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Generation Mechanisms of Non-Metallic Inclusions in High-Cleanliness Steel
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Kiyoshi Kawakami

Synopsis: Although there have been many research reports regarding the deoxidation and oxygen reduction in steel since

around 1970, few reports have discussed the genesis, growth and separation mechanisms of individual oxide

inclusions in steel during refining.

In addition, most of the investigation of deoxidation dealt with the steel with high oxygen content, where the sum

of such base-metal oxides as FexO, MnO and Cr,O,, in the secondary refining slag amounted to 5 to 10 wt%, or

higher.

In this research, the behavior of the inclusions in clean steel practice was investigated, where the base metal

oxides in slag do not exceed 1wt%.

It has been found that there are two important mechanisms of oxide inclusion generation other than "Deoxidation

reaction" and "slag mixing" which are often assumed to be the origins of oxides during secondary refining.

One is "Desulfurization reaction"; the amount of alumina formed by desulfurization after deoxidation is greater

than that by the deoxidation reaction.

The other is, namely,"Intrinsic reaction"; lime-bearing inclusions are formed by deoxidation/oxidation reactions of

CaO and Al.

key words: generation mechanisms, non-metallic inclusions, high cleanliness steel, oxide inclusion, deoxidation, secondary

refining, lime inclusion, intrinsic reaction
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Fig.1 Transition of oxygen content in Sanyo's bearing steels and low alloy carburizing steels” .
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Steel Making Process

Ejectric_Arc Furnace Ladle Furnace

Continuous Caster

RIT Degasser

TR
& W

'

n -

=

Nominal heat

Shell

Number of

150t/heat Ladle inner  [4.2m . 2.8m 3strands
size diameter strands
She > ¢ B [¢
Shell 7.0m Transformer 20MVA Shell height  [10.9m Bloom size 380mmX450m
diameter capacit N m
Transformer 100MVA Treating time |50min Vacuum Jrstage Molten steel 20t
|capacit system booster wt. in tundish
Average tap G9min/heat Stirring double porous & 3-stage
to tap time method plug cjecter
Inert gas Ar.N2 Exhaust 400kg/hr at
capacit 0.5torr

Treating time |20min

(Auxiliary equipment)

Scrap preheating

(Gas burner

Gas bubbling

Automatic alloy feeding
Carbon injection
Eccentric bottom tapping

(Auxiliary equipment)

Slag dragger
Automatic alloy feeding

(Auxiliary equipment)

Automatic alloy feeding

(Auxiliary equipment)

Magnetic stirrer
Soft reduction
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Table 2 General descriptions of refining conditions

Process EAF (Electric Arc  |LF (Ladle Furnace) |RH (Rheinstahl CC (Continuous
Furnace) Hutten) Degassing | Casting)
T About 70 About 50 About 20 About 70
1me minutes/heat minutes/heat minutes/heat minutes/heat
Function +Scrap melting +Complete slag-off | -Degassing +Shrouded
« Steelmaking *Reduction refining atmosphere casting
* Raising temperature
Abstract of - Oxidation r§Mg + Al deoxidation Degassing (H, N) -Floatapon
Refinin (Dephosphorization separation
e refining)
+ Slag-making + Deoxidation
desulfurization
*Only carbon + Composition *Floatation
deoxidation adjustment separation of
inclusions
+ Temperature
adjustment
Stirring gas Ar Ar Ar
Slag basicity (C/S) 2.0 ~ 5~ -
Table 3 Specification of SUJ2
Grade Element% | C Si | Mn P S Ni| Cr| Cu
Suj2 Lower limit | 0.95 | 0.15 1.30
Hi hromi . .
igh carbon chromium | i | 110 | 0.35 | 0.50 | 0.025] 0.025| 025 | 1.60 | 0.25
bearing steel
Table 4 Example of slag composition for SUJ2 refining
Composition CaO | SiOz |AlzO3| MgO | MnO |Cr203| TFe | CaFy| S |Total
Concentration 52 | 10 | 22 | 34 | Tr | Tr |034| 10 | 20 |99.7
(Wt%)
Table 5 BaO Slag tracer
Tracer BaCOs
= Becomes BaO in slag
Purity 99.1 Wt%
Addition place and
p LF, 125 kg
amount
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Fig.2 Schematic diagram of the BaO tracer function in refining slag.
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Table 6 Addition of the BaO tracer and Sampling

[ Process LF
Heat) Tracer addition sample | 0 min. |10 min15 min20 min,30 min[40 min| End
a LF 5 min. Metal A A
L Slag [ ] [ ) [ )
b Metal [@) O @) [@) O
L Slag [ ) [ ) [ ]
c Metal O O O [@) [@)
Slag [ ) [ ) [ )
d|, LF 45 fn. Metal A A
‘About 50min.
Slag [ ) [ ) [ ]
Symbol Sample Analysis _items
A Metal Extraction by after acid dissolution
O Metal Microscopic evaluation
[ ] Slag Chemical analysis
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RFICEDNEMOREL. A ZREICHELEIT/ZE.
Table7IZRT K DICREF10X 10mm?, EERA400ETHE
LTNEDZHMEL. BICKDT 1 XDBRIZERR L /=%,
SEMBRZEL CEDSTEEN L/ SEMBREICIIBAE
FREBVEFEME (SEM-EDS-64002) ZfFEAL.
A A HIISEMICTEBDOXFORDE T )L+ —NEE S

Jtgs (EDS) ICTEMELL. BHER. BERMFMHE
(EPMA-1600%)) ZHALTc. NEMISERTH—11ML
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Table 7 Investigation method of inclusions
Inve_s@ganon Inclusions by acid extraction Inclusions by microscopic method
Division
Extraction |-Isolation and determination
Division of |of oxide inclusion in steel by |- Microscopic observation x400
inclusions  |sulphuric acid
»sample weight 10g “View = 10 x10 mm’
*Filtration
Investigation Classified by diameter  |Classified by diameter
Procedure
(5pm, or 10pm) (5pm, or 10pm)
l l
SEM observation SEM observation
l l
EPMA analysis Quantitative analysis by EDS
(Ba, Ca, Al, Mg, O)
(@ Obtain quantitative analysis values (mol%)
Composition .
presumption for Ca, Mg, Al Si, Mn, Cr,lFe, S, Ba, Na, K
f inclusi
(;r:f USI?;SH @ Case of Sulfur detection,
roclll:l]f])re) * Sulfur value is allotted in order of MnS and CasS.
P - When Ca remains, CaO exists. (Allot it to CaO.)
Y Note 1
l
@ All elements (Excluding Mn, Ca, and S) irrelevant to the
above-mentioned 2) are allotted as oxides.
(All elements are treated as oxides in the case of no sulfur
detection.)
l
@ Identify inclusions referring to the phase diagrams
(Presumption of composition)

SEM: Scanning Electron Microscope
EDS: Energy Dispersive X-ray Spectrometer

2% Titanium inclusions and independent MnS are excluded from the investigation objects.

YNote 1) Either (Ca, Mn) S or (Ca, Mn) S+CaO exists at Sulfur detection.
MnO is unable to exist under the condition of CaS existence thermodynamically.
Therefore, it is adequate to allot sulfur in order of Mn and Ca.
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Table8 Transition of BaO concentration (wt%) in slag

The sign "x" shows BaCO3 addition timing
Heat

Process a b c d
EAF
About 60 min.
EBT tapping
Ba0% in ladle after tapping|  0.04 0.05 0.04 0.08
Slag-off
BaO% at LF 30min.| 3.17 3.51 3.24 0.07
" E45mm
About 50 min.  BaO% at LFend| 3.25 3.29 3.18 3.13
RH
20 min BaO% at RHend|  3.06 2.99 2.96 2.89
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TableQ BaO detection results for inclusions by
microscopic method

LF (BaO addition: LF Smin.
15 min. | 30 min. | 40 min.

0.18 | 0.46 | 0.27

End
0.25

Heat| Item 0 min.
b |BaO% in inclusions —

Number of

with BaO| 9 17 14 16

inclusions/1 00mm”

without
BaO

¢ |BaO% in inclusions —

45 1 0 0 0
0.11 | 0.12

0.28

Number of

with BaO| 7 11 10 12

inclusions/100mm”

without
BaO

37 0 0 1 0
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A=AILO; CS=CaS
C=Ca0 Cr=Cr,05
M=>MgO Mn=>MnO
Si=Si0, Fe=FexO
MA=>MgO-Al,O; ( )>wmE
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Table10 Composition and size transition of inclusions (Sum of inclusions for heat b and c)

=Ba0 is detected (Tracer is added at LF 5 min.)

Symbol: A=ALO;, C=Ca0, M=Mg0, Si=8i0,, MA=MgO* ALO;, mCnA=mCa0 'nALO;, CS=CaS, Cr=Cr,0;, Mn=MnO), Fe=Fe,0), ()=Small amount exist

size <Spm S5~<10um 10~<20pm 20~ <30pum 30~ <40um 40~ <50um S0um~
|'£; CiS MA A mCnA  Lewpsl [CnS MA A mCmA  Lewgede [CnS MA A mONA  Lewgde [CnS MA A mCNA  Lowgade [CnS MA A mODA  Llowgade [CnS MA A minA  Lowgate [CiS MA A mOnA  Lowgake
) (Spessartite sys] MrFeAS (Spessartite sys.] MrFaas (Spessartite sys.] MrFeAS (Spessartite sys.) MrFeAS: A C SiMn A C SiMn M AC SiMn
Mn,Cr AC Mn,Cr (Spessarite sys) MrFeAS: AC Sibn M A (Mdes ) Si
or AC SiMn A C oS AC Sibin
A M, Cr,Si A Si,(Mn)
A Si.(Mn)
18 CoA
LF |30 MA A (=] MA CACIA MA A C6A CAIICTA MA A CALZCTA (S MA 12074
MA A MA CACIA MA A C6A MA CA MA CAICTA
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ics) Ma  cacsa
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.......... S e—— ) o - et
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e S Srreis T ——
(CS) MA A (CS) CAC2A
R~ i —
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o e
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Fig.7  Transition of concentration ratio of sulfur, and

(S)/ (S) during LF treatment.
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Fig.8 Relation between S and Al during LF
treatment.

(The arrow shows the theoretical inclination
according to the desulfurization reaction
formula.)
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Fig.9 MgO-Al,O; spinel formed in the slag/metal
interface.
(The result, Mg0=28.1% and Al,0,=70.5%
is obtained after analyzing the region "1"in
the figure by EDS. The theoretical
composition of the MgO-AIl,O; spinel is
Mg0=28.3% and Al,0:=71.7%.)
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Table11 Molten steel model used for the

thermodynamics calculations

Elements in molten steel
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Fig.11 Calculated equilibrium Ca concentration in
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Fig.12 Calculated equilibrium Ba concentration in
SuUJ2 (16007C)
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