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REVIEW OF
ENGINEERING THERMODYNAMICS
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Gibbs Energy

G=H-TS; G: Gibbs Energy, H: Enthalpy, S: Entropy

1. For pure element or pure compound (Al, O,, Al,Og, etc.)

GY = HI-TS?

0 // —0\ A T 0 “ ’0 B N T Cp . - -2
HY =IAHZg 0+ [CodT 82 =iShy b [ —2dT  :Gp=a+bT+cT
‘a7 2K Soo sk T +dTInT + - -
K \ is known (measurable)

Enthalpy for compound at 298 K with
reference of pure stable elemental species Standard entropy at 298 K
at 298 K and 1 atm ( H& #0 , unknown) (Sgx=0)
Standard reference state for H : 4Hy,,, =0 * In FactSage compound database,

Fe(bcc), Feffcc), E&(D), (1), H,0(g), H,(9), AHD..., Sy, Cp are stored to
0,(9), Oig C/ar/g,/F , C(s),/oéz,/Q(),. calculate Gibbs energy of solid, liquid

and gas species
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Gibbs Energy

2. Chemical reaction between pure compounds (No solution)

NA+mB=A_B,

AGP = G,‘;Bm —(nG, +mGg)
= AH :)xn —TAS fxn

.+ A4S, are given. These values are
not absolute values, but dependent on each chemical reaction.
- In the FactSage, absolute Gibbs energy of each species (relative to
elemental species) is stored. Then, any reaction Gibbs energy can be
automatically calculated from the Gibbs energy of each species.

In many thermo books, these AH? , AS?°
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Gibbs Energy

3. Chemical reaction involving gas

nA + mO,(g) =A,0,,

AG,y, =Gpo, —(NGx + MG, )

for gas species |

= AG%n ~MRTINP,

At Equilibrium state Aern =0

AGPn =—RT In(*5)
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Gibbs Energy

. Chemical reaction involving gas (continue)

In general, for aA + bB(g) = cC + dD(Q)

At Equilibrium

men = “RT In Ky,

Keg: EQuilibrium constant
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Gibbs Energy

4. Chemical reaction involving solid or quuid solution

G.

i(insoln) —

—

Gl(pure) Hi RT In(a, ) a: activity

~—_’

change of Gibbs energy of i in solution
by interacting with surrounding species

Definition of activity

Pure Gas A Gas Mixture

TTT ap = %—hA

-~ activity is movement of species in solution

e

Pure Liquid A A in solution
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Gibbs Energy

4. Chemical reaction involving solid or liquid solution

Definition of activity

1

=B P =7 (+) deviation: repulsion between | and other species
T (+) deviati - a, > X, . more active chemical reaction of i
i ide (-) deviation: attraction between i and other species

- a, < x . less active chemical reaction of i
(-) deviation

0 X; 1
In general, for aA + bB(g) = cC + dD(Q)
AG rxn — Z Gproducts — Z Greactants

At Equilibrium * FactSage solution database contains
RT In adPS the model and model parameters to
A rxn T (aA B calculate G, and eventually get a,
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Gibbs Energy

In most of thermodynamic book, we always calculate equilibrium condition
AG,, =0 —AGS,=-RTIhK,

But in reality, we want to first know the direction of reaction

(" mA+nB " Inputs (initial condition)

~~—————

many possible outputs l Thinas Pfina
/,/, SRS \\
| ©A,B (M- AN e <
RN (n-1)B ,’ e A B (M- 3)A Ny
| ~—___=% = - == - )
I ’ (m-1)A™. \\ AB, (n-3)B i
[ | ABZ ] S o -7
I ‘\ (n-2)B/, ’___::-— I
: Te==- - 7 (M)A N :
; \ (n-y)B ) |
I\ S (XA.yPZ_S()l n- K
N - Final equilibrium state?
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Gibbs Energy Minimization

(continue)

- We have to find out which phase assemblage is the most stable at given T;
and P; with respect to the mass balance.
- Gibbs energy minimization routine: ChemSage, Solgas-mix, etc.

The most stable phase assemblage has the lowest Gibbs energy.

In FactSage

)  Putinputs amount

) Select all possible phases (solid compounds, solid solutions,
liquid solutions, gases)

) Set Ty and Py,

Iv) Calculation (Gibbs energy minimization routine)

v) Equilibrium phase assemblage
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Ellingham Diagram
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Ellingham Diagram

(A)

- Collection of AG° for oxidation reaction
mA + O, = A, O, (reference: 1 mol of O,)

o)
; - Only consider for pure species.
2 (No solutions are considered.)
2
8) / A + 02 — A02 \
< (3o,)
AG = AG° +RT In A0, ,(AG =0: Equilibrium)
(a,) (Po,)

AG® =RT In p,,
T(K) G =(RIn po, )T /
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Solution thermodynamics

A-B solution, (Solid or Liquid solution)

C-:'solution = Z XiGi

g,=0.+RTIn

G =G’ +RTIna

gsolution

0

RTIna,

O N N N N N NN NN NN BN NN RN RN RN N N N NN SN SN S S S Sy

Ja = Ha

A S|
aA/\/I

G;: partial Gibbs energy of i in solution
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Solution thermodynamics

A-B solution (Solid or Liquid solution)

Gsoin = (X,Gr + X;Gg )+ RT (X, Ina, + Xz Ina;)

1. Ideal solution: ¥, =175 =1

Gsoln = (X,G, + X5Gg ) + RT (X, In X, + X5 In X3)

. AR 2
2. Regular solution: RTIny, =€ ,X;  Q: Regular solution parameter

Gsoln = (X,G, + XG5 ) + RT (X, In X, + X5 In Xg) +Q 5 X, X5

15 G’actSage‘" I




Solution thermodynamics

A-B solution, (Solid or Liquid solution)

Gsoln = (X,G, + X;Gg) +RT (X, Ina, + x5 Inay)

3. General solution:  y, = f(X,T)

Gsoln = (X,G, + XG5 ) + RT (X, In X, + X5 In x5) +G™
ex TR
G™ =) wpsXpXy

i) j>1

* FactSage supports many complex solution models.
Solution database (FToxid, FTSalt, ....) contains optimized
model parameters reproducing Gibbs energy of solution.
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Gibbs Energy vs. Phase Diagram

- Phase diagram is the collection of minimum Gibbs energy
assemblage of given system with temperature.

Porter, D.A., and Easterling, K.E., Phase Transformation in Metals and Alloys, 2" Ed. CHAMAN & HALL (1992)
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Ternary phase diagram: isothermal phase diagram

CaO - MgO - SiO,
1600°C, 1 atm GactSage‘”
SiO,

60%Si102-10%Ca0-30%MgO

2018-10-22 7 secs

CaO 90 80 70 60 50 40 30 20 10 Mg ®)
mass percent
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Ternary phase diagram: Liquidus projection

Sio : .
a7z * Primary crystalline phase
« Univariant line
2 liquids . .
* Pseudo-binary phase diagram
« Solidification pass
1600
687
13 209 548
P 138 438 RPX \ 1555
T 4l |\/|gS|O3
Ca,Si,0 ~ pX
B
429 / / IR S
a -Ca,Sio, 516 | Fors (~ Mg,SiO,
(2154) —— (1888)
2017 1863
C%i‘gs . 2300
2400
2500
3 Cad MgQ
~ // 600
9530\ // 2700
VN vy 2374v/vv/vv\/v\/v
CaO ; MgO
e mole fraction oo
SN |
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Quaternary phase diagram: Liquidus projection

Fe-Mn - Al -C

15wt.%Al G’actSage‘"

10 T T
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Advantage of thermodynamic database

Ellingham Diagram FactSage calculations
Py 7PHy0
PeoPeo; ST Gt i 6 675~ | Aostolm FactSage 7.3
el _"_’_U s '0&%{;2" 02 '°"i o (gram) 40 CaO + 30 Si02 + 10 Al203 + 20
QFadSage?.S - X ‘ -
Information Programs Tools About ASlag-lig
394 mol)
Dr. In-Ho Jung 1 atm, a=1.0000)
act)aoe 7.3 wE.% 1203
- wt.% Si02
wt.% Cao
s Calculate Manipulate wt.% Mgo
HY~~s00 -04 wt.% CrO
e Reaction wt.% Cr203
;:-600
? ASpinel
:'7°° 221E-02 mol)
c; Fact-XML 1 atm, a=1.0000)
3 wt.% A1304[1+]
g View Data -07 wt.% AllO4[5—]
§ T wt.% MglAl204
é"o Compound ! Viscosity wt.s AlIMg204[1-]
g - ) wt.% Mg304[2-]
3 oo = : -06 wt.% Mgl04[6-]
% wt.% MglCr204
£-1200 -02 wt.% CrlCr204[1+]
oK 200 400 600 800 1000 1) _ www,factsage.com B O vt CriMg2odll-]
QLIS  Thermfact and‘GII-Technologies FactSage(TM) 7. wt.% Al1Cr204[1+]
PHa /P H20 ' 10] 100
107290107190 107000V 10700 1000 IOYR TigSA: 00 1072910088 107 /10 + 5.7638 gram AMonoxide#l
{atm) (5.7638 gram, 0.13398 mol)
« Ellingham diagram : Reaction between pure stoichiome (1600 C, 1 atm, a=1.0000)
. . pep e - ( 0.10016 wt.% Cao
 FactSage calc.: Multicomponent phase equilibria includ 4+ 01.310 Wt % MGO
- for example, Spinel/Slag/Monoxide + 0.18976  wt.% A1203
+ 8.3998 wt.% Cr203 -
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CALPHAD THERMODYNAMIC DATABASE

* Thermodynamic models
« Database development

22 G’actSage‘" I



Development of Thermodynamic Database

—

Gibbs energy between A-B =f (X, T, P)
IN multicomponent system
- Thermodynamic Database

<™ CALPHAD

Phase diagram data Thermodynamic data

* Phase diagram - Calorimetric data: Heat capacity,

* S/L/G phase equilibria H of mixing, H of melting, etc.
* Vapour pressures

Crystal Structural data « Chemical Potentials: activity

23



CALPHAD type thermodynamic modeling

(0
= Jaa 0o = f(X, T)
S ] A+B |
> Yacs 0 %
g b IB(L) B Xpi
0 Jp(s)=h7-Ts?
=
6 A<
| " OQgpwy=9gsu) + RTlnag,
A Xg  Xq B

| .
D L
TR
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Commercial software and databases

G’actSage

vy Thermo-Cale Software

L7 I p\

) '.“ MATCALC

Q‘J THE MATERIALS CALCULATOR

SG I E PRACTICAL SOFTWARE FOR

MATERIALS PROPERTIES

S e isso )
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Overall Goal of FactSage Steelmaking Consortium Project
(2009~2020) E .

HYUNDAI voestalpine @ nu=oR 9
STEEL TATA STEEL

fl'hermodynamic\POSCO N - A @

NIPPON STEEL & Doosan Heavy Industries
RHI MAGNESITA sumitomometat  J FE & Construction

database SéAHsesteer RiOTiNto SCHOTT

glass made of ideas

Slag/Refractory/ / L \
Inclusions/Flux/ Kinetic Process

Steel Simulation models
(EERZ Concept)

Slag:
Viscosity,
Molar volume,
Thermal
onductivity, etc

- Secondary Refining Units
- Continuous Casting Process

Combining Thermodynamics
& Mass transfer based on

Physical Property numerical analysis and plant
database Qmp"”g data /




Steelmaking Consortium project (2009 ~ 2020)

4 )

Steel database
High alloy steels with all common elements
(steelmaking, alloy design, metallic coating),

Steel database
high Mn, Al, Si alloys

PZOS
(de-P process)

2017-2020

2014-2017

FactSage Database
Oxide database (FToxid): CaO-
MgO-FeO-Fe,0;-Al,05-SiO,-...

FSStel and FelLg databasae

“OUN ‘O'94-0%eN

(sapIxo 1L ‘A 1D ‘UN)
SOPIX0 |[elaw lualsuel]

(A1010R14)01 “ Bululjal)

2009-2014

Na,O, K,0, Li,O, F, S

Oxy Fluoride system
(mold flux & refining slag)

\ Ti oxides, ZrO,, B,O4

sbe|s apixo I1 pue A ybIH

SvO4S

|

‘sapljns-Axo 3y

' Addition of C, H into oxy-fluoride systems] '
%% ENGINEERIN [ ’ M
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Development of Thermodynamic Database

Pure compound

G = HY -TS¢

]
HY = AHgg + [C,dT

298 K

T C 28K
St =Spex + j —dT  Spg = j ?pdT
298 K 0K

C,=a+bT +CT?+ -

» Calorimetry
» emf

— » Knudsen cell
» Vapor pressure

_/
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Development of Thermodynamic Database

Solution

) Z ) G;i = G + RTIna;
soln L il Binary solution

Gsoln = (X,G, + X;Gg) +RT (X, Ina, + x; Inay)

=(xaGf + xgGR) — TAS™ + G

o » emf (activity)
G — ngB X'AXEJ; » Knudsen cell (activit_y)_
= » Vapor pressure (activity)
o > Solution calorimetry (enthalpy)
» Phase diagram

Expression of S¢o" and G&* is dependent on
the thermodynamic (solution) model
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Solution model (1): Bragg Willlams Random Mixing model

Bragg Williams Random Mixing Model (BWRMM)
G- =X,Gy" + X G2 +RT(X . In X, + X In X)) +G*

G =2 U XA Xs

 Bad description of entropy of solution

—> Strong temperature dependence terms are required
* Many excess parameters in high order systems
* No proper interpolation technique:

—> Only using Muggianu interpolation technigue

' .
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Solution model (2): Quasi-chemical Model

Modified Quasichemical Model (MQM)
(A-A)+(B-B)=2(A-B) : Agus

G=(n,G,+n,G2)-TAS®™ 4 n . (Ag s /2)

AS®™ = _R(n,In X, +ngInX,)
—R[N, IN(X 4, /YY) +ngg IN(X g 1YZ)
+N,s IN(X 5 /2Y,Y;5)]

ADps =A0% + D O (X ) + D 008 (Xg5)

i>1 j>1

« Good description of entropy = less T dependent parameters
« Can use proper interpolation technique
* Liquid Slags and Salts (oxide, fluoride, ....), Liquid alloys

‘ .
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Solution model (2): Quasi-chemical Model

Bond fraction

1.0

09
08 r
0.7
0.6
05
04
03
02
01

0.0

O+ 0% =20

Calculated bonding in liquid silicates

Park and Rheg, 20 CaO-SIOS
# free oxygln T=1600C
m broken Oxygen brid
® bridged oxygen X
4‘0)
oF
L4 >
&
.\50)
[ J S
<,
= fo)
% [ ] 40/)
& %,
% u 05’/)
2 o)
&
0@\9
2
00 01 02 03 04 05 06 07 08 09 10
CaO mole fraction SiO,

Bond Fractions

(Fe-Fe)+(Si-Si) =2(Fe-Si)

1.0

09

0.8

0.7

0.6 -

05

0.4

0.3

0.2

0.1

0.0

Liquid Fe-Si solution

T=1600C

e

0.0

1 1 1
0.4 0.5 0.6
mole fraction Si

Bond fraction = Structure - Physical property models
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Solution model (3): Wagner Interaction parameter formalism

Unified (Wagner) Interaction parameter model

iy = T In f. :5iixi+gijxj+gikxk+...

Quon = TiXi  log f, = el [wt%i]+ e/ [Wt% j]+ e [wt%Kk] + .
Gibbs energy of Fe-M-O system

G =(Ng9ge + Ny Iy +No00)

+RT (Ng, In X g, + Ny, IN Xy +1g In X))

+RT(Ng In feg +0y In fy, +ng Inf5)

 Limited to dilute solution
« Many interaction parameters with increasing elements
* No interpolation technigue implemented

33 G’actSage‘" I




Solid solution (4): Compound Energy Formalism (CEF)

MgAl,O, spinel: (Mg?*,AlF*)T[Mg?*,Al**]°,0,

'D‘.E T T T T T T T T T T T T T T T
& Redfern et al[57] (in-situstoich)
(D) o Redfern et al[57] (in-sitwnon-staich)
x 0.5 2 Maekawa et al[58] (in-situ and quenched)
%) ' o Milard et al[60] (quenched)
C_U v Peterson et al{56) (in-situ)
Nt E = Wood et al[53] [quenched)
S EO4} = Yamanaka et a[55] (quenched) }
()] A a Andreozzi et al[61] (quenched)
L = *
S o3
o =
D E
= Zoz *
£ - ¥ ;
< = ¥
00k -7

Temperature, K

seonfig = _ R (Z viiny[ +23 YjOIanO>
J

where Y; is site fraction of i in given site.

PR— NERE— E— | RN [N TN RN (N N—1
o 0 400 800 BOD 1000 1200 9400 1600 1800 2000

(AIF)[Mg2*, sAlI** 51,04
(AP)[APP],0, | (APY)[Mg#],0,

Q
§
7
~
&
)
&
>

(Mg2")[A**],0, (Mg?*)[Mg**],0,

Many solid solutions are
described using CEF.
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Solid solution (4): Compound Energy Formalism (CEF)

Many solid solutions in Steel database and Oxide database
are described using the CEF in consideration of the structure
of each solution phase.

FCC: (Fe, Mn, Ni, Cr, ....)[Va, C, N, ...]
BCC: (Fe, Mn, Ni, Cr, ....)[Va, C, N, ...];

Spinel: (Mg?*,Fe?* Fe3* AIRT)T[Mg?*,Fe?* Fe3t Al3*],°0,
Olivine: (Mg?*,Fe?*,Mn2*)M2(Mg?*,Fe?*,Mn°*)M1Q,

. .
1> = Y,
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Interpolation technique for the prediction of Gibbs Energy

First approximation of ternary or higher order Gibbs energy frpm binary parameters

A A=B=C A=B/C
Toop
(b) Kﬁhlu | Toop Model [2]
B C /\
A-B-C ' A~B/C

Muggianu

[w.2) 3
(d) Muggianu (Toop Model [4]

{c) Muggianu Model [3]
1

() A Weird Model (f) Another Weird Model

Theoretically,
flexible interpolation technique can be applied to both MQM and BWRMM
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Interpolation technique: Dilute solute elements

OMN,P, ...)

o X (Al, Mn,...)

37 thtSage‘" I



Database development for ternary system

Ternary Mg-Al-Si system

Mg X . Mg, X
(Mg,Si-rich) ‘ 96 (Mg,Sn-rich)

S| 0.9 0.8 0.7 0.6 0.5 0.4
mole fraction
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Thermodynamic Modeling:

Mg-Si-Sn system

Consistency in data

O Eldridge et al., 1967: isopiestic

O Gefficen and Miller, 1968: revision of Eldridge et al., 1967 o
o U _
o D

- 5r
o
[ . £
Liquid ||2 /
1300 2 10r 5 © ]
E o o/
B = . o /
> 5L o / ]
1086 g NE ) ,
[
1100 g " o ° s
®) 0 & . /u
20 b ~_ 5 - 4
@) - o . T = 1350K
a
o
<5
L 900 -25 1 1 1 1 1 i 1 1 1
3 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
- Mg mole fraction Si
g TEMPErature, K
(@ I
c 700
q) 10 T T T T T T T T T
I_ T = 1350K
— op—— o o/g/@,o_,mg—é
500 > E 10f N 1
= ~ N
To 20t \é .
L 1. / -
X @) ™
SE 30t \ i
300 | Mg + Mg,SI 5 > S
& a0t \\ .
e . —
[ S 500 / T
T o}
100 Livasuuss, Laasesiss, Laeeasse TP Levuonns, £ of / - otcen and it 106 )
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Thermodynamic Modeling: Mg-Si-Sn system
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Thermodynamic Modeling: Mg-Si-Sn system
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Thermodynamic Modeling: Mg-Si-Sn system
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Thermodynamic Modeling: Ag-Cu-Zr system
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Thermodynamic modeling of Zn-Al-Fe system

FactSage FSstel database
Nakano et al. (2007)
Luo et al. (2012)

Muggianu Model [1975Mug]

——— - = Present work 1
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200
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Thermodynamic modeling of Zn-Al-Fe system

FSStel 7.0
Fe —Zn - 0.000001Al Cactsar
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Thermodynamic modeling of Zn-Al-Fe system

New (MQM)
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Predictive ability of Thermodynamic model

T T T T T 10000
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APPLICATIONS TO STEELMAKING
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« Simple calculations
« Advanced applications
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Current thermodynamic databases for steel and Oxides

Steel database for alloy development: Physical metallurgy
v' Thermo-Calc: TCFE database
v'  FactSage: FSStel database (up to 72 version)

- Bragg Williams Random Mixing Model (sub-regular solution models):
Liquid solution

- Compound Energy Formalism: Solid solutions

Dedicated database for Molten steel for refining process
v FactSage: FTmisc FelLq database
-> Unified Interaction parameter model (Modified Wagner model)

New steel database — MQM for liquid solution
v FactSage: FSStel database for steel (73 version)
FTlite database for Al and Mg alloys

FTOxid database (FactSage):

Oxide database containing
v' Ca0-MgO-AI203-Si02-FeOx-MnO-TiOx-CrOx-P205...S...F...

:
DL,
DT
R U '\“‘i'r
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Accuracy of new database: Fe-Mn-Si-Al-C system

Persoly et al., IOC conf. Series, vol. 119, 2016, 012013.

Fe - C - 2%Si - 2%Mn

|
T T T 1 T
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e
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Accuracy of new database: Fe-Mn-Si-Al-C system 52

Fe-C-0.37Mn-0.07Si Fe-C-2Mn-2Si
1 966 ' ' o - ' - 1900 .
(a) Presoly et al. (2014) —— This work (b) Presoly et al. (2016) —— This work
0 DSC v — — TCFES8 M DSC — — TCFES
g Liquid
1 8@@ M 1 1800 = LIQUID

Liquides B€&¢r
-

| BGC Liquid+FCC] s

CC_A1 +LIQUD

BCC+FCC

4 1700

Temperature/K

1650 F - 1650 F

FCC
FCC

1 606

0.i5 020 025 030 0.35

. 1 . i . 1 . | . i . | 2010212 Ssecs | g6 | 1
0 065 070 o015 020 0% 030 035 0 005 0710
Weight percent C

Red-line is new FS73 database;
| believe this assessment work by Chinese group (labled as this work) is more or less taken by
ThermoCalc-TCFE9
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Accuracy of new database: Fe-Mn-Si-Al-C system 53

Fe-C -2%Si - 2%Mn

T T T T T T ¥ T f = - B '

ISéT.E2T01;4'
Thick red line: FS73 database

1525

TL_lquuz:Ia
1500 f

1475

1450 |

Temperature, °C

1425
1400 |

1375

2019-02-12 6 sec
i ]

135{]- P R S PR B R U T M PN [ T R PR
0 0.05 0.1 0.15 0.2 0.25 03

Carbon content, wt.-%
Data from Presoly et al. (DTA; 2016~2017); Our group (Minkyu Paek now at Aalto Univ.) performed the same DSC
experiments for a couple of samples and confirmed these data
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Accuracy of new database: Fe-Mn-Si-Al-C system 54

Data from Presoly et al. (DTA; 2016~2017); Our group (Minkyu Paek now at Aalto Univ.) performed the same DSC
experiments for a couple of samples and confirmed these data

Fe— 3 -wi-%Si—high Mn system
100Si/Z (9/g)=3, 100C/Z (g/g)=0.01, Z=(Fe+Mn+Si+C), 1 atrh | "oV 'thtSage'"

= -
: =
Q. -
E 3 tasagum fot -3
CREC B e -
{ proten et OTA Sonrics ® Exp Messdaten
Y/ e wporapeeml FCC _pa0t®) |
12593:~ / ”__h'ﬂ- —Zheng (2015) |
: " -' —Zheng (2017)
[ 4 : . . --SGTE2014
1 299.) R 3 1 - n - - ~ L - it 1 - B . . " " v20_19-334)9 evsecs
¢ 5 10 13 p. yi

Previously database cannot reproduce the liquidus and solidus & BCC/FCC transition
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Applications: TWIP Steel Production

Secondary Steelmaking Process

- Ladle — Deoxidation

- LF — Mn alloying process

- RH - Degassing (gas removal — N, H, ...)
- Refractory of ladle

Casting
- Solidification: Liquidus projection, Scheil cooling,...
- Defect control: AIN formation




Al deoxidation equilibria in Fe-Mn-Al-O melt
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Al deoxidation equilibria in Fe-Mn-Al-O melt

® Stability diagram (MQM) New steel database
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LF — addition of FeMn alloy

Liquid Fe at 1600C + FeMn (75%Mn-24%Fe-1%C) at 25 °C

Powder Graphite
injection lance electrodes

Fume extraction

1600
O 1500 e
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Mn content (wt%) in steel

| .
QUETHD
KIS m
¥ 'Y COLLEGE OF ENGINEERING 58
¥ LY SEOUL NATIONAL UNIVERSITY c a e
FCaX 4 8 U8 R B8



[ Vacuum treatment: RH degassor / Tank Degassor

J

High vapor pressure of Mn = Degassing limit ?7?

Log P(atm)

T = 1600°C - — - = Fe-Mn-1.5%AI-0.5%C
0.0 —— = Fe-Mn-1.5%Si-0.5%C
2.0 Mn .
1torr
4.0 Ee Ee Ee Ee 1
Al Al Al Al
6.0 | i
-8.0 | -
Si Si Si Si
10.0 R B R SR B N \
5 10 15 20 25 30
wt.% Mn

Eff. steel vol.
of reaction 1

Ar bubbling

O, blowing

80% Melt
1 (strong stirring)

R9
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[ Vacuum treatment: RH degassor / Tank Degassor 60}
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[ Refractory: Ladle refractory / liquid steel rxn 61]

Steel
100
c80r Negligible change in Refractory
© steel compositio
(@) Spinel
S 60f MgALO,-MnALO, . Stable spinel layer
& > Thermodynamic Calculation
o 40T 5
g > | > Enhancement of spinel matrix
O ol MgALLO, ——> MgAl,O,-MnALO,
Al,O, 1 » High alumina spinel castable
0 1

- - - - - - (90%AI,0,-10%MgO)
0 10 20 30 40 50 60 70 80 90 100
Al,O4 weight percent MgO
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- Reoxidation of liquid steel

Mold
- Solidification range of steel

- Mold flux design
- Surface quality (AIN)

High Temperature Thermochemistry Laboratory

Water cooled copper mold

Loose Mold Powder

Solidifying steel shell
Molten mold powder
Crystalline mold powder
Glassy mold powder

Air gap

—
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Liquidus projection of Fe-Mn-1.5%Al-C

63

Fe-Mn-AI-C

1.5wt.%Al GactSage'"

10

Four-Phase Intersection PointsI with LIQUID

1. CEMENTITE / C_graphite(s) / M5C2
2:  CEMENTITE / C_graphite(s) / FCC_Al#1

X = 100Nn/(Fe+Mn+Al+C) (g/g)
Y= 1OOCI(Fe+Mn+AIj)-C) (9/9)
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[ Solidification range of high Mn steels

d
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| V“‘-J“&\v
1600 : : : : : . . , .
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Schell solidification

65

Scheil cooling: complete diffusion in liquid and no diffusion in solids
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Nozzle Clogging - SEN 66]

Liquid steel Al,O;+C
(Al-killed) Ar gas
Ar+CO AI203 + C
2[Al] +3CO(g) = °f
Al,05 + 3[C]
1B

2AL,0,+9C = Al,C,+6CO(g) |
2 1550°C _—

1450°C

log P.o(atm)

C N 1 N 1 N 1 N ]

1200 1300 1400 1500 1600
(o]

Temperature, C
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Formation of Al,O5in Nozzle: Al killed steel

Al,O,+C

Liquid steel
(Al-killed)

m_ -

2[Al] +3CO(9) =
Al,O, + 3[C]

Liactsage'

| | 2AL,0,+9C = Al,C,+6CO(g)
1
RS !
1
|
1

§ < . Fe-lig + ALLO,

E I
E _3j\ !
_87 |
o
'ALO., formation
\ 2~3 I
-4+ \\ 1
\ 1
Fe-liq — !

‘ N 0 ' o.loz ' OT* o.los ' ().2)8 ' 0.1 .

:}g’ﬁ;@ wt% Al 67 ™
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Nozzle clogging in Al-Ti killed steel

Fe-Al-Ti-CO

Ti = 1000 ppm, 1550°C thtSagem
0 T T T T T T T
Fe-lig + Slag
Fe-lig + AlLO, + Slag
1k . . -
Fe-lig + Ti,O;
+ Slag
&
g 2t
3 |
g |2
= =
(@) 3r + .
= o Fe-liq + AlLO,
o
LL
4 -
-5 . . 1 . . 1 .
0 0.02 0.04 0.06 0.08 0.1

wt% Al

Reoxidation of steel by CO gas through ceramic nozzle to form slag(Al-Ti-O) and Al,O4
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Nozzle clogging in high Mn Steel

Fe-20wt%Mn-1.5%Al-0.5%C
Fe - Mn - Al - C - CO

100Mn/Z (g/g)=20, 100C/Z (g/g)=0.5, Gh L
Z=(Fe+Mn+Al+C), 1500°C, 1 atm Ctsage

L + FeO + Spinel

L + Spinel (MnALLO,)

L + Comundum (Al,O,)

log;; p(CO)/atm
e

1500°C

LIQUID LIQUID 1450°C

4 [ " " " " m " " " " I " " " "
0.0 05 1o 15

wi% Al
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AIN solubility product in TWIP steel

AIN: bad for surface quality
4AIN + 3SiO,(mold flux) = 2Al,05(mold flux) + 2N,(g)

0.08

[ ! ! T I !

\ Fe-24%Mn-0.3%Si-0.6%C-AI-N
\ ———- 1550°C

1500°C
\ ................... 14500C

0.06

\ Jang et al. (2015)

23.5<[%Mn]<24.0

\ 0.32<[%Si]<0.34

\ 0.58<[%C]<0.59
NG 2 AIN saturation

AN ~ 1550°C

>SS o 1500°C

0.02 © 1450°C

.
.

_—
_—
_—
—
_——
_—




AIN formation

/1

0.08

0.06

gram
o
=
=

0.02

0.00

7758 Fe+ 20Mn+ 0.6 C+15AlI+0.3Si+(0.02) N

faWalk AW N|
| ' \ \ \ (UTUL) N
o (0.004% N
Liquid Solid Ifnes. 200 ppm [N
Dash lines: 100 ppm [N]
< CEME FCC Dotted lines: 40 ppm [N]
541ppm  AIN (secondary)
PN
249 ppm  AIN (secondary)
200 ppm [N] (Liquid)
182 ppm
100 ppm [N] (Liquid)
74 ppm AIN (secondary)
40 ppm [N] (Liquid)
1100 1200 1300 1400 1500 1600 1700
T(°C)

1800
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Four-Phase Intersection Points with Slag-liq

10
1
I
13

4
is
16
1

Ca35105 hatrurie(s) | CaO lie(s) | a-Cas
S02_cristobalte(n)(56)  SIO2 nmvmmlh)(m) I Sagiar2
Ca3SI207_rankinie(s) / 1Ca2S 04 | a-Ca2Si04

R s aCaso acasson

CAISAOT rnkrets) CSIELOT 1297159715 62508

Ca3SI20T rankinie(s) / Cats2r2 7(5) 1 CaS03,_ps-wotastoni(s2)
ST 90 ey on | S s

GaF2 ] CaF211Ca lmeds)

GaSi03pswoleston(s2) | CaSIO8 wollstonie(s) /SO 2 somie(e)
(CatSIRF207 -1237150.7(5) / CaSI03_ps-w olastoni(s2) / GaSI03.w olastonie(s)
CRSra0r 1537 1S8 100 | a3 CaS0 wOBSonAE(D)

1 CaiG3_wofastontel(s) | SO2_trdymie(n)(s4) A A

A=Si02, B=Ca0, C=CaF2

WA WE) WO
025828 054115 020085 151238
03

035004 D065 042605 10853

Sio,

Si0,(s6)

2
s

T(min) = 108853 °C, T(max) = 257199 °C

ca0 0.9 08 0.7 0.6

1150

1100

1050 [

Temperature, °C

1000

950 [

900

0.5
mass fraction

1200 [

0.4

L + Ca2Sio4

L + CaO

Mold flux design

CaO - SiO, - Na,O - CaF,

Na,0/Z (g/g) =0.1, CaF,/Z (g/g) =0.2,
Z=(CaO+SiO,*+Na, O+CaF )

G’actSage’"

CaF,

2
T
1
1

™, i

SizF.0;

N

+ CaSiO;

Liquid

2)

2:3 + Ca,Si,F,0;

L +1

L + CaSiOo; \

L +SiO,

0.2 0.3 0.4 0.5
Si0,/(Ca0+Si0,+Na,O+CaF,) (9/9)

¥ McGill

Thermodynamic Modeling of oxy-fluoride system
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Mold flux: Equilibrium solidification

22.3 CaF2 + 9.2 Na20 + 4.4 MgO + 3.8 Al203 + 33.6 SiO2 + 26.2 CaO

100
90
80
Q)
> 70
4
2
< 60 Experimental data
= ® Liquid measured
2 50 ® Cuspidine measured .
= . ® Nepheline measured
w —
.-5 ® //
pt .
S
c 30r : ]
Q Ca,SI,F,0O,
20 + -
10 - Nepheline .
o . . T T T Lo
900 1000 1100 1200 1300 1400

Temperature, 'C
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Mold flux design: Na,O-based flux

74

PP

PP

Four-Phase Intersection Points with Slag-liq

reoeNoahwNE

PN RrONE

Combeite / Na2Ca2Si207_NC2S2(s) / a'(Ca,Ba)2Si04

Combeite / Na2Ca2Si207_NC2S2(s) / Na2CaSiO4_NCS(s)

Ca4Si2F207_cuspidine(s) / CaF2-LT / Combeite

Ca4Si2F207_cuspidine(s) / Combeite / Na2CaSiO4_NCS(s)

Ca4Si2F207_cuspidine(s) / Ca5Si2F208_s1(s) / Na2CaSiO4_NCS(s)
Cab5Si2F208_s1(s) / Monoxide#1 / Na2CaSiO4_NCS(s)
CaF2-LT/Combeite / Na2Ca3Si6016_NC3S6(s)
Ca4Si2F207_cuspidine(s) / Ca5Si2F208_s1(s) / CaF2-LT

CabSi2F208_s1(s)/ CaF2-LT/ Monoxide#1

Na2Ca3Si6016_NC3S6(s) / Si02_Quartz(h)(s2) / SI02_Tridymite(n)s4
CaF2-LT/Na2Ca3Si6016_NC3S6(s) / Si02_Quartz(h)(s2)

A=Si02, B=CaO, C=CaF2

W)  W(EB) W)
0.50682 0.49153 0.00165
0.42784 0.46037 0.11179
0.34975 0.04060 0.60965
0.37368 0.39304 0.23328
0.28351 0.29134 0.42514
0.26937 0.28675 0.44387
0.68893 0.07611 0.23495
0.17335 0.09411 0.73253
0.17075 0.10345 0.72580
0.90487 0.06291 0.03222
0.82308 0.03029 0.14662

°’c
1164.78
1051.06
1022.21
1004.51
947.29
944.14
931.75
914.36
912.45
866.94
829.44

%2>

9%

Ay

Conbeite

~
NEAVARY)

VAV

A4

20 wt % Na,0

T(min) =

Vv N

829.44 °C, T(max) = 2292.83 °C

CaO

0.5

0.4

0.3

mass fractions /(SiO,+CaO+CaF,)

0.2

11

o

TC
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3000
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Mold flux design: Li,O-based fl

uXx
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Sio,

Four-Phase Intersection Points with Slag-liq
Ca3Si207_Rankinite(s) / Ca4Si2F207_cuspidine(s) / CaSiO3_Wollastonite(s) o
Ca2SiO4_Alpha-prime(s2) / Ca3Si207_Rankinite(s) / Li2CaSiO4_S1(s)
Ca4Si2F207_cuspidine(s) / CaF2-LT / CaSiO3_Wollastonite(s)
Ca3Si207_Rankinite(s) / Ca4Si2F207_cuspidine(s) / Li2CaSiO4_S1(s)
Ca4Si2F207_cuspidine(s) / Ca5Si2F208_s1(s) / Li2CaSiO4_S1(s) >
CaF2-LT/CaSiO3_Wollastonite(s) / SiO2_Tridymite(h)(s4)
Ca5Si2F208_s1(s)/ CaO_Lime(s)/Li2CaSiO4_S1(s)
Ca4Si2F207_cuspidine(s) / Ca5Si2F208_s1(s) / CaF2-LT
Ca5Si2F208_s1(s)/ CaF2-LT/CaO_Lime(s)

CoNIORWNE

A=Si02, B=Ca0, C =CaF2
WA  WB) W(EC) °C
0.49357 0.39369 0.11275 1058.98
0.43194 055557 0.01249 969.02
0.35925 0.07607 0.56467 952.61
0.39746 0.50342 0.09912 923.89
0.37757 0.48352 0.13891 910.58
0.50398 0.05019 0.44583 908.65
0.36549 0.49592 0.13858 905.59
0.21909 0.20092 0.57999 904.75
0.20941 0.22198 056861 902.52

CaSiOq(s)

CONINRONE

uspidine

Ca,Si,F,0,

AVA

S [ AN
779\
%Y

10 wt % Li,0

T(min) = 902.52 °C, T(max) = 2299.98 °C 3500
3000

2500

I 2000
1500

! £ 1000

500

/)

CaO

mass fractions /(SiO,+CaO+CaF,)

0.6 0.5 0.4 0.3 0.2 0.1 Cal:
2
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[ Reaction between Mold flux and Liquid steel 76]

Mold flux

Steel
Fe-Mn-Si-Al-C alloy

Typical mold flux:

A[AI] + 3(Si0,) = 2(Al,0,) + 3[Si]

Addition of MnO, to minimize the change of mold flux chemistry

Typical mass ratio between mold flux and liquid steel = 1:20 ~ 1:10

High Temperature Thermochemistry Laboratory




[ Reaction between Mold flux and Liquid steel

g

100 gram of liquid steel (Fe-3%Mn-xAl) + 5 gram of mold flux + 0.5 gram of MnO,,

wt.% solute (after reaction with mold flux)

4

[wt%.Mn]

100 x [wt.% Al]

[Wt.% Si]

0.4 06 0.8
Al content, wt.% (original in liquid steel)

0.0 0.2

mold flux element wt.% after reaction with steel

30

25

20

15

10

05

G’actSage‘"
L— Ca
i Al
I N /
R =
I Na
: )& v
g Fe
I — 1 1 1 T
0 0.20 0.40 0.60 0.80 1.00

Al content, wt% (originally in liquid steel)

-> Before MnO, (MnO) is completely consumed by Al, reduction of SiO, begins

Simply due to the equilibrium of:
2(MnO) + Si = 2Mn + (SiO,)
3(MnO) + 2Al = 3Mn + (Al,0,)

High Temperature Thermochemistry Laboratory




Phase diagram: Fe-Mn-1.5Al-0.6C steel (wt.%) 78
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Phase diagram: Development of Medium Mn steel 79

Fe-X%Mn-3Al-3Si-0.2C (X= 7.5 & 10)
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[ Phase diagram: Development of Medium Mn steel

d

Fe-X%Mn-3Al-3Si-0.2C (X= 7.5 & 10)

900°C*1h
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o
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=
—_—
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‘ ‘ 2 ‘
\
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\
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; |
- mw_—
0 ©

20 Sun & Yue (2015) |
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Metastable phase transformation at rolling process

Deformation of y-austanite e, [
- Shear accommodation + Dilatation energy

—> de-stabilization of y-austanite

Jonas et al. Materials Science Forum, 2017, vol. 879, p. 29-35

to y-austanite

Static condition: Equilibrium

! ] F!

IDD]

j

Dynamic condition: Non-equilibrium

&ctSage" &ctSage”
1600 Sl % T 1600 5-“. T T
1500 '6\ + 1500 ‘_T\ ? L
+L
1400 /\HS( X 1400 | v+
1300 1300
5 1200 51200 }
=~ S~
b Y o
g 1100 | g
2 1000 2 1000
E E
@ @
" 900 { ¥ 900
SR o /V“‘F/esc 800 |
700 4 700
at+Fe;C a+Fe,C
600 3 600 3
500 ; : . ; 500 : : , .
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Continuous galvanizing and galvannealing line

U Galvanizing process

Heat treatment
furnance

QAQAl P

[

[ 3
w 1\Ak
— H-C X Knives '
Zinc Pot

(Zn + 0.15-0.20% Al)

D]
L]
]

= Zn bath temperature: ~460 °C
typically 463-465 °C

= Line speed: up to 200 m min

= Immersion time: 2-8 seconds

O Galvannealing process

Holding furnace
/ 500-565 °C
/ 10 seconds

Induction or
gas heating furnace

to raise strip
temperature to 500-

565 °C

p Air knives
\. 1
Zn bath (~460 °C)

(Zn + 0.11-0.14% Al

Coating layer
(Zn + 10% Fe)
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Annealing furnace: Oxidation of steel in reducing condition

H,0— H, + 1/20,

l(C)

Gas

Reducing gas atmosphere using an N,-H, mixture

XMn + ySi +(x+2y)O (9) » Mn,Si

Metal [(a) Lb)
Mn Si

In the early stage of the internal/external oxidation :

 Mn and Si contents are enough to form oxides on the surface of steel

Oxidation reaction can be controlled by
(1) supply of O2 gas (c)

(2) formation of Mn,Si,O,.,,

oxides on the steel surface (d)

W2
R '.\1’
d OLLEGE OF ENGINEERIN
.

\; E@
Y

Xy

U
T
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Oxidation of steel: PO,-Temperature diagram

Fe-C-1.5%Mn-1.5%Si-0.08%C

B, F, MS and S stand for BCC, FCC, MnSiO3 and SiO2

10g,,(P(O,)) (bar)

G’actSage’”

Temperature, 'C

-22:"/""|""|""|
-23 ;65556 ;
24 |
25 ;é; B+F+MS+S ;
=
26 F + /l E
= _
27FE € //////// :
) 3
- £ //
28t & g
E Z
29F ® ~
-30 | /§§ B+F F
7
_31_/%/ 3
700 750 800 850 900 950

1000

84 G’actSage‘" I



Dross and Sludge formation

efractory
Fe — Al —7Zn (465 °C
( ) G’actSage“'
0.001 : : . . .
e 4= Mcdermid et al. (2007)
0.0008 I / LIQUID
+ FEZN_DELTA

=%
< /
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© 0.0006 -
=
S
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=
& 0.0004 S\
-
= L Tl

0.0002 |
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O . 1 L 1 L 1 L 1 L 1 T
0 0.001 0.002 0.003 0.004 0.005 0.006
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New coating system: ZincMagnesium coating Zn-Mg-Al

ZM Stroncoat® in Salzgitter . 93Zn + 4A + 3 Mg
G’actSage‘”
100 —— ——
o0 | Aquid Zagnelis™ -
80 .
/ S ol l
Zn/MgZn,/Al s ]
S 60 f .
2 ]
1 2 50 .
TR e 1 e = Y X Mg2zn11
T. Koll: 18 Galvanising & Coil Coating Conf., 2013 o 4o0r i
2]
97Zn + 15Al + 1.5Mg ‘c:L 30+ .
100 . 20 L_FCC-Al i
|
90 - : c 10 + i
I X L MgZn2 \ﬁ\}4
80 | : ; / 0 : I \ . . .
] L2 Liquid 330 340 350 360 370 380 390 400
= HCP-Zn | O T(C)
S 70F 3}
g 5 ]
§ o -
E |
% 50 I T
@ '
g 40 - l .
0 3 | 1 .
2 wf CP-Zn 1 As cast microstructure
L Mg2znll 1 . . .
20 Stroncoat - —> Schell cooling calculation
10 - FCC-Al WH \ i
— 0 R 1 1 L | |

%ﬁi 330 340 350 360 370 380 390 400 . |
| T(C S
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Database toward Super Steel: order/disorder FCC & BCC 87

LEJTER

doi:10.1038/nature14144

Brittle intermetallic compound makes ultrastrong

low-density steel with large ductility

Sang-Heon Kim', Hansoo Kim' & Nack J. Kim'

d nf— e
r
?60‘ ...................
%50 Fe
=
g8 . B |l T
930 ~
£ af
I & PEORRR
c 20fF ° \
(o] Ni : ooooooooooo
.....
O joks unuu. b
O Mn .......

0 50 100 150 200 250 300 350
Distance (nm)

“Here we show that an FeAl-type brittle but hard
intermetallic compound (B2) can be effectively
used as a strengthening second phase in high-
aluminium low-density steel, while alleviating its
harmful effect on ductility by controlling its
morphology and dispersion.”

e Recrystallization
Deformed e Q B2 precipitation
Y grain ﬁ ‘ < _( at grain boundaries
Q —> —( —{ and edges:
|« 10-20 um > e a C M )~ type2inFig.1b

-
1-2 um | |
No recrystalhzatlon

,,

Shear band =T B2 precipitation
-, ‘_ﬁ\:\’;‘ at shear bands:
£ 3~2727 type3inFig. 1b
Shear band B2 size: 50-300 nm
Cold rolling Annealing

Austenite + B2 band | Austenite + B2 band + B2 precipitates

Figure 1 | Precipitation of B2 particles during annealing of cold rolled
Fe-10%Al-15%Mn-0.8%C-5%Ni (weight per cent) high-specific-strength
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Fe-16.3Mn-8.2AI1-4.8Ni-C steel 88

Fe-Mn-Al-Ni-C

100Mn/Z (g/g)=16.3, 100AI/Z (g/g)=8.2, 100Ni/Z Ga m
(9/9)=4.8, Z=(Fe+Mn+Al+Ni+C), 1 atm ctSage

1500 T : T
' ' ' Ni-Al > BCC-B2 stabilizer
1400 \ LIQUID -
1300 BCC_A2 + LIQUID 7
\-
BQ ¥
BCC_A2 + FCC_Al g
FCC_A1l
—
9/1100
|B2 + FCC_A1 BCC_B2 + C +RCC_A1l + Kappa-Carbide
1000
BCC}A2 + BCC_B2 + FCC_A1l
900
800 BCC_B2 + FCC_A1 + Kappa-Carbide 7
700 . 1 , N 1 \ 1 \ I

0 0.5 1 15 2 | 2.5
100C/(Fe+Mn+Al+Ni+C) (g/g)
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BCC-B2 containing steel 89

(1) Original BCC-B2 phase
(2) BCC-B2 precipitates from FCC

68.14 Fe + 16 Mn + 5Ni + 10 Al + 0.86C in wt.%

100 T T T T Trrr T T T T T | R
90
FCC
100
90 r
80 FCC R
$ ol
=
z .| Supercooled-FCC from 1000°C
s o = BCC-B2 precipitation
5—‘; 30
20
10 BCC-B2 (2) Orlglnal BCC'BZ b W
0 A .
700 750 800 Tempe?g?ure, °c 900 950 1000. (1) Orlglnal BCC-BZ
pide
(0] I 1 \ ..... Ly Loy /
700 800 900 1000 1100 1200

High Temperature Thermoct Temperature, “C




Advanced applications

Process simulation

EERZ model: mass transfer + thermodymamics

- EAF, BOF, RH degassor, LF, Powder injection,
Tundish, mold flux

Solidification
Solidification model: Back diffusion in solid steel

Solid state transformation

Solid state phase transition and precipitation: Diffusion and
precipitation kinetics

- Dictra, Prisma

‘ .
DD
&) 90 "
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Summary

Direction Speed

Thermodynami Kinetics

Industrial

EXxperience
(1deas) » $ $
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