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Densification and Grain Growth
Solid-state sintering (SSS)
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Densification and Grain Growth in SSS
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Void arca and rugosity coefficient during isothermal sintering of 0-0128 em dia. wires.
Arrows indicate the approximate time when grain growth oeeurred.

Suppression of GG, in particular AGG

Alexander and Balluffi, Acta Metall., 5, 666 (1957).
KAIST, S-J L. Kang

Densification and Grain Growth

Solid-state sintering (SSS) e.g., Sintering of WC
at 1900-2200 °C

Role of Liquid:

- Mass flow
(densification)

- Path for atom diff.

(shape accommodation &

grain growth)

e.g., Sintering of WC-Co
at 1350-1450 °C

S.-J. L. Kang, “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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Densification Mechanisms in LPS

Qn: Driving force for densification? (consider equilibrium shape of grains.)
(a) Contact Flattening (Kingery, 1959)
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(b) Pore filling (Kwon & Yoon, 1980; Park et al. 1989; Kang et al. 1991)

Kingery, J. Appl. Phys., 30, 301, 1959

Kwon and Yoon, in Sintering Processes, G. C. Kuczinski (ed.), Plenum Press, New York, 208, 1980
Park et al,, Metall. Trans. A, 20, 837 (1989)
Kang et al, J. Am. Ceram. Soc., 74, 425 (1991) KAIST, S-J L. Kang

Microstructural Evolution during LPS

Change in Pore Intercept Distribution 98W (5um) -1Ni-1Fe
1460 °C
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KAIST, S-J L. Kang

Park et al,, Metall. Trans. A, 20, 837 (1989)
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Pore Filling Mechanism of LPS

specimen surface

P [y p
| — bTatm.
Ps

inner surface around a pore

Plpore:P _zl

atm.

Pp
(q) w—) ) ——— (c) e Critical Moment :
Grain Growth Complete Wetting
p, U= p pore p,surf = p_pore p,surf > p_pore of Pore Surface
Park et al,, Metall. Trans, A, 17A, 1915 (1986)
Kang et al,, J. Am. Ceram. Soc., 72, 1166 (1989) KAIST, S-J L. Kang

Implications of GG for Densification

Grain Growth in SSS
- Pore coalescence and growth
- Pore entrapment and densification limit

- Suppression of grain growth is beneficial
for densification

Grain Growth in LPS

- Grain growth is essential for densification in LPS
(pore filling mechanism)

- Densification kinetics is governed mostly by
grain growth kinetics

KAIST, S-J L. Kang




Different Types of Microstructure
observed after the same thermal treatment

BaTiO;

(0.1 mol% TiO,)
Sintered

at 1250 °C for 50 h

Jung et al,, Acta Mater, 54, 2849 (2006). KAIST, S-J L. Kang

Capillarity

Capillary action of a glass tube

AP

X

4P

)

0<90° 0>90°

KAIST, S-J L. Kang
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Young-Laplace Eq.

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

H-I PdV =ydA
2y

P -P, ==L

P1 / : 2 r

KAIST, S-J L. Kang

Py

Capillarity and Chemical Potential

System with two incompressible phases that are separated

by a curved interface
dQ = 0 = dQ° + dQf + dQ° ) :
N N Cf: Energy change of compressible fluid
due to a curved interface

pa_ pp_ 44 Deformation energy
Yave

P P ar, P
. W= 7f PdV = 7f P(—’”) dr = V,,ch Pdp
= }/K K :[7+7J ] 0 P/ 1]

po_pp— (L] =3 Vo P?
e =|—4+—=0 -
(7

= —Pedye — PPAVP 4 pdA

iy = He +vKV,  Gibbs-Thompson Eq. Only to phase a
B _ ,F
uf = pk,

Freezing point of lig. | =~ Melting point of fine powder |

For r <10-%m, the size effect becomes significant (~0.1).

For r > 0.1um, the size effect is insignificant.
KAIST, S-J L. Kang
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Driving Force for Grain Growth

SSS

LPS % X,

KAIST, S-J L. Kang

Grain Growth and Microstructure

Two Extreme Cases: Normal and Abnormal

Two phase system Single phase system

4 @4 ngG | Normal GG
NbC-Co-B MgO-doped :‘?! NGG | &
Lo,  EQgEay
o= Iaeg >
[
i
G/G

Tibz Excess" Abnormal GG

BaTioO,

Frequency

YA\

G/G
J. H. Lee, M.S. Thesis, (KAIST, 2005). Park and Yoon, J. Am. Ceram. Soc., 83, 2605 (2000).
Yang and Kang, Int. J. Refract. H. Mater,, Choi and Kang, Mater: Sci. Forum, 475-479, 3891 (2005).

27, 90 (2009).
KAIST, S-J L. Kang
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Characteristics of AGG in Sintering

(a) Systems with faceted (b) Incubation of AGG (c) Stagnant grain growth

or partially faceted grains after impingement of
abnormal grains

Pure Ni (180nm)
7 '750°C, Omin

WC-8Co
1500°C / 0h — 1400°C/ 2h

1500°C/ 0h — 1400°C / 5h

G’ N SRAE ¥ s, oyl
Cho et al., J. Am. Ceram. Soc,, 87, 443 (2004). Yang et al., J. Am. Ceram. Soc., 94, Jung and Kang, Acta Mater, 69, 283 (2014)

S. M. Kim, M. S. Thesis (2004). 1019 (2011). KAIST, S-J L. Kang

Abnormal grains and faceted boundaries

AI203 BaTiO, Ni

Why is the faceted shape of
abnormal grains maintained
during their growth?

KAIST, S-J L. Kang
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Flat Boundary Migration of Abnormal Grain

Matrix grains

Migration
direction t
Abnormal grain !
Vp, =Vp, = Vp, = =Vp,_ v, : boundary veIoc_it_y
vp X My - ypK M, : boundary mobility

My =My My, +-+M
b1 b bs bn yp - boundary energy

Yby Vb, #Vby " F Vb, K : mean curvature

The maintenance of facet planes of AG
during its growth cannot be explained by  The facet plane is singular with
the classical boundary migration theory. a very deep energy cusp!

Jung and Kang, Scripta Mater, 69, 283 (2014) KAIST, S-J L. Kang

Equilibrium Shape of a Single Crystal

Equilibrium Shape: Y. (7;A) i,

Polar plot of surface energy y (y-plot) Wulff Theorem

Under equilibrium
dF aF
dF = z yidA; + (—!) dn® + (’—) die
; e S gy ave Sy
" (1] ai + (55) avi=o
e Sy CLEV

Zy,d.-], + (e — gt )dnt — (= PYdET =0

~—polar plot of y
EEEI!::;:T;I shape Z |:;f. —%H" - I:|LI.-I, + (" — et =0
P P = 2}/1‘ —
. - = 5 = Iy
Wulff construction hi
(v of a plane o the distance from the center K, Wulff constant
to the correspondin oint
ponding y point ) u—u”+2%Vm
Herring, Phys. Review, 82, 87 (1951) hf
S.-J. L. Kang, in “Sintering: Densification, Grain Growth cf. Gibbs-Thompson eq.
and Microstructure,” Elsevier, Oxford (2005) KAIST, S-J L. Kang
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Equilibrium Shape of Single Crystals

Examples

\

Gold

\. J

Simple calculation of surface energy
using the broken bond model Heyraud and Métois, J. Crystal Growth, 84, 503 (1987).
Heyraud and Métois, J. Crystal Growth, 50, 571 (1980).

KAIST, S-J L. Kang

e =&(cos @ +sin )= A cns(f)—%)

2a a2

Step Free Energy and Faceting

hi .L./. /0'3 (T) = step free energy N

Ag = nr*hAg, + 27t o,
2

o
S
Ag = hA : Critical Driving Force
for Nucleation
o.(T) = step free energy \ 9y ! ' J
4o.2hy,
G, =,
o,(T)= aexp[— A/ YT =T ]
0-s(T) 0 < o-s < h.Ys
5.0 Infinite order transition
<=
'._> ‘ —>‘ Beijeren, Phys. Rev. Lett, 38, 993 (1977).
» Kosterlitz and Thouless, J. Phys., C6, 1181 (1973).
Temperature Tr Leamy and Gilmer, J. Cryst. Growth, 24/25, 499 (1974)

KAIST, S-J L. Kang
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Grain Growth in LPS

Qn: Why grain growth takes place during sintering?
@ Driving Force

1 —xP ek
a B Xﬁ—Xﬁ‘”"(l-&— A I )

Xﬁ'm _ Xﬁ)‘.oo RT

Temperature
=

i a+p

A XGX;T XiXi" B X
Compaosition

X i

TE]
X . x:.n,

Figure 15.1. (a) Typical phase diagram showing limited solubility of X'~ and Xﬂ" at tem-
perature Tyand {b) schematic of the molar free energy versus compositon at the iemperature
for o precipitates with a flatinterface (K = 0) and with a finite radius of curvature (K # 0}

= S.-). L. Kang, in “Sintering: Densification, Grain Growth and
Composition Microstructure,” Elsevier, Oxford (2005)

KAIST, S-J L. Kang

Normal Grain Growth

Stationary Grain Growth

Microstructure of 70W-30Ni alloy annealed at 1540°C for (a) 30 min. and (b) 15 h.

KAIST, S-J L. Kang
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Lifshitz-Slyozov-Wagner (LSW) Theory
Basic Assumptions: (i) infinitely dispersed system (meaning?)
(ii) constant interface mobility (meaning?)
Diffusion-controlled GG (by LSW)

Interaction btw. average-sized grain and an individual grain

da D(C, — C3) da 2DyCuxVi ( 1 l)

dr a dr RTa a a
—3 — 8D }’Ccc Vm X4 Xa
alr - 6.'0 —_—— . .

9 RT % X0

Frequency fla/a*)

Lifshitz and Slyozov, J. Phys. Chem. Solids, 19, 35 (1961).
0.0 05 1.0 15 Wagner, Z. Electrochem., 65, 581 (1961).
a/a* = a/a KAIST, S-J L. Kang

Lifshitz-Slyozov-Wagner (LSW) Theory

Basic Assumptions: (i) infinitely dispersed system (meaning?)
(ii) constant interface mobility (meaning?)

Interface Reaction-controlled GG (by Wagner)
Interaction btw. average-sized grain and an individual grain

da 2KyCooVin (1 1
— K((C--C)=———|=——
dt (G 2 RT (E a)
2 _o 64KyCxVy  (ThisEq. is similar to that of NGG
ar —do = %81 RT for a single phase system)
X4 Xa

Physically Wrong!

Wagner, Z. Electrochem., 65, 581 (1961).
KAIST, S-J L. Kang
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Grain Coarsening in a Matrix

Ostwald ripening: Result of growth/dissolution
of individual grains

Interaction of an individual grain
with a critical sized grain
(mean field concept)

1 1
A ——
goc(h hlj}/SI

(Difference in
Capillary Pressure)

r
8

ot

ih

| ISP

Growth and dissolution of
single crystal grains in a
liquid matrix

KAIST, S-J L. Kang

Crystal Growth in a Matrix

cesses of diffusion and interface reaction

Effective Rate

Wk

et = V — ——
Wt

Growth Rate of a
Faceted Crystal, v

S Driving Force, Ag

Progress in material science, vol. 11. Oxford, UK: Pergamon Press; 1963. p. 77.
\bbaschian, Metall. Trans. A, 22A, 1271 (1991).
ung et al., J. Mater. Res., 24, 2949 (2009). KAIST, S-] L. Kang
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Nonlinear Migration of
Faceted Sol./Lig. Interface

Experimental Observation ( (001) Ga Single Crystal J
2
won q.gb".'
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Peteves and Abbaschian, Metall. Trans. A, 22A, 1259 (1991).

KAIST, S-J L. Kang

Growth and Shrinkage of Grains in a Liquid Matrix

Rounded Grains:

/ Agmax

2 ,’, (average size & sLinear
% |Rough p S . .
x y size distribution) «Stationary Grain Growth
c
s \,'l (LSW theory)
e 4
O J/ — Faceted Grains:

4 Faceted .

’ *Non-linear

*Non-stationary Grain Growth

1 . 2
/A9° Agcwving Force
(step free energy)
P . ' [Ag _ VS, Agc]

Ag=f (T, dopant, P,)

Jung et al., J. Mater. Res., 24, 2949 (2009).
Kang et al., J. Am. Ceram. Soc., 92, 1464 (2009).

KAIST, S-J L. Kang
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Microstructural Evolution during LPS

Mixed Mechanism Principle of
Grain Growth (Microstructural Evolution)

Migration Rate

Coupling of Ag. & Ag,,ax

(i) Ag. =0 NGG
(ii) 0< Ag, << Ag,,., PNGG
(iii) 0< Ag, < Ag,,., AGG

Jung et al., J. Mater. Res., 24, 2949 (2009); Kang et al., J. Am. Ceram. Soc., 92, 1464 (2009).
Kang et al.,, Chapter in Microstructural Design of Advanced Engineering Materials, D. Molodov (ed) Wiley VCH, 299 (2013).

(iv) 0< Ag,., << Ag. SGG

Driving Force

KAIST, S-J L. Kang

Thought Experiments

1. Effect of Ag,,., (Initial Particle Size)

Fine grain
(high Ag )

. Coarse grain
(low Ag,.,)

rowth Rate v

3

. Ag,
Driving Force Driving Force
A 4 SGG
II1. Effect of Ag. (T, Dopant, Poz)

;“medium o, ' . '
S T :
(4 © :
< s :
s 2
3 8

Ag i,

AQ

Ag, ™
Driving Force

SGG

Driving Force

NGG

Ag, > )
Driving Force
2 AGG

Fisher and Kang, J. Am. Ceram. Soc, 102, 717 (2019) KAIST, S-J L. Kang

29 July 2026
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Calculation of Grain Growth
Effect of Step Free Energy (Ag.)

T
AGG (0,=0.49 h
18 Esl — o=090ny, (o 72
1.6 - — 0=0.49 hy,
14 z — 06=0.20 hy
= 2 | -~ o=0
<2 1.2 ®2l 1
=] =
= 1.0 =
1™ =0. oh )
- 04 % - pseudo-NGG (05=0-20 st
2 0.2 £
=] ——
5 0 Z | | ‘SGG (cs=9.9o hy)
0 200 400 600 800 1000
Driving force, Ag/(2y4V,) Time, [CTS]

(a) (b)

Figure .13 (a) Variation of growth rate of a frequency plot of grains in a system with

grain with respect to the driving force i1, 0,49 by, where the average grain radius is -~ S.-), L. Kang, “Sintering” in Ceramic Science and Technology
;!Ormal-ti‘d ':, b :.'.f,...for:;r;ou;c(itlfnlrdr—vlng Ubs '\:.m a.nd th? ;lar-dard de\«:wn{ns 0 05 .-m; vol. 3, 143-167, Riedel and I.-W. Chen (eds),
‘orces, which are govern y the step free (&) Variation of t :auer‘agcra ius of grains witl Wein-VCH (2012).

energy u, of facets, Schematic equilibrium caleulation time steps for systems shown in

shapes of a grain for different step free energies  panel (a). For the calculation, the data used in KNG et al, J. Am. Ceram. Soc,, 92, 1464 (2009).

are also shown. The dotted curve shows the Ref. [84] were utilized. Jung et al., J. Mater. Res., 24, 2949 (2009).

KAIST, S-J L. Kang

Simulation of Grain Growth
Effect of Step Free Energy (Ag.)

Gs1 > Gs2 > GSS> Osq4 = 0

Ag max

Monte Carlo
Growth Rate

NGG

Agy  Agy Agy*
AGG AGG SGG

Step Free Energy (¢%/T) High

S.-).L. Kang, in Sintering: Densification, Grain Growth & Microstructure, Elsevier, Oxford (2005).

KAIST, S-J L. Kang

29 July 2026
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Microstructural Evolution during LPS
Effect of Ag .(Temperature)

70NbC-30Co
Temperature
decrease (02/T) increase

Cho and Yoon, J. Am. Ceram. Soc., 87, 443 (2004).
KAIST, S-J L. Kang

Microstructural Evolution during LPS
Effect of Ag, (Doping)

NbC-Co-B (at 1450°C for 2 h)

-- :
50w | 50w |
L

N,
™/ |onB

49

*._ Growth Rate

h

- ;
e el

J. H. Lee, M.S. Thesis, (KAIST, 2005) v

Driving Force

KAIST, S-J L. Kang |




Microstructural Evolution during LPS

Effect of Ag,,,,, (Initial Particle Size)
70(25TiC-75WC)-30Co, 1450 °C

Growth Rate

Ag.
Driving Force

Ag,
Driving Force

Ag,

Driving Force

Yoon et al, Acta Mater, 53, 4677 (2005). KAIST, S-J L. Kang
y .

Microstructural Evolution during LPS

Effect of Temperature Effect of Sintering Time
Si;N, i
> . > .
g 1930°C g
© 4
_5 1800°C _5
‘é [
(o)) (o))
= iz, = Aginax
____Driving , Driving
Ag 19 Ag, 1800 Force, Ag Ag, Force, Ag
hot-pressed at 2000°C for 8 h in Ar

ioieil 10 pm SisN,: Mitomo et al,, J. Ceram. Soc. Jpn., 114, 867 (2006).

Sintered at 930°C for 1h in N, SiC: Kim et al., J. Eur. Ceram. Soc.,, 22, 1031 (2002).
KAIST, S-J L. Kang
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Experimental Supports for the Principle

Experimental Observations and Interpretations
(Two-Phase Systems)

oEffect of Ag, (T, Dopant, Poz)

« Sialon, Si;N, (Kang and Han, 1995) ¢ SiC (Jang et al,, 1996 (Poz))

¢ SrTiO5 (Chung et al, 2002 (Dopant, Poz)) ¢ PMN-PT (Kim et al,, 2006, (Dopant, T))
* NBT-BT (Moon and Kang, 2008) * KNN (Fisher et a/, 2009)

 BaTiO; (Chang and Kang, 2009) e BaTiO; (Heo et al, 2011 (POZ))

e NBT-BT (Moon et a/, 2011 (Dopant)) ¢ NbC-Co (Yang et a/, 2012 (Dislocation))

e NbC-Fe (Oh et al,, 2000 (Dopant))
¢ (Nb,Ti)C-Co (Choi et al,, 2002 (Dopant)) e PMN-PT (Wallace et a/, 2002 (Dopant))

e WC-Co (Lee et al, 2003 (Dopant)) ¢ SrTiO5 (Sano et al, 2007)  etc.
oEffect of Ag, ..
¢ BaTiO; (Jung et &/, 2003) ¢ TiC-WC-Co (Yoon et al,, 2005)

* WC-Co (Yang et al,, 2011)
KAIST, S-J L. Kang|

Grain Growth in SSS

GG: Increase in average grain size
Result of boundary migration

Driving Force

in 2-D

Y = const.
6 =120°

KAIST, S-J L. Kang

29 July 2026
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Driving Force for Grain Growth

e e 10 um

Driving Force for the Growth of an individual Grain

AQ o (1 1) o (1 1)
9x e~/ <\ ¢
Interaction of an individual grain with its surrounding grains

(an average-sized grain) — mean field concept

atom transport across the boundary
KAIST, S-J L. Kang_

Atomic Motion in Boundary Migration

Ag (Capillary energy)= (Zyb/r) Vm

Grain I 9696(3@@0@@@@ D: Grain [\
9000000000  ,0%0 2% 0% = I Grain
0000000000 ® 620%0% o b
00000000000 02,0%0%°. ]

000000000000 0009 ) @Oe S b
000000000000 ©%% % e °
200000000000 8 o8 6%® @ A
0000000000000 € 0% e® = 1g
000000000 %2 0% :
0000000000000 -0 g% 898 —5,—
9000000000000 B 6% 0% iGrain boundary;
00000000000  955%06%95° dist

@ Istance
$338338838%° " Lo v °

Grain II . .

Diffusion Control :
, _ Dy g
Random jump of atoms across the boundary M= r & exp(— E)

Kang et al, J. Ceram. Soc. Jpn., 124, 259 (2016).
KAIST, S-J L. Kang
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Classical Law of Normal Grain Growth

Mean Field Concept

f A (i) Driving force o (= — 2
dG _y 1 1 ) o (G G)
dt b\~ G (i) Mobility = const. = f(F,,)
» =2 =2

KAIST, S-J L. Kang

<D=, [nm]

Deviation from Normal GG Behavior

Classical Understanding
NGG: Parabolic Law: G2-G,2 = kt

« Stationary grain growth
ap | Ty Rline fron relative grain size distribution
with respect to annealing time

200y - Deviation from the ideal law

—Nonstationary grain growth

100 [y

« Suggested causes: solute, liquid
film, 2" phase particles (pores)

t [min]

Natter et al,, J. Phys. Chem. B, 104, 2467 (2000).

KAIST, S-J L. Kang
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Effect of 2"d phase particles

Smith-Zener Effect
Qn: What is the thermodynamic basis of the Smith-Zener effect?

b b
.

For uniform distribution of

second phase particles
migration migration . .
direction direction Fq = ypsinf x 2mrcos#
= 7Try sin 26
o 3!1%‘:
w/o particles > 52— ¢ 2r
o —
N g = < 1 , . . -
2 " with particles ! dﬁ — D_hl 29 Ii _M
s dr RT @ BG 2r i
o
ti G, A R 2
ime = — or 1= -
3B 3B

Qn: Ostwald ripening of particles? In reality, such a high drag?

Addition of BT particles to Ni powder in fabrication of MLCC:
an application example of Zener drag

Smith CS. AIME, 175, 15 (1949). Manohar et al, ISIJ Inter., 38, 913 (1998).
KAIST, S-J L. Kang

Effect of solute segregation

Solute/Impurity drag
Qn: Drag force of the segregated solutes against the boundary migration?
Qn: The difference btw the Smith-Zener drag and the solute drag?
Derivation of the drag force

(i) calculation of C(x) from eq.
(i) calculation of the net drag force

= 1E
f'}f = — [ n(_\'](—d_\'
dx

e oo

oC  DCIE
dx kT dx

Fp(C = Cx)=0

— _N, f [C(x) — C'(oo)]ifat.\‘

o d:
. . . aCooV
An approximated solution: ‘Lf = —x?hj F
I+ fvy

o: the drag force per unit concentration of solute and

per unit velocity of moving boundary when g% <<1.
B: the time required for solute atoms to diffuse

one unit distance. (the inverse of the drift velocity)

Cahn, Acta Metall, 10, 789 (1962) .

Eoundary velocity v,

KAIST, S-J L. Kang
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Effect of solute segregation

Boundary migration

h Covp | oC,
){,gzi‘-;_'_[‘}:f: Vi + Wl oo Vi :W?( + 00 )

A 92,2 ] 2
My T+l My T+ gt
Two extreme cases
break-away
a W, TTTTTTTTTTTTTTsesesSiossosooooooe > 1
: * Vi < B »
] | ““ total driving force Fy vy = ff? ~ 1 1_;4‘
e . D = 170 ~ b
g 3<——h ——I;'i—r;a—'—‘—‘ intrinsic drag F; (l /lwb) + aCOC‘ aCOO
a —1
v, > B
high Cee impurity drag F¢ s A40 0t
o e : v &~ My
B!
Boundary velocity, v . e .
- oundaty veon Qn: Boundary mobility in
5 McLean model?
3| w/o e
>| segregation Drag = f(segregation, diffusivity)
1 = -
~~ - with segregation Cahn, Acta Metall, 10, 789 (1962)
ias Force Luecke and Stuewe, in Recovery and Recrystallization
I’ of Metals, Himmel L. (ed) Gordon and Breach, N.Y.,

pp171-210 (1963) KAIST, S-] L. Kang

Effect of pores

Microstructure development in porous materials
P under the assumption of
wes  dliffusion control of atom transport

Zener

e Separation
Condition

high G/p

Qn: What are the potential parameters that affect
the trajectory of microstructural evolution?

low G/;;

p 1
A few points of consideration:
* Densification is governed by the driving force (pore size) and
densification mechanism.
Pore size varies with grain size.
* Grain growth is affected by the grain size (driving force) and
boundary migration mechanism.
Boundary control vs. Pore control (pore migration mechanisms)
* Location of pores:
4-grain corner, 3-grain edge, 2-grain boundary

KAIST, S-J L. Kang
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Pore Migration and Grain Growth
Qn: (i) move together, (ii) separated from the boundary

Boundary velocity in the presence of pores v = My(F; — NF;)

(i) Boundaries move together with pores  (ii) Pores are separated from boundary

vy = vy = M,F, = My(F; — NF,) Fy= ( % N \) F
My e

Vi i}

T 1+ N(M,/M,)

30
pure
coarsening
<
k)
2 boundary % b g_
= control & pure densilication &
5 g
2 w
c pore K
o control 3
B GX [C] |
o pure —»/ S+—impure 10
i=l material b material G+
*initial
microstructure
microstrugture L
log (pore radius), log r 85 90 o5 P 100

For surface diffusion-controlled pore migration (boundary migration) Relative density p, %

Harmer, in Structure and Properties of MgO and AlI203 Ceramics,
W. D. Kingery (ed.), Am. Ceram. Soc. Inc., Columbus, 679 (1985)
KAIST, S-J L. Kang

Brook, J. Am. Ceram. Soc,, 52, 56 (1969).

Densification and Grain Growth:
Microstructure Development

COZ:(;';;M Separation ;._Mobile pores
G
high G/p
low G/p
° ; Densification m k
Densification rate: D, 3 1/3
Ldo_K-p) Dy P
P dt G"p
Grain Growth rate: Grain Growth| n |
146 _ _K : D, 4 4/3
Gd G(1-p) Gas Diff. 3 1
dp K, “H—HH— +
 rvehe (1&_1) G (1= )t Evap./Cond.| 2 2/3
S.-J. L. Kang, in “Sintering: Densification, Grain Growth and D; 2 0
Microstructure,” Elsevier, Oxford (2005) KAIST, S-J L. Kang
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Effect of Grain (Particle) Size

Examples

Densification : lattice diffusion
Grain Growth : surface diffusion

Densification : grain boundary diffusion
Grain Growth : evaporation/condensation

i

grain growth densification
T T

~
' grain growth

densification

log (relative rate)
log (relative rate)

-4
G* G*
log (grain size) log (grain size)

Relative densification and coarsening rates vs. grain size.

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

KAIST, S-J L. Kang

Abnormal (Exaggerated) GG

An extreme type of Grain Growth

Bimodal size distribution of grains
- the result of fast growth of a few (some) grains
and essentially no growth of matrix grains

Observation of AGG in many different systems
(i) highly pure systems
(i) impure systems

8 sum | (iii) systems with second phase particles

0.1 mol% TiO,-excess BaTiO; (iv) systems with a liquid matrix
at 1250 °C for 50 h

Phenomenological Description of AGG
dGa_l)bl 2]/;, Vi E —E _ZD#Vme{
dr ~ RT£G, o o T T B RTG
Consider the growth of a single crystal into a polycrystal
in a single/poly bilayer sample!

KAIST, S-J L. Kang
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Suggested Mechanisms of AGG

Early Mechanisms
(i) (ii) (iii)

(i) Break-away of grain boundary from second phase particles (since 1950’s)

(ii) Break-away of grain boundary from segregated impurities (since 1960’s)

(iii) Uneven distribution of a second phase, in particular, a liquid (since 1970’s)
“Complexion” hypothesis (since 2000’s)

(iv) Anisotropy in boundary mobility and boundary energy (simulation studies)

Recent Mechanism
(v) Change in boundary migration mechanism with respect to the driving force

Rough Faceted
Dj, 1/D;

Kang et al., J. Ceram. Soc. Jpn, 124, 259 (2016). Kang et al., J. Am. Ceram. Soc, 98, 347 (2015).
KAIST, S-J L. Kang

Common Feature
in the Previous Models and Mechanisms

Diffusion-Controlled Boundary Migration

3 Dyt Ag+
[vbzR—”T-Vg ocexp(—R—gT)-Ag ]

(i) Particle (pore) drag : Reduction of Ag

9,9,

XOOO000

(ii) Impurity drag : Reduction of Ag

OO0

(iii) Liquid Film : Change in Ag" and 5,

(iv) Anisotropy of y, and M, :
Change in Ag and Ag’

Possibility of Interface Reaction-
Controlled Boundary Migration ?

Potential energy

Distance

Kang et al, J. Am. Ceram. Soc, 98 347 (2015).  KAIST, S-J L. Kang
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Two Types of Grain Boundaries

Rough (atomically disordered) Faceted (atomically ordered)

(120)
\ (010)
e

(100)

Ti-excess BaTiO; inH, in air
Variables: T, dopant, Po,
Choi and Kang, Acta. Mater. 52, 2973 (2004).

S.-). L. Kang, Chap.6, “Sintering” in Ceramic Science and Technology
(Ed : R. Riedel and L.-W. Chen) Wiley-VCH, 143-69 (2012).

KAIST, S-J L. Kang

Faceted Grain Boundary in Cu-0.03Bi

Themelis et a/, Materials Charaterization, 24, 27 (1990)

Faceted grain boundaries have been observed since 1950's.

eg) G. Henry, J. Plateau, X. Wache, M. Gerber, I. Behar, and C. Crussard,
Memoires Scientifigues Rev. Metallurg., 56, 417 (1959). (Ni grain boundary)

KAIST, S-J L. Kang
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Grain Boundary Structural Transition

BaTiO;

Boundary Structural Transition
during Sintering

100

S ——
- E 80
@] S
©
§ 8 %
- > -
g S 4o} H2—>A||;
Faceted Air ol at 1300°C
S 0
. g,
0 10 20 30(min) 8 48(h)

Sintering time

Choi and Kang, Acta Mater,, 52, 2973 (2004).

KAIST, S-J L. Kang

Effect of Boundary Structure on
Densification and Grain Growth

Mo,
yi ~ [

’é\ 1.6 7/ g
=3 - —* i * 100 S
o 14} o—— =
N / = 9%5
— c
)] m
c
= 1.2} = 100F
E &
o 9 sof
o 1.0t I~
@ ® :relativeden § o 60r
= 55
g 0.5 ® :averagegr § 3 4o
< L B

1 1 1 1 ’// 8 20‘

0 10 20 30(min) § .

Sintering ti 6 ‘ 10‘ .20. - .3.0(.mi.n) '8
Presen_c i g B es for 48(h) Sintering time
graln 7777777777777 d-densification

Choi and Kang, Acta Mater. 52, 2973 (2004).
oi and Kang, Acta Mater. ( ) KAIST, S-J L. Kang
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Migration Mechanism of Faceted Boundary

Migration of a Singular GB in Au by the Step Growth Mechanism
A S

Merkle and Thompson, Mater: Lett,, 48, 188 (2001).
KAIST, S-J L. Kang

o> Po

o © )
%o o® o J0 0° o ° % o o
Q o (o] (4] o (%) (4] o (4] Q
[+] [+] [+
[+ o (+]
[+] [+] [+
Local Atoms Shuffling: movement of atoms from ledges to the ledges
of the growing crystal
Wei et al, Nature Materials, 20, 951, July 2021. KAIST, S-J L. Kang
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Migration Behavior of Faceted Boundary

BaTiO; single crystal seeds

e

Gsc

3
o

1280 °C, H,

w
o

hange in average grain size

N
o

1 \ 2.5~15.8 um
~

-
o
L

—

..
—_
D e —

» n

1/G (<< driving force) (10-2pm-1)

20 40 60 80 100 120
Sintering time in H, (h)

(-

An et al, Acta Mater. 60, 4531 (2012). KAIST, S-J L. Kang

Mixed Control of Boundary Migration

Free energy, g

“—3,  distance

Ag > Ag,_ : Diffusion Control

Migration Rate

Ag < Ag, : Interface Reaction Control

o
>
Ag, Driving Force 2
c
o
o |
]
t =
w
Kang et al., J. Am. Ceram. Soc., 92, 1464 (2009). distance
Kang et al., J. Am. Ceram. Soc., 98, 347 (2015)
Kang et al, J. Ceram. Soc. Jpn., 124, 259 (2016). KAIST, S-J L. Kang
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Summary of Recent Findings

= Migration mechanism of grain boundary

is not dependent on
the presence of a liquid (film),
the presence of solutes, or
the presence of a 2" phase (particles)
at the boundary
but dependent on
the morphology (atomic structure) of
the grain boundary:
Diffusion control for rough boundary
Mixed control (either diffusion or interface reaction)
for faceted boundary

KAIST, S-J L. Kang

Mixed Control Mechanism of Grain Growth

A 0'0
Emax ~ (aromicaliy,drsordereq) red) ™
(average size &
size distribution) Agmax

(average size &

(i) size distribution)F o

1 1 7 Y7 N/ N
AGax™ (: "G j (atomically ordered)
max .

G
(i) ~Nor a

Faceted

Growth Rate

Ag! AE;Z
(boundary structure) Driving Force

Distinction between the recent and conventional mechanisms:
Mixed Control Mechanism (either Diffusion or Interface Reaction)

vs. Diffusion Control Mechanism

, —Kang

29 July 2026
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Microstructural Evolution during SSS

Mixed Mechanism Principle of
Grain Growth (Microstructural Evolution)

Coupling of Ag. & Ag,,ax

(i) Ag. =0 NGG
(i) 0< Ag. << Ag,.x PNGG
(iii) 0< Ag. < Agm.x AGG
(iv) 0< Agnax << Ag. SGG

Migration Rate

Driving Force

Kang et al., J. Am. Ceram. Soc., 92, 1464 (2009),
Kang et al., Chapter in Microstructural Design of Advanced Engineering Materials, D. Molodov (ed) Wiley VCH, 299 (2013)
Kang et al.,, J. Ceram. Soc. Jpn., 124, 259 (2016)
KAIST, S-J L. Kang

Microstructural Evolution during SSS

Effect of Initial Grain Size

Jung et al,, J. Am. Ceram. Soc,, 86, 2228 (2003)

KAIST, S-J L. Kang
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Microstructural Evolution during SSS
" lgen Partial Pressure
[ Ti-excess BaTiO; J
1250°C, 50 h

‘‘‘‘‘ A ¢ N,/H, mixture

Boundary Step Free Energy
Fraction of Faceted GB

~—_
~

g’ > Ag,.,

S
S
Q

(( I | 1 | I | 1 | IO | 1 L
18)16 10-17 107 Agi"’w ~ 0 << Ag,.x
xygen Partial Pressure, [atm]

Jung et al,, Acta Mater,, 54, 2849 (2006). KAIST, S-J L. Kang

Microstructural Evolution during SSS

Effect of Temperature

UFG Ni sintered for 1 h at various temperatures
Y . T _‘* .

Primary 2ndary
AGG SGG
2ndary

AGG P-NGG
Jung et al,, Acta Mater,, 69, 283 (2014) KAIST, S-J L. Kang
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Microstructural Evolution during SSS

Effect of Temperature

Grain Growth Behavior in UFG Ni with T  Sintered for 1 h at each temperature
Temp., 1 h
r°cl
1200

Reduction of the Driving Force:
Impingement of AGs

Ann — A%un!

:

|
o
)
|
‘ :
|
Boundary Migration Rate, log v),

1100 |—

iy

000 |~ AGG

900 |—

800 |—

i

700

600

|
|

Pri-AGG

“T7T

500

T

T Time, |l
: : : . [min]
T T T TTITTT T T |i6lo|a° Ag[llsu Ag‘gso 1 Agc"sn Ag‘ssﬂ

o
[
o
=
o
=3

Driving Force for Migration, Ag (10°J/m?)

Jung et al., Acta Mater,, 69, 283 (2014)
KAIST, S-J L. Kang

Microstructural Evolution during SSS

Effect of Sintering Time

Grain Growth Behavior in BaTiO; (50nm)
Sintered at 1250°C in 95N,-5H, (Po,~10"11 atm)

Initial powder (50nm) [ 3 /
g 24h
A
: glllﬂX
o
3
(=]
;1™
(C)
2" =
3" Avg. Matrix. 1.2um
o
0 ..
g e 11| Driving Force 103
3 m
g S 9.33:‘ - (106 J/m3) I | ]
os 10 15 20 25 B 1
Grain size (um) 0I5 ]_IO aee 16

Kana et al., Ceram. Int. 50, 37441 (2024) KAIST, S-J L. Kang
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Experimental Supports for the Principle

Experimental Observations and Interpretations
(Single Phase Systems)

oEffect of Ag, (T, Dopant, Poz)

*BaTiO; (Lee et a/, 2000(P02); Jung et al, 2006 (P,.); Chang and Kang, 2009 (T),
An and Kang, 2011 (Dopant, POz); Lee et a},, 2013 (Dislocation);
Kang et al,, 2024 (t, POz))

SrTiO; (Chung et al,, 2002 (Dopant, Poz))

eNickel (Jung et al, 2013, 2014 (T, Po,))

*Na, ,Ba,, TiO3-BaTiO5-K; ,Na; ,NbO; (Park et a/, 2016 (Dopant))

*Na, ,Ba,;,TiO;-BaTiO; (Ko and Kang, 2016 (T); Jeon et a/, 2020 (Dopant))

eNickel (Lee et al, 2000 (T))

*Cu (Koo and Yoon, 2001)

*316L stainless steel (Lee et a/, 2001)

eAlumina (Park et a/, 2003, 2004 (Dopant))

oEffect of Ag and Ag,,,,
*BaTiO; (Jung et &/, 2003; Yang et al,, 2006; An et a/,, 2012)

*Na, ;,Ba, ;,TiO;-BaTiO; (Ko and Kang, 2016) KAIST, S-J L. Kang

Application Example of the Principle

olld-stiag%‘ nxerfgllg of |engle cgif_t I?ication

furace

— &
2
hot zone B
%
¢ adiabatic ...
Z0N8 —p- -— .
s cold zone g
o
[=] N
S — T
Czockralski Method Bridgman Method

Kang et al, J. Am. Ceram. Soc,, 98, 347 (2015). KAIST, S-J L. Kang
I =, .
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Application Example of the Principle

Solid-State Conversion of Singe Crystab: The Princigle and the
State-o-the-Ar

-eature

Kang et al, J. Am. Ceram. Soc, 98, 347 (2015). KAIST, S-J L. Kang

Summary of GG Studies

Liguid Phase Sintering (Ostwald ripening)

- LSW and modified LSW theories from the 60’s to 90’s
for normal grain growth

- Essentially no fundamental studies on AGG until late 90's

- Development of the Mixed Mechanism Theory of grain growth
and Mixed Mechanism Principle of microstructural evolution
between late 90’s and 2000’s for systems with a liquid phase

Solid State Sintering

- Theoretical/experimental and simulation studies on GG

for pure and impure systems as well as systems with

2nd phase particles and liquid films from the 50’s to 2000's
- The early mechanisms fail to explain AGG observed

in many different systems.

- Introduction of the Mixed Control Mechanism of boundary
migration and development of the Mixed Mechanism Principle

of microstructural evolution for single-phase systems in 2000°s
KAIST, S-J L. Kang
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Exercises:

e Growth of a rectangular cuboid-shaped single
crystal of which the equilibrium shape is a cube.

e Dissolution and growth shape of faceted grains

e System NbC-Co:

- Grain shape at low temperature
- Growth mechanism of faceted grains
- Effect of f, on grain growth behavior

* AGG

- Effects of particle size and temperature

e Bi-layer sample of single crystal/polycrystal
- Driving force for single crystal growth
as a function of grain size
- Migration distance of the single crystal as a function
of grain size for a fixed annealing time

S.-). L. Kang, “Problems and solutions in sintering science and technology”,

KAIST (2024) KAIST, S-J L. Kang

Concluding Remarks

Microstructural Evolution in POLYCRYSTALS:

¢ Very different from system to system and also for
different processing conditions in the same system.

Bl S < 7_ 2

°C for50 h

N & 5 um

0.1 mol% TiO,-excess BaTiO; at 1250

¢ Interface structure-dependent (T, Poz, Dopant)
*Rough interface: Linear migration (Ag.=0)
Stationary GG: time independent, NGG
*Faceted interface: Nonlinear migration (Ag 20)
Nonstationary GG: time dependent, typically AGG

KAIST, S-J L. Kang|
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Concluding Remarks

Control and Prediction of
Microstructural Evolution (GG Behavior)

The Mixed Mechanism Principle | - Various types of GG behavior is

of Microstructural Evolution predicted and observed among
NGG, PNGG, SGG, and AGG,
depending on the relative value
v btw. Ag. and Agmax-

Coupling of Ag. & Ag,ax

* GG behavior during sintering
Agrax (annealing) of materials can be

= f(grain size and .
distribution (time)) controlled by changing Ag. and

L Agmax-
Ag. = f(T, dopant, P°z)
(dislocation, liquid film)

Jung et al., J. Mater. Res., 24, 2949 (2009).
Kang et al., J. Am. Ceram. Soc., 92, 1464 (2009).
Kang et al., J. Am. Ceram. Soc, 98, 347 (2015).
Kang et al,, J. Ceram. Soc. Jpn., 124, 259 (2016)

KAIST, S-J L. Kang

Strategies for Suppressing AGG

* Reduction of sintering time: use of incubated AGG behavior

Yang and Kang, Inter. J. Refract. Met. Hard Mater., 27, 90 (2009).
Kang et al., Ceram. Int., 50, 37441 (2024).

* Reduction of Ag  for a fixed Ag,
- Use of coarse powder
Jung et al., J. Am. Ceram. Soc., 86, 2228 (2003)
Yoon et al, Acta Mater, 53, 4677 (2005).
- Two-step sintering (High + Low)
Yang et al., J. Am. Ceram. Soc.,, 94, 1019 (2011).
Ko and Kang, J. £u. Ceram. Soc., 36, 1159 (2016).

Growth Rate

« Change in Ag, for a fixed AQ, ., £l
- Doping effect , i3
Chung et al, Acta mater, 50, 3361 (2002). VCin WC-Co &
An and Kang, Acta mater., 59 1964 (2011). B in NbC-Co

- Temperature effect
Cho and Yoon, J. Am. Ceram. Soc., 87, 443 (2004).
Jung et al., Acta Mater, 69, 283 (2014)
- Atmosphere (Poz) effect
Jung et al,, Acta Mater, 54, 2849 (2006).
Heo et al, J. Eu. Ceram. Soc,, 31, 755 (2011).
* Change in growth mechanism
(from 2DNG to defect-assisted growth)
Yang et al, J. Ceram. Soc. Japan 120, 467 (2012).
Fisher and Kang, J. Am. Ceram. Soc., 102, 717 (2019). KAIST, S-J L. Kang

Growth Rate

Driving Force
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Potential Research Subjects in Sintering S&T

o Effect of boundary structure on boundary kinetics
and sintering

- Observation and Model/Theory of atomistic motion along and
across the boundary in faceted systems
eg) Wei J, et al,, Nat Mater, 20, 951 (2021).
- Densification (experimental observation and theory development)

with respect to the boundary structure

eg) Lee MG, et al,, Acta Mater,, 59, 692 (2011).
Dillon SJ, et al,, Acta Mater, 242, 118448 (2023).

- Calculation/simulation of grain growth (microstructural evolution)
in faceted systems

eg) Jung Y1, et al,, J. Mater. Res., 24, 2249 (2009).
Chen K, et al., Acta Mater, 167, 241 (2019)
Hu J, et al,, J. Materiomics, 7, 1007 (2021).
Kang SIL and Fisher JG, Open Ceramics, 16, 100484 (2023)

- Further experimental and theoretical studies on the effects of
other parameters, such as second phase particles and defects,

in faceted systems
eg) Lee MG, et al,, J. Asian Ceram Soc.,, 1, 95 (2013)

Potential Research Subjects in Sintering S&T

o Development of (new) sintering and
other processing techniques
- Two-step sintering
- Spark plasma sintering
(Electric field-assisted sintering)

- Solid-state conversion of single crystals
Application of these techniques in commercial production

o Effect of boundary structure on materials
properties and processing

- Diffusion and Related Phenomena
- Grain boundary diffusion
- Sintering (densification)
- Creep eg) Dillon S), et al,, Acta Mater, 246, 118718 (2023).
- Physical properties of materials with microstructural
evolution

Bordia, Kang, and Olevsky, J. Am. Ceram. Soc., 100, 2314-2352 (2017).
Kang and Fisher, Open Ceramics, 16, 100484 (2023)
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Additional Remark

Four Basic Elements of MSE

Performance
/ Requirements
Structure/ \ Microstructure
Composition 7 Property Tailoring:
Control of
Tailoring Synthes-ls/ Grain Growth
Processing

The (Mixed Mechanism)

Principle of Microstructural
Materials Design and Tailoring Evolution

KAIST, S-J L. Kang
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