0045 FifEKFRE AR @

IMAER TR NARER.
i 2 B o 5

£ &: inih
Lol MRS
S e I{EP

Li&XY 4 it



2004 fE LB RFELFIRX

1 T SR
LA HIBT A

£ &: #E
' bk WkeE
g B THEd

B P50 %4
- k¥ .



Shanghai University Doctoral Dissertation (2004)

Research on Enhancement of
Denitrogenization and Deoxidation from
Molten Steel in Physiacal Field

Candidate: Sun Mingshan
Major: Ferro-metallurgy
Supervisor: Prof. Ding Weizhong

Shanghai University Press
* Shanghai °



A XBZBEMERAEEREREE, WAFE LR
KA R K.
ERERNSLE:
T ERE #5 2mIbxd 243002
ER: RBE 3 LEGEAY 200030
F ) KK FEKRF 200433
BRI x5, LEERAHEAFER 200052
BER ##5 LEXF 200072

BIf. TP i bExP 200072



K,
A,
i,

R,
K,
I,

I KF
F8KF
FRRF

LA RE
L&EX

EEKS

He

3

EELEGHT, KAEAT S

243002
200072

400030

200030
200072
200072

430080



EHE R 23R L5

TN AL ) R M 4538 SR 4k T T RALAR R L. BLEL
WA E T BRI BRI 7 ik, TR T s bt itid
BB AR 2B ARt B R. R E 24| RA:

A KR F B TR 2B ISR TR R . X2 —/NECHK
EARRARE NI F % AREFETRGEAT, 2EBIKTHE
AR FE YRR, HERHIKA S mA B HE R 6.

fR T B ARAE ) Rl TR AL RN TR TR E
A, LB PRAZHEFXEE, ARTREH XA ZIH TR
& & FHH ARG Bk

BIXNGRPMAEARTTREFEFRTHRELE. &
FERALIRERFE THREGERT, £8BKRY Q. 8T A
MAKSARE. BXHEFTTAR EHABBBEITHEZLRNGH
o, SHKEF B FRBBIBEARRAGIERITT M, £ TH
J 85 /) FAEAL

#EHR T &4 8 sh e &35 40 R A4 R A, FARIE F B
M, g THRNERY, BAFTEEZRERARNS. &
RARA, aBLENE R, B2 R AA AT
R

IMELR SR ER A ARG, AR RGFEREL
A AMME. X KEFAN, BASWH, TREEMEL, SME
By, BT RAGETRETRL R ERARMALRY £
MM4mid, LERBHRIMMEN. ELAERIETHELE
AW, RXFE, DEFMER



ERERARER

ZERERALRARARPAILLRE, — %A Eidit#h
XE#, HRBULTIME L FlF ¥4

ERERL 1) IR
2003 4E 12 H 26 H



ShmPE R F AR B R A

wm E

Bt A2 R MIRH AR, AT R 0 F T
FR. A FRENEREKME, T SRBRE T O A R
RIX—EK, X R SR TR R MR Rl L3R
BB R R,

WBRBRR —HRAR AN AL — TR
SHE T RMNAES: BEAEFED7E (FFHFRRTE ART
S 9B R AT B 8 A AR U 1. S TR = AR ) L AT P 3
AP PRI A LR B B 1 BRURT LA BB AR K
XA AR MBAN 15 t HpP P s ORI M LK% FTiE
St PR ERNA S N R ESCR I E, melER
SR ABEEN ST RS ENZUAR, XR0 4R i
B P IEAEF D FEIR TRRNAFERA LS 2 7R
FEM P REAFRMMAE, JEREESHRBAMTNRERE
W, L EHTFAAETE T MBI ERIAT A, AT A BB
BITRE— TR, -

AW G AR — IR, 8 A ELREOCSH B 11 P AT
BRI ST, IXHE— T R A G T LB, 55— 77 i
FECSE B AT oAU &, T EL I E S5 B 1 1A A T 50 ot
FETARRERPE ik, FATHIH T a0 F e .

HRYE BB T AR RIBCREF I, Bt T kb i B 2
A — R E R F R T8, IF A RIS A8 BN R i
P EHEAT T SEH. S R B R Rk b4 1 B B T LA S AR
TE N HREOCER TR 5 5 R R B aX —XE s, o EUEE

I



2004 4% F¥ER L2203
ATIX — U T AR A T 7T S (Y s B AR ALE.

MRS BT E RSB AT TR, SRR E MR
THRISER 45 R 1 4 iR B R KA.

EARIR A NHIEAL T LA 6 55 B8 1 Mot B s 44 5 i 119
FOR, GSREW: BELRE B T B v AR A it B A R
EHA NI ERNESGEEREEEE A e mm A~
BT HIBRAE — € PR SCR, MR &M N A EBRIE
FH s N A A S I 1 5 B A ) 00 AR Tt e 8 R R A
BHK, T4 000 Pa IS E RS B AR SR Baf T
400 Pa f); EERAESHEREAFE FARIBRBRN TE -
# 2 18], (B BB RURAR T X A 5 TR b 400 Pa IS E RS G
B AR R GBI IER) B, SERECEE A
BAHBRAR, MEERENEEE TG e ERaES. RiE
H B PR MR X ST 45 AT T VLB 0 Ay FI R RE.

ESEFERE b, 2P BT T HRE L S B A AU A
ISERy, Z5REM: KN 4000 Pa &0 N, BHIE SR 1
PR BB R E L S A af . S E RS & A
BHMERWE, THEMETHERS 10X10° X4, BERG
HEAEE FHRKZ, CERELEE FARE MAERT I
B BB 2 25 X 108 2247, I HI 45 B8 iR O B S 0F EL
TS B R U R EEAT T R, JF AR % EXTE E R
B AR BRI R AT T B B RN R

RN AT TR B BN SER. SEXT B AP 4
B A BT R e S HBIR B SE R I R AT TS 4R
KPR R A MR R T SN B S . AR XM
TR, PR E A T — R SR — 2R R N % K R, 5 A

II



M F SR SR B BRI
8 Rt BT ) R AR R ) 4 A B REAT O A S N 1 SRR R Y
P E RS AR B SE R SRR P&
R B RS SR A B SCR B3, #aT iR A &
B 9X 107, FAKAE Rl — /KP4, it xt e A i i alid Rt
ITah J12 it G SRS PR R 280 7 I 2 s S 4 o
177 255 B AN R B AN A — R R N A, AN A ST 2R
J W), B PR SR Y ) T SR 2 ROV OA T

TESCU0 WIFERY b, X IR0 ' 56 S R IR B A5 A s Jo 1 L 2R
BT T AR 3L T B 2 Ay,

X TR S, AR AE VR 2 e b S B Rt SR Atk R R R T
Ak, R ZITEAAETTG S BEE BRI nl, BfEE
FRAS R AR AR N RSB N T X S, BRI T
FFS A Bk g, e &R AN s g R oA i S, IXREuh
T LR, R RAEEFERN . TEAEEER. 5
AR BB b A CIREARIE R, R AR, TSR
WA AL B, X —FRAAEN TS RERE % A,
BT T FEI LR T

R RS - E L B S N S AT T AR A IR,
SR 445 R 2 B T A U 4 D0 B 4 e ) 388 v B S AR
HREKESERGHENER. S H A+ E R4
KR, 4 b U (8 A B B AR

1 8 i S S 40 A R Al BB CaO+ALO+SiO, i A e
BEAT TR A SR, 45 BRI RS B BIIA 80X 107
EA TGRS — DR, Xl RE R P E B F HEB UL
RAEE B REREE X

R 5 4 (8] 1 i v S5 495 A st R A LB R S T BB R A

111



2004 4 ¥R G2 X

R SER RISC R M 4 RBEAT T X LE, WEREA EHYIE.

WFARY, (£ HRAEICEE & R Rl B s, ATt
W AR U AR R K, R — ol AR 2 A B B R SRR
170 78 < ) A0 0 HL 3 A SR A S A R e A 4
ENTE

XA HREOLEE TR, ShmAg, m R, MR, BAY

v



ShtE T RAL BB B RIS

Abstract

With progressing of society and developing of science and
technology, the contents of harmful elements in steel, such as
nitrogen and oxygen, are desired to be lower and lower. Traditional
refining methods have not been enabled to meet the demand, it
requires metallurgists to propose a new denitrogenization technique
and a novel deoxidation method.

It is difficult to remove nitrogen from steel in metallurgy. A
peculiar phenomenon, which is an evident tendency of nitrogen
removal in a non-molecule atmosphere, attracted our notice. When
argon gas was blown into liquid steel in an experiment-scale DC Arc
Furnace through a hollow electrode, nitrogen content in molten steel
could be decreased to a lower level. The result was confirmed by the
trial of argon blowing through a hollow electrode in a 15-ton arc
furnace. The effectiveness of nitrogen removal is obvious when steel
or alloy is remelted in an electronic beam furnace, however the
nitrogen content in liquid alloy doesn’t change when the alloy is
remelted in a vacuum arc furnace. The results obtained from these
trials demonstrated that the nitrogen behavior in molten steel under
the non-molecular atmosphere was different from that under
molecular atmosphere. Unfortunately, the pattern of nitrogen
removal hasn’t distinctly been known. So, it is necessary to
investigate nitrogen removal from liquid steel in plasma, thus

starting a new way for denitrogenizaion of liquid steel.
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Based on the fact, the study on nitrogen removal from steel in DC
glow plasma was proposed. In the plasma, nitrogen removal may be
removed from steel by vacuum, on the other hand, denitrogenization
may be intensified by plasma and the mechanism of nitrogen removal
may be understood because DC electric field was used to generate glow
plasma. A series of important results have been reached as follows.

According to discharging characteristics of DC glow plasma, a
pulse controlled circuit was designed to control the circuit of DC
glow plasma with melt as a polar and used it to make experiment in
molten tin and liquid steel. The results showed that the pulse
controlled circuit was feasible to control DC glow plasma with melt
as a polar, thus resolving the difficulty of current fluctuation when
melt was a polar and providing a reliable circuit for studying on the
field in future.

The DC glow plasma was theoretically explained and a basis
was provided for the experimental design and theoretical analysis.

Desulfurization of molten tin in DC glow plasma was examined.
The results indicted that the effectiveness of sulfur removal from
molten tin in DC glow plasma was better than that in normal state. A
certain amount of sulfur could be removed in non-reactive argon gas
DC glow plasma when the sulfur content was high, and the
desufurizaion did not take place when the sulfur content was low in
molten tin. In the reactive hydrogen gas DC glow plasma it had
remarkable desufurization effectiveness. The sulfur removal
effectiveness of hydrogen DC glow plasma at a pressure of 4 000 Pa
was better than that at a pressure of 400 Pa. The desulfurization

VI
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power of DC glow plasma of argon and hydrogen was between that
of hydrogen DC glow plasma and that of argon DC glow plasma, but,
better than that of hydrogen DC glow plasma at a hydrogen pressure
of 400 Pa. While polarity was changed (the melt was anode), the
argon DC glow plasma hadn’t desulfurzated and the hydrogen DC
glow plasma had desulferization power. Based on the theory on DC
glow plasma, the experimental results were discussed and the
removal of other elements from melt was considered.

Further the dinitrogenization of molten steel was investigated in
DC glow plasma on a molybdenum wire furnace under the pressure of
4 000 Pa. The experiment results showed that the denitrogenization
effectiveness in DC glow plasma was better than that in vacuum. The
denitrogenization effectiveness of hydrogen DC glow plasma was the
best in different kinds of DC glow plasmas and could make the
nitrogen content of steel decrease to 10x10 *mass% or so, better for
argon and hydrogen DC glow plasma, and the worst for argon DC
glow plasma. While in vacuum the nitrogen content in molten steel
could be decreased to 25x10 'mass %. Finally, nitrogen removal from
liquid steel was theoretically discussed based on the theory about
plasma. Especially, denitrogenization and deoxidation. in hydrogen
DC glow plasma were thermodynamically explained.

The scale-up experiment was made in a vacuum induction
furnace. First, the influence of oxygen from refractory lining on
denitrogenization in vacuum was investigated. The results showed that
the denitrogenization rate of molten steel was lowered because of the
influence of oxygen from refractory lining. On the conditions, the

VII
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denitrogenization of liquid steel was controlled by both one-order
reaction and two-order reaction. On basis of the experiment in
vacuum, the denitrogenization of molten steel in DC glow plasma
was carried out. The results indicted that both the argon and
hydrogen DC glow plasma could all make the nitrogen content in
molten steel decrease to about 9x10 *mass %. The kinetics of
denitrogenization of melt steel was discussed and it was found that
the limited step was the interface chemical reaction in an argon DC
glow plasma, while the controlled step was neither one-order
reaction nor two-order reaction in a hydrogen DC glow plasma, and
preferred the interface chemical reaction, which were explained
from reaction mechanism.

From experimental results mentioned above, the mechanism of
impurity removal from melt in DC glow plasma was analyzed and a
kinetic model was developed.

For deoxidaion of molten steel, a new unpolluted technique,
which is based on a short circuit method with solid electrolyte used
as oxygen ion permeable membrane, has been developed in recent
years. Although the method has many advantages such as
non-pollution, quick deoxidation rate and so on, it has some
shortcomings of expensive cost and difficulties of producing large
solid electrolyte and other. To avoid these troubles, using slag to
replace solid electrolyte with an electric field applied between slag
and melt was proposed. It doesn’t need reducing agent, hasn’t the
problem of explosion of zirconia tube, the slag can prevent

secondary oxidition, and has the merits of simple equipment and low
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cost. So, it would be promising deoxidation method and its study
was conducted.

Choosing sodium fluoaluminate + alumina as slag, the
deoxidation experiment of the molten copper with an electric field
applied between the metal and slag was performed. The
experimental results showed that the deoxidation rate increased with
an increase in voltage. However, final oxygen content reached
almost same. When sodium oxide + solica were used as slag, the
final oxygen content of liquid copper was not changed with an
increase of voltage.

Taking lime+aluminiatsilica as slag, the deoxidation experiment
of the molten steel with an electric field applied between liquid steel
and slag was also made. The experimental results indicted that the
oxygen content was decreased about 80x10™* mass %, then was not
be able to reduced further. Probably it would be due to the small
transport number of oxygen ion in the slag and the electrochemical
property of the slag.

On the basis of the deoxidation mechanism with an electric
field applied between slag and melt, a model was developed and
used to simulate the process of the experiment. The data obtained
by the model were essentially agreement with the experimental
result.

The present studies showed that DC glow plasma made the
nitrogen content of molten steel decease to a lower level than that at
the normal state. It is a good method of denitrogenization. The
deoxidatin effectiveness of molten copper with an electric field
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applied between liquid steel and slag was good, and the deoxidation

of liquid steel was not well.

Key words DC glow plasma, electric field, desulfurizaion denitrogenization,

deoxidation, kinetic model



