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ENGINEERING THERMODYNAMICS

COMPUTATIONAL TI
DATABASE
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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
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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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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

21



Thermodynamic Database

Pure compound

Gy =H; -TS;
] » Calorimetry
i . > emf
Hi = AH g + ijdT — > Knudsen cell
298 K
9K 298K (o » Vapor pressure
S =8°  + j —2dT  Spx = j —-dT
T 298K T 208 K T ]
298 K 0K
Solution

o » emf (activity)
G — Z Q)RB kaé > Knudsen cell (activitly)
3o » Vapor pressure (activity)
o » Solution calorimetry (enthalpy)
» Phase diagram

22 G’actSage‘" I




Commercial database and software: CALPHAD

& S m  F*A*C*T + ChemSage: CRCT, Canada + GTT Tech., Germany
Ct age www.crct.polymtl.ca, www.factsage.com

TD: Oxide (slag, inclusion, refractory), Salt, Steel, Light alloy (very good)
Fully Window Interface

KTH, Sweden, www.thermocalc.se

Y
A,

’:; TD: Steel, Light Alloy (very good) + poor Oxide
£ Thermo-Cale Software DICTRA (Diffusion Process)
DOS Interface, Window Interface
M NPL, UK, www.npl.co.uk/npl/cmmt/mtdata
TD: Oxide, Salt, Steel, Light allo ood
i _ g y (good)
Window Interface
g
) SGTE (Europe + Canada + US), www.sgte.org
SGTE Orginazation of Database Development

| .
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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 /

24




Available Thermodynamic Database — Refractories

Steelmaking, Non-ferrous and Cement industry Since 1976

x|

MgO-C, Al,O,-MgO, MgO-Cr,0,, Mullite, Olivine, st 00
ZrO,-based, Al,O,-SIC type refractories:
« Reaction with slags, atmosphere, liquid metals
« Refractory mineral phases

v" Monoxide: MgO-FeO-MnO-CaO ....

v' Spinel: (Mg,Mn,Fe,..)[Al,Cr,Fe,..],O,

v" Olivine: (Mg,Mn,Ca,Fe,..),SiO,

v (Ca0),(Al,Oy),.....

v" Si-C-N-O..

v' Cr®* :in progress
« Slag phase:

Ca0O-MgO-Al,0,-SiO,-FeO-Fe,05;-MnO-Ti,0,-TiO,-CrO-Cr,05-Zr0O,-P,0c...-S-F
 Liquid metallic phase

v Fe, Ferro-alloy, Al, Mg, Si, Cu, ...

Glass, Biomass combustion, and Coal combustion industry

+ K,0, Na,0, Li,O containing slags: Glass and Biomass application
» V oxide containing slags: Coal combustion — in progress

« Sulphate containing slags: Coal combustion — in progress

V34
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Applications of phase diagram: Case Study

MgO solubility in slags

« Ca0-MgO-SiO2 Phase diagram vs. MgO solubility
« BOF slag, LF slag

* Multicomponent slag with CaF2

Melting temperature of MgO and MgCr204
* Impurity
* Oxygen partial pressure

Other Slag — Refractory Interactions
« Ladle glaze
» Purging plug — cleaning process

Non-metallic inclusions — Stopper
Nozzle refractory

» Carbothermal reduction process
 Inclusion formation

26 G’actSage‘" I




MgO solubility in slags
« CaO-MgO-SiO2 Phase diagram vs. MgO solubility

« BOF slag
« Multicomponent slag with CaF2

* LF slag

21 G’actSage‘" I



Ca0O-MgO-SiO, phase diagram

CaO - MgO - SiO,
1600°C, 1 atm &ctSage'”
Decreasing Slag basicity (CaO/SIO,)  SiO,
—> Increasing MgO solubility

Molten <:| MgO
CaO-SiO,

2018-10-22 7 secs

CaO 90 80 70 60 50 40 30 20 10 Mg ®)
mass percent
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Refractory: CaO-Fe,O-SiO,-5wt%MgO system with Fe saturation

|

Sio,

@ initial carried over slag

O 150s / 1437°C

0O 300/ 1521

A 450/ 1551

Vv 600/ 1667
¢ < 750/ 1607
X 900 /1648

Ca0 - FeO - Si0O, - MgO - Fe
1650°C, MgO/Z (g/g) =0.05263, Fe/Z (g/g) = 0.001,
Z=(CaO+FeO+Si0,)

\/ \ . AVA
CaO 90 80 70 60 50 40 30 20 10 FeO
mass %

Overall slag chemistry change
during BOF process

g9

Aslagdiq + Feia) - MgO saturation (MgO-FeO)

-lig + AMonoxide + AMonoxide#2 + Féflig)

QUETHD
R &%
FRePy

LLEGE OF ENGINEERING Ca0 FeO

ll\{ SF')II HAT(‘ AL UNIVERSITY

AaX Msdensads mass fractions /(CaO+FeO+Si0,)
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Refractory reaction with F containing slag/flux
Gactsyg

wt% MgO

t’; . | | | |
p SOTHETEES 5 Influences of CaF, and AlLLO, on the
| liquidus of the CaO-MgO-SiO,, system
| » I at 1600 °C
0 10 20 W% Sioz 30 40
: 20 |
Phase diagram of the CaO-MgC
system at 1600 °C S
= 15
9\2
=
10 |
5 -
o
©)
0
10

Wt% SiO,

W=y
YA FR

.
<y

\7 -
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MgO solubility in CaO-SiO, and CaO-Al,O; based slags

Ca0O-SiO,-15%Al,0, slag with MgO CaO-Al,0;-15%SI0, slag with MgO

Ca0o 90 80 70 60 50 40 30 20 10 Mgo Ca0o 90 80 70 60 50 40 30 20 10 AlLO
weight percent weight percent 273

MgO solubility in the CaO-Al,O4 based slags is much lower
than that in the CaO-SiO, based slags

‘ .
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Ladle Furnace (LF) slag

BOF slag (SiO, containing slag)
—> Source of SIO, in LF slag (earlier stage) Ca0-MgO-Al,0,-10%Si0,
—> Al deoxidation: reduction of SiO, in slag

3(Si0,) + 4Al = 3Si + 2(Al,0,)

Ca0-MgO-Al,0,-5%Si0,

- Can change MgO solubility inLFslag Ca0-MgO-Al,0,
%L MgO .
& AV
BOF EAF Cpo
-
‘TL M Mg Al 204 S.S. <
' Liquid >,
o S ST
v = Cal 70 60 50 40 30 20 10 ALO,

wt.% CaO/(CaO+MgO+Al,0,)
Initial LF slag: 39.2Ca0-39.2Al,0,-11.6Mg0O-10SiO, (open circle)

—> Al deoxidation
—> Final LF slag: 38.7Ca0-50.1Al,0;-11.2MgO (open triangle)

(0.6 wt.% lower than the MgO saturation)
32 G’actSage‘"




Contents

Other Slag — Refractory Interactions
- Ladle glaze
* Purging plug — cleaning process

33 G’actSage‘" I



Ladle Glaze

Ladle Glaze
* Reactions with Ladle refractory lining
 Formation of non-metallic Inclusions

8 L RANE |

teemlng
Slag adheres to Ladle glaze Erosion of the
the ladle wall formation ladle glaze

by the steel melt

Purpose of the present study
 Glaze formation mechanism / Glazed refractory
* Influence on melt cleanliness (inclusion): Al, Al/Ca

34 G’actSage‘" I




Glaze (Reaction product of slag and refractory)

spinel islands

Glaze composition

CaO SiO2 | Al203 | MgO

35.8 6.6 51.1 6.5

|
|
. . v L | Gactsyge'
I. ; ;
A4

" 70 T T T T T T
1 |
9 3 s
~ SlagI | 6 >~ Al203
80 F I E \\ r -
S ™F I E = SoF \:\.\l E
= CaAl12019 N
s I ' < i~
- 60F I E 2 | ><
o - 3
g CaAl407 I : § g
= 50 E A I E =z CaO 4/‘ | \
2 | a —
T a0k % N | 3 E F // I I E
. S -
g I ! g T I I
S 30F >< | 3 N ]
/ [ I N (I
o fz I : - \___ sio2 P
© -~ - ; LN
D Spinel | 0 f ~ ]
10 F \@® // \ I E \ 47‘4: J:ii\a
/ Ly | S | Mo
0 3 / 1 \ 1 1 1 1 1 ! I I 0 | I I I I 1 I 1 1 1
0.0 01 02 03 04 05 bs 07 08 0.9 10 0.0 01 0.2 03 0.4 05 o6 | o7 I os 0.9 1.0
x slag + (1-x) refractory. = xslag + (1-x) refractory, _ __ J

Nyl
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=
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Corrosion of Ladle purging plug by Fe oxides 0
Purging plug: Low- or ultra-low-cement castable (LCC or ULCC) \
in the Al,O05-MgO-CaO system: Corundum + Spinel
Corrosion during frequent cleaning operations of the 2Fe + 3/20, = Fe,0Oq
clogged purging plug surface by “oxygen lancing” Slag + refractory rxn
[yacuge ajactuge’
- R N — »
~— iquid N iqui
1800 — . \\ b 1800 — Wid +Spin}\
1700 \\ Liquid +Spine|\\ | 1700 1 \\\\
) I \\\ —_— o - e
>~ 1600 | — T >~ 1600 | TN
g r \\\ E inel
g 1500 \\ Ca(Al,Fe),,0,, + Spinel s\ g 1500 o
o ~—_ N\ \ Q
E’ 1400 \\ //\)y/- E 1400 _ R
Ca(Al,Fe),,0, + Cor, , + Spinel — \ Cor, ;. + Spinel — /
1300 T 1300 _—
- e),,0,, + Cor, L —
1200 — /// (ftFJr)S?)inelc \ ] 1200
L / 2 Cor, + Ca(Al,Fe),,0,4 + Spinel \ \ F 2 Cor,, + Spinel
1000 Lot e, / ......................................................... AT \ 1000 Lovereenare, / ...................................................................................
matrix weight percent Fe,O, ’ 10matrix ? * * Weightsgercent ” ”
Conventional CaO containing castable: CaO-free castable:
92.8Al,0,-5.7MgO-1.5Ca0 (in wt%) 94.3A1,0,-5.7MgO (in wt%)

CaO free castable is better against chemical corrosion by high Fe oxide slag
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Melting temperature of MgO and MgCr,O,
* Impurity
« Oxygen partial pressure

37 G’actSage‘" I



Melting temperature of MgO

Melting temperature of
(1) pure MgO = 2825 °C
(2) impure MgO ?

MgO ore — impurity of CaO and SiO,

<99.5-A> MgO + <A>CaO + 0.5 Si02

G’aci:Sagern

1950
- - - - - //
w0 - Solidus (initial melting) -
/
1850 /
/ }
1800 /
//
/
1750 /
o /
" 1700 /
1650
/
1600 J
1550 /r
1500 ’*finfffT/ 1 1 1 1 1 1 1
05 06 07 08 0.9 1.0 11 12 13 14 15

<A> impurity amount of CaO

amount of impuirty phase, wt%

T = 1500 °C
Ca,MgSi,0, Ca,Sio,

k%S / \
\%

Y

}2/

/ \\ \

1 I\ \ 1 1 1 1 1 1
05 06 0.7 0.8 0.9 1.0 11 12 13 1.4 15
<A> CaO
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Melting temperature of MgO

Melting temperature of

(1) pure MgO = 2825 °C

(2) impure MgO ?

CaO - MgO - SiO,
25°C, 1 atm

Sio,

\ Mg2sio4

Temperature, °C
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_1600 |

-
N
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o
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> 2
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1393 2 \
v/ = \
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Melting profile with addition of CaO
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T | MgO-Cr,0, phase diagram
g r,O; phase diagra
AN
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1 A Wilde and Rees,1943
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s Phase boundary
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Nozzle refractory
« Carbothermal reduction process
* Inclusion formation

41
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Nozzle clogging

Torpedo car EAF

Tundish

/

Mould

Nozzle Ladle

Continuous casting
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Carbothermic reduction of ZrO, to ZrC

Ar

v

Liquid steel

@

Zr0,+C

ZrO, + C=2ZrC + CO(g)

90

80

70

Mass of phase (g)

30

20

60

50

40

Ar+CO gas formation

e counts: 6u73 monster 1 PV 5998 extra(3). praz
ntegral Counts: 224561

00 o3 10 15 20 25 3 33 48

1 ZrO2

uuuuuuuuu

2 ZrC

T=1550"°C Zr0,() T =1550 °C
02 |
C(s) + ZrO,(s)
£
= 04
)
ZrC(s) <
=
ZrO,(s) o 06
=
GAS (= CO(g)) C(s) + ZrC(s) ZrC(s)
+ZrO,(s
C(s) 08} Xs) |
1 1 1 1 1 1 1 1 —10 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Total pressure (atm) C Mass fraction ZroO,

Ar gas injection can effectively reduce CO partial pressure

—> Carbothermal reduction of ZrO, to ZrC is possible.
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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'
; | 2A1,0,+9C = Al,C,+6CO(g)
|
RS !
|
|
|
§ . Fe-lig + ALLO,
= |
8’8 3 j\< |:
S T
‘Al O, formation
V23 |
-4+ \\ 1
\ !
Fe-liq — !
: ® 0 . O.IOZ . OTx 0.I06 . 0.2)8 . 0.1 :
:}g’ﬁ;@ wt% Al 44 ™
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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,O,
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Ultra High Temperature Ceramics

« Ceramic Matrix Composites (CMC)
« TBC coating: ZrO, stabilized by CaO, Y,04, etc.)
« Self-healing materials

Combustor

Shrouds

Nozzles

LEAP, GE9X Engine



http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjHpNmJ2P_RAhXFOJQKHZ3lA2kQjRwIBw&url=http://www.dailymail.co.uk/sciencetech/article-4024864/The-hypersonic-concept-jet-travel-London-New-York-two-hours-SPACE.html&psig=AFQjCNFBu23fvyWfpoiu88fPoN062vT2VQ&ust=1486615386163354
https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiV_PGBsavZAhWGlZQKHfV8B4QQjRwIBw&url=https://twitter.com/navylookout/status/854602216342077440&psig=AOvVaw1eHD1FE0w5zxh3_gGbijFu&ust=1518903062364231

Ultra High Temperature Ceramics

?C HiC « Melting
TaC g g
[ ]
INbC Oxidation
 Evaporation
o 3500 ¢ 2C * Phase transition
5
-§ ®W ® Ta.C
()]
g ¢ Re HIN - g HiB, @ThO,
kG
£ Os Tan ;aBB2
= N | BN e 1
2 9000 T1q ZrN WB MgO
WC TiN UO;
W,C WE, HfO2
VC ZrB
& MnsB4 Zr02
UN
T Mo MoC 8§ i\ ¢ TasB ca0
2500 PrCo» UBg e
(7] (2] n (7)) ()]
e Q Q [0 O
o S S O O
£ = b= 5 5
[\}) V] prd (al
L @)
S. V. Ushakov, A. Navrotsky, J. Am. Ceram. Soc. 95 (2012) 1463-1482.
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Available Thermodynamic Database — Ultra high T ceramics

Carbides, Nitrides, Borides, Silicides
(SPMCBN database)

- All ultra high temperature ceramics

- Oxygen, all other gas species

- Oxides (solid and liquids solutions)

Zr02-RE203 based Oxide
- Zr0,-Ca0, Mgo0, ....
- Zr0,-RE, O, are not available — in progress
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Applications of phase diagram: Case Study

Oxidation
e« Carbide = Oxides
e ZrC, HfC, SIC

Evaporation
« SIO, = SIO gas

CMC
» SIC/SIC;
» Self healing CMC

Zr0,-Ca0O and ZrO,-RE,O,

=)

}ff-«(:(k %

\L,_L_L«ffrﬁ:?
&{?“’ -’

(2nl
NS

X
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Oxidation: HfC

T(C)

Hf-C
1 atm tS r
5000 ; ' Goctie Hf02
Havie S3: Cubic
4000 |
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Oxidation: ZrC

zZr-c
1 atm ctiage”
5000 ; . Gacti ZI’OZ
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4000 | .
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Oxidation: SiIC

T(O)

si-c
1atm &‘tsage"
5000 T T T T
LIQuUID
4000
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SiC - 0,
™
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Oxidation of ZrC-SiC-C (CMC)

Definition of problem

SI0(g)

Air (High speed + High
temperature (2500 °C)) Stress cracking
- Liquid/SIO, (cubic = tet or mono)
. Solid Hf02 z inOZ ;

Solution: addition of xO, xC, yO, yC

Selection criteria of cubic HfO, stabilizer

(i) No melting at 2500 °C

(ii) No (less) solid solution with HfC below 2000 °C — high thermal conductivity
(iii) Effective stabilizer with small amount

- Design the materials based on thermal stability and chemical
reactions (phase diagrams)
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Evaporation: SiO,(l) = SiO(g)

2200

Sio2 + C
22 . . . . . atm G’actSage'"
20 | T I '
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Evaporation: SiO, +C = SiO(g) + CO(g)

Sio2 + C
2.2 T T T T T
20
GAS
18 .
16 .
14 b .
i) 1.2 =
g 10 C Si02 + C
GactSage
0.8 800 r
I
06 SiO,(s) o0 131 kJ from 25 OC fo 15000C
0.4 s SiO,(l)
02} 600 .
00 L Il 1 I\ 1
1000 1200 1400 1600 1800 2000 i . . _
1) 3 500 SiO(g) + CO(g) formation _
- SiO, melting
cd 400 » =
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200 F .
100 F .
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1000 1200 1400 1600 1800 2000 2200
T(C)
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Self healing CMC

SiC + 20, > Si0, + CO,
2Al + 2B + 30, > Al,O, + B,O,

- Liquid + Solid oxide
SiC + (Al-B)metal // C (Liquid can fill up the gap)

SiC + X(metal) or XO(oxide) + Y or YO

L |=> six-0  [ISEXEON

SiC + 202 = Si02 + CO2

‘AB_MQ
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Self healing mechanism: Al,O,-

B,0,-SiO, system

2000

B,O, - SiO

Lam Liacting'

1800
1600
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1200
&llOOO o
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Slag-liq

10,(s4) + Slag-liq]

SiO,(s2) + Slag-liq

SiO, + Slag-lig
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200
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0.2 0.4 0.6 0.8
Si0,/(B,0,+Si0,) (mol/mol)

Liquid formation at low temperature
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Self healing mechanism: Al,0;-B,05-SI0O, system

Al,0; Increasing effective viscosity by forming

1.0

liquid+solid mixture

09 |\ 4
— or>
_ . T=1200°C
.5 0.8 | \\ /o
_§ 07 | Li}lu\e / J
@ N Mullite Al,O;,
Q o6 AN — / -
E . s ,
c \.
o 0.5 \\ ) -
5 \
-g 04 : b
R
g 0.3 /// ~ b
@ e \ N
S o2} //// \ ’ \\ g
7 :
o - \\\ '(Alzoa)g@&\
[VIRININAVA] v 2 0.0 \ D el e
B.O oo dBJUH4 06 05 04 03 02 01 sio 00 0z 04 ~os 08 10
2=3 mole fraction 2 0.5B,0,-0.5Si0, mole fraction AlLO,

Materials Design and Structure Design

« Si—-B—-C + Al = not good at high temperature
because Liquid can be pulled out.

« Si—-B-C + porous Al,O5; = same chemistry but
may be Good structure




TBC coating: Cubic HfO, and ZrO, stabilization
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Zr0,-Re, 0, phase diagram (Predicted)

s POy MO PO Srde  EGs GO

g

g

R

H. Yokokawa, N. Sakai, T. Kawada. (1993), Science and technology of Zirconia V, pp. 59-68.
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| O Ruffetal., 1929: XRD, QM
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Summary

Phase diagram is one of the most fundamental
knowledge for the materials design and process
optimization

- Continuous support for the experimental phase diagram
study and thermodynamic properties measurement are
necessary.

- Computational thermodynamic database, such as
FactSage, is an useful tool for complex phase diagram
and chemical reaction analysis.
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