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1. Introduction - A shift in Paradigm!

ROYAL INSTITUTE
OF TECHNOLOGY

New possibilities: Development time for new materials
can be decreased from 10-20 years to 3-4 years.

“Materials Genome”

Databases and models ICME - Integrated

Computational
Materials
Engineering
Integration of models

Materials design
Method for a purpose
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CALPHAD - the first materials genome
because It is ...

- the most efficient way of integrating various pieces of
iInformation

- different character (thermochemistry, phase diagrams
etc)

- coherent and useful form
- extendable far beyond the traditional thermochemistry

= increasingly being used outside the traditional
CALPHAD community

A major enabling technology in Materials science
and engineering.
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CALPHAD — a brief history

e Was born 1970 with the book (Kaufman and Bernstein:
Computer calculation of phase diagrams, 1970)

 In the 50:ies and 60:ies Kaufman and Cohen and Hillert had
outlined the general principles.

- Early predecessors — van Laar 1908 and later several others.

< CALPHAD was introduced as an alternative to the quantum-
based approach PHACOMP (1964).

- The annual meetings (Later called CALPHAD conferences) and
the CALPHAD journal both initiated by Kaufman were
Instrumental for the rapid expansion of the field.
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2. General 1dea behind CALPHAD

Properties such as

= Phase equilibrium
- Phase diagrams
- Composition of phases and compounds
- Partition coefficients and equilibrium constants...
- Thermochemical data
- Heat of reactions and transformations
- Heat capacities
- Vapour pressures...
- Elastic properties
- Bulk modulus
- Elastic constants...

 Volume and its thermal expansion...

all stem from a single thermodynamic
function of the system of interest.
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If that function iI1s known...

OF TECHNOLOGY

then

= all these properties may be calculated using that
function.

= also other quantities of interest may be calculated
such as
- Driving forces for reactions and transformations if the

system is not at equilibrium (e.g. In phase-field
simulations)

- Properties of metastable states, e.g. metastable phase
diagrams.
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3. Thermodynamic basis

 What is the equilibrium state of a

system aged under given external
conditions?

 What are the driving forces for

Internal changes If the system is not
In equilibrium?
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OF TECHNOLOGY

Important remark:

Thermodynamics does not only apply at equilibrium,
I.e. the condition when nothing more can change.

= measurements can be performed sometimes quite far
outside equilibrium and be extrapolated further into the
non-equilibrium regime.

= Thus thermodynamics applies considerably outside
equilibrium. But how far outside would it apply? Here we
will demonstrate how thermodynamics may be applied as
far as needed to solve certain problems.
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Overview of thermodynamics

External
State variables
Uinternal
First law: Energy, heat and work
Second law: Entropy, equilibrium, driving force

Multicomponent systems —chemical potential
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Surroundings
External conditions: P, V, T, n, ...

Interactions between system
and surroundings:

composition C

thermal 1
Internal mechanical 1
constitutio C+2

After fixing the external conditions
the system will approach a state
of equilibrium at which there are
no further changes.

eIt ) RawMaterials
The CALPHAD method

Webinar 2016-11-15




C + 2 external variables must be fixed in
order to define a unique equilibrium state.

The equilibrium state may be represented by a point
In a C + 2 dimensional space; a state diagram.

A state diagram containing information about what
phase Is stable is a phase diagram.
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Example:

1-component system, n = fix, let P and T vary =>
2-dimensional state diagram.

Add information on phases => unary phase diagram

v
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Example: Phase diagram of pure iron.
Pressure in Pa and temperature in K.

OF TECHNOLOGY
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External and internal state variables

External state variables

may be controlled outside the system by the
experimentalist or the processing conditions

Internal state variables

In a system out of equilibrium additional

variables are needed to fully characterize the
system. These variables

« describe the internal constitution of the system

« vary until they reach their equilibrium values and

The CALPHAD method
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Intensive variables

If a new system is formed by merging two identical
systems the values of all intensive variables remain
constant.

Ex:P, T, p, ¢, H, etc

Extensive variables

If a new systems is formed by merging two identical
systems the values of all extensive variables will
become twice as large.

Ex:V, U, n,

Additative rule:
V=V, +V,

The CALPHAD method
Webinar 2016-11-15
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Two types of intensive variables:

- Potentials
ex: P, T

- Densities or specific variables =

extensive variable
size

mass n, n,
p - Ck o xk -
volume volume

The CALPHAD method
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The state of equilibrium at given
pressure, temperature and composition

OF TECHNOLOGY

Equilibrium for the value of the internal
variable ¢ that gives the lowest Gibbs energy.

i

G

L
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. Change In Gibbs energy during a phase
transformation.

2:nd law of thermodynamics

W
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a) Metastable equilibrium b) Unstable
equilibrium (critical state).

a) b)
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Combined 1:st and 2:nd law of thermodynamics
INn an open system (I.e. Exchange of matter with

surroundings), I.e. multicomponent

dU =TdS - PdV + > #dN, —-Td,S (combined law)
K

Td,S=>» D,d&, >0 (2:ndlaw)
J

D, =driving force for process |

d&; =0 Process | Is frozen In
U=U(SV,N.,S)

S,V,N,,¢; are natural variables for U!
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From the combined law:

Each derivative tells how much the internal energy changes
per unit amount of an extensive quantity, i.e. entropy,
volume or number of moles of k, added to the system:

OF TECHNOLOGY

Potentials!
ouU |
g =T < Thermal potential (temperature)
ouU . .
- - « Volume potential (negative pressure)
oV "
ouU
ON =M Chemical potential
k
oU _ | | o
=-D. . Reaction potential (negative driving force)

o& !

—
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Equilibrium conditions come from second
law:

For a closed system with a constant energy dU =0

under constant volume
d)/:Tds - P/M+Zyk?w(—mis
k

The condition dS =d.S >0 implies that S must
increase towards a maximum which is reached
at equilibrium.

OF TECHNOLOGY

v
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> G
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A more convenient equilibrium
condition

Equilibrium conditions fixed T and P we obtain from
the combined law:

dU =TdS-PdV -D d¢&

dU-TS+PV)=-SdT +VdP-D d¢&

At constantT and P:d(U -TS+PV)=-Dd¢
G=U-TS+PV Gibbs energy

[QJ __D=0 atequilibrium.
0¢ )i

At given T and P the Gibbs energy G
. _— Most useful!
IS minimized at equilibrium.

@ RawlViaterials
The CALPHAD method
Webinar 2016-11-15




e

ks ?
FKTHS

VETENSKAP
3¢ OCH KONST 9%

a‘.’;%X%;:"e

ROYAL INSTITUTE
OF TECHNOLOGY

Fixed Function to be minimized Name

variables

U, ¥V, Ni -5 Negative entropy
S, V. N U Internal energy

T ¥V, N F=U-TS Helmholtz energy
T, P, N, G=U-TS+PV=F+PV Gibbs energy

S, P, N H=U+PV Enthalpy

UV, U -PV=U- Y N; U Grand potential
TP, Ny fi; | G-INi;

The CALPHAD method
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Characteristic state functions with their
natural variables

U(S,V,é)
F(T.V.3)
G(T,P,¢)
H(S,P,¢&)
SU.V,¢&)

Either one of these functions fully
characterize a system.
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It G, (T,P, X, X,...x,) Is Known, what is x;?

It is straight forward to show that

(eIt ) RawMaterials
The CALPHAD method N,
Webinar 2016-11-15




Example:
Binary system — The tangent construction

ug =G, +(1_x|3)

The CALPHAD method
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Some properties derived from Gibbs energy of a
phase:

Gy =Gy (T, P Xy, Xy &)
V._=0G_ /0P

S, =0G,_ /0T

a=(0°G, 10PoT)I6 G, /0P
c, =-T0°G, /0T?

axk ‘ ax

D :_8Gm
J 551

G=) N“G,“(T,P,x,%; .&", & )
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Driving force under fixed P, T and
composition

Combined law yields:

dG=-> D,d¢,

Consider now a process where the £ variables change
from an initial state to a final state.

The driving forces may vary in a complicated

way during the integration the integral

final

jdG :Gfinal _Gstart :_Z J‘ Djd gj

start

The integrated driving force.
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4. Thermodynamic models

If we know Gibbs energy as a function
G =G_(P,T,%X,%,..&,&,..)

for the individual phases in a system:

- We may calculate a lot of properties of practical
Interest.

= Calculate equilibrium state and phase diagram by
minimizing G.

= Calculate driving forces to use in kinetic
simulations.
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Modeling of solutions

Gibbs energy per mole for a solution phase is normally
divided In:

G G G Ideal EG AGn[:h

m

excess term
reference su rface

physical contribution
configurational contribution

(random mixing)
_ C
‘G, =>.%G,, AG,* =RT) xInx, FG,=e.g.regular solution

AG™ =e.g. ordering (magnetic/chemical)

(EIT ) RawViaterials
The CALPHAD method \&
Webinar 2016-11-15



(1_ XB)OGA T Xp OGB

o /,///’////T
G A N AG+5G_+AG!

Gg = g

N
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Regular-solution type of models

"G, =D XXl

i>] ]
where
L =L, +Z(xi —xj)" kLU.:‘)Lij + (% — %) 'Ly + (% —xj)2 2Lij +...
k

Redlich-Kister polynomial

K =0:Regular solution

K =1: Sub-regular solution

K =2:.Sub-sub-regular solution
etc
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(AA.), (BBy.)y i)y oo

For example:

Oxides, e.g. (Ni,Mn)(O,N)
Carbo-nitrides, e.g. (Cr, Fe,Mo0),,(C,N),
Interstitials, e.qg. (Fe,Mn, Si...)(C,Va)
Salts, e.g. (Na™, K™)(CI, F™)
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The site fraction ytj IS the fraction of lattice sites on
sublattice t that are occupied by component K.

Vi =N/ 2N
J

N = number of formula units

G, =G/N

One can usually not calculate the chemical potential
of a component because the derivative

oG /oN, cannot be taken without violating the
constraints.

The CALPHAD method
Webinar 2016-11-15
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In general,

(Al,AZ....)al(Bl,B )a, (C1, Gy ....)
=G, +

8 y. : 8 yk

where | is ahypothetlcal compound:
| :(Il)al(IZ)az(IB)a3"'

eqg Cr,C,

EIt RawVlaterials
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The compound energy formalism

For example: how to represent the Gibbs energy of

(Cr, Fe),5(C,N), ?

G, per mole of formulaunit.

Random mixture on each sublattice

- Srrnnix /R = 23(yCr INye, + Ve IN yFe)+6(yC Iny: +yyInyy )

What about the reference and excess energies?

Note:in the reference mixing entropy and excess energy
vanish.

P

{Eit RawlVlaterials
\

The CALPHAD method
Webinar 2016-11-15




The reference energy ”’surface”

4 compounds:

(Cr)25(C)s (Cr)25(N)s
(F€)25(C)s (F€)25(N)s

ref _ o~ CryC o~ CrysN o~ Fe,sCe o~ Fe,sNg
Gm T yCryC Gm =T+ yCryN Gm 0+ yFeyC Gm + yFeyN Gm

o] GBC %; ;
°Gac !“/

¥
/

°Ggp

<=/

/
°Gpp —=
AC A
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The chemical potentials

006G,
Herco = G, + Z;

0 yCr 8 yC 8 yk
:uCr23C6 Gcr23C6 T yFe yNA GCrN+FeC +RT [23'” yCr +6 In yC ]+

° CrysNeg Fey3Cq _ o CrCs o> FeNg
A GCrN+FeC G T G Gm Gm )
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5. Some examples

100

90

CALCULATED % AUSTENITE

10

80 [~
70 |-
60 [
50 |
40—
30 |

20 —

!

[

0
0

20
EXPERIMENTAL % AUSTENITE

40

60

80

& Li (1995)

O Boniardi et al. (1994)

@ Longbottom and Hayes (1994)
8 Nystrom and Karlsson (1994}
x Gysel and Schenk (1991)

O Longbottom and Hayes (1991)
@ Thorvaldsson et al. (1985)

@ Hayes (1985}

© Machera et al. (1983)

d < 4%

Average deviation

Figure 10.40 Comparison between calculated and experimentally observed % of
austenite in duplex stainless steels. (Data from Longbottom and Hayes (1991)

represent dual phase steels.).

From: Saunders & Miedownik: ”Calphad -a comprehensive review”

The CALPHAD method
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Nominal composition (SAF 2507):

ROYAL INSTITUTE

RS Fe — 2506 Cr — 7% Ni — 4% Mo — 0.27% N — 0.02% C

Predict the temperature when sigma-phase becomes
stable within some composition variation:

- FeBase

- Cr23 —27%

- Ni 6 — 8%

- Mo 3 — 5%

- N 0.25 —-0.29%
- C 0-0.03%

Relative frequency

0
960 980 1000 1020 1040 1060 1080 1100
T°
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Oxidation of Ni-base alloy
Ni-2 mass% Al at 1200 °C (TCFE7)

ROYAL INSTITUTE
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2:PO2,NPM(SPINEL)
3:PO2,NPM(FCC_A1)

0.18] —  1:PO2,NPM(HALITE)

M 7 4:PO2,NPM(CORUNDUM_M203)
NiAl,O, NiO

0.16— —

N

0.14— 2

0.20

0.127 -

ALO,

0.10— -

0.08— —

Mole fraction oxides

0.067] —

0.04— —

0.027 —

2 NiAlL,O,+NiO
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e [ he data challenge (ex. Ni-base alloys)
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C |Co Cr | Fe Hf Mo N Nb Ni Pd Pt [Re Si [Ta Ti V |W

ROYAL INSTITUTE B
OF TECHNOLOGY

XX |IX X |X

X

XX X |IX
X

<

XXX XXX XX XXX XXX |X|X[|X[|X]|X
XXX XXX IX XXX XXX XXX XX
XXX XXX [|X[X|X]|X]|X
XXX XXX X XXX XXX |X]|X|X
XXX XXX X [X|X|X[X][X[|X]|X]|X
XXX XXX XX IX|IX[X|X]|X]|X
XXX XXX X [X|[X]|X]|X
XXX [X XXX
XXX X [X X
XXX XXX |IX[X[X]|X
XXX XXX X [X|X
XX XXX XXX
XXX X [X|X|X
XXX X [X | X
XXX X | X
XX X | X

x

X

Zr

d 20 elements: 190 binary systems

4 184 of the 190 binary systems assessed for full range composition

O All Ni containing ternaries plus other ternary systems also
assessed to full range of composition (184 in total)

0 292 intermetallic and solution phases
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6. Extension of CALPHAD beyond
thermochemistry

= Diffusion and phase transformations: driving forces
from CALPHAD thermodynamics
= Other properties
- Diffusion coefficients
- Interfacial mobilities
- Interfacial energies
- Stacking fault energy
- Elastic constants (anisotropic behaviour)
- Optical
- Electronic
- Magnetic
- Strength, ductility etc...

@ RawlViaterials
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From atoms to microstructure: The aim
IS to predict microstructure evolution and
materials properties.

Interfacial energy & Volume & Elastic constan

/

Thermodynamics: Gibbs energy

{ Phase Field Method

Langer-Schwartz

CALPHAD

First Principles Calculation

N e\ Diffusion: Mobility
‘Eit RawlViaterials
The CALPHAD method
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Genomic database for diffusion

 Multicomponent systems: many diffusion coefficients!

e Various type of coupling effects may make it more
complicated than Fick’s law.

< A CALPHAD-type of approach was suggested for
information on diffusion kinetics (Andersson-Agren
1992)
- Allowed systematic representatation of the kinetic

behaviour of multicomponent alloy systems.

« DICTRA was developed in the 1990s for numerical
solution of multicomponent diffusion problems in
simple geometries.
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Diffusion Iin Ni-base alloys: Campbell et

ETENSKAP

e al. 2002
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& Co o | £ MNb v W - " Assessed mobility parameters in the foo thase [By. (3]
Or A Ma J 17 B Ta & A DICTRA motstion Mohility parameter Panmeter (Tfmele) Reference
Mobility of Al
0.1z MOQ(FCC,ALVA ) ol — 14200-721%T 9]
MOQFCC,Cr VA ) o5 —S0M0-82+T 9]
MO(FCC VA D) o — 2240002 BT 9]
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a— 0.08 MQ(!rgj’cfﬁlzm,o) ol —261,700-3.71%T e
Lh MQUFCC,Co Vil o — MEIU-110FT This wark
MOQFCC.CrVAD) o —B5000-824T 9]
1] MOQFCC VA R) o — 7700064 4T B
— MO(FCC,ALCr- ¥ A 1) o 487,000 ]
L MORCC.CL VA D) o a0 Bl
Q.06 Mobitiy o B ' -
] MOQFCCHEVALD o — Z35350-123T This work
MOQFCC VA D) | — 25195671 2¢T This work
W
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m MOQIFCC,Co VAT o8 — 256,943 -0 Z¥T This work
MOQIFCC, MoV 4 /1) e — 25497581 ST This work
E 0.04 MOQFCC VA D) s — 267,585 ST This work
- I obiliy I
MQIFCC,ALTA D) oa — 14590064 3T 9]
MQUFCC,Co Vi) o5 — 27034587 3T This work
MOQUFCC,CrVA D) o& —Z35000-52°T 2]
MQFCCHEVALD) W — 286, 5234 ST This wark
MOQUFCC, Mo 4 /1) &P — 6000-52+T This wark
002 MQFCC VA D) 3 — 70068 T ]
ALY MOQ(FCC Re Vi) iy —B4A0-105T This wark
MOQ(FCC, Ta WA oT — M3 TH9ET This wark
MOQ(FCC, TV A 1) o — B0 BT This wark
MO(FCC, WY A o — 628,293 ST This work
F - MOQ(FCC ALy VA 1) agger —211,0m 9]
e L Ty : MOQIFCC, AL T A 1) o4 — 11, 300465 54T 9]
D E b ] Kl i - S T 3 . . MOIFCC, AL TiVAD 48T —211,00 04
MOQIFCC,Co, HiV A0 o g TREEHTEST This work
MOQIFCC,Cr Hi T A 1) o —&1,000 8]
1000 500 0 500 1000 MOQIFCC,HiRe VA) oy m —1574m This work
5 § e MOQIFCC L Ta VAT oy — 6545 This work
Reaene-hd D IS tE HCE‘ lm Rena-H5 MQUFCC N Tiv4A D g —g81,000 04
MOQUFCC,NLW VA [T ogyw 175,73 This work

[eortinued a next page)

Simple substitutional
model
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Growth of oxides controlled by
diffusion

OF TECHNOLOGY

Metal o

xMe+yO->Me,O, Atmosphere with O,

xMe+yO->Me,O,,

- Oxygen diffusion in the oxide layer gives inward growth

- Metal diffusion in the oxide layer gives outward growth

- Internal oxidation needs oxygen diffusion into the metal, i.e.
Oxygen diffusion through the oxide scale and the metal

‘Eit RawlViaterials
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OF TECHNOLOGY

Defect based models of diffusion In
oxides

Vacancy mechanism operative on different sublattices. The defect
structure, the vcancy content, calculated from CALPHAD

databases, and the mobility parameters are stored in mobility
databases.

Generalization the Wagner model!

Account for type A grain-boundary diffusion.
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Experimental data on Fe tracer diffusion in spinel -
Optimization of Fe mobilities

(Hallstrom et al. 2011)
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Simulation of oxidation of iron using the
homogenization model in DICTRA
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Mechanical properties

= Solution hardening (use the "compound energy

formalism”):
Formula unit: (M,M,...)(C,N,Va),

Yield stress
SSH

Oy = Z yi‘y}a;ij +Ao,
i
D 3 S (AT BT 35 S (Y
ij Kk i ke
In classical models
n=m=2/3
and the A parameters represent a combination
of mismatch inlattice parameter and elastic constants.
Here they are taken as adjustable parameters!

—
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Introduction — A shift in Paradigm!

General idea behind CALPHAD

Thermodynamic basis

Thermodynamic models

Some Examples:

Extension of CALPHAD beyond thermochemistry
Conclusive remarks

NoO oA wN R
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/. Conclusive remarks

OF TECHNOLOGY

« Models in CALPHAD can have any level of sophistication and
account for:
- Crystallographic structure
- Lattice vibrations
- Chemical order and disorder
- Other phenomena such as magnetic order disorder...
« Different phases in the same material can be represented by
different models and require different type of parameters.
 Quantities which are experimentally unknown, uncertain or show
a large scatter may be calcaluated by ab-initio methods.

CALPHAD is the most efficient method to organise our
experimental and theoretical knowledge on
thermodynamics and phase equilibria.
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