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AB STRACT

Ladle slag affe ct s st eel clean lin ess at t he end of t he Ruhrstah l- H crcaeus (RH) and hol ding process . The

rela t ionship bet w een com pos it ion of ladle slag , tot al oxygen (TO) and inclusions was investiga ted us ing
X-ray fluorescence ( XRF ) , inf rared absorpt ion , and SE M + EDS methods. The results indicate that T O in

stee l a t t he end of R H increases linearly wit h increasing FcO conte nt in slag. TO is lower wh en we,o/

WAl' 0 3 (C/A) = 1. 5 - 2. 0 t ha n t hat of C/A = 1. 0 - 1. 1 under an approximate con tent of FeO. During t he

holding process, ir regular A!, 0 3 incl usions arc newly generate d d ue to slag reoxidation. Ad di tionally,

A!, 0 3 - Ti; 0 inclusions arc new ly gcn cr at cd in t he ste el whe n t he content of FeO is higher . By com bining

experimental a nd t hermo dy na m ic calc ulation results, it is de te rmined t hat t h e slag has a good melting

property wit h in t he zone of C/ A = 1. 2-1. 8 and adso rption capacit y of A!, 0 3 wh en t he conte nt of SiO , in

slag is con trolled at 1 %- 6 %. T he inc rease in t he C/ A ra tio and t he decrease of FeO content in slag can
slow dow n t he reox ida tion rat e.

Symbol List

R d - A bsorpt ion capacity of s lag ;
K - M as s transfer coefficient related to melt ing point ,

11m ' S - I ;

C , -Saturation fra ction of AI,03 in s lag, wt, %;
C h-Rea l mass fra ction of AI,03 in s lag , wt, %;
J s- Diffus ion flux of FeO in slag, mol , cm " . S - I;

J ",- Diffus ion flux of F eO in st eel, mo l , cm " . S - I ;

k s-Mass transfer coe fficient of FeO in sl ag , ern . S - I ;

1. Introduction

In recent years , wit h the development of automo
bile ind ustry, t he growth of m arket de mand for
h igh qua lity steel fo r deep drawing is predictab le .
D ue to excellent deep drawab ility, in ters ti tial-free
(IF ) steel is widely used in automobile ind us t ry[1,2 ].

However, silver defects in co ld sheets often emerge.
Several studies[3-5] have shown that large Al , 0 3 in

clusions and mold slags entrapped in steel are the
main reasons for the forma tion of defects.

The ge neral process of producing IF steel is as
follow s : BOF ( basic oxygen furnace ) -~RH (Ruhrs
tahl- H ereaeu s) -~ H ol ding process-~CC (conti nuo us
cas ti ng ). T hus , some conver ter slag with a high F eO

"' Correspond ing aut ho r. Prof., P h. D.
E-m ail address: baoY/J@ll stb .edll .c1I ( Y. P . Bao) .

k ",- Mass transfer coefficient of FeO in steel , ern . S-I ;

c(FeO) -Concentrat ion of FeO in slag , mo l· cm - 3 ;
c (FeO) I- Concent ration of FcO at steel/ slag interface , mol .

cm - 3 ;

d O J- Concent rat ion of [ 0 J in steel, mo l, cm - 3 ;
d O JI-Concent ration of [ O J at steel/slag int erface, mol ,

cm - 3 •

content enters into the ladl e during tapping. This
s lag accom pan ies steel in ladl e duri ng the RI-I and
holding process , and steel becom es contaminated
with oxidizing s lag if ladl e s lag is not m odif ied. In
Nippon Steel, the TFe ( to tal Fe) content of ladl e
s lag is red uced below 4 % by adding a m od ifi er after
tap ping in IF steel, and the surface defects of co ld
ro lled sheets a re reduced by 1/6 compared wit h a
conventiona l process l'", From the testing res ul t s of
NKK ( Nippon Kokan ) , the index of surface defects is
decreased by 80 % after deoxidizing of ladle slag !"', T he
study b y Sun and M ori [8] showed that more alumina
incl usions were gen era ted in the m et al bath for slag
wi t h a higher F eO or MnO content and m et al wi th a
lower a lu minum co n ten t and the res trictive st ep of
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3. Results and Discussion

Table 1
Addition of lime for eac h expe rime n t

Table 2

Slag composi t ion in eac h hea t ( wt. %)
Heat No. CaO FeO SiO, MgO MnO Al, 0 3 CiA

1 40.0 15. 9 4. 1 5. 1 2. 1 26. 3 1.5

2 42.3 13. 5 7. 2 5. 0 2. 4 27. 6 1. 5

3 34. 7 13. 5 3. 1 4. 9 2. 9 35. 9 1. 0

4 38.2 13. 5 6. 1 4. 6 2. 5 32. 1 1.2

5 39.3 14. 8 6. 3 4. 6 2. 6 32. 1 1.2

6 37.9 24. 9 2. 7 5. 7 2.4 21. 9 1. 7

7 41. 1 20. 1 4.9 4. 1 2. 2 19. 6 2. 0

8 39.8 21. 1 8.6 4. 6 2. 0 21. 1 1. 9

9 36. 3 19. 8 3. 4 5. 0 2. 2 28. 9 1. 3

10 36.4 18. 1 4.9 4.2 2. 8 29. 1 1.3
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Process

T he init ia l oxygen activit ies before deoxidation of
ten expe rime n tal heats were m easu red .

T he tota l oxygen con te n t of steel samples was an
alyzed using t he infra re d absorption met ho d. St eel
composition was ana lyzed via t he ICP-AES me t ho d.
Sl ag com posit ion was ana lyzed us ing an X-ray fluo 
rescen ce sp ect romet er. T he charact er ization of in
clusions was observed and ana lyzed using scann ing
elect ron microscopy (SEM) and an ene rgy-disper 
siv e X-ray sp ectromet er (EDS) . The samples fro m
two heat s wer e obse r ved at 100 location s wit h 3000
times magnification using SEM to obta in the inclu
sion type, qu antity, and size.

3. 1 . Steel and slag com positions

T abl e 2 shows the slag com posit ion of 10 he ats.
The content of F eO in Pro cess A is lower than t hat
in Process B, and the rat io of C/A varies du e to dif 
feren t am ours of lime addi tion. TFe (FeH and Fe3+)
and Si O , are main redu cib le oxides , and TFe can be
treat ed as F eO [lZ].

T he con te nt of MgO is s tea di ly con tro lled at ap
proximat ely 5%. H owever, th e con te nt of SiOz
fluctu at es from 2 % to 9%, and the effec t of SiO,
cont ent on s lag property wi ll be discuss ed in the fol 
lowing section.

Tab le 3 provides steel composition at the end of RH

2. 1 . Prod uct ion process

2. Production Process and Experimental Method

reoxidation of [ A IL is the diffusion of [ A IL in steel
or diffusion of (FeO) in s lag . Lee et al. [ 9] fou nd
that th e reoxidation rate increased lin early with in 
creasing TFe con t en t in t he case of TFe content
higher th an 1. 5 wt , %, and it decreas ed with in 
cr easing th e w e aO /W/\I' 0 3 (C/A) rat io of th e sl ag for
a giv en TFe con te n t.

The modification of ladle sl ag was performed not
only to decr eas e t he content of FeO bu t also to con
tro l th e proper ratio of C/A to ensure th e absorpt ion
cap acity of A lz03 • Yoon et a l. [ 10] found that con
t roll ing the C/A ratio is t he most efficien t m ethod
for removing inclusions from bea ri ng steels, and its
va lue was most eff ective at 1. 7 - 1. 8. T he total ox
yg en (TO) can be red uced fro m (10 - 12) X 10- 6 to
(5 -8) X 10- 6

• However, the content of FeO was very
low in refining slag during bearing steel production.
In Kawasak i Steel[II] , throu gh t he modification of
slag in ultra-low ca r bon steel production, it was
found that sl ag had good absorption capacity of
A l, 0 3 by cont ro ll ing the C/A ra t io from 1. 2 to 1. 8.

A ll above-m en t ioned s t udies showed that the con
trol over th e content of F eO and C/A ratio is t he
key during th e pr oduct ion . Howev er, ther e is a lack
of th eoret ical des cription to expla in why th e steel
cleanliness is improv ed by controlling slag com posi
tion. Addit ion ally, the content of Si O , is not men
tioned in any of the above-ment ione d studies, but it
affects th e melting property and a bso rp t ion ca pacity
of Al z0 3 • In this paper, the effe ct of th e content of
Si O , and FeO as well as C/A ra t io on steel clean li 
ness and s teel reoxidation was inv estigat ed .

The process adop te d to pro d uce IF steel is as fol
lows : 280 t BO F - RH - Holding process - CC .
During tapping, an amount of lime is adde d in to the
ladle , and s lag deoxidant is added on to the sl ag . T he
RH vacuum treatment includes decarburization, fo l
lowed by aluminum deoxidation, then Ti -Fe alloying
and keeping the RH circu lation tim e for 8 min. After
t he R H treatment, mo lten steel remains unstirred
in th e ladl e for 30 - 40 min before cas t ing.

2.2 . E x perimentai m ethod

In tot al, 10 expe rim en ta l heats wer e carri ed out.
The difference between the two processes was the
a mount of deoxidant addit ion. In Process A, the
added amo unt was more than t hat in Process B. The
addition of lim e during tapping of differ ent heat s is
shown in T ab le 1. Slag and steel samp les were co l
lect ed a t the end of t he RH process of eac h he at . For
H eat 2 , H eat 3, H eat 4 , an d H eat 6 , steel samples
were co llect ed at 5 , 10, and 15 min of hol ding t im e.
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Fig. 1. Effect s of FeO content and C/A ra ti o o n to ta l o xyge n

at t he end of RH.

Table 3
S tee l co m position in eac h h ea t (wI. %)

H eat
C Si Mn [ AlL

:'010.
P S T i

1 0.00 10 0.002 1 O. 12 0.0 11 0 0.0070 0.011 0.074

2 0.00 1 2 0.00 1 8 0. 10 0.0099 0.009 1 0.01 1 0.073

3 0.00 1 2 O. 002 1 0. 11 O. 0080 0.0050 O. 039 0.075

1 0.00 1 1 0.0023 0. 11 O. 0099 0.007 3 O. 010 0.071

5 0.00 10 0.0020 O. 12 0.00 70 0.0010 O. 013 0.079

6 0.00 10 0.0020 0. 11 0.0070 0.0050 0.010 0.072

7 0.00 1 1 0.002 3 0. 12 0.008 2 0.0065 0.01 1 0.075

8 0.001 2 0. 002 0 0. 11 O. 0098 0.007 2 0.017 0.077

9 0. 00 10 0.0020 0. 11 O. 00 90 0. 007 0 0.018 0.07 9

10 0.00 1 1 0.00 1 8 0. 11 O. 007 1 0.006 1 0.013 0. 070

44 r-----------------,

f::, f::,------- --e -------6- ----------
32 e

process for 10 heats. S tee l composition of 10 heats is
s ta bly controlled. T he con tent of [ A IL in s teel is
fro m o. 039 % to O. 048 % , and the co ncen t ra t ion of
[ T i ] is from 0.070% to 0.079 %.

Tabl e 4 shows that the init ial oxygen activity during
most expe r ime n ts is between 400 X 10- 6 and 450 X
10- 6

• The addit ion of Al particles (1 0- 20 mrn ) is a l
so sho wn in T able 4. T hus , the qu ant ity o f inclu
sions due to deoxidation is close to each othe r.

40

e
f::, Heat 2: C/A=1.5, WFea=13.5 mass%
e Heat 4: C/A=1.2, wFeo=13.5 mass%

e

F ig. 3 . Change in tota l oxygen of H ea t 3 a nd H eat 6.

70r----------------,
o Heat 6: u'F..o=24.9mass%, C/A=1.7
~ Heat 3: u'F..o=13.5 mass%, C/A=1.0

16o
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F ig. 2 . Change in total oxygen of H ea t 2 a nd H ea t 4 .

leading to the reo xid ation of s teel and formati on of
incl usi ons. M eanwhil e, inclusions a re remov ed by
floating from the molten s teel foll owed by absor p
tion by s lag. T hen , TO rem ains un changed when a
balance between the r eoxida t ion and incl us ion r e
m ov al rat es is ach ieve d[13] . T hus, a balance is

reached between the r eoxida t ion and inclusion re
moval rat es of H eat 2 , w hi le the reoxida tio n rate is
g reater than the incl usion removal ra te o f H eat 4
due to the lower Cj A rat io .

Fig . 3 indicat es that the TO of H eat 6 decreases grad
ually , and a t the holding time of 15 min it is close t o
that o f H eat 3 of which the in iti al TO was low er
than 10 X 10 - 6

• The TO of H ea t 3 decr eases with in
5 min and then remains un changed. W ith the inclu
s ions removed , the removal ra te of inclus ions is de
creased. H ow ever, a low Cj A causes poo r absorp t iv ity

H eat :'010.
Init ial oxygen act ivit y Addition of

befo re deoxidati on /1 0 - 6 AI/kg

1 120. 1 370

2 143. 8 378

3 110. 6 380

1 160. 8 390

5 151. 8 398

6 390. 9 358

7 15 1. 7 385

8 139 . 8 383

9 126. 3 385

10 109.1 381

Fig. 1 shows th at th e TO in steel at th e end of RH
increases linearl y with increasing FeO co n te n t in s lag.
The TO is lower when Cj A = 1. 5 - 2. 0 than when
Cj A = 1. 0 - 1. 4 under an approxima te content of FeO.

In Fig. 2 , th e FeO content and initi al TO of H eat 2
and H ea t 4 a re appro xi mate a t the beginning of
holding, but the va r ia tion of TO in two heat s is d is 
t inct du e to different C j A ratios of s lag. The TO of
H ea t 2 w ith C j A = 1. 5 is m ainly un ch anged with
t he increase in holding time, and TO of H eat 4 wi t h
Cj A = 1. 2 clearly increas es within 10 m in o f holding
time. After hold ing fo r 15 min, t he TO of H ea t 4 is
significant ly higher than that of H eat 2. In general,
steel has a smalle r oxygen poten ti al than slag , and
oxygen is transferred fr om slag to the m olt en steel,

3. 2 . Tola l oxyg en in st eel

Table 4
In it ia l oxygen activity bef ore deo xida t io n
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of slag in Heat 3. These two reasons cause the change
of TO in H eat 3.

Several studies[14.15J have shown that in a CaO 

Al, 0 3-SiO z system, the increase in C/A ratio can
accelerate the dissolution of Al, 0 3 inclusion in slag,
and the increase in C/A ratio results in an increase
in interfacial ene rg y and decrease in wettability be
tween slag and Al , 0 3 inclusion, which accounts for
the TO change in Figs. 1 - 3.

3. 3. Inclusions in steel

Fig. 4 shows the typical inclusions of AI, 0 3 a t the

holding time of 15 min. In Processes A and B, those
are AI,03 clusters in Fig. 4 ( a ) due to aggregation of
spherical inclusions, stick inclusion in Fig. 4 ( b ) and
petal inclusions in Fig. 4 ( c ) . Because of the interfa-

cia l tension effect, Al , 0 3 inclusions transform from
irregular shapes (stick-like, spherical, petal-shaped,
and dendritic) into the spherical shape[16J. However,
stick-like and dendritic inclusions appear during the
holding process, which accounts for the stick-like
inclusions. Dendritic inclusions are newly generated
and are not derived from collision and aggregation.
Yoon et al. [IOJ illustrates that supersaturation of
[ 0 J or [ A IL leads to the generation of stick-like
and dendritic inclusions of AI , 0 3. However, during
the holding process, the [ A IL con ten t in steel does
not significantly change. Thus, the only supersatu
ration of [ O J , derived from (FeO) in slag, results
in the generation of sti ck-like and dendritic inclusions.
As shown in Figs. 5 and 6, many AI, 0 3-Ti, 0 inclu
sions appear during the Process B. These inclusions

Fig. 4. Typical inclusions of AI, 0 3 for holding tim e of 15 min in Processes A and B.

Fig. s. AI, 0 3 - Ti T0 inclusions at holding tim e of 15 min
in Process B.

are newly generated during the holding process. Ac
cording to Refs. [ 17 J and [ 18 J , Al z0 3-Tix 0 is ge n
era te d du e to the high concentration of [ T iJ or [ 0 J.
With the addition of the Ti-F e alloy into steel,
Al, 0 3-Ti, 0 inclusions can form at the local high ti 
tanium concentration region before steel is com
pletely mixed. Once the composition of steel is uni 
form via the RH circulation, the only predicted
thermodynamically stable phase is AI,03 for the IF
steel composition. This is consisten t with the results
in Ref. [ 19 J. Thus, the AI,03-TixO inclusions form
be cause of the high [ O J concentration rather th an [ T iJ

due to slag reoxida tion. The inclusions due to reoxi
dation are genera ted in bo th Process A and Process
B. The phase stability diagrams of [ T i J and [ A I J,
content in steel at 1873 K are calculated using Fact
Sage 7.0 and are shown in Fig. 7. Due to reoxida
tion , the generation of AI,03 inclusion leads to the
decrease of local [ A IL content . Then, the local [ 0 J
content in Process A is not sufficient for the gen era
tion of AI, 0 3-Ti, 0 inclusion. However, the higher
[ 0 J content du e to the higher (FeO) content in
Process B is enough for the inclusion gen eration.

Figs. 8 and 9 show the changes in size and quantity
of inclusion during the holding process in H eat 2 and
H eat 4, respectively. The quantity of inclusions in
H eat 2 decreases gradually during the holding process,
and the inclusions with siz es above 10 p.m float up
within 15 min. The siz e of most inclusions in steel is
between 1 and 5 p.m. The quantity of inclusions in
I-Ieat 4 clearly increases a t the holding time of 5 to
10 min, and most 1 p.m inclusions are newly genera
ted a t the holding time of 10 min. This indicates tha t
reoxidation occurs during the holding process. The
ch ange in inclusion quantity in Heats 2 and 4 is con
sistent with the change in TO.

(b)(a)



R . W ao g et al . /Journ al of Iron and Steel Research , Lnternat ional Zn (2017) 579 - 585 583

Fig. 6. T ypical morphologies of AI, 0 3 - T iL0 in Process B.

Fig. 7. Fc-A I-Ti -O phase diagram from FactSag e 7. O.
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to the phase diag ram zone where CjA = 1. 2 - 1. 8.
When the SiO , content is 10%, the area is s t ill in
the zone of Cj A = 1. 2 - 1. 8 even w he n the content
of F eO is less than 5 %.

F ig. 11 sho ws the A I, 0 3 sa t uration level in slag a t
diff erent Si O , con t en ts. The addi tion of A I, 0 3 in the
hor izon ta l ord inate sim ula tes the ac cum ula tion of
A I, 0 3 wi th t ime. The fig ure s ugges ts t hat w it h de
creasing SiO, content , the AI,03 saturation level in
s lag in creases, and the t ime of the start ing solution
of AI,03 shortens.

Based on F ig s. 10 and 11 , it is po ssib le to conc lu de
that the area of lo w melting poin t gradua lly devia tes
fr om the zone of CjA =1. 2- 1. 8. However, the ab
sorpt ion capacity fo r AI,03 increases w he n the con
te nt of SiO , decreases. The rate of A I, 0 3 di sso lu tion
in slag ca n be ca lc ulated using E q. (1) . The la rge
sa t ura ted m ass fr act ion is conduci ve for acce lera ti ng
t he dissolu t ion ra te. T hus , when the SiO , content is
con t ro ll ed from 4% to 6%, the slag has a goo d melt ing

Fig. 9. Change in AI, 0 3 inclusions duri ng holding process
in Heat 1.
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Fig. 8. Change in AI, 0 3 inclus ions during hold ing process
in H eat 2.

3.4. E f f ect of Si0 2 content in slag on absor pt ion

ca pacity for si .o ,

According to Ref. [ 11J, absorption capaci ty is better
when the ra tio of Cj A = 1. 2 - 1. 8. In F ig. 10 , with
inc reasing SiO , con tent, the low melt ing point area
when the FeO co nt en t is below 25 % gradually m ov es
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Fig. 10. Variat ion of low melting poi nt area at differ ent cont ents of SiO , .
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\ '<, e(FeO)i

2 [AIJ + 3( F eO ) = ( Alz03 ) + 3 [ F e J ( 2)
( 2 ) Reo xidat ion reaction in the steel in terior
(FeO ) = [ F eJ + [ 0 J ( 3)
2[AIJ + 3[ O J = (Alz0 3 ) (4)
4[ O J + 2[ AI J + x T i= A lz0 3 - T ix 0 ( 5)

Newly generated Alz0 3 and Alz0 3 - Tix 0 inclus ion s
are found during t he holding process . This sugges ts
t hat reoxidation occurs in t he st eel in terior. T he re
ac t ion of slag and steel can be des cr ibed via the two
fil m the ory , as show n in Fig. 12.

e(FeO)

1 -

16040 SO 120
Addit ion of AI20:lg

70

60

~ 50"Vi
.-
9- 40
:;:
'c 30

~
C 20
o
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0

F ig. 11 . A l,0 3 satura t ion level in s lag at d iff er en t SiO ,
contents.

proper ty in the zone of C/ A = 1. 2 - 1. 8 and a bet ter
adso rpt ion cap acity for A l, 0 3 •

R rl = K ( C,-C h ) (1)
Fig. 12.
react ion .

I
e[O]

Schematic diagram of two-film theory of s lag/ s te el

3. 5 . E f fec t of FeO on stee l reoxid ati on

Wang et at. [zoJ found that th ere a re t wo m ech an isms
that ex pla in re ox idat ion .

( 1) Reoxidation react ion at the slag/steel interface

T he s te p of slag reoxidation to s teel is sho wn as
follows.

(1) (FeO) in slag diffused to the slag/ steel interface:
J s=kd c ( Fe O ) - c ( FeO ) iJ (6)
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( 2) The decomposi tion reaction of (FeO) occurs
a t the in te rface:

( FeO )i = [ F e J+ [ O Ji (7)

K = a [O Ji (8)
a (FeO) i

( 3) [ 0 Ji a t the interface is transf erred into s teel :
J M= kM[c[ O Ji -c[ O J J (9)

To red uce the rate of s lag reo xida tio n into steel ,
the diffusion rate of [ 0 J i at the sl ag- s teel in terface
on the steel side should be re duce d by re ducing the
[ O J content. I t can be easi ly shown fro m Eqs. (7)
and (8) that the activity of (FeO) is availa b le to be
reduced for reducing the [ 0 J content. The act iv ity
of (FeO) decr eas es with the decrease of the (FeO)
content in slag. Thus, by decreasing the (FeO) con
te nt of slag , the reoxi dati on to steel can be decreased.

Lee et al. [9J found that whe n TFe > 1. 5 wt. % , the
va lue of k [AlJ increases wit h inc reasi ng TFe content
fo r a given Cj A m ass ratio. For a given TFe con 
te nt , k [AlJ decreases wit h in creasing value of the Cj
A ratio. k [AlJ re presents the decreasin g rate of the
solub le a lumi num content in the m olten steel that is
in contact wit h sla g. The va lue of k [AlJ ca n be cons id
ere d as a m easuremen t of re oxidat ion po ten tial and
oxidizin g te nde nc y of the slag.

A ll st udies show that the increase in Cj A rat io
pro motes s lag to a bsor b Al, 0 3 inclusion , and also
si m ulta neo us ly reduces the r eoxidation rat e of slag
to s teel. This is in ag reement with the T O ch ange in
F igs. 1 - 3.

4. Conclusions

(1) The TO in s teel a t the end of RH in cr eases
lin early with th e incr ease of FeO content in slag. TO is
lower when CjA = 1. 5 - 2. 0 than when CjA = 1. 0 
1. 4 under an approximate content of F eO.

( 2) During the holding process, so me irregular
Al, 0 3 inclusions ( st ick -l ik e and dendritic shapes )
a re found in s teel , and newly ge ne rate d A l, 0 3 -T i, 0
inclus ions occur in he at ing exp er im ents with a high
F eO content.

( 3) The content of SiOz in slag influences the change
of lo w m el ting point area and absorpt ion capacity of
Al z0 3 • By cont roll ing the SiOz co ntent at 4% -6% ,
the slag had a good melting property within the range of

Cj A = 1. 2-1. 8 and adso rp tion capacit y fo r Al, 0 3 •

(4) T he inc reasing Cj A ratio and decreasing F eO
con ten t in slag slows down the reoxidation rat e.
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