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General definitions/stages of
sintering



Sintering - definition

* Sintering is defined as a thermal treatment of a powder or powder compact at
an elevated temperature below the melting temperature.

* The goal of sintering is to increase powder compact strength.
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binder [ :
| ;
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finishing

or | Powder synthesis

Figure 1.2. General fabrication pattern of sintered parts.



Sintering — types

* Solid phase sintering — only solid phases are present

* Liquid phase sintering — liquid phases are also present

* Reactive phase sintering — different phases are present which react to

produce new phases

Powder, o
additive, . Mixing

binder [

Shaping

or | Powder synthesis

Sintering

|

Post-sintering
treatment and
finishing

Figure 1.2. General fabrication pattern of sintered parts.




Sintering — types

Liquid phase sintering Solid phase sintering
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Sintering — parameters

. Powder compact parameters
- Shape
- Shape distribution
- Degree of agglomeration
* Presence of impurities
- Chemical composition

. Smterlng condition parameters
Temperature
- Pressure
- Atmosphere
- Heating and cooling rate



Sintering — stages

‘A "stage"” of sintering may be
described as an interval of geometric
change in which the pore shape
change is totally defined (such as
rounding of necks during the initial
stage of sintering), or an interval of
time during which the pore remains
constant in shape while decreasing
In size (such as shrinkage of
spherical pores during the final stage
of sintering).’

Coble, R. L., A model for boundary diffusion
controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.

(h) i)

I'16. 1. {a) Initial stage of sintering ; model structure represented
by spheres in tangential contact. {b) Near end of initial stage.
Spheres have begun to coalesce. The neck growth illustrated is
for center-center shrinkage of 4. (¢) Intermediate stage; dark
grains have adopted shape of tetrakaidecahedron, enclosing white
pore channels at grain edges. (d) Iinal stage; pores are tetrahedral
inclusions at corners where four tetrakaidecahedra meet.
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Sintering — stages

* Initial stage
Neck and grain boundary
formation
Surface smoothing
* Intermediate stage
Creation of isolated pore
structures
Grain growth
Densification
* Final stage
* Pore shrinkage and
closure
* Grain growth

Coble, R. L., A model for boundary diffusion
controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.

(h) i)

I'16. 1. {a) Initial stage of sintering ; model structure represented
by spheres in tangential contact. {b) Near end of initial stage.
Spheres have begun to coalesce. The neck growth illustrated is
for center-center shrinkage of 4. (¢) Intermediate stage; dark
grains have adopted shape of tetrakaidecahedron, enclosing white
pore channels at grain edges. (d) Iinal stage; pores are tetrahedral
inclusions at corners where four tetrakaidecahedra meet.
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Sintering — stages

a b
‘
m
/
c. d
|
AL

https:/ fwww.slideshare .netfashking235/lecturesolid-state-sinte ring

a) Green body, loose powder

b} Initial stage: increase of the
interparticle contact area from 0 to 0.2
grain diameter, increase of the density
from 60 to 65%

c) Intermediate stage: further increase of
the contact area, stage characterized by
continuous pore channels along three
grain edges, increase of the density from
65 to 90%.

d) Elimination of the pore channel along
three grain edges, increase of the density
to 95 - 99%
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The simplest temperature protocol

temperature

heating
- Period

isothermal sintering

time

Temperature evolution during a simple

sintering cycle

. Shrinkage, density

Development of density and shrinkage

‘ heating isothermal sintering
period isothermen Sinterns
- a — -
intermed.
I stage
initial _} :
stage | 1
' |
: I Endstadium
e - -
' [
| |
: |
! 1
| |
I
] I E—
time

during a simple sintering cycle

Adapted from: https://www.slideshare.net/ashking235/lecturesolid-state-sintering
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The simplest temperature protocol

a)Initial stage — rapid interparticle
growth (various mechanisms), neck
formation, linear shrinkage of 3-5 %

b)Intermediate stage — continuous
pores, porosity is along grain edges,
pore cross section reduces, finally
pores pinch off. Up to 0.9 of TD

c) Final stage — isolated pores at grain
corners, pores gradually shrink and
disappear. From 0.9 to TD

14
Adapted from: https://www.slideshare.net/ashking235/lecturesolid-state-sintering



Driving force for sintering — the
general framework

15



Sintering — driving force

* The fundamental driving force for sintering is the reduction of internal
interface/surface energy

ArA
A(’YA) — (A’Y)A + V(AA) Densification
Y interface energy density | .
/A Densiioat
A interface area Coarsening  and coarsening
'

The interface can be a grain
boundary or a surface
(matter/atmosphere interface)

Figure |.5. Basic phenomena occurring during sintering under the
driving force for sintering. A(vA).
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How can such micro-structural
evolution occur?

Mass transport is the underlying mechanism of sintering.

Mass transport is driven by the desire of the system to reduce the
total interface energy and the energy of the particles/grains ...

... actually the free energy — the system wants to achieve thermal
equilibrium.

Mass transport can be facilitated by diffusion and plasticity (creep)

How does diffusion lead to a reduction of the (free) energy?

17



Mass transport via point defects

Interstitial atom Substitutional larger atom
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Vacancy Frenkel-pair Substitutional smaller atom

source: commons.wikimedia.org



To develop analytical models for
sintering the two particle

approximation is used
v

Initial state
produced
during
compaction
phase

Sintering

>
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Mass transport at green compact
contact area

volume diffusion
(matter from surface)

evaporation

) volume diffusion
condensation

(matter from bulk)
¥\

+—qgrain
boundary
diffusion

plastic
flow '

surface
diffusion
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Theory of diffusion



The diffusion equation

Particle concentration at position

C(r,t) rand time ¢ : number of particles m
per unit volume

Particle flux at position rand time ¢ :
J(r,t) the number of particles passing per [S m
unit area per unit time

0C(r,t)

continuity equation — = -V - J(r,t)

ot

Can be derived by starting from the integral form — the change of the
number of particles within a volume is equal to the net flux through the
surface bounding the volume. The above differential form is obtained by
Gauss's (divergence) theorem

22



The diffusion equation

Particle concentration at position

C(r,t) rand time ¢ : number of particles m
per unit volume

Particle flux at position rand time ¢ :

J(r,t) the number of particles passing per [S m
unit area per unit time

0C(r,t)

continuity equation — = -V - J(r,t)

ot

Fick’s first law — flux goes from regions of high
concentration to low concentration with a magnitude  J(r,t) = —DVC(r, )
that is proportional to the concentration gradient

D Diffusion constant s

23



The diffusion equation

5 = -V -J(r,t) continuity equation
J(r,t) = —DVC(r,t) Fick's first law
0C (r,t)

The diffusion equation (Fick's second law) when the diffusion
constant does not depend on position

24



The diffusion equation (in 1D)

oC(z,t)  0J(x,?)

continuity equation

ot Ox
Jp(x,t) = =D 00z, 1) Fick’s first law
ox

The diffusion equation (Fick's second law) when the diffusion
constant does not depend on position

25



The diffusion equation

1n1t1al t — O
Initial state has a
concentration gradient,
and is out-of-equilibrium
0C (x,1t)
ot (9x2

C(CIJ, t— OO) — Cuniform

Final state is an equilibrium
uniform concentration — no
concentration gradient.

But there is still microscopic
diffusion

26



The diffusion equation — an average
of mICroscopic processes

https.//en.wikipedia.org/wiki/Diffusion

Individual particle

Ensemble of particles

Continuum concentration
limit — the diffusion equation

27



The diffusion equation (in 1D)

0C (x,1)
ox

Jp(x,t) = =D

Fick’s first law

This form is purely empirical and only valid for an ideal solution
(no interactions between the particles and translational

invariance)

Diffusion occurs to minimise the free energy and therefore should
be driven by spatial gradients in the free energy

mobility

Op(z, 1)
ox

0C (z,t)
ox

Je(x,t) = =C(x, t)M = —Deg(x, 1)

Cla, )M (a“éifc’ ) /Gng,t)> _ C(x, )M g—g

x,t

The (effective) diffusion coefficient depends on
concentration, chemical potential gradients, and
can be negative

In equilibrium at fixed T and P,

dG = —-SdT + VdP + pdN = pdN
— G =uN
When out-of-equilibrium

G =3 ules) =3 u(P()

Pressure
gradients 28




1)

The important equations for
sintering physics

ou(x,t) Diffusion equation in a chemical potential

Jo(2,t) = =Cla, )M —- gradient

29



Microscopic diffusion: the vacancy
defect

30



The vacancy defect

Define:
o O
PP Fvacancy - the rate of vacancy hopping per site
(I ] _ _
n; = C(z;)a the number of vacancies in the ith plane per
o 0 unit area
o e Z - atomic coordination
® O
o o a - lattice constant

Jac,l — ;Fvacancynl

VAN

Vacancy fluxes

Jx,2 — grvacancyrnﬂ

31



The vacancy defect

Define:

® O
® o Fvacancy - the rate of vacancy hopping per site
. ‘ _ . . .

n; = C(z:)a the number of vacancies in the ith plane per
® O unit area
o0 Z - atomic coordination
o O
PP a - lattice constant

Jaz,net — Jx,l — Jx,2 — ;Fvacancy (nl — n2)

1 ,0C(z)

1
= ;Fvacancya (C(xl) — C(x2)) — _;Fvacancya

oC (x)

— a _Dvacanc T a
ox Y Ox

D vacancy — ; Fvacancy a

2

32




Microscopic diffusion: the vacancy
hopping rate

O ©6 6 ¢ 6 0 O
® ©6 6 ¢ 6 0 O
® ©6 6 6 6 0 O
® 6 6 <0 0 ©o
O 6 6 6 6 0 ©
® 6 6 6 6 0 O
O 6 6 6 6 0 O
Activation energy >
T : :
)
Qb @
[oncancy = __%b S 3
vacancy V exXp ( kT % Qb
| 2
Q v
Attempt rate I
E >

Vacancy position
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Microscopic diffusion: the
equilibrium vacancy concentration

66 06000 Evacancy:EN—l_(N_l)EO

® ©6 6 ¢ 6 0 O

O ©6 6 ¢ 6 0 O 1 B

o0 000 Cracancy = —5 XD <_ z‘ca;cy>

EEEEEREE a B

® ©6 6 6 6 0 O i

® 606 © 0 0 O Lattice constant

O ® 6 6 6 0 O : :
Under compression the vacancy formation

o0 0009 energy decreases, and so regions under a

® © g 000 O positive pressure will tend to have a higher

00 060 @ equilibrium vacancy concentration

e 06 ® 0 06 49 o0 . : _
If there is a pressure gradient the equilibrium

o 6 6 060 concentration will vary with position

O 06 6 6 6 0 O
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The vacancy defect in a chemical
potential gradient

Qv + AG

Vacancy position

Qb
>
o)
| -
fah)
c
@
I
O A
e 1
@
]
e)
o
I
o
|_
N1 =~ N9
AGio = H1 — H2 =

%G

— Cla
Ap

ANa—— ~ a—

du

- Qs
1—»2 = Vexp _kB—T

Qb + AGlQ)

I'>,1 = vexp (— T

7 _ Qv + AG2
et = M1V €XP kBT —navexp |~

N NV exp 1 —ex —AGlQ
~ kBT P\ heT

~Mmyexp k:BT kT

Ue Qb C1a2 dpu
~ X —
P\"%T ) kaT da
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Additional content: thermodynamics
primer

36



The first law

AU = dQ — dW

d() —» Heat transferred to the system

77_

_WOI’kOUt_ %4 _Ql—QQ

Heat in 1 (1
N < Nrev Carnot’s theorem

QZ Q?“Q
et s
%<Qr2_T2

Ql _;er - Tl

Thermodynamic temperature
definition

Z%go /@30

Define:

First law of thermodynamics
equivalence of heat and work

TW

///,,r’ ™ \\\\1
Q1 Qe

n A

4

T
Clausius’ theorem

dS — erev

d@
>
dsS 7

For a thermally isolated system there is
no transfer of heat

dS >0

The entropy of an isolated
system cannot decrease

dQ = TdS

37



The first law

_ _ First law of thermodynamics
dU =d@ —dW equivalence of heat and work

dW ——» Work done by the system dW = PdV

oV oV
T, P = | == T — P
V(T,P) —dV (0T>Pd +(8P>Td

L (ov Isoth I ibilit
v \ap )., sothermal compressibility

RT — —

bp = L (ov Isobari bi Vit
P=v\ a7 , sobaric cubic expansivity

V(T,P) — PV = nRT Equation of state for
’ an ideal gas

38



Thermodynamic potentials

U(S, V) — Internal energy (potential + kinetic energy) at a fixed entropy and volume

oU oU
dU = (%)VdeL (W)de o <6U> b (6‘U>
\% S

a8 oV
=TdS — PdV
o _(4Q\ _ (dU+PdV dU
=(ar), = (), = (),

H(S,P)=U(S,V)+ PV - Enthalpy

| OH
(22

oo _ (dQ\ _ (dH-VdP\ _ (dH
= (), - (T ), (@),

dH = dU(S,V) 4+ PAV + VdP
— TdS + VdP

(59,

39



Thermodynamics potentials

AT, V)=U(S,V) =TS - Helmholtz free energy

dA=aU(s,V)=TdS—SdT . (0A\ (04
v \9V /),

— _SdT — PdV \ar

G(T,P)=H(S,P)—TS - Gibbs free energy

dG = dH(T,V) — TdS — SAT oG e
S = — V = —
— —SdT + VdP | T ) p P ) 1

Gibbs free energy is the most commonly used since most
experiments are done at fixed temperature and pressure

40



Thermodynamics primer

If the number of particles is allowed to vary, need to modify the differentials of all
thermodynamic potentials

d/V; -change in number of particles of type
(i - chemical potential of type ¢

d® — d® + ) pdN;

> G

(S, V) —=U(S,V,{N;})
(T,V) — A(T,V,{N;})
H(S,P)— H(S,P,{N;})
G(T,P)— G(T,P,{N,;})

Again, the Gibbs free energy is the most commonly used, since changing the number
of particles under fixed pressure and temperature gives

41



Thermodynamics primer

Conditions for thermodynamic equilibrium:

* For a completely isolated system, S is maximum at thermodynamic equilibrium.

* For a system with controlled constant temperature and volume, A is minimum at
thermodynamic equilibrium.

* For a system with controlled constant temperature and pressure, G is minimum at
thermodynamic equilibrium.

The various types of equilibriums are achieved as follows:

Two systems are in thermal equilibrium when their temperatures are the same.
Two systems are in mechanical equilibrium when their pressures are the same.
Two systems are in diffusive equilibrium when their chemical potentials are the
same.

All forces are balanced and there is no significant external driving force.

No internal macroscopic motion is possible in a state of equilibrium

42



Interface thermodynamics

43



Interface (free) energy

The surfacel/interface is defined as the plane between condensed matter and a vapour
phase or vacuum, such as solid/vapour and liquid/vapour interfaces — the term 'interface'
Is used for the dividing plane between any two different phases.

o« B Py o c B
= ]
QD |
©
£
9 {
< |
1
o’ N\
dividing surface Distance
dU = dU, + dUg + dU, \\\ 7:<é>_U>
= TdS + padna + pgdng + PadVi + PsdVg +4dA | " \0A g, o

dUs = TdS, + padng + ppdnj +ydA

44
Figure taken from Suk-Joong L. Kang (2004) Sintering:

Densification, Grain Growth, and Microstructure.



1)

2)

The important equations for
sintering physics

ou(x,t) Diffusion equation in a chemical potential
or gradient

Jp(x,t) = —C(z, t)M

A(vA) = (Ay)A+~(AA) ~~vAA  Minimization of interface energy

45



Thermodynamics of interfaces

Consider an equilibrium two phase system at constant
temperature, volume and component number

A= SdT — PAV — udN
A

Helmholtz free energy

When in equilibrium dA =dA; +dAs+dA; =0 and p1 = p2

dAl = —PldV1 + /,leNl

P _p_ d (Surface Area) K
dAy = —PadVa + pad Ny ST =y av; =7
dA; = vd (Surface Area) /

Young—-Laplace equation

d (Surface Area) % Average curvature
dV; of interface
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Thermodynamics of interfaces

Consider an equilibrium two phase system at constant
temperature, volume and component number

d7' =0
N1+N2:N—>dN1—|—dN2:dN:O
Vi+ Vo=V —-dV; +dVo=dV =0

When in equilibrium dA =dA; +dAs +dA4; =0 and p1 = pe

dAl = —PldV1 + /,leNl

P _p_ d (Surface Area) K
dAy = —PadVa + pad Ny ST =y av; =7
dA; = vd (Surface Area) /

Young—-Laplace equation

d (Surface Area) % Average curvature
dV; of interface

47



Young—Laplace equation

Ap=—yV-n

= (% + ) =2 H = 2

(=~vH in 2d)

Adapted from jennarocca.com/young-laplace-equation/
7y : surface energy density

H : average curvature

Ri/R5 : max/min curvature
Ap =p1 —p2: pressure difference across interface

48



1)

2)

3)

The important equations for
sintering physics

ou(x,t) Diffusion equation in a chemical potential

Jo(2,t) = =Cla, )M —- gradient

A(vA) = (Ay)A+~(AA) ~~vAA  Minimization of interface energy

2 Pressure difference across a curved
Py =Py = - interface

49



Vapor pressure — surface effects

e e vyapor pressure °

. s Consider a spherical liquid drop immersed in its
. * . * * . vapor at temperature T, and pressure p,
® ® L ]
. . . dG = dmy, (ur, + povL — Tosw) +
. %g,\?‘f‘f f. dmy (uv + povv — TOSV) + dGs
@ b ® & /
\\\‘. e-?x‘:’?/ % z"'!

A AN/ S /’. /' gas 2vL,
AN A AGs =~dA =y == dmy,

[ & e 8/d 1% ° liquid r

e e @ ° ? . @ e ®

.o ° ': * o . .. - '. i. ot ° . . 9

* %o % c:. ° ...'.!.o. dG:dmL (U,L—|—’UL <p0—|—"}/—)—T()SL)+
e e 8 ©®g e _ o . . r

ey . o %o * o ®

o : o o ° ’ o’ ‘et

"-.. e o '.':' . : e ‘e dmy (’LLV —|—p0UV_TOSV)

®e oo ® L ] y ® g e ® *

> . & o ] P o ® ® 9 e @

e %, * e e e L'

L ] L P * .. .. e ® o e

.. ¢ e : N ® o* * @ : L]

cee %9 Let,L. en.wikipedia.org/wiki/Vapor_pressure

2
pL =Po+ 7 —» dG =g, (pr,T) dmy, + gv (pv = po, T) dmy

dmL -+ dmv =0 —» gL (pLa T) = gv (pV7 T)
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Vapor pressure — surface effects

When changing the volume of the
drop, equilibrium requires:

dgL ) (39\/ )
— dpr, = | = d
( AL . PL Dpy . pv

gr (o, T) = gv (pv, T) B

2
vpdpr = vL (dpv — T—Zd"“) = vydpy

*  vapor pressure *

2
(vv —vL)dpy = _T_ZULdT
2
vy >> v vydpy = _T_ZULd,r
fhdy _ 2%0 dr
M pV N ’]"2 L :..o.o.:....t.:..o...:.
2 M SRR SR
Pv = PV,r—oo €XP " oRT :.-::.....:: E :....:. :.._:..::.:.:.:..
pV,r—>002’yM

~ Py, : : : :
e rpRT Solid-vacuum/gas regime with vacancies °!



1)

2)

3)

4)

The important equations for
sintering physics

ou(x,t) Diffusion equation in a chemical potential

Jo(2,t) = =Cla, )M —- gradient

A(vA) = (Ay)A+~(AA) ~~vAA  Minimization of interface energy

2 Pressure difference across a curved

Py — P = 7; interface

DY R PV res + PVir—oo2yM Vapor pressure of an ideal gas at a
T roRT curved surface
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... In terms of the chemical potential

At equilibrium: p1 =2 —— p (T, Pry) = pe(T, Poy)

0
(T, Pry) = (T, Py +7K) = pa (T, Por) + 7K gH1
OP ) p,
- ,ul(T, P2,r) + '}/Kﬂl

Assume that the chemical potential for phase 2 remains
constant for the range of pressure changes due to curvature

p2(T, Po) = pa(T, Pooo) = p2,00 (= p1(T, Pojoo) = [1,00)

pi(T, Pry) = (T, Paoo) + 7K, > p1,r = 1,00 + 7K

53



1)

2)

3)

4)

o)

The important equations for
sintering physics

ou(x,t) Diffusion equation in a chemical potential
or gradient

Jp(x,t) = —C(z, t)M

A(vA) = (Ay)A+~(AA) ~~vAA  Minimization of interface energy

2 Pressure difference across a curved

Py — P = 7; interface

DY R PV res + PVir—oo2yM Vapor pressure of an ideal gas at a
T roRT curved surface

B Chemical potential gradient at a curved
e = 1,00 + 7K surface
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Atomic transport kinetics effected by
caplllary pressure differences

E vapour phase ‘

condensed phase

e atom vapour

atom vacancy
55



... In terms of the chemical activity

a4 — ex _,uref — U
PR Ou _ RT 9C
or C Ox
= U + RT'Ina
H = Hret Jo_p2%€ _ Dok _ 0k
Ox RT Ox ox
C
a = /Yactivity?ef
C Co + AC
p1 = pret + RT In (/Yactivity C—O) fo = firet + RT In ('Yactivity OC )
ref ref
Co + AC AC
—uy = RT'1 ~ RT—
MMRH(CO)RCO
At local
equilibrium RTAC - 2790
ou 27y Co "
ap — " o (PP R — o -
2y
AC =~ Q >6
& RTTCO 0




Initial stage sintering: two particle
sintering models

57



Initial stage sintering

'‘During the initial stage of sintering, single-crystal particles in contact cannot
undergo grain growth because the solid-vapor surfaces diverge at an acute
angle from the particle-particle contact area. Migration of the grain boundary
away from the minimum area position would require it to increase
significantly in area and energy. Therefore the boundary is initially confined
to the neck area. After the "neck" surface has become blunted by neck
growth, the inhibition to boundary motion decreases until grain growth be-
comes possible. The point at which grain growth first occurs is considered to
terminate the initial stage of sintering.'

Coble, R. L., A model for boundary diffusion controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.

58



Two particle model useful for initial
stage sintering

10— = - =
final stage (isolated pores)

intermediate stage
(interconnected pores)

“initial stage (neck formation)

Relative density, %

Figure taken from Suk-Joong L. Kang (2004) Sintering: S] nte Il ng tl me

Densification, Grain Growth, and Microstructure.



Mass transport at green compact
contact area

volume diffusion
(matter from surface)

evaporation

: volume diffusion
condensation

(matter from bulk)
¥ N\

*—qgrain
boundary
diffusion

surface

diffusion plastic

flow [
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Consider general atomic diffusion

D du
Jomer = O 75 X 44

Volume change due
to diffusion through
an area A

- Cle)T . jzi : C:i];
= CkBiT x Qo X i—i
Volume of
diffusing species
(il—‘t/ = J x A X Qt

}

Species flux
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The important geometries

With shrinkage

Without shrinkage

o’ +2* = (a+7)* =a® + 2ar +r?

x? = 2ar + 1% = 2ar (1—|—L) ~ 2ar
2a

Figure taken from Suk-Joong L. Kang (2004) Sintering:
Densification, Grain Growth, and Microstructure.

(a—h)*+2°=(a+71)° =a® +2ar +1r°
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The important geometries

Without shrinkage With shrinkage

o’ + 2% = (a+71)° = a® + 2ar +r? (a—h)?+2°=(a+7)°=a®+2ar+1r°
x2:2ar+r2:2ar<1—|—i)z2ar 9
2a . 7z
9 T —Tr —
TNQCL 2

Shrinkage , Al b 7z

Figure taken from Suk-Joong L. Kang (2004) Sintering: measure [ a a 4a?
Densification, Grain Growth, and Microstructure.



The important geometries

2
r A With shrinkage
2a
5132
r R 10 Without shrinkage

Area of neck surface

3 3
Az27rx><2r%27rx— lﬂ'x—]

a a
Volume of neck region with shrinkage

T £L‘4 1134
V:/O AdCI?N’T('Q— W@

a




The important processes

Material transport mechanism  Material source  Material sink  Related parameter

1. Lattice diffusion Grain boundary  Neck Lattice diffusivity, D,
2. Grain boundary diffusion Grain boundary  Neck Grain boundary
diffusivity, D,
3. Viscous flow Bulk grain Neck Viscosity, n
4. Surface diffusion Grain surface Neck Surface diffusivity, D,
5. Lattice diffusion Grain surface Neck Lattice diffusivity, D,
6. Gas phase transport
6.1. Evaporation/ Grain surface Neck Vapour pressure
condensation difference, Ap
6.2. Gas diffusion Grain surface Neck Gas diffusivity, D,
65

Figure and table taken from Suk-Joong L. Kang (2004)
Sintering: Densification, Grain Growth, and Microstructure.



L attice diffusion from the bulk to
neck surface

evaporation

volume diffusion

(matter from surface)
volume diffusion
(matter from bquL

condensation
¥ N\
grain
boundary
surface ) diffusion
diffusion plastic

flow '

shrinkage

.

shrinkage

dV
E:JXAXQO /

D K 3
]:RJI“X’YL xw;xﬂo

D s 1 3
Ly B2 vl % (L ~ x)

a dt::_RT’ rxT a

1_ 16Dal, (| z?
B RT 2a
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Grain boundary diffusion to neck
surface

volume diffusion
(matter from surface)

evaporation

- volume diffusion
condensation

(matter from bulk)

shrinkage

dV
\ E:JXAXQO

d 4 D K
7 lwi—a] — szlj X *yL X 2mx0g1 X (o

diffusion plastic\
flow ¥

z3dr Dy, 1
/s 0 di = ngz_' X 785 X 27T335gb X QO
(L ~x)

6 _ 48ng’)/s5gba290t
RT

i

dsb —» GB thickness
A= 27T£L‘5gb

67



L attice diffusion from surface to
neck surface

volume diffusion
(matter from surface)

evaporation P ] :
NN no shrinkage no shrinkage
) dV
grain — =Jx A xS
boundary dt
surface ) diffusion
diffusion plastic ) ;
- 4z DIXWKXQZE x
dt |"2a|  RT ™~ L a 0
3 3
x° dx Dy 1 x
T — X —— X2m— X Qo (L~r
a dt RT rr a 0 | )

RT

i
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Surface diffusion to neck surface

volume diffusion
(matter from surface)

evaporation
condensation

volume diffusion
(matter from bulk)

TN
grain

boundary
diffusion
plastic

flow ¥

no shrinkage
d—V—JxAxQ
\ i = 0
A e _ D oK
it |"2a| " RT "L

X 27’(’.{13255 X Qo

3 dx Dy ~1
a dt RT : ror X ATEEDs X350

T

7 56DS,YS(SSG’SQO_[;
N RT

x
A =2 X 2mxdy
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Plasticity — the case of Newtonian
viscous flow

) 1 . . .
volume diffusion e = —Ao Newtonian V|SCOS|ty
(matter from surface) n
gﬁg:?st::;, % volume diffusion
o Penetration depth of
rain . 1 dh 1 fYS h . . p
goundary €= T = —— one particle into
rface diffusion h dt nr ther: h ~ r
csili.;lusion plastiC\ anotner. n ~
flow
1h 1 x?
nr n 4CL

Such a description of plasticity is generally suited to
amorphous solids at high temperature (below the
glass transition temperature)
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Evaporation/condensation

According to the Langmuir adsorption equation,
the amount (weight) of material deposited per
unit area and per unit time is expressed as

volume diffusion
(matter from surface)

evaporation

: volume diffusion
condensation

(matter from bulk)

m=ca(py —p )1/ M :apv’r_“’o’yM 2%
v Vir—oo 2n RT rpRT mRT

gcr:ﬂ:dary
dituson/ plastc| 1" 3 3 d
fow v _, rdz_m, m, » | d&_m
dt a dt P P a dt P
dx PV,r— oo VM M PV,r—oc2ay M M
— = =
dt rp?RT 2m RT x?p?RT 2m RT
— v
/r’ —_—
2a
3 18 PV,r—oo” < M >§
x° = 5 at
7'(' p RT
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Gas diffusion at the surface

dV 3 d x>
o T QA = T2
volume diffusion dt @ d a
(matter from surface)
evaporatiop volume diffusion d V A
RONCEIAC /(iatterg:m bulk) d_?; = JOQy = DgVCQO = gR; Oy ~ Dg R]’} Qo
g;:::qary ‘ ‘
Z#f':.las?gn / . diffusion ‘
flow ¥
/ PV =nRT
er—>oo’7M Pvir—oco™ A2
= D,—2 Qo = Dy —Q
& r2p(RT)2 07— ~e 2 (RT)?
pv, r—)oo4'7 x2
= D, Q il
x4(RT) " 2a

20~y
5 _ D PVr—oco Q
YT s (RT)
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The effect of particle size

The effect of particle size on sintering is described by Herring's scaling law. When powders
with similar shapes but different sizes are sintered under the same experimental conditions
and by the same sintering mechanism, the scaling law predicts the relative periods of

sintering time required to get the same degree of sintering (defined by x / a).

For the sintering of two kinds of powders with radii a, and a,, where
ao = )\a,l
the required sintering times, 7, and 7, are interrelated as

to = A%
Generally, one has

(2) =f@arme > (3) = [(T)a "ty = (f) = [(T)al "t

a ai

a=1m-—-"n 73




The effect of temperature

For a fixed level of evolution, the time taken follows: log (T

D(T) o< exp (——) —» log (T) x const’ — ——

t

) x const — log D(T)

Qb
kT
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The effect of pressure and
composition

Thus far, the driving force of sintering is the capillary pressure difference due to
curvature difference. When an external pressure P oo Is applied, the total sintering

pressure is the sum of the capillary and external pressures,

P = % + f(p, geometry) Pappl.

In the studied diffusion-controlled sintering, atom diffusivity (mobility)
increases with increased vacancy concentration. Sintering kinetics can
therefore be enhanced by increasing the vacancy concentration via alloying
or dopant addition (for the case of ionic compounds).
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Effect of sintering parameters on
densification

Relative density

Sintering time

Figure taken from Suk-Joong L. Kang (2004) Sintering:
Densification, Grain Growth, and Microstructure.
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Summary of kinetic equations for
various mechanisms of Initial stage
sintering

Sintering mechanism Neck growth Shrinkage Scale
exponent
o
1. Lattice d_iffusian . 16DyVna N D\ 3
from grain X = t al _ (ZiYsVm {172
boundary to neck RT ! RTd
= CiDjat
2. Grain boundary , 13 4
diffusion from grain x® = 48D335YsV ma t E = (3355;,_}’5 VM) 13
boundary to neck RTE / 4RTa*
= CpDpdpa‘t
3. Viscous flow . 1
IZ _ 4stﬂ‘r — C-,flﬂf Ef: 3:"51
1 1 [ 8na
iffusi 4
4. Surface di'ffusmn  S6DByVnd
from particle x' = RT t
surface to neck 3
= (C,D8;a’t

Table taken from Suk-Joong L. Kang (2004) Sintering: Densification, Grain Growth, and Microstructure.
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Summary of kinetic equations for
various mechanisms of Initial stage

5. Lattice diffusion
from particle
surface to neck

6. Gas phase transport
6.1. Evaporation—
condensation
from particle
surface to neck

6.2. Gas diffusion
from particle
surface to neck

Table taken from Suk-Joong L. Kang (2004) Sintering: Densification, Grain Growth, and Microstructure.

sintering

5 _ 20Dy, Vma* I
RT
= qD;.{IEI

If_ M 3/2
373: IEPNE _— at
Vn & \RT

ECE}'CPDGQI
74 2
X = 2(}me§}/3( R?’) a‘t

= CePoo Dgazf
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Sintering diagrams

0.0

-0.5
Sintering diagram of ©
an aggregate of pure 2 40
silver spheres of 38 '
micron radius

-1.5

-2.0

Figure taken from Suk-Joong L. Kang (2004) Sintering:
Densification, Grain Growth, and Microstructure.

400 500 600 700 800 900
™ _ _____full density reached ; 30
%
S
.. 10* hours volume diffusion
. 102 from boundary
102 10
10
1
o 101
& = 1
% boundary diffusion 3
from boundary
surface diffusion
from surface
1
Qo
]
o
S :
i adhesion
<) 0.6 0.7 0.8 0.9 1.0

Homologous temperature T/T_

Neck radius x, Hm
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Intermediate and final stage
sintering

80



Intermediate and final stage
sintering

10— = - =
final stage (isolated pores)

intermediate stage
(interconnected pores)

“initial stage (neck formation)

Relative density, %

Figure taken from Suk-Joong L. Kang (2004) Sintering: S] nte n ng tl me

Densification, Grain Growth, and Microstructure.



Intermediate and final stage

sintering

When necks form between particles in real powder compacts, pores form

interconnected channels along 3-grain edges (triple junctions). As the sintering

proceeds, the pore channels are disconnected and isolated pores form.

At the same time, the grains grow.

a b

m
/\
/

A

DS ©

mﬂ

https:/ fwww.slideshare .netfashking235/lecturesolid-state-sinte ring

a) Green body, loose powder

b) Initial stage: increase of the
interparticle contact area from 0 to 0.2
grain diameter, increase of the density
from 60 to 65%

c) Intermediate stage: further increase of
the contact area, stage characterized by
continuous pore channels along three
grain edges, increase of the density from
65 to 90%.

d) Elimination of the pore channel along
three grain edges, increase of the density
to 95-99%

82



Intermediate stage sintering

The intermediate stage begins after grain
growth and pore shape change causes
transition to a pore and grain boundary
matrix consisting of equilibrium dihedral
angles formed on the solid-vapor (pore)
surface at the locus of intersections with the
solid-solid (grain boundary) surfaces with
singly curved surfaces between Intersections
... the features of the structure which make
this sample appropriate for representation of
the intermediate stage of sintering are that
the pore pha.se IS Contlnuous’ and that the IF'16. 2. Typical intermediate stage structure: photomicrograph
pOI’eS arc all intersected by gra|n boundaries. at 250X of alumina gel pressed 10 tsi sintered 1750° for 12 hr,
The Complex Shape Of the pore may be polished, etched ==3 min in boiling phosphoric acid.
approximated by a continuous cylinder.

Coble, R. L., A model for boundary diffusion controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.
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Coble’s model

Coble proposed two geometrically simple models for the shape changes of pores
during intermediate and final stage sintering — the channel pore model and the isolated
pore model

(a) __- grain boundary
2r’${ s
material flux
Intermediate stage Final stage
model model

84
Figure taken from Suk-Joong L. Kang (2004) Sintering:

Densification, Grain Growth, and Microstructure.



Coble’s model

Coble proposed two geometrically simple models for the shape changes of pores
during intermediate and final stage sintering:

— the channel pore model and the isolated pore model

Fi1Gc. 7. Tetrakaideca-
hedron, dark lines shown
as formed from trun-
caled octahedron.

V = 8203

Coble, R. L., A model for boundary diffusion controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.
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Coble’s model: intermediate stage
model

vV =8v2r Ve % (3617r?)

_E_é(sﬁm)_ 2
P= =t _1.06(l>

The volume flux
47TDACQQ —» J= 47TDACQQ X 2r

(a) _ grain boundary .
21 ) * per unit length of
I material flux Cylinder
de 14 ’)/QO de 2
=5l =- AN — = =7 x 2 x 41D, C
g J 7T X2 x4 DQyACT C =0Cy 2Ty —> g7 X 2 X 4 ORT
36 r ) When via grain boundary diffusion
/de EZTFT = —T7x2x4w D2 C()RT(t—t())
0
d 14 D

a2 "RTr

P~ (TY
~ | - to — 1 2 2




Coble’'s model: final stage model

-2r 24 4
22 V =8V20? Vp = ——mr’
4 3
p_ Ve 8mr® om (f)3 -
V82 2\ Ve N
The volume I 4rpACQ, T2 I DACO \ @
flux into a pore </ = 47 Oy T o N
(b) ro >>11 T9
dVp 27 dVp v
= 6] = — —» AC = —— = — 481 D(Cy——=12
d 6J 247TDACQ()7“1 C C() RT?“l —» d I 0 BT 0
4 " : . : :
/de = 6-Imr3| o —(t —tp) This form is appropriate for a porosity change from
3 0 approximately two volume percent to zero. If the

transition to the discontinuous pore phase takes place

3 at larger porosity, for example, at 5% rather than at 2%
= (—) X = X (tg — t) porosity then 72 ~ 7

87
Then the prefactor will decrease with time



An example

(a)

1m I!a b s 1= 1 2" A ——
e L | F7¢2—bounday oo
Calculated densification curves at 2 ool lattice
final stage sintering at a e i/
temperature of 1727C of an E 096} !f initial grain size: 0.8 um
alumlna powder Compact Wlth (a) - i sintering temperature: 1727°C
L H
0.8 and (b) 4.0 microngrain size at s 0% [ 2 % £q. (5.9
90% relative density. ‘ﬂJ — -
1 / [}.9(]» r r
P x , = X (t' —1) pr=1-—P 0 600 1200 1800
(l(t - t)) Sintering time, s

T

Length-scale changes due
to grain growth — derived

(b)

1.00 —

.......

i
o

lattice .~ P
from another model _~""_.="Boundary
o

s 7 , _ ]
Y initial grain size: 4.0 um

Relative density

094} /< _sintering temperature: 1727°C |
N/ Eq. (5.8)
092F /i e Eq. (5.9)
/ e Eq. (5.10)
0.90'

0 1200 2400 3600 4800 6000 7200
88
Figure taken from Suk-Joong L. Kang (2004) Sintering: Sintering time, s

Densification, Grain Growth, and Microstructure.



Final stage sintering

Final stage begins when the pore phase is eventually pinched off. The energetically
favored structure is that in which the closed (nearly spherical) pores occupy

four-grain corners.

. oy .
" - ki . A | ‘I/ i L]
v - A » .
.. bl L "
. o . ' ik
’ o ~ s
9 - e
O b, 3 § i e &
. " ¥ — -
Pt AT - v '
i L] . :
. : gt '
¥ u . / T . - &
7N r ,
1 L] . - X
w - -~ »
LR | » L # L]
- ¥o® q‘ - - e
L] ‘ & -
. ¥ < b e s "
£ | ‘_ v - e o Jf""
L . » -
\ »- -
- .'.. - 4 F - - 3 o L
3
-
| : ;i 4 ‘r/f F - e : a
L e - + - T —
- > - ¢ \ A e -

Fig. 3. Typical final stage structure: photomicrograph of a
alumina with MgO pressed at 10 tsi, sintered 1800°C for 12 hr,

polished, etched.

Coble, R. L., A model for boundary diffusion controlled creep in polycrystalline
materials, J. Appl. Phys., 34, 1679-82, 1963.
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Final stage sintering

'‘An alternate final stage of sintering results when discontinuous grain growth occurs before
all porosity is removed ... called discontinuous or exaggerated growth, or secondary
recrystallization ... the majority of the pores arc closed and spherical because they are not
intersected by grain boundaries ... continued heating at the sintering temperature leads to
pore elimination at grain boundaries ... the fact that pores are observed adjacent to one side
of many boundaries and arc absent from the other side is attributed to the migration of
boundaries in a direction toward their centers of curvature. The areas through which the
boundaries have passed are those from which the pores have been eliminated."'

o T

?f_:: ofﬂ“-\:-fﬂt 5'..1‘1‘.1 .-- ""‘.r':"-'---
P e oy -;,,.* .
‘} e A Syl '|- o RyL O T i e

¥ Pl n A !
I i .
/ . P ey f I P e, "o
Fic. 4. End state at theoretical density: photomicrograph at
F1c. 5. Final stage after discontinuous grain growth. Photo- 250 ; a alumina with MgO, pressed, sintered 1900°C for 24 hr,
micrograph at 50X ; « alumina sintered 1900°C, 1 hr. polished, etched.
Coble, R. L., A model for boundary diffusion controlled creep in polycrystalline 90

materials, J. Appl. Phys., 34, 1679-82, 1963.



Modelling normal grain growth

d{R)

Do
—— = a(v) = aJio_gp{lo = @ to—gb V Py

dt RT

Dto—gb 2’7gb 0
RT (R)

Dto—gb

(R)p = (R), = a—=

4y Q0 (' — 1)

Here it is assumed that the driving force is determined by the radius of curvature of
the grain boundary and that the average grain growth rate is proportional to the
average rate of grain boundary movement. These conditions appear to be satisfied
In real microstructures that are free of abnormal grain growth.

Figure taken from Suk-Joong L. Kang (2004) Sintering:
Densification, Grain Growth, and Microstructure.
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Modelling simple abnormal grain
growth

d(R Dy
% = a(v) = aio—gh{lo = @ ;%Tgb V PQy
Dto—gb 2’7gb
= Q
“"RT R, "

Dio—
(R)er = (R)e = o582 2000 (' — 1)

Abnormal grain growth is when some large grains grow unusually quickly in
a matrix of fine grains with a very slow growth rate.

Figure taken from Suk-Joong L. Kang (2004) Sintering:
Densification, Grain Growth, and Microstructure.



Plasticity in metals

The shown theories may be applied to
both metals and ceramics. However,
metals are ductile (compared to
ceramics) and significant plasticity can
occur during cold compaction.

Bild 38. Mit 400 M Pa geprefte Kugelpackung, a = 125 pm;

a) Kontaktflichen im PreBling aus polyknstallinen Pulvern
(Lg, = 8 pm),

b) Ausschnitt von a),

¢) Ausschnitt von der Kontaktfliche eines monokristalli
nen Teilchens (nach [68])
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Plasticity in metals

The very high local internal stresses associated with large interface curvatures can

also cause local plasticity in metals

Y

Local internal y
stress scale =

Jm 2
107 %m

~ 1M Pa

Such large stresses can cause local plastic deformation.

Together, such plasticity will result in a dense population of dislocations within the
metallic crystallites — this can result in significantly enhanced material transport.

INSERTED F'LANE\

DISLOC;&TION LINE

Pipe

C >x) (7) |
OOO0OO

O W“c St
/>~ CORE /
diffusion ( x D E%m

Fia.

VACANCY
e

@)

i
\‘d LIMITS OF DISLOCATION CORE

2, Ilustrating “‘interstitial” and “‘vacaney” in
pure edge dislocation (simple cubic lattice).

Results in:
 Dislocation creep
 Enhanced diffusion
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Plasticity in metals

The metallic crystallites may also undergo creep to relieve local stress gradients — and

becomes very important in pressure assisted sintering — crystallites can change shape.

Coble creep

v

/*\ Diffusion in the
\*/ grain boundary

Nabarro-Herring creep

v

Vacancy diffusion in
the crystal and pipe
diffusion due to a

dislocation network
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Questions

Why does sintering need to occur at an elevated temperature?

Using the picture of a potential energy landscape, describe the origin of the
terms in the equation for thermal activation.

Describe the three stages of sintering and their corresponding pore geometries.
Discuss the origin of particle flux, in terms of gradients in terms of concentration
gradient and chemical potential. Which is the more relevant for sintering?

What is the central thermodynamic driving force for sintering?

In the initial sintering phase, where the two particle model may be applied, what
length scale dominates the degree of material transport? Why?

List the seven main diffusion mechanisms associated with the initial sintering
phase.

In very general terms, how are these mechanisms affected by particle size,
temperature and pressure?

What additional phenomenon occurs in metals and not in ceramics?

Describe how a vacancy might diffuse in a perfect crystal or at a dislocation?
Which can result in a significantly higher diffusion constant? Why?

What is the essential difference between Coble creep and Nabarro-Herring
creep.

What can be a source of discontinuous grain growth?

What is general anomolous grain growth?
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