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Softening and Melting Behavior of Ferrous Burden under
Simulated Oxygen Blast Furnace Condition
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Abstract: The softening and melting behavior of sinter, pellet and mixed burden was researched through high tem 

peratur e reaction tests under load simulating traditional blast furnace (T-BF) and oxygen blast furnace (OBF) condi

tion s. The results indi cat ed th at com pared with T-BF, th e softe ning zone of sinte r and pellet became wide , but th e

melting zone becam e narrow in OBF. The permeabi liti es of both sinte r and pellet wer e improved in OBF. Und er th e

condition of OBF, th e temperature of softe ning zone of mixed burden was increased by 63 K, but th e temperature of

melting zone was decr eas ed by 76 K. Therefore , th e permeabi lity of material layer was significantly improved. This

was ma inly ca use d by th e change of th e melt ing beha vior of pellet. In addit ion , th e quality of dripping iron in OBF

was mu ch better than th at of T -BF.
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After cen t ur ies of development, the carbon con

sumption in blast furnace, which is t he do minant

rout e for producing pig iron, has been close to theo 

retical minimum va lu e of t he processl" . Oxygen

blas t furnace (OBF) , as a new iron-maki ng technol 

ogy w hich can si gnificantly r ed uc e carbon consump

tion by recycling mos t of t he top gas af ter CO2 re

m oval and op era ting t he blas t furnace with pure ox

ygen, is in creasi ngly ca using a widespread concern.

It has sev eral advantages , such as high productivity ,

high pulverized coal injection (PCD rate, low coke

rate, h igh gas reducing capabi li ty and h igh top gas

calori fic value. Therefore, it is considered to be an iron

making techno logy tha t can most likel y realize the

la rge- scal e applica t ion'<' ".

T he shape and posit ion of the cohesive zone in a

bl as t furn ace a re la rgel y con t roll ed by the hi gh tem

pera t ure properties of fe r rous b urden . I t is impor

tant to have a deep or low co hesive zo ne in t he blas t

furn ace for an efficient operation. This can be achieved

by having a minim al temperatur e difference between sof 

teni ng an d me lting of the ferro us b u rden. A lo t of

studies were carried out by ad apt ing the softening

and m elting expe r ime n t of cons ta n t gas co mposition

based on t he t raditional bl as t furnace (T-BF ) [ 5- 7] •

However, the research on so ftening and melt ing be

havior of ferrous burden in oxygen blast furnace is

scarce . H an[R] s tudied the so ftening and melting be

havior of m ixed burden in t he a t mosphere of oxygen

bl as t furnace. He found that the so ftening zone be

ca m e wide, but the melt ing zone be came narrow.

The permeabi lity of the materia l layer was signifi 

ca n tl y imp roved. However, the so ftening and melt 

ing expe r imen t of cons ta n t gas co mposi tion cannot

t ruly refl ect the softening and melting behavior of

ferrous burden in an oxygen blast furnace.

In the present study, the experimental condi

tions for prog ramming so ftening and melting tests

were determined, and the so ftening and melt ing be

havior of sinter, pell et and m ixed b urden under the

conditions of t raditional bl as t furnace and oxygen

bl as t furnace was res earched, w hich could provide

theoret ical guidance for the rea lization of in dustrial

app lica t ion of oxygen bl as t furnace.

Founda tion Item -l t cm Sp onsored by Nationa l Basic Resear ch Program of China (2 012CB 72040l) ; Nat ion al Nat ur al Scie nce Fo undation of

China and Baosteel (5 1134008 )

Biography : H ua-jie ZH A NG, Master : E-ma il: zhj 904903075@1 63. com ; Received Dat e : Se ptem ber 10 , 2013

Corresponding Author : l ing- song WA NG , Doctor , P rofessor ; E- ma il : wa ngjings ong@ us t b. cdu. en



298 Jou rn al of Iron and Steel Research , In tern ational Vol. 22

1 Experimental

1. 1 Experimental samples
Tab les 1 and 2 show the che m ica l co m posit ion

of the sinter , pe llet and co ke used in a bl as t furnace

of Laiwu Iron and Steel Co mpany. T he dia meter of

the sa mples is 10. 0-12. 5 mm.

1. 2 Experimental apparatus and meth od
T he ex per im en ta l apparat us for so fteni ng and

m el ting under load is sc hemat ica lly shown in F ig. 1.
I t m ai nl y consists of electric furnace, graphite cruci 

bl e, silicon-carbo n t ube, displ acemen t meter , dif

fe ren tial pressure ga uge and auxilia ry equipmen ts.

T he rate d power and the highest heat in g tem perature

Tab le 1 Cbemical com position of raw materials

Composition ! mass %
Burd en Basicity

TFe FeO CaO MgO Al, 0 3 SiO , TiO, S

Sinter 51. 11 9. 29 12.67 2. 17 2. 16 5. 57 0. 21 O. 037 2. 27

Pe llet 62.16 3.69 1. 06 0.97 1. 50 7. 62 O. 17 O. 005 O. 11

Mixed burden 57. 59 7.20 8. 30 1. 72 1. 92 6. 38 O. 025 1. 30

Fig. 1 Experimenta l apparatus

a re 6 k W and 1873 K , respectively . The size of reac

t ion tu be is </> 40 m m X 70 mm. The ferro us b urden

was cha rged in to the gra phi te cruci ble and ( 20 ±
o. 1) g coke was plac ed over and below that . Wherein

se vera l hol es existe d in the bottom of grap hi te cr uci 

bl e, wh ich was cont r ibuted to the d ripping of slag

an d iron, and the to p of g ra p h ite crucible is connect 

ed to the graphi te pusher. The height of sa mple in

the reaction tube is ( 65 ± 5) mm. The load of 10 N /

cm' was adde d in the exp er im en ta l process.

The hea ting process was pro tected by N, below

473 K , and then the redu ctive gas mi xt ure wit h a

flow ra te of 12 L / m in was int roduced in to the reac

t ion tu be. When the fi rs t iron dripped , the redu cti ve

gas m ix tu re was switched to N 2 , and the sa m ple was

cooled to the roo m te m pe rature. The ve rt ica l sh rin k

age, pressure drop and te m perature of bu rd en layer

we re all recorde d automatically by computer. T he

co n ten ts of ca r bo n and s ulp h ur in dr ippin g iro n w ere

analyz ed .

1. 3 Experimenta l condition
The fl ow charts of tradit ional bl as t fu rnace and

oxygen bl ast furnace a re sho w n in F igs. 2 and 3, re

spec ti vely. T he oxyg en bl ast furnace is character ized

b y recycling to p gas, wh ich is re heated to 1173 K

and then injected in to the bl as t furnace from the

stack t uyeres and main tuyeres after CO 2 an d H 2 0
removal.

W ith reference to the characteris tics of ac t ua l

bl as t furnace and the research b y domes ti c and for 

eign sc ho la rs [g,loJ , the heating prog ram in t ra dit ional

bl ast furnace can be app ro xi mated to be that its

hea t ing rate is 9 K / m in bef ore 1 173 K, an d the n it

goes to the thermal reserving zone at 1 173 K , and

afte r ins ula tio n of 30 m in , it heat s up by 5 K/min .

C urren tl y , becau se oxygen bl ast furnace has not

been put in to practical opera tion, and in- furnace

te m perat ure field cannot be obtained, it s hea ti ng

p rog ram is the sa me as that of tradit ional bl as t fur

nace. In the present paper, the in fl uence of gas co m 

posit ion cha nge in o xygen bl ast furnace on so ft eni ng

and m elt in g beh av ior of the fer rous burden was fur

the r invest igated.

According to bl as t furnace m athemat ical model

wit h m ul ti-zon e constraints estab lis he d b y Han et

al. [IIJ , the gas co mposi tio n in diff erent zo nes of

bl ast furnace is det ermin ed . T he heatin g progra m

and gas composit ion at d iff eren t temperat ures for

softe ning and m el ting in tests a re shown in Fi g. 4.

S

mass %

0.691

Differential
press ure gauge

Ash Volati le

11. 91 1. 61

Chemical composition of coke

C

Table 2

86.2

Graphite pusher

Sight glass
Gas inlet
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Iron ore I 660 kg/t

Coal 370 kg/l ~

CO 21.58%, H, 3.14%, , 53.67%, CO, Hl.54%, lIP 2.07%
1746m"/t

I----.---~ Output gas 998 m3/t

Dust 20.8.'3 kg/I

748 m3/t

Coal 150 kg/t --' 1200 t:

Pig iron I 000 kg/t
Slag 3:32 kg/t

Degree of direct reduction: 0.50
Flame temp erature: 2 437 K
Heat loss: 6.98%

Fig. 2 Flow chart of traditiona l blast furnace

189 m'/t c O,+ II,O
406m'll

I----.-----r--+Oulput gas 93 m'/t

900t:

461m3/t

900 t:

350 m'/t
Pig iron 1000 kg/l
Slag 332 kg/t

CO 42.88%, II, 9.74%, N, 10.6.'3%, CO, 30.98%, II,O 5.77%
1 498 m'ltIron ore 1660 kg/t

Coke 220 kg/t

Fig. 3 Flow chart of oxygen blast furnace
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Fig. 4 Experimenta l condition of traditional blas t furnace (a) and oxygen blast furnace (b)

1. 4 Dat a processing

The expe r imen ta l results of ferrous burden in

different conditions a re shown In T able 3. The key

t emperature points, incl ude T 10% ' T m ' T rl ' t:,.p ma x

and S, were autom ati ca lly recorded by computer,

and the t:,. T s ' t:,. T M and t:,.T SM were obtained by manu al
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Table 3 Experimenta l resu lts of ferrous burden in different conditions

Burden T 10%/ K T m/ K ~Ts/K T d/K ~T"dK ~Ts,, / K ~P m"" /Pa S /CkPa ' K)

Sinter CT-BF) 1 508 1 738 230 18 11 73 303 2 312 . 2 118. 51

Sinter COBF) 1 197 1 737 210 180 1 61 301 1 91 1. 0 103. 73

Pellet CT-BF) 1 376 1 581 205 1 718 137 312 3 263 . 1 379 .96

Pellet COBF) 1 300 1 718 1 18 1 731 13 13 1 111 7. 2 8. 15

Mixed bur den CT-BF) 1 111 1 596 185 1687 91 276 2 86 I. 6 215. 82

Mixed bur den COBF) 1 110 1 688 218 1 703 15 263 I 813. 0 19. 81

Vol. 22

co m putation. A mong them, T 10% is so ften ing s ta r t 

ing tem perat ure , a t which the burden lay er has co n

tracted b y 10% ( vol ume percen t) ; T m is so fte ni ng

fini shing te m perature, at w h ich the pressure drop of

the b urd en laye r has reached 490 Pa , and T m is a lso

def in ed as the m eltin g s ta r ting tempera ture; T'; is

the dr ipp in g temperature w hic h is recorded m anually

when the first iro n dr ip s ; t,T s , t,T M and t,T SM are

defined as so fte ni ng zone (T m - T 10% ) , m el ting zone

(T d - T m) and co hesive zone (T d - T 10% ) , respec

t ivel y ; t,p max is the m aximum pressure drop; and S
is the per m ea bi li t y index, which refl ect s the to tal

pressure drop across the co hes ive zo ne and can be

calculated b y Eo, (1) ,

S = n~, (t,P ma x - t,P T ) dT ( 1)

w here t,p T is the pressure d ro p a t the t emperatu re

of T.

2 Ex peri mental Results

2. 1 Softening and melting behavior of sinter
T he expe r imen ta l res u lts of si n ter under the

condi tions of T -BF and O BF are shown in F ig. 5.

Co mpared wi t h trad it ional bl ast furnace, the so ften

in g start ing te m pe rat ure was decreased b y 11 K, b ut

the temperature of so ft eni ng zone was inc reased by

10 K in the oxygen bl as t furnace condition. I t is ge n 

era lly ac knowledge d that the so ften ing of fer rous

b urden is m ai nl y ca used by the onset of liquid pha

ses. As the temperature rose, the liquid grad ua lly

formed a t the interface of low m elt in g poi n t oxide,

an d then it would wet the surrounding oxide parti 

cles due to redu ctio n of the in terf acial fr ee energy.

When all the oxide pa r ti cles in the core of the b urden

w ere w et by t he liquid , the core had a reduced m e

cha nical s t rength, and t he resistance to def ormation

w ould be det ermin ed by the iron shell[12]. U nder o x

ygen bl as t furnace co ndition , the re duction po ten ti al

of the redu cti on reaction is im p roved for add in g Hz
in to the reduc tive gas , and the crystal s tock of m e

tall ic iron is generated due to the format ion of smal

ler parti cles of m et all ic iron. Therefore , the soften 

ing s ta r ti ng tem peratu re of si n ter is s lig h tly low er ,

1850 • T,m< * Tm A T.

1800 A AI
I I

~
1750 <, ~:

Q)

1700 Melting zone3
E

1650Q)

@: ~ofterungzon~
~ 1600

1550

1500
T-BF OBF

Fig. 5 Experimenta l resu lts of sinter in OBF and

T-BF cond itions

w hic h is ca us ed by sin tering of m etall ic iro n.

The per m ea bi li ty of burden lay er is m ainly de

te rmined by the melt in g behavior of fer rous burden ,

w hic h is m easured by the m eltin g starti ng tempera

ture and m eltin g zone. W ith the increase of tempera

t ure, the liq uid oxide vo lume fr action in creases.

M ean while, the melting po int of iron was low ered

b y gas carb urizing. The ca rburizat ion process also

coa r sens the structure of iron she ll a t the periphery

of the b urden . This lead s to the forma tion of cracks

in iro n shell and the ex uda t ion of the liquid m ater ia l

from the ferrous burden . This temperature is def in ed

as m elt ing sta r ti ng temperature. T he ex ude d liqu id

m ateria l reacts wi t h carbo n pres en t in the adjacen t

co ke layer and the remain in g iron oxide is red uc ed by

a direct reduct ion reactio n. T his a lso leads to the

closing of the passageway for the gas through the

bed , ultimat el y result in g in the marked inc rease in

pressure drop over the bed. The final m el tdo wn oc 

curs when iron m elt s. The te mperature, at whi ch

this pheno m eno n ap pears, is co m monly known as

dripping temperature.

Therefore , the m el ting starting te m pe rat ure de

pends m ostly on the thickness of the iro n shell. T he

h igher the re du ct ion degree , the high er the melting

st arting temperature should be. However, the dripp ing

tem perature is mainly determined by the exuded unre

du ced iron oxide and the prop erties of iron shell. H igh
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reduction degree can be achieved in oxygen blast fur 

nace and traditional blast furnace conditions due to

its good reducibil ity, which results in the similar

thickness of iron shell; thus, the melting starting

temperature is almost identical, whereas the drip

ping temperature decreases from 1811 K in tradi

tional blast furnace to 1801 K in oxygen blast fur 

na ce. This is because the carburization re action is

greatly promoted under the condition of oxygen blast

furnace, which decreases the melting po int of iron in

sinter. Therefore, the melting zone becomes narrow

in the oxygen blast furnace, compared with tradi

tional blast furnace. The permeability of burden lay

er has been improved in oxygen blast furnace condi 

tion, which ca n be confirmed by the permeability in 

dex from Table 3 (the S value reduces from 118 . 54

kPa • K in traditional blast furnace to 103. 73 kPa •

K in oxygen blast furnace).

2. 2 Soft ening and melting behavior of pellet
The expe r imen ta l results of pellet in oxygen

blast furnace and traditional blast furnace conditions

are shown in Fig. 6. Compared with traditional blast

furnace, the softening star ting tempera ture sharply

decreases from 1376 to 1300 K, and the softening

zone of pell et is twice as wide as that of traditional

blast furnace in oxygen blast furnace. It can be seen

that the crystal stock and sintering of m etallic iron

have a greater influence on the softening behavior of

pellet compared with that of sinter.

In addition, it is w ell known that the reducibi li

ty of pell et is poor due to its dense structure and low

porosity, but the CO and Hz contents in gas have

been remarkably improved under the condition of ox

ygen blast furnace, whose r educibility and pen etra

tion are better. Therefore , thicker iron shell can be

generated a t the periphery of pellet, which has a la r

ger cap acity to resist deformation. The generation of

1800
• THY" * T« A r,

{t- A
1700 *I

::<: r-. ->
" 1600 I Meltingzone3 *
~

V-g~~
Q)

g- 1500
~

1400

1300
T-BF OBF

Fig. 6 Experimenta l results of pellet in OBF and

T-BF cond itio ns

low-m el t ing liquid phase caused by unreduced wus

tite is de creased with the increase of reduction degree

of pellet, and the erosion to iron shell is a llevia ted.

Therefore, com pa red with t ra dit iona l bl ast furnace,

T m and T d are increased by 137 and 13 K, respec 

tively, and the melting zone is approximately one

tenth. The permeability index de creases from 37 9. 96

to 8. 15 kPa· K obviously. The permeab ility of bur

den layer is significantly improved in oxygen b las t

furnace condition.

M eanwhile, the softening zone of sinter and pel

let becomes wide, and the melting zone becomes

narrow in oxygen blast furnace condition, but the at 

mosphere has a greater infl uence on the softening

and melting behavior of pellet than that on sinter.

2. 3 Softening and melting behavior of mixed bu rd en
The experimental results of different ferrous

burdens in traditional blast furnace and oxygen b last

fu rn ace condit ions a re shown in Fig. 7. The softening

starting temperature of mixed burden is found between

those of sinter and pellet in T-BF and OBF condit ions ,

and the mixing of sinter and pell et r esults in the

drop in the softening zone and m elting zone for the

1300 1=---'- -'- --'--.1

1800

1700

::<:

11600

Q)

g- 1500

~

1400
o Pellet
6. Sinter
• Mixed burden

(b)

Fig. 7 Experimenta l results of different ferrous burdens in T-BF (a) and OBF (b) cond itions
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mixed burden. In addition , compared with tradition

a l b last furnace, the temperature of so fte ning zone

of mixed burden is increased by 63 K, but the tem

perature of m el ting zone is decr eased by 76 K. The

m aximum pressure drop and the pe rmeab ilit y index

are decreased fr om 286 1. 6 Pa and 215. 82 kPa • K to

1 813.0 Pa and 19. 84 kPa • K, res pect ively ( Tab le

3) . The burden permeabi lity is obviously improved

in oxyge n bl ast furnace condit io n. This is m ainly

ca used by the change of the m elting beh avior of pe l

let . Kaushik and Fruehan[13J r es earch ed t he m ec ha 

nism of burden inter action and m elt exuda t io n phe 

nomenon; it found that the m elt dripping was pre

dominantly observed in olivine fl u xed pellets. T he re 

fore , co mpared wit h trad itional blast furnace, the

melt ing beh avior of mixed burden, w h ich could re 

flect permeability of burden layer in blast furnace, is

improved du e to the imp rovement of high tempera

ture properties of the pe llet.

2. 4 Quality of dipping iron

The ca r bo n and s u lf ur contents in dripping iron

of pell et and mixed burden in T -BF and OBF co ndi

tions a re sho w n in T able 4. Co mpare d with tradi 

tional bl ast furnace, the ca rbon co n te n t in dripping

iro n o f pell et and mixed burden decr eases fro m

3.09 % and 2.97 % to 2.44 % and 2.92 % in oxygen

b last furnace co ndit ion , respectively. T he reason is

that the ca r bon content of dripping iron is deter

m in ed by two as pe ct s. One is carburization of CO to

iron before m elting. T he ot her is the ca rb ur iza t ion of

coke in the process of m elting zo ne and iron drip

ping. And the latter is t he k ey facto r to determi ne

the fin a l carbon conte n t of dripping iro n. Previo us

resea rch po inted out that the hi ghes t carbon content

of solid s pon ge iron a t equilibrium was 1. 5 %

through theoretica l calculation, while du e to the

lim ita t ion o f reaction k inetics , the carbon content

cannot reach such a high level [HJ. In addition , Inay

os h i and H ay ashi[15J found that under the co nditi on

of H 2 repl ac in g half of CO in gas, when the temper

a ture reached 1 67 3 K, the ca rbo n co n te n t in sin ter

was only 0. 6 % . A s show n in T able 3 , the m elting

zone o f pe llet in ox ygen blast furnace is a bout 10. 5

times m ore than that of the tradition al bl ast fur 

nace, and it is 6. 1 times for mixed burden . There

fore, the co n tact time of ferrous burden and coke is

longer in traditional bl ast furnace co ndi tion , and the

carb uri zation is also more effe ct ive ; in addit io n , the

dr ipping temperature of pellet is higher than that of

mi xed burden , resu lting in the signific antly higher re-

Table 4 Content of carbon and sulpbur in
dripping iron mass %

Burden C S

Pellet ( T-BFl 3.09 0.017

Pellet ( OBFl 2. 11 0.030

Mixed bur den (T- BF l 2.97 0.082

Mixed bur den (OBFl 2.9 2 0.030

duction of ca rbo n content in dripping iron of pellet

than that of mixed burden.

The sulfur co nten t in dripping iro n reduces

fr om O. 04 7 % and O. 082 % to O. 030 % under condi

tion of oxyge n b last furnace. T he fundamental reac

tio n of the des ulp hurizat ion of slag can be expressed

by Eq. (2), and it s desulfuriza ti on capacity is us ua l

ly m easured by dist ribution coe fficient of sulfur

([' s), which is shown by Ec. ( 3) [14J.

[ F eSJ + (CaO) = (CaS) + (FeO ) (2)

L s = K ~ X Y[sJ X YCCaOl WCCaOl ( 3)
. . YCCaSJ YCFeOl WCFeOl

where , K ~ is the equilibr ium co ns ta n t , which t S a

functi on o f absolu te temperature; Y[sJ is the ac t ivity

coeff icien t of s u lp h ur in the iron; YCCaS)' YCFeOl' and

YCCaOl a re the ac ti vit y coeff icien t of Ca S , F eO and

CaO in the slag , respectivel y ; and WCCaOl and WCFeOl

a re the contents of CaO and F eO in the s lag , respec

tivel y.

Therefore, there a re two possible reasons for

expla in ing the reduction of sulphur in dripping iron

under the condit ion of oxygen bl ast furnac e. O n one

hand , as the r eduction pot ent ial of the gas has been

greatly im pro ved and the red ucti on degree of ferrous

b urden is g rea tly incr eased, the FeO content of slag

is red uced and the dis t r ibution coe ff icien t of sulfur is

increased. Thus, the desulfurization ca pa city of slag

is enha nced. On the other hand , the m elting zone of

pe llet and mixed burden was shorten ed sharp ly in

oxygen bl ast furnace , and the resulphurizat ion

ca use d by the co ntact of m et alli c iro n and co ke de

crease s obvio us ly .

3 Concl usions

( 1) U nde r the conditio n of o xygen bl ast fur 

nace, the so fte ning s tarting te mperat ure and drip

ping temperature of sinter decr eas e from 1 508 K and

1 811 K to 1 4 97 K and 1 801 K, respecti vely, but the

m elting starting temperature is a lmos t un ch anged .

Therefore , th e soft ening zone becam e wide, while the

melting zone became slightly narrow, and the permea

bility of burden layer was improved to some extent.

(2) T he softeni ng zone of pellet in oxygen blast
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furnace condi t ion is twice as wide as that in the tradi 

tional bl ast furnace condi tio n, but the m eltin g zone

is approximately on e- ten th. Therefore, the permea

bili t y of the burd en layer is s ignificantly im proved.

( 3) Under the condit ion of oxygen blast fu rn ace,

the temperature of so ft eni ng zone of m ix ed burden is

increased by 63 K , but the temperature of m elt in g

zone is decreased by 76 K. Therefore, the permea

bili ty of m ateri al laye r is si gn ifican tl y im proved.

(4) The quality of dripping iron of pellet and mixed

burden is obvio us ly impro ved in oxygen bl ast fur 

nace condi t ion. The ca r bo n co nt en t in drip ping iro n

of pell e t and m ixed burden decreases from 3. 09 %
and 2. 97 % to 2. 44 % and 2. 92 % , respecti vel y , and

the s ulf ur co ntent in dripping ir on decr eases fr om

0.047 % and o. 082 % to 0.030 %.
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