapesRelatively simple shapes
• Uniform die filling critical – controlled agglomeration 
advantageousadvantageous



Spray Drying 
(C ll d A l i )(Controlled Agglomeration)



Uniaxial Pressingg

• Simple geometric shapes with Fi t• Simple geometric shapes with 
vertical punches

• Through‐holes and surface

• Five stages
– Die fill

• Through‐holes and surface 
topography possible

• Applications:

– Transitional restacking
• <10 MPa

Applications:
• cutting tools
• refractories

– Low flow and 
fragmentation

• seal rings
• grinding wheels

U d l l d i h

• 50‐100 MPa

– Bulk compression
50 200 MP• Used alone or coupled with 

subsequent CIP
• 50‐200 MPa

– Springback



Rotary Dry PressingRotary Dry Pressing



Isostatic Dry Pressingy g
• Increased shape complexity available 
relative to uniaxial pressingrelative to uniaxial pressing 

• Uniform densities achieved due to 
isostatic pressurep

• Pressures:
• Dry bag – up to 275 MPay g p
• Wet bag – up to 690 MPa

• Applications
• spark plug insulators
• dinnerware
• power line insulators• power line insulators
• sodium vapor lamp tubes (alumina)



C ll id l P iColloidal Processing

• Slurries or pastes are made by dispersing powders in a 
liquid with the organics necessary to give the unfired 
(i.e. green) parts the desired properties

• Aqueous (i.e. water‐based) or non‐aqueous (e.g. 
methanol, toluene, etc.)

• Organic additives:
• Surfactants – alter interface energy between powder and 
liquid to allow wetting

• Dispersants – prevent particles from flocculating• Dispersants – prevent particles from flocculating
• Binders – impart strength to green parts
• Plasticizers – lower glass transition temperature of binder

52

g p



Organic binder selection criteria

1. Non‐contaminating (no free C, Na+, K+, Cl‐ etc.)
2 Ch i ll ibl i h h di i2. Chemically compatible with the dispersion

3. Physically compatible with the system ‐ Particularly important for emulsion polymers
4. Within viscosity requirements for forming and/or processing

5. Sufficient plasticity/deformability/flexibility

6. Adequate mechanical properties after forming
7 Decomposes/pyrolyses in a controlled manner7. Decomposes/pyrolyses in a controlled manner

Polymer characteristics

• Degree of polymerization (no. of repeat units)
• Molecular weight = DP x weight of monomer or repeat units
• Molecular weight distributiong
• Glass transition temperature
• Degree of crystallinity
• Crosslinking

B hi

53

• Branching
• Vapor pressure
• Melting temperature



Fl id (Sl ) B h iFluid (Slurry) Behavior

54



Slip Casting

• Slip casting is a slurry‐based shaping technique
• Slips are powder suspensions which contain:

• Ceramic powder
• Liquid (solvent for organics)
• Dispersant• Dispersant
• Surfactant (optional)
• Binder (optional)( p )

• Slip casting is a filtration process



Sli C ti PSlip Casting Process

• Slip is poured into a porous 
mold (plaster or polymer)

•Advantages:
–Complex shapes can be produced

• Capillary forces (~0.1‐0.2 MPa) 
in the mold pull the liquid into 
the mold from the slip

Complex shapes can be produced
–Low tooling costs

•Disadvantagesthe mold from the slip
• The powder particles are drawn 
towards the mold walls and 

d ll b ild i

g
–Long cycle times
–Labor intensive

gradually build up into a 
consolidated layer or filter cake

• Several techniques have grown

–Limited dimensional control
–Requires large work areas

Several techniques have grown 
out of this concept



Slip Casting Applicationsp g
• Traditional ceramics:

• China/stoneware
• Artware

S it

Techniques
• Sanitaryware
• Crucibles

• Technical/advanced ceramics:
• Filter media

• Drain casting
– Used to make hollow parts
– Pour out remaining slip when desired wall 

thickness is obtained • Filter media
• Structural tubing
• Bone implants
• Heat engine components

thickness is obtained
• Solid casting

– As filter cake thickens, the slip level recedes
Additional slip is poured into the mold until the • Optical components– Additional slip is poured into the mold until the 
part is solid

• Pressure and vacuum casting
– Externally‐applied pressure (4 0 MPa) increasesExternally applied pressure (4.0 MPa) increases 

the kinetics of the filtration process 
– Speeds the entire process

• Centrifugal castingg g
– Applied pressure generated by centrifugal 

force
– Used for tube shapes, especially for making 

b
http://www.ikts.fraunhofer.de/

porous membranes 
– Porous mold not necessary



Slip Requirements
• Low viscosity (<1 Pa‐s)– must 
b blbe pourable

• High solids loading
I ki i f i• Improves kinetics of casting 

• Reduces shrinkage/cracking

• Dispersant is critical• Dispersant is critical
• Affects interparticle forces

• Maintains particles in 
isuspension

• Enhances uniformity of 
packing and high packing 
densitydensity

http://www britannica com/technology/traditional ceramicshttp://www.britannica.com/technology/traditional‐ceramics



Capillarityp y
Capillary rise Capillary depression

90  90θ




Hydrostatic Pressure



∆P = ∆gh ∆ = density difference between liquid and vapor
h = height of liquid
r = radius of capillary tube
g = gravity constant

Capillarityp y

θ cos
r

2γ=ΔP lv
θcos2γ=h lv
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Capillarity in porous materialsp y p

P = 2 lv cos
Capillary 
Press re

L
2rr

V = volume
∆P th t

P
r

cos 

Eqn. Poiseuille       
L8
r P=r =

t
V 4

2


 

Pressure

∆P = pressure on the system
 = viscosity
µ = average rate of flow









 2h r

L8=P  hydraulics
Capillarity is important for 

lv  cosrdL

  cos
r

2=P lv
c

ΔPΔPF

capillarity

p y p

•Slip casting 

•Wetting of powders

L = 2
1

lv  tcosθ r γ 





lv 

 cos

L4
==

dt
ch ΔPΔPFor 

•Wicking

•Drying
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L = lv
2η

γ






Rideal-Washburn eqn.
•Liquid phase sintering 



Rideal‐Washburn Equationq

2
1

tθ  2
lv

2η
tcosθrγ








L

Length vs Radius
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Assume water surface tension (0.0728 J/m2), viscosity = 1 mPa.s
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Tape Castingape Cast g



Tape Casting Slurry CharacteristicsTape Casting Slurry Characteristics



Tape Casting ProcessTape Casting Process



ExtrusionExtrusion

E i hibi• Extrusion paste must exhibit 
Bingham flow

• Viscosity dependent on:• Viscosity dependent on:
• Binder type
• Volume
• Grain size
• Rate of shear

l• 5‐40 vol% organic content
• Critical paste characteristics:

N d i• No entrapped air
• High solids content
• Homogeneous mixingg g



Extrusion

• Parts with a high length to diameter ratio
• Applications:• Applications:

• Catalytic converters
• Drill bitsDrill bits
• Lucalox lamp tubes



Injection Molding

From Morgan Advanced Ceramics websi



Applicationspp
• Screws
• Nozzles
• Cam plates (shown at• Cam plates (shown at 
right)

• Water jet assemblies• Water jet assemblies
• Tape guides
• Sleeves
• Dental implantsp
• Orthodontic brackets



Degree of polymer saturation

Formulations for ceramic fabrication must fulfill dispersion requirements, fabrication process limitations and 
post fabrication processing requirements The volume fraction of liquid (solvent plus binder) powder and voidspost‐fabrication processing requirements.  The volume fraction of liquid (solvent plus binder), powder and voids 
in a formulation is established by the forming process.  Space filling during the fabrication process can be easily 
visualized by comparing the relative volume fractions of the components in a parameter called the degree of 
saturation.

Degree of Saturation (DS) = Volume liquidDegree of Saturation (DS)   

Pendular state  Capillary state

DS = 0 1 0 2 DS = 1

Volume open pores

DS = 0.1 ‐ 0.2 DS = 1

DS ≈ 0 Dry pressing, Isostatic pressing and Roll compaction

DS ≈ 0.3 Semidry pressing

DS ≈ 1 Extrusion, Injection molding

DS ≥ 1 Slip casting, Tape casting

Degree of Polymer Saturation (DPS) =
Volume polymer

Volume open pores


PF
(1 PF)

Vpolymer

Vpowder




 



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Comparison of Ceramic Forming 
TechniquesTechniques



Additive Manufacturingg

All additive manufacturing techniques employ the same basic five‐All additive manufacturing techniques employ the same basic five‐
step process: 

• Create a CAD model of the design
h d l f• Convert the CAD model to STL format

• Slice the STL file into thin cross‐sectional layers
• Construct the model one layer atop another
• Clean and finish the model

71 Ozkul, J. Eur. Ceram. Soc., 30 (2010)



StereolithographyStereolithography

• Stereolithography (SLA)
– Epoxy resin (may contain a dispersedEpoxy resin (may contain a dispersed 

ceramic or metal powder) is photocured 
one layer at a time and the part in‐process 
is incrementally dropped into a bath 
containing monomers and photoinitiators 
by the layer thickness to allow the next 
layer to be formed.  UV light excites the 
photoinititaors and crosslinks thephotoinititaors and crosslinks the  
monomer.  Most mature process.

– Advantages:  best surface finish, intricate 
shapes possible

3D reproductions of Venus de Milo produced 
on a hair by 2PP. Credit: Boris Chichkov

shapes possible
– Disadvantages:  system cost, 

messy/potentially toxic liquids

2PP – two‐photon polymerization:  a femtosecond laser 
is used to excite the photoinitiator

72

R. Narayan/ Bull. Am. Ceram. Soc., 
88[5]  (2009) 20‐25



Selective Laser MeltingSe ect e ase e t g
• Selective Laser Melting (SLM)

– A loose powder bed is leveled and 
bound by melting/sintering 
polymer powders or polymer‐
coated ceramic or metal powders 
in the desired geometry layer byin the desired geometry, layer‐by‐
layer.  The finished part is simply 
pulled from the loose powder bed.

– Advantages: broad range ofAdvantages:  broad range of 
materials, speed

– Disadvantages:  system cost, 
surface finish

73
Juste, J. Mater. Res., 29 (2014)



3‐D Ink Jet Printing3 D Ink Jet Printing
• Ink Jet Methods

Bi d D iti Th Di i l– Binder Deposition or Three Dimensional 
Printing (3DP)

• Build layers by ink jet printing of binder on 
powder bed.  Lay down and level powder p y p
layer, deposit binder.  Finished part is lifted 
from the loose powder bed.

• Advantages:  speed, decent surface finish, 
features down to 30 µmfeatures down to 30 µm

• Disadvantages:  low strength/porous parts, 
limited materials, infiltrants expensive, no 
metal or ceramic parts

D iti f C i S i

Fielding et al., Dent. Mater., 28 (2012)

– Deposition of Ceramic Suspensions
• Hot melt ink jet deposits a suspension of 

ceramic/metal powders in a waxy 
thermoplastic.

• Advantages:  speed and surface finish good, 
parts are durable, choice of materials

• Disadvantages:  system cost

74



Fused Deposition Moldingp g
• Fused Deposition Modeling (FDM)

– A thermoplastic (with or without ceramic 
or metal powders) is extruded from a 
small nozzle, directed by an x‐y 
positioning devicepositioning device.

– Advantages:  strong parts, reliable
– Disadvantages:  slow speed

75
Sun et al., Adv. Healthcare Mater., 1
(2012)



Fused Deposition Molding
Fused Deposition ModelingFused Deposition Modeling

X. Lu et al. / Journal of the European Ceramic 
Society 30 (2010) 1–10
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Dimensional Changes –
I t t D i C it iImportant Design Criteria

Shrinkage or growth is often 
d fi d i f i i i l ddefined in terms of initial and 
final densities:

If dimensional changes are

ifffinal VVwρ

If dimensional changes are 
isotropic:   Vi = li3 and Vf = lf3

f

i
fi

ii

ff

initial

final
V
Vthen w= wif   

Vw
Vw=

ρ
ρ

Volume shrinkage factor: 

Linear shrinkage factor : li = lf

3/13/1

i

V
V





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


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O i R lOrganic Removal
• Binder systems are developed for forming greenBinder systems are developed for forming, green 
properties and for eventual removal

• Means of binder removal
• Thermal degradation/decomposition
• Chemical dissolution in solvent

N d l i h l f h f d f• Need to remove polymer without los of shape of defect 
generation (e.g., swelling, cracks, large voids)

• Challenging for:• Challenging for:
• Large parts 
• Parts with high polymer contents (e.g., injection molding, 

)tape casting)
• Parts with organics requiring removal in reducing 
atmospheres



Thermal Binder RemovalThermal Binder Removal
• At least two polymers are typically used togetherp y yp y g

• Major binder – higher MW, provides strength
• Minor binder – lower MW, plasticizer

• On heating, polymers soften, flow and degrade and 
are removed as vapor

• Polymer can also be wicked out of parts (capillary 
forces) into a bed of fine particles
V li id t diff th h• Vapors or liquid must diffuse through pore spaces

• Most systems have gradual decomposition where 
minor binder is removed first opening poreminor binder is removed first, opening pore 
passages for removal of major binder



Determination of Organic
Removal ConditionsRemoval Conditions

• Thermogravimetric analysis (TGA)
• Measure weight loss as a 
function of temperature (andfunction of temperature (and 
atmosphere)

• Potential weight loss sources:
• Adsorbed water
• Organic processing aids

• Dispersantp
• Binder
• Plasticizer

• Unreacted artifacts of powderUnreacted artifacts of powder 
synthesis

• Carbonate
• Nitrate
• Etc.



Sinteringg

Sintering* is the heat treatment of a particle mass or high surface area powder that results in a
Sintering is the result of a thermodynamic driving force and a transport mechanism
Sintering  is the heat treatment of a particle mass, or high surface area powder, that results in a 

strength increase, reduction in surface area and, usually, densification.

b γ6ρForce Driving


Driving Force = Asvsv– Assss

sv
o
γ

dρvolume


where b = bulk density
th ti l D ito = theoretical Density    

d  = particle diameter

From a driving force argument we conclude ‐ the finer the particle size, the greater its densification. The 

system will attempt to lower its total surface area by either reducing Asv (i.e. sintering) and/or reducing Ass 

81

(i.e. grain growth).



Sintering Stages
An approximate division of the microstructure at various stages of 
densification to make the geometry of diffusion mathematically tractable. 

g g

(Coble)

1. Initial Stage ‐ continuous porosity and contacts 
between particles (< 65% density)

2. Intermediate Stage ‐ continuous pore channels 
at grain edges (65 ‐ 92% density)

3. Final Stage ‐ isolated pores on the grain 
boundaries and grain vertices (> 92% density)

M.N. Rahaman, Sintering of Ceramics, 200782



Final Stage Sintering
1484°C 1584°C

1696°C 1750°C

Nd:YAG A. Stevenson, Ph.D. Thesis, Pennsylvania State 
University (2010)83



Thermodynamics of Sintering
Sintering is the result of a thermodynamic driving force and a transport 
mechanism

Driving force for sintering is the reduction in surface free energy

Smaller powders will have more surface area and thus greater drivingSmaller powders will have more surface area and thus greater driving 
force for sintering
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Sintering Mechanisms
1. Solid State Sintering (0 vol% liquid phase)

Primary densification mechanisms grain boundary and bulk diffusionPrimary densification mechanisms ‐ grain boundary and bulk diffusion
Examples:

Al2O3 ZrO2
MgO TiOMgO TiO2
SiC Ferrites

2 Liquid Phase Sintering (0‐10% vol% liquid phase)2. Liquid Phase Sintering (0 10% vol% liquid phase)
Primary densification mechanism – dissolution‐precipitation (requires 

both wetting & solubility of solid phase in liquid)
Examples:Examples:
BaTiO3 + 1% TiO2 MgO + 1‐3% LiF
Si3N4 + 5% MgO ZrO2 + CaO/SiO2 (<1%)
Al2O3 + 5%Talc2 3

3. Viscous Sintering (>40 vol% liquid phase)
Primary densification mechanism – viscous flow of liquid phase
Glasses with and without ceramic fillers
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Geometry & Pore Removal

Dihedral Angle: ss
22

cos 







sv22 
if γss ≈ γsv, dihedral angle ≈ 120°

Pore stability is 
determined by dihedral 
angle and by the size ofangle and by the size of 
the pore relative to the 
grain size (this diagram 
assumes 120°)assumes 120 )
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Densification & Grain Growth
During sintering we observe:

(1)  The average grain size increases
(2)  The rate of densification decreases at some density (< 100%)

For well dispersed, well packed particles, we expect a sintering trajectory like this:

e
G
ra
in
 S
ize

2 f ib hi h
Density (ρ/ρ0) 1.000.920.60

2 factors contribute to this shape:
(1)  Grain growth is restricted until ρ/ρTheoretical = 0.92 to 0.95 

(due to interconnected porosity)
(2)  The densification rate drops rapidly as grain growth occurs
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Reduction in the Densification 
RateRate:

In the initial stage the rate of sintering is constant but decreases with increasing 
densification why?densification – why?

(a)  Sintering driving force is reduced by grain growth

(b)  Sintering driving force is reduced due to trapped gases in pores
(c)   Some closed pores are stable and cannot be removed (change in 
mechanism)

(i)  too large to begin with (pore geometry)

(ii)  pore coarsening  (i)

(iii)  isolated within grains – no (reasonable) mass transport mechanism

By far the most important factor is grain growthBy far the most important factor is grain growth

n 
S

iz
e

Wide size distribution or poor packing –
densification is non‐uniform and grain

D it ( / )

G
ra

i

1 000 920 60

densification is non uniform and grain 
growth occurs in some regions before bulk 
reaches high density.
Uniform green density good packing –
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Density (ρ/ρ0) 1.000.920.60Uniform green density, good packing –
material becomes dense uniformly, grain 
growth accelerates uniformly and rapidly.



Determination of Sintering
ConditionsConditions

• ThermoMechanical Analysis• ThermoMechanical Analysis 
(TMA)

• Measure shrinkage as aMeasure shrinkage as a 
function of temperature 
(and atmosphere)

• Shrinkage occurs as part 
begins to sinter/densify

• Particle rearrangement occurs• Particle rearrangement occurs 
during initial stage

• Necks form between particles 
and their centers approachand their centers approach

• Process causes part to shrink 
as particles grow together



Sintering Techniques
During sintering, we usually want to maximize density and avoid grain growth:
1 To improve mechanical properties (critical flaw will be the largest pore if1. To improve mechanical properties (critical flaw will be the largest pore, if 

no pores, maximum flaw size ≈ grain size)
2. To improve functional properties (electrical properties such as dielectric 

constant dielectric breakdown strength etc)constant, dielectric breakdown strength, etc)
As previously discussed, grain growth can be controlled by chemical 

factors, impurities, etc. but in some systems these effects are not 
ffi i t t bt i 100% d itsufficient to obtain 100% density.

We can often favor densification over grain growth by:
1. Use of external pressure – increases the sintering pressure but does not 

increase driving forces for grain growth
2. Rapid heating – in some (many?) systems, densifying sintering2. Rapid heating in some (many?) systems, densifying sintering 

mechanisms have a higher activation energy than non-densifying 
mechanisms.  Therefore, densification is favored at higher temperature, 
coarsening at lower temperatures and rapid heating “avoids” this g p p g
coarsening regime.
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Pressureless Sinteringg

Tunnel kiln

Vacuum sintering furnaceVacuum sintering furnace

• Heating
• Electric
• Gas

• Atmosphere
• Air

I t• Inert gas
• Vacuum
• Reducing gas



The Effect of Pressure
Densification can be greatly enhanced by the use of external pressure:

∆C/C0 =  / kT (2 / r + eff) eff = local stress at the interface

bapplied ρσ

o

b
rel.

rel.

applied
eff. ρ

ρ=ρ  ,
ρ

=σ

Hot pressing:p g
• Used for materials that sinter poorly (e.g., SiC, BN, B4C, composites).  
• Typically uses a heated graphite die (reducing atmosphere).  
• Strength of graphite limits pressure to ~35 MPa.  

Typically parts require substantial machining to achieve desired dimensions• Typically parts require substantial machining to achieve desired dimensions.  

Hot Isostatic Pressing (HIP):
• Uses inert high pressure gas to deliver pressure (typically N or Argon)• Uses inert, high pressure gas to deliver pressure (typically N2 or Argon)
• Samples are first sintered to obtain closed porosity (sinter-HIP) or can be 

encased in metal or glass envelopes
• Used when 100% density is absolutely required (WC-Co cutting tools, optical 

ceramics)
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Uniaxial Hot Pressingg



Hot Isostatic Pressing
• External pressure is applied 

isotropically using gas pressure p y g g p
– maximum ~200 MPa

• Parts must be pre-sintered to 
obtain closed porosity or mustobtain closed porosity, or must 
be encased in glass or metal

• More expensive than HP, p
conventional sintering but 
achieves 100% density when 
needed for high reliability parts

• Large reduction in sintering 
temperature, limited grain 
growth

• Used for:  WC-Co cutting tools, 
hip prostheses, ceramics for 
laser gain medialaser gain media

94



Spark Plasma Sintering (Field 
A i t d Si t i T h l )Assisted Sintering Technology)

• SPS or FAST is hot pressing 
with the addition of an 
electric field to increaseelectric field to increase 
heating rates

• Heating and cooling rates of 
100 f d i t100s of degrees per minute

• High driving force for 
densification with little grain g
growth

• Uniform heating a challenge 
with thermally and/orwith thermally and/or 
electrically insulating 
materials (i.e., ceramics)

http://graphites‐carbons.superiorgraphite.com/
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Processing‐Microstructure‐Processing Microstructure
Property Relationships

• Changes in composition and processing conditions• Changes in composition and processing conditions 
(e.g., forming, sintering conditions) affect the 
microstructure and properties of final materialmicrostructure and properties of final material

• The following examples from the literature 
illustrate these relationshipsillustrate these relationships
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Effect of Sintering Conditions on 
MicrostructureMicrostructure

Effect of sintering g
conditions on the density 
and grain size of dry‐
pressed Nd:YAG

97 Lee et al., J. Am. Ceram. Soc., 92 (2009)



Effect of Sintering Conditions on 
PropertiesProperties

Effect of sintering 
conditions on the optical 
transmittance of dry‐
pressed Nd:YAG

98 Lee et al., J. Am. Ceram. Soc., 92 (2009)



Effect of Macrostructure on 
PropertiesProperties

• Bone scaffolding fabricated using fusedBone scaffolding fabricated using fused 
deposition modeling

• Effect of scaffold spacing on bone ingrowth

99
Simon et al., J. Biomed. Mater. Res. Pt. A (2007)



Effect of Composition on 
Microstructure and PropertiesMicrostructure and Properties

• Textured PMN‐PT ceramic• Textured PMN‐PT ceramic
• Undoped and 2% Mn‐doped
• Effect of dopant on p
microstructure and 
piezoelectric properties

100 Poterala et al., J. Appl. Phys., 110 (2011)



Effect of Microstructure on 
P tiProperties

• Equiaxed Al O (EA) textured Al O (TA)• Equiaxed Al2O3 (EA)– textured Al2O3 (TA) composites
• Effect of EA:TA ratio on strength and work of 
fracture

101

fracture

Chang et al., J. Am. Ceram. Soc., 97 (2014)



Effect of Microstructure on 
P tiProperties

• MAX phases separated using different techniques 
yield different capacitance values

102 Naguib et al., Adv. Mater., 26 (2014)



Effect of Processing Conditions 
on Microstructureon Microstructure

• Alumina samples fabricated using 
selective laser melting

• Effect of layer thickness and laser y
energy density of part microstructure 
and density, respectively 

103
Juste, J. Mater. Res., 29 (2014)



SSummary

• Ceramic materials have unique properties because 
of their bonding and crystal structuresg y

• Understanding the effects of processing variables 
on microstructure and properties and carefulon microstructure and properties and careful 
processing utilizing this understanding is necessary 
to take advantage of these properties 

• Tailoring of the microstructure and properties of 
ceramics can also be achieved using these g
relationships
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