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Overview

= Background

= Experimental method

= Results on the multicomponent system
CaO-CrO,-MgO-SIO, + Al,O,

= Results + optimisation on the ternary
system CrO,-MgO-SiO,

= Back to the multicomponent system

= Conclusions
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Background

= Recycling stainless steel

Simulation Rate Elapsed time Liquid steel Relative Power
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Try to recycle carbon steel yourself on www.steeluniversity.org steeluniversity.org
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Background

= Scrap is the main raw material

Temperature required: 1630-1660°C
Maximum time: 1h 20m

Please note that the liquid steel temperature is not
displayed whilst any solid phase is present
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Background

= Electrical energy melts the feed materials

Zyed whilst any solid phase is present.
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Background

= Liquid steel and slag are formed
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Background

= The molten material is tapped
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Thermodynamic questions

= Where does everything end up?

?
Ni Steel
Si
C ? Slag
CaO
MgO Gas
C)2

More information on the thermodynamics of the EAF process: S. Arnout et al., Steel Res Int
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Thermodynamic questions

= What happens to the refractory?

More information on the refractory degradation in stainless steel: P.T. Jones et al., J Eur Ceram Soc
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Thermodynamic questions

= What will become of the slag when it is cooled?
?  waste or useful side product?
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Thermodynamic questions

= What will become of the slag when it is cooled?
? Depends on the macroscopic properties

? Properties depend on microstructure

C,S phase: destructive transformation leads to powder slag
Spinel phase: is believed to bind Cr well, less leaching

CS phase: has some solubility for Cr, as opposed to C,AS
[Glass phase: not so strong...]

? Microstructure depends mostly on composition
= Link composition — stable phases/microstructure
= Thermodynamics

*More info on process-properties-microstructure for slag: D. Durinck et al., J Am Ceram Soc
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Goal of this thesis

= Improve the description of stainless steel slags

= 5 component system
= CaO
= SiO,
= MgO
CrO, (CrO and Cr,0,)
= ALO,
= Experimental liquidus determination
= Comparison with FactSage

= Evaluation and improvement of the database
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Database construction (Calphad)

“Unaries”
CaO
Sio,
MgO

N

Binary Binary Binary
CaO-SiO, | | MgO-SiO, | | CaO-MgO

~.]

Ternary system
CaO-SiO,-MgO

—»

Feedback

Feedback
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Database construction (Calphad)

Unary Data

Binary Binary Binary Binary Binary
CaO-Sio, MgO-SiO, | | CaO-MgO | |Cr,04-SiO,| |CaO-Cr,04

o

Ternary system | | Ternary system
Ca0-SiO,-MgO | |Ca0-Si0,-Cr,0,

Feedback

4

Build-up
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Database construction (Calphad)

Ternary system | | Ternary system
Ca0-SiO,-MgO | |Ca0-Si0,-Cr,0,
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Strategy of this work

Ternary system
CaO-SiO,-MgO

Ternary system
CaO-SiO,-Cr,04

' Feedback
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Experimental method

Observation window

= Mixing powders from pure oxides

= Equilibration in tube furnace
= Mo crucibles (reuseable) i’
= Control pgy, by CO/CO, mass flow
(CO+%%0,=C0,)
= Sampling _
= Gas tight sampling with Al,O, barsT s
» EPMA-WDS with standards © &
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Observed phases

= L =liquid

= E = eskolaite (Cr,O; with Al,O4 solubility)

= Sp = spinel (MgO.Cr,05 with Al,O4 solubility)
= P = periclase (MgO with CrO, ¢ solubility)

= S=SI0,

= C,S =2Ca0.Sio,

= M,S = 2Mg0O.SIO, (with CrO solubllity)

= MS = MgO.SIO, (with CrO solubility)
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Resulting microstructures

= Sedimentation makes amount of precipitates vary strongly
= Cooling effects: precipitation in matrix, growth of solids
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Overview

= Background

= Experimental method

»= Results on the multicomponent system
CaO-CrO,-MgO-SIO, + Al,O,

= Results + optimisation on the ternary
system CrO,-MgO-SiO,

= Back to the multicomponent system

= Conclusions
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Results: B=Ca0/Si10,=1.2

@ L+ B=1.2
121F O L+sp . p02:10-10.16

@ s T=1600°C

O L+C,S+P

m+

E=eskolaite Cr,O,

| P=periclase MgO
L+sSp+C,s+P | Sp=spinel MgO.Cr,0O,
C,S=2Ca0.SiO,

wt% Cr

CaO-SiO,-CrO, system

L+C,S+P
oO———

0 5 10 15 20 25

wt% MgO )
Ca0O-SI0,-MgO system
» Similar results at different pg,, T, and Al,O, level
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Addition of Al,O4: Liquidus

= Eskolaite liquidus = Spinel liquidus

14 T T Jag 3 T T T T T
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Addition of Al,O,: Solidus

= Alumina content in spinel and eskolaite

Sander Arnout — Phase relations in stainless steel slags

50 T T T T T T
experimental Sp B: 1 . 2
—— calculated §
il . g?q:gr;'leenta?E ] p :10-9'36
— - calculated E 02 °
401 J T=1600°C

[ [3)
o L8]
T T

wit% AlO, solid
&

0 5 10 15 20 25 30
wt% AI203 liquid
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Results: B=Ca0/Si0,=0.5

16 0
+ @ L+E B=0.5
CIE) 14 O L+sp \20 ' 1104
4+ p :10_ ’
7 B L+Sp+M.S 02
7YRE @ LMms | T=1500°C
x
9 10 15
Ll) ’o""co
NG e
O » s o
- — E oo
UI') 10%
@) 6
9]
@)
s L
+
M,S
0 . 0
0 10 15 20 25 30 35

5
L+S wt% MgO

CaO-Si0O,-MgO system
» Similar results at different T
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Origin of differences

= On Y-axis: CaO-CrO,-SIO, system

= Centrally at low basicity:

= Only at high SIO, content
= When both MgO and CrO, present
= CrO,-MgO-SIO, system!

= Experiments + new model for CrO,-MgO-SIO,



KATHOLIEKE UNIVERSITEIT

L EUVE N Sander Arnout — Phase relations in stainless steel slags
Overview

= Background

= Experimental method

= Results on the multicomponent system
CaO-CrO,-MgO-SIO, + Al,O,

= Results + optimisation on the ternary
system CrO,-MgO-SIO,

= Back to the multicomponent system

= Conclusions
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CrO,-MgO-SIO, system

= Different pg,, at T=1600°C:

= Air 05, = 0.21 atm (all Cr = Cr3*)
= CO/CO,=25 pg,= 10956 atm

= CO/CO,=50 pg,= 101016 gtm

= Metallic Cr Po, 1013 atm (all Cr = Cr?*)

= Solubility of Cr3* in liquid very limited (stable solids)
= Solubility of Cr2* in liquid extensive
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CrO,-MgO-SIO, system In air

= Good agreement
= [iterature experiments
" new experiments
= model
= No Cr,05;-MgO-SiO, terms
= FactSage not changed

20 80

A L+Sp+S liquidus

V¥ L+Sp+M,S liquidus
=
L ]

M,S composition

ligquidus data from Morita
liquidus from Keith
calculated phase diagram

1600°C
Po,=0.21 atm

40 FactSage=New

0 10 20 30 40




KATHOLIEKE UNIVERSITEIT

Sander Arnout — Phase relations in stainless steel slags
LEUVEN Ternary >
CrO,-MgO-SiO,, system at 10°° atm O,

~® ™ liquidus data (Morita et al.)

= M.,S contains CrO v oLsps ] -
. 20 80 O L+Sp liguidus data (this work)
= Morita data: L=L+M,S L+Sp+MS

data with high solid content

= FactSage ,
underestimated solubility

= New model in good §

agreement 3 4

A
B M.,S composition data (this work)
OA

liguidus (our model)

70 phase diagram (our model)

---- liguidus (FactSage)
60 =

§ o
Q

: 40
0 10 20 30 40
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CrO,-MgO-SiO,, system at 10116 atm O,

: . ¢ L+Sliquidus
= No literature data Sio, ¥ L1555 o
= FactSage underestimated O LrSpliquidus
- A L+Sp+M.S, liquidus
SOIUblIlty [l L+Sp+M.S, M,S composition

..... liquidus (FactSage)

= New model in good agreement,

= L+Sp+S point: SIO,
precipitation

—— phase diagram (our model)
fully liquid

MgO Sp Cr,0O,

weight percent
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CrO,-MgO-SIO, system with Cr metal

= Some deviations s, L e
between Muan and our O L+Sp*M,S, M,S composition
data on L+Sp+|\/|28 B P+Sp+M,S, M,S composition

. ¢ P+Sp+M,S, P composition

= New model in good -+ liquidus by Muan

agreement W|th Muan —— calculated diagram (our model)

P+Sp
L+Sp+E

MgO weight % Sp Cro
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CrO,-MgO-SI0O,, system with Cr metal

Sio,

Liactsag

Cr,0,

mass fraction

Wrong miscibility gap!

L+Sp+E

MgO weight % Sp CrO
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Challenges In optimisation

= SIO, liquidus location
= Spinel liquidus slope .

n n - . 4 A Muan, 1983
| L S M S I b Ill A Muan, if in CrO
2 e u I I rl u A + Morita et al., 1988
201 o o This work, Liquid
‘g o This work, M,S
& — Model, Liquid
- ---- Model, M,S
S 15+
g
£
&}
o
€ 10f
5 -
0
14 2 0

log Po (atm)
2
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Liquidus projection

= |n air:
= experimental data < 1850°C
mes $102 4 sio;\} 2100 Si02

+
c0e ﬁ APEX
3R

ENLARGED

2000
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1700 Cristobalite ¢
1600 Protoenstatite@
1500
1400 Forsterite
1300 )

CHROMIC "2\
OXIDE

YT LY v A YT 5 <
M 0 o9 oz or og os o4 o3 oz o1 Cr O
Jd 23

mass fraction
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Liquidus projection

= With metallic Cr

sio, 2100 SI0,
.2000 AN
1900 g

1800
1700
1600
1500
1400
1300

2 liquids
&g

Protoenstatite

D (CrSi0,)

Eskolaite

vvvv

Mgo weight % MgCrzO, Cr203 Mgo o4 ik o7 0 0s 04 03 0z o1 Cro

mass fraction
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Overview

= Background

= Experimental method

= Results on the multicomponent system
CaO-CrO,-MgO-SIO, + Al,O,

= Results + optimisation on the ternary
system CrO,-MgO-SiO,

= Back to the multicomponent system

= Conclusions
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Quaternary system

= B=0.5 = B=1.2
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Conclusions

= Experiments in the multicomponent system
= Difference on eskolaite liquidus in CaO-CrO,-SIO,
= Large differences originating in CrO,-MgO-SIO,
= Experiments in ternary system CrO,-MgO-SiO,
= Most literature confirmed
= M,S liquidus clarified
= Solubility of Cr in M,S
= Modelling of the ternary system

= [mproved description
= Also in the quaternary ? FactSage 6.0

= Full text on http://hdl.handle.net/1979/2076
T



