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Introductory Remarks

Four Basic Elements of MSE

Performance

Requirements
Structure/ \

Composition N / Property

o e Synthesis
Tailoring y U
Processing
Materials Design and Tailoring Sheppard, Am. Ceram. Soc. Bull., 68 2038 (1989)
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Pl: Basis of Sintering Science

Outline:
* Brief description of sintering processes
and their parameters
* Interfacial energy and driving force of
sintering
* Sintering and polycrystalline
microstructure

KAIST, S-J L. Kang

PI1: Bondingand Densification

Outline:
* Solid state sintering (SSS) Models and Densification
100~~~ ======== oo - Models and kinetics
B3 = inal stage (isolated pores .
R - Effects of processing
(rrcommeced porcs) variables:
£ bcemooomomsseTescenmon particle size, temperature,
o . external pressure, atmosphere
green body (entrapped gases)
Sintering time

* Liquid phase sintering (LPS) Models and Densification

- Validity of three stage models
- Role of liquid in densification
- Densification kinetics (effects of processing variables)

KAIST, S-J L. Kang
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Plll: GG and Microst. Evolution
Outline:

Types of grain growth: Stationary vs. Nonstationary
* Liquid phase sintering (LPS)
- Grain growth in a matrix (Ostwald ripening)

- Effect of pores on microstructure development
- Effect of interfacial energy anisotropy

* Solid state sintering (SSS)
- Grain growth in a pure dense system
- Effect of 2" phase particles on grain growth
- Effect of pores on microstructure development
- Effect of solute segregation on boundary migration
- Effect of boundary energy anisotropy

Mixed Mechanism Principle of Microstructural Evolution
KAIST, S-J L. Kang

PIV: Supplementary Subjects
Defect Chemistry and Sintering

* Formation of point defects by additives

* Diffusion (ambipolar) in ionic compounds

* Boundary segregation in pure and impure compound
Electrostatic potential effect

Diffusion Induced Interface Migration

* Effect of chemical instability on boundary migration
* Control of boundary migration and physical properties

Discussion on Potential Strategies for Full Densification

Kang, Materials, 13, 3578 (2020).

KAIST, S-J L. Kang
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What is Sintering?

Thermal Energy

!

( External Pressure )
(External field)

» Densification
» Grain Growth

A processing technique of materials to produce density and
microstructure controlled materials and components from metallic or
ceramic powders by applying, in general, thermal energy.

} Microstructural Design

KAIST, S-J L. Kang|

Effect of Microstructure on Physical Properties

Mechanical Property

WC-Co (die)
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2242 times of use
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Sintering:
the but probably an everlasting technique
in materials and components fabrication

Prehistoric era 21st century

Firing of pottery Fabrication of MLCC

KAIST, S-J L. Kang

General fabrication pattern of

sintered parts
Powder, . .
Additive, | — Mixing — | Shaping | — | Sintering
Binder A A

l

Postsintering
Treatment and
Finishing

S.-J. L. Kang, “Sintering : Densification, Grain Growth and Microstructure”, Elsevier, Oxford (2005).
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What to Learn?

e Fundamentals of sintering.

(Bonding,) Densification, grain growth
and microstructure.
Sit and Think!

Contents of the Course:

Rearranged contents of the text book

“Sintering: densification, grain growth and
microstructure” Elsevier (2005)

KAIST, S-J L. Kang|

Pl: Basis of Sintering Science

Outline:
* Brief description of sintering processes
and their parameters
* Interfacial energy and driving force of
sintering

* Characteristics of polycrystalline
microstructure

KAIST, S-J L. Kang
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Chap. Sintering Processes

Categories of sintering:
SSS; LPS; TLPS; VFS

liquid phase sintering

Trn,A
viscous flow sintering
Tm,B
Tz transient liquid

N
T, phase sintering

Temperature

solid state sintering

A X4 B
Composition

S.-). L. Kang, “Sintering : Densification, Grain Growth and Microstructure', Elsevier, Oxford (2005).
KAIST, S-J L. Kang|

Typical microstructures observed
during SSS and LPS

ALO, 98W-1Ni-1Fe(wt%)

S.-J. L. Kang, “Sintering : Densification, Grain Growth and Microstructure, Elsevier, Oxford (2005).

KAIST, S-J L. Kang|




*SSS
- No liguid phase
- Densification is achieved by changing grain shape
- Equilibrium grain shape (microstructure)?

*LPS

- Presence of a liquid phase

- Insufficient volume of liquid (0 < f'< 30 vol%)
- Equilibrium grain shape (microstructure)?

- Wettability and solubility

*TLPS  -Formation of a transient liquid

*VES - Formation of a sufficient volume of liquid

Difficulties for densification: SSS > LPS > VFS
Physical properties?
KAIST, S-J L. Kang

Densification and Grain Growth
Solid-state sintering (SSS)

&

Role of Liquid in
Liquid-phase sintering (LPS) Densification

shape accommodation) &

% rain growth

“Liquid phase sintering: Fundamentals” in “Encyclopedia of Materials: Technical

Ceramics and Glasses,” A. Leriche and F. Cambier (eds), Elsevier (2020). KAIST, S-J L. Kang
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Driving Force for Sintering

Reduction of the total surface energy

0.5 ~500J/mole (100um ~ submicron size)
(cf. chemical free energy of compound formation)

Ay A

-
Densification

AA A(yA) : driving force for sintering
c . Densification
oarsening and coarsening

Note: the meaning of sintering
S.-). L. Kang, “Sintering : Densification, Grain Growth and Microstructure’, Elsevier, Oxford (2005).

KAIST, S-J L. Kang|

Exercise:

* Energy change with the sintering of cube-shaped
powder with an edge of / with no grain growth

1 6 1
6L°Ys 5> sy 5

aE=7(%-y,)

* Meaning of y; and y,,
* Sintering of SiC (addition of C and B)

oQn:

Total surface energy = f(particle size)

KAIST, S-J L. Kang

2024-04-05



Densification and Coarsening

* The two processes are themselves complex.
* Multiple mechanisms can be operative for each
process (parallel processes) cf. serial processes

* Simultaneous and mutually interactive processes
(The choice of processing condition is important)
* We usually want to prepare materials with high

density and fine grain size by increasing the
densification rate relative to coarsening rate.

(p/G)M™

KAIST, S-J L. Kang

Directions for attaining (5/G)1

e Modification of powder characteristic
(shape, size and size distribution, etc.)

e Modification of chemistry
- Use of additives in solid solution =~ Why?
eg) AL,O, + MgO, WC-Co + VC
- Use of a second phase, commonly liquid
- Atmosphere control (Po2 control) Why?

eg) BaTiO3, SrTiO3, Ni, Cu
e Modification of the sintering process

Unconventional sintering processes
eg) HP, HIP, Fast Firing, Two-step sintering, SPS,
Flash sintering, Cold sintering

KAIST, S-J L. Kang|
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Sintering Variables

1) Variables inherent to raw powders (material variables)

* Powder : shape, size, size dist, agglomeration (hard and
soft), mixedness

 Chemistry : composition, impurity, nonstoichiometry-
atomosphere, homogeneity

1) Variables related to sintering condition (process variables)

T, t, P, at_moslfhere, heating and cooling rate, E, B
(magnetic field)

eg) P: HP, GPS, HIP and SPS(with E)
eg) E: SPS and Flash sintering

eg) Atmosphere : Po2 (oxidizing or reducing), inert
KAIST, S-J L. Kang

Chap. Thermodynamics of the Interface

* Qn: Why does bonding occurs between particles?
(i) Two particle model, (ii)Surface and Geometry
(iii) Driving force (difference in chemical potential)

KAIST, S-J L. Kang
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Definition of the Interface

* Phenomenological treatment of Gibbs

* Any extensive thermodynamic property o
o =0+ 0P + 0% (2.1)
o° is characterized by the area and curvature
of the dividing surface

a p = a o B
(2]
C
[0
§ )
€
9
= ¥
A
dividing surface Distance

KAIST, S-J L. Kang

Specific surface energy

OE
ey = (ﬁ)s,ni,vavﬁ’ (2.4) (O(total energy)/0A)

Reversible work required to create a unit area of the surface

* For a planar interface

J0E . .
= (—) : the position of the geometrical surface
0A/ s iy

o no longer affects the definition of ¥ y

* Note : V%, VB = f(curvature)

KAIST, S-J L. Kang
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Surface Tension (stress) and Surface Energy

Qn: How do we know that there is a tension force on a surface?

N Work : W =20, ldx
- ‘ Energy : AE = AA-y =2yldx
Oxx _
liquid film L - O =T
- | & 0= (0 T0,)2=y
o // to the surface
o vy L to surface

Nature of surface tension:

surface configuration of atoms

Qn: Cases of liquid and solid
Qn: Case of a thin film or 2-D material

KAIST, S-J L. Kang|

Relation btw. y and &

* 0;; = 0;y T dy/dg;
Sij : Kronecker’s delta
fori=j,8;=1
fori#j, ;=0

- The equality of o and y < mobility of atoms

- Driving force of sintering
Thermodynamics: A(YA)
Kinetics: o and geometry

- Case of sintering
T

sinter

At usual sintering temperatures, y=o.

isusually ~2/3T,. T + as a |.

KAIST, S-J L. Kang
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Thermodynamics of curved interface

Qn: Pressure difference btw two adjacent phases with a
curved interface
- Blow of a soap bubble
- Inflate a balloon
- Water droplet and Gas bubble

Curved interface

*% PdV =vydA

P, 2y
P-P ==L
P1 / 1 2 ]"
Young-LaPlace kq.
KAIST, S-J L. Kang
Capillary Pressure

Capillary action of a glass tube

AP

X

4P

)

0<90° 0>90°

KAIST, S-J L. Kang
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Capillrity and Chemical Potential

System with two incompressible phases that are separated
by a curved interface

dQ =0 = dQ* + dQf 4+ do°

Cf: Energy change of compressible fluid

— _paqpe _ pb B .
= =Py — PrAVF + ydd due to a curved interface

pa_ pb_, 44 Deformation energy

- de“ P P av, P
szf Pdl’:ff P(—’”) dpP = mef PdpP
=yK k=|1+l 0 0 ar )y 0
hon 1
pe_ pt L. =3 VP
_ = _+_
r rz)y

1y = poo + YKV,

ut = ph,

Gibbs-Thompson Eq. Only to phase a

Freezing point of liq. | =~ Melting point of fine powder |
For r <10-%m, the size effect becomes significant (~0.1).

For r > 0.1m, the size effect is insignificant.
KAIST, S-J L. Kang

Capillarity and Atom Activity

Curved Interface and Solubility

2y,
a. =a_ exXp(——
@ = a, exp(— )
P 0, =a, 1+ m)
Tr

KAIST, S-J L. Kang
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Condensed and Dispersed Phase

o : a condensed phase
B : a dispersed phase

Pe—P_ = (2y/r) VB /(VP -V )=2y/r for the condensed phase
PP —p = y/r) Ve /(VE -Ve ) =p_ (1+2yV® /RTr) for the dispersed phase

As P increases, p increases. (equality of p)

vapor phase

[e]

.
o %% > }j K
o [e]

o o 008 00 §°° 4 °

O,
o O O,
condensed phase ~ ° OOOOII?)g o
(o]

ry
© atom vacancy
* atom vapor

Differences in i) Pressure, ii) Vacancy concentration, and
i) Vapor pressure (solubility).

KAIST, S-J L. Kang|

Chap. Polycrystalline Microstructure

A few Questions:
Qn: What are the factors that affect microstructure and
microstructural evolution?
Qn: What are the characteristics of a polycrystalline
microstructure?
Representative (equilibrium) shape of grains?
A stationary microstructure?

* Polycrystal: an Aggregate of Single Crystals

KAIST, S-J L. Kang
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Equilibrium Shape of a Single Crystal

Equilibrium Shape: D (7,4) i

Polar plot of surface energy y (y-plot)

A
()
L)

N

Woulff construction

(y of a plane o the distance from the center
to the corresponding y point )

~—polar plot of y

 equilibrium shape
of a crystal

Herring, Phys. Review, 82, 87 (1951)

Kang, in Sintering: Densification, Grain Growth and
Microstructure, Elsevier, Oxford (2005)

Wulff Theorem

Under equilibrium
il aF
1F = yd A, —_— 1n* —_— 1
ar = Lndart (5z) o+ (57), ¢
aF aF
—('—J ' + (l) Ay =0
Wy A
Z;',tl.-l, F (=t )dnt = (= P)dE =0

hy
Z |::'. —%H" — ,’"I:|i.i_-l, + (" —p')dnt =0

2y
PL’ _ PA — ﬁ = K“-
h;
K,:Wulff constant
o= o 420
h;

cf. Gibbs-Thompson eq.
KAIST, S-J L. Kang

Step Free Energy and Faceting

” .L.//

*

Ag
o.(T) = step free energy \

o, (T') = step free energy N
Ag = r’hAg, +2mro,
__Fo
hAg,  forNucleation

J

40,2 hyg
O,

GS(T) 0 < Gs < h,Ys

o -0 .0,
J.M.
H.J.

Temperature Tr

GS(T):aexp[—A/,/TR —T]

Infinite order transition

Beijeren, Phys. Rev. Lett, 38,993 (1977).
Kosterlitz and D. J. Thouless, J. Phys., C6, 1181 (1973).
Leamy and G. H. Gilmer, J. Cryst. Growth, 24/25, 499 (1974).

KAIST, S-J L. Kang
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Equilibrium Shape of Single Crystals

Examples

~\

Gold

. J

S'mpl‘? cal(lf‘u'z;)tlolr: Oféurfé“ce e(?elrgy Heyraud and Métois, J. Crystal Growth, 84, 503 (1987).
using the broken bond mode Heyraud and Métois, J. Crystal Growth, 50, 571 (1980).

U, , U
¥, =—=(cos @ +sin )= —=
- a2

2a KAIST, S-J L. Kang

Growth of Single Crystals
Equilibrium Shapes of Ice

B o it =o'

0.3 mm
Flgare . Crowih sequences of loe above, Just ahove and helor lnnlgn:nlnglemr\-rmre rm.;nur.mm hl | ©, Water i
nnnnnn 1 vine b
uwing a0 opeleal microscope st described 18 et (18, J!J u)nnumu erystal can be “walked™ xmg-(uu.puoum o8 |'ul|
e imposed, The oy und pressure are measured of O seooeds, The nommained geowth drive, Ap kT, i
ppw afier zen seoonds. (8) T = —5.65°C, [ = 666 bars, Ajt/ET = 3,35 104 (0) T = — 13,45°C, F= 1513 hars, A/AT = 3.5 5 10+
0.2C, P o= N0 s, Ap /LT = 40« Ill'lh:nhn.ll)]nulh!lw\‘ Kibimoto and M. Marsyam,

Maruyama, et al., J. Crystal Growth, 172, 521 (1997);
1. S. Wettlaufer, Interface Sci., 9,117-129 (2001) KAIST, S-J L. Kang
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. Interfacial Tension and Microstructure

Equilibrium state btw three interfacial tensions

Ga3

Op _ Oypn _ Oy

The sine law is satisfied. - =— =
sinf, sinf, sind,

KAIST, S-J L. Kang|

Wetting Angle
3-phase system, s/I/v
Yi
vapor
s liquid
—~tl} i
solid Yy

Ys = Ysl + Yi cosd

Complete wetting at 6 =0
Ys ZYa TN

KAIST, S-J L. Kang|

2024-04-05

19



Dihedral Angle

2-phase system, s/v or s/l

p

7/17 = 2J/aﬁ COS%

grain boundary

Usually, V> 7, 9> 120°
¥~ 3y, @ ~ 160°

KAIST, S-J L. Kang|

Single Phase Microstructure

v, = f(orientation)

|

Density of atoms
at the boundary

Relative boundary energy

Misorientation angle 6, deg.

Simplification : y, = const. (a foam structure)

Grain shape is determined by
i) Local geometrical requirement
(minimization of the total interface energy and
the equilibrium condition of surface tensions)
ii) Overall requirement of space filling

KAIST, S-J L. Kang|
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Equilibrium Grain Shape

2-dim: hexagon consider triangle and square

3-dim:

Soap film equilibrium in a tetrahedral frame

C =22.794 vertices

2-grain boundary

- Pentagonal dodecahedron (12 pentagons)
with 20 corners (close-packing of spheres)
- Tetrakaidecahedron (Regularly truncated octahedron)
with 24 corners (bcc packing)
(8 hexagons and 6 squares)

KAIST, S-J L. Kang|

Topological Relationship

Euler’s Law describes the relationship btw. features of different dimensionality

n,-n;+n,-n;=1 ( C-E+P-B=1) eg.

e 2-dim:

av. number of sides of polygons = 6

Case of NGG
AGG

* 3-dim:
av. number of sides of polygons < 6

KAIST, S-J L. Kang|
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2-Phase Microstructure
Shape of a second phase = f(})

In 2-dim
/é»\ % /04
A A\
o = 30° /o=0°

ex. Dihedral angle and physical properties

Qn: Distribution?
KAIST, S-J L. Kang

2-Phase Microstructure

Shape of a second phase = f(¢)
In 3-dim

(a) ¢ > 60°

Qn: Measurement of dihedral angle?

Qn: Thickness of liquid film?

3 um
KRIST, S-J L. Kang
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Kinetic thickening of liquid film

~. 4010)
(100)

8" Single
Crystal

Figure 3-12. HREM images of the boundaries between a single crystal and a fine matrix grain. (100) single crystal/polycrystal bi-layer
samples with 0.4-mol%-TiO, addition annealed at 1350°C for (a) 5, (b) 20, and (c) 50 h in air after H,-treatment at 1250°C for 10 h.2?

Choi, et al., Acta Mater., 52, 3721 (2004) KAIST, S-J L. Kang_

2-Phase Microstructure

Equilibrium Microstructure

Qn: Conditions that govern the equilibrium microstructure of
mono-size grains?

Qn: Effective pressure of a powder compact?
eg) Elimination of pores during sintering

Redistribution of liquid between two samples in contact
with different amounts of liquid

Minimum Interfacial Energy Configuration = f(¢, amt of matrix)
For an infinitesimal change under equilibrium,
work done = P."dV,,
= total interfacial energy change (A(yA))
(1—f,) [HE}
Ve

Ve |ofm

P,=—
¢ Lfm

KAIST, S-J L. Kang
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Calculated variation of total interfacial energy

Normalized total interface energy (E/4 V2 ? o)
o

09
0 01 0.2 0.3 0.4

Matrix volume fraction

Figure 3.13. Calculated variation of total interfacial energy, E, with the matrix volume frac-
tion (at constant grain volume) for various dihedral angle&241_he minimum E values are shown
by filled circles.

KAIST, S-J L. Kang|

Exercises:
¢ Elastic balloons

e Equilibrium shape of an entrapped pore

e Measurement of 7.,./7 /5

KAIST,; §-3 L. Kﬂﬂgj
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