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Modeling of the local state of
phase interface (iiert 1999)

Sharp interface / 1_
- no thickness
b) homogeneous

c) wedge-shaped
Finite interface <
S

thickness - continuou
variation in properties
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4/¥ d) truncated wedge

g) smooth interface




Diffuse interface: no sharp boundary between
interface and bulk (phase-field method)

No interface: Only bulk properties
are used, i.e. not even an operating interfacial
tieline calculated.
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Sharp interface
(Stefan Problem)

The rate of isobarothermal diffusional phase transformations in an
N component system may be predicted by solving a set of

N-1 diffusion equations in each phase : 2(N-1)

Boundary conditions at interface:

- Composition on each side 2(N-1)
- Velocity of interface +1
2N-1

These boundary conditions must obey:
Flux balance equations -1

Net number of extra conditions needed
at phase interface: N

Materials Science and Engineering



How to formulate the N extra
conditions?

Baker and Cahn (1971): N response functions. For
example in a binary system 2> a:

fi(x;xpv,T)=0
fz(xgjxgjv,T) =

Simplest case: Local equilibrium.

- The interfacial properties do not enter into the problem
except for the effect of interfacial energy of a curved
interface (Gibbs-Thomson) and the interface velocity
does not enter.

Apy = ps (x5, T) =l (x5.7) =0
ALEMI A;UB:,Ug(xg,T)—,Ug(xg,T)ZO
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Dissipation of driving force at
phase interface

The driving force across the interface

is consumed by two independent

processes:

- Transformation of crystalline lattice

- Change in composition by trans-
interface diffusion

The processes are assumed

independent and thus each needs a

positive driving force.

Materials Science and Engineering




&

B g,
EKTHS

VETENSKAP
39 OCH KONST 9

SO S

Carbon diffuses across
interface from o to y. i

Driving force for trans-interface —
diffusion:

Driving force for change of The
. . Fe
crystalline lattice:

All quantities expressed | i l
per mole of Fe atoms. 7

ZC:NC/NFe:xC/xFe
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Trans-interface diffusion
(Hillert 1960)

Combination with finite interface mobility yields:

Jé = =LAl
v ~
A — _ yla  _a
YT L e
v(V?: z/“®
ALL,, = S G S
Hi, % [M L, C Cj

Aue- and Aug, are functions of the composition
on each side of the interface and may be described

by suitable thermodynamic models of the y and o
ALEM phase, respectively.
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Trans-interface diffusion
substitutional system

Combination with finite interface mobility yields:

v | V.2 x1e
AL, = m_ 75 €1 —x% >0
Ha Vm{M Ly, ¢ Bj

v V.2 (1=x1")
A — m_ B rv/a _xa
Hp { M LBB (:B Bj

Since Au, >0 Au, <0.

Au, and Aug are functions of the composition
on each side of the interface and may be described

by suitable thermodynamic models of the y and «
phase, respectively.
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For a given interface 0.030r
velocity the equations 0024
may be solved to X7
yield the composition 0.020"
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"Sharp” interface with with
representative composition
(Agren 1989)

S~

\ ! (04
_J,t4 :Jzta :_LBBA(HB_/”A):V_(:B_XB/

m

! I a\
= AG,, = _(B — X My —Hy)
AG" =x" A, +x,Au, - | .

v |V X B
_ B A a

M=yt -

m | BB |
- l -

ALy — v IV (1-xy) e a

ALEMI ’uB_V M_ I BB
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Aziz model (1982)

Similar as the previous sharp interface
models but:

—J;=J;=— (ay/a—ag)//l

V r®
where

a/* and af : B activityon y and a side of interface
f* :activity coefficient in a, D' : diffusivity ininterface
A : Thickness of interface
Assuming activity coefficients constant one finds:

Pk
p+1 D’ /A

aly
kB -
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Finite interface thickness

Diffusion inside the interface - solute drag
Property

1
iy Solute drag theory (Cahn, Hillert and

/ Sundman etc)

Distance y
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Solution of steady state equation inside interface.

O(fg—Hy) _ vV o
=Sy =Jy =Ly gy : :V (:B_XB/

A specific model yields (u,—p,) =71y, x,).
For given v and x; we may thus calculate

X (V).

Integration of dissipation over interface:

AG :_QJJ; d(uB—uA)dy
Vo3 dy

Total driving force

AG, = (] — 1)
k=1



Available driving force across
phase-interface (Hillert et al.
2003)

AGY = x™(u] — 1)
k=1

y ot _a gv

int_kak — X, J; L a _

=T e N when J! =0
ko Yk
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Driving force = Dissipation:

Ug The compositions on each side
of the phase interface depend
m on interface velocity and they app-
% roach each other.
3
o u, = f(T,v)—>u, asv—-0
=
2 u,=g(T,v)—>u,” asv—->0
Q
<
“;T‘: Above a critical velocity trans-
formation turns partitionless.
Uy

log(velocity)
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u-fraction of solute B
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? * Driving diffusion in y
y/ou
Alloy 1 ) Up
> Non-parabolic growth in early
stages.
oL/ ~
up \
log(velocity

Maximum possible growth rate for alloy 1




u-fraction of solute B

y/ou

- Alloy 2
oLy
'IID >
log(velocity)

partitionless growth with spike

in y possible
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| partitionless growth possible

e

N

\

Maximum possible (partitionless) growth rate

for alloy 2




1050

1000- Calculated limit of the massive

transformation in Fe-Ni alloys
(dashed lines) calculated for

two different assumptions on
properties of interface.

\O
N
T

Temperature (K)
O
S
T

850~ (Odqvist et al. 2002)
800

750

Mole % Ni

Exp: Borgenstam and Hillert 2000
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542 Fe-Ni-C

FKTHS . .
§, verensxar £ The interfacial tieline depends on the growth rate.
N (Odqvist et al. 2002)
0.10 1 - At high growth rates the state
0.09 - _is close to paraequilibrium.

Decreasing growth rate ' _ a¢ gjower rates there is a gradual

change towards NPLE.

- - For each alloy composition there is
a maximum size which can be
reached under non-partitioning
conditions.

- This size may be reached before

- there is carbon impingement.

See also Srolovitz 2002.

u-fraction Ni

| \
0.03 0.04 0.05

I
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u-fraction C
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e Ferrite formation under “practical” conditions
in Fe-Ni-C (Oi et al. 2000) —

39 OCH KONST 9
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Thickness of M spike in v:

Dy / V.

Local equilibrium, i.e. quasi
paraequilibrium impossible
if Dy /v < atomic
dimensions.

v =4.8 107 ms’!
D,,/v=3.510"m
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Simulations Fe-Ni-C Odqvist et al. 2002

350r 700 °C, uy=0.0228 ut=0,0149
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Larsson-Hillert (2005)

J
/\V@/&V@/\V

of reference <>

AZ(t)

04 B
Absolute reaction ‘ X | Xk ‘
rate theory of vacancy B )
diffusion: - - M,RT| , AHZ 5 AHZ

V. AZ 2RT 2RT
ALEW AL, = Al less ideal entropy of mixing
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Simulation 1 (close to local equilibrium)
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Simulation 2a vacancy diffusion
with composition gradient

Ol nucleates here

Initial composition

) 4@\/
eq /B |
X B | \
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Solute trapping impossible!

Add term for cooperative mechanism

_ M, RT Au’ A’
J = * X, ex K- x] ex «
: : p[zmj : p(2RTJ
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Simulation 2b
vacancy + cooperative mechanism

Ol nucleates here

e distance
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Simulation 2c - other direction
vacancy + cooperative mechanism

Ol nucleates here

v

e distance
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Simulation 3
Ternary system A-B-C, C is interstitial

e
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Simulation 3
M. =1000-M , .

OL nucleates here
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Diffuse interfaces -
phase-field method

¢ not conserved Concenfration conserved :
Cahn - Allen equation : @ =-VJ, (n-1equations)
':—M¢5—G—— ¢ 1 oG, _ V% Jk:—ZL','gV(S—G
o1, V. o¢ dc,
6G _| 109G, Ve
oc, \V, oc,

Thermodynamic and kinetic properties of diffuse
interfaces are needed, e.g.

ALEMI G (p,c,)/V, .

Grenoble May 8-9, 2006
Materials Science and Engineering




Phase-field modelling of
solute drag in grain-boundary migration
(Asp and Agren 2006)

G, =G +¢> €=¢ W (x,)
W(xp)=x,Wy+(A—x,)W,
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Example 1 - grain boundary
segregation

Equilibrium solute segregation

oG,
0 x,

Vv 0=>

2
_ 94
—¢*(1-9)" (W, —WA)] " _ISV’"( g )
kY W,=W,—16RT In k"'
Equilibrium solute segregation by Cahn

gh _ .«
Xp = Xp exp[

— E(x))
kT

ALEMI

C=C, exp(
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Two grains devided by a planar grain boundary

 (Concentration distribution at t1=30 sec and

t2=1 h
1. 0300 . 0. 045 I
a.0275 -
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£KTHY Example 1 - grain boundary

et segregation

e Concentration profile at t1=30 sec
and t2=1 h

—A— concentration

—— concentration

g
e
a
be
=1
1
4]
d
[l
]
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Example 1 - grain boundary
segregation

Comparison between MclLean's equation and our moadel
DD5 1 rororrrr T r oo 1 rorrrrrg 1 rororrrr T r oo
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e Initial state: A circular grain with ¢=1 surrounded by
another grain where ¢ =0. Homogenous
concentration of xz=0.01.

1.2

sl

Phase-field at t=0
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a%x_&b

e Concentration profile as a function of
time

—— conecentration

—
—
o
==
o
:'-_|
42
=t
[
i
[
=
—
o
[}

o = ] e
ol = oo

x pesition

ALEMI
Grenoble May 8-9, 2006
Materials Science and Engineering

41



Xg in grain boundary
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Example 2 — dynamic solute drag

initial radius 35 nm
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G g Example 2 - dynamic solute drag

C%X_&b

e Smaller initial grain
e Concentration profile as a function of time

—s—eoncentration
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Example 2 — dynamic solute drag

e Smaller initial grain

initial radius 50 nm w10t initial radius=34nm
DD12 T T T T T T 1 T T T T T T
+
*.*-*-* 09r N .
0.014 * * * * + FHExF 4
08r .
0.7r .
= 0.008} .
2 0G| .
= + +
= 0006} . = 05} .
= +
e 0.4t §
Em : *
= (0.004 1 .
03r .
02F 4  solute drag i
0.002 - . # *+ + nosolute drag
IRR .
D 1 1 1 1 1 | D 1 1 1 | 1 1
1] 5 10 15 20 25 30 35 0 04 1 1.6 2 2.8 3 3.8
radius Tir &
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Phase-field method contains similar

steps as in sharp and finite interface
modelling:

e Some properties of interface modelled.

e Solution of a diffusion equation to obtain
concentreation profile.

e Cahn-Allen equation plays a similar role as
the equation for interfacial friction.

But: Thickness of interface must be treated

not only as a numerical parameter but as a
physical quatity.
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Example: Formation of WS-ferrite
in steels

Loginova et al. 2004
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A

temperature
s|ls 3
53 3

1000

v

l * A - + B
980 \ 1 Il
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OC u-fraction C

Loginova et al. 2004
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No Interface at all

Svoboda et al. 2004 (by Onsager
extremum principle)

Agren et al. 1997 (from other

principles)
dR_1 Zx g 201 R
dt Moy R M "
where
1

M -

eff i a)

i (:i _xl S
ALEMI i=1 xz'aMz
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e Very efficient method - quite simple
calculations.

e No details about the phase interface.
e Remains to investigate its accuracy.
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Conclusions

e Sharp interface methods are
computationally simple but may show
problems with convergency.

e Solute drag models may be better than
sharp interface models but have similar
convergency problems.

e Larsson-Hillert method very promising

e Phase-field approach very powerful — no
convergency problems - heavy
computations.

e No-interface methods - quick calculations,
accuracy remains to be investigated.
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