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SIAM THONGNAK : A STUDY ON MEASURING METHOD FOR
SLAG FOAMING IN ELECTRIC ARC FURNACE BY USING VOLTAGE
SIGNAL ANALYSIS. THESIS ADVISOR : SAKHOB KHUMKOA,

Dr.-Ing., 124 PP.

STEEL MAKING/ ELECTRIC ARC FURNACE/ ARC VOLTAGE/ SLAG

FOAMING INDEX

This study dealt with the slag foaming detection in electric arc furnace. The
purpose of this study is to develop the measuring method for slag foaming during the
production of steel with various chemical compositions of slag. In thi§ study, the
voltage signals of electric arc furnace during the steel processing were detected. The
detected signals of each processing stage especially during foaming of the slag were
subsequently analyzed by using a LabVIEW software and reported as an slag foaming
index. This index resulted from the transformation of harmonic of voltage. This work
was carried out under normal practice in industrial furnace. The voltage signal of 27
heats were analyzed by using the LabVIEW software. The slag samples of 22 heats
were selected and its chemical compositions were analyzed by using XRF. The results
showed that the average slag foaming index in the slag foaming period is 84.35% while
that in the non slag foaming period is 75.17%. It was found that there is a negative
correlation, which is significant at 0.05 level, between slag foaming index and oxide
content of the slag. It means that this correlation provides a confidential level of 95%.
Moreover, the slag foaming index can be applied to indicate the status of slag on an

isothermal solubility diagram. In this study the status of the represented slag of 22 heats



with basicity of 1.5 at 1600°C is located in the liquid area according to the isothermal
solubility diagram. The average slag foaming index of those slag is 84.25. Nevertheless,
analysis of voltage signals and slag samples from industrial production is required in
order to clarify the correlation between slag foaming index and status of slags ‘on
isothermal solubility diagram. The advantages of this study are to indicate and
characterize the status of slag foaming during steel processing. Furthermore, it can be
applied as a guideline to design and develop the automation of oxygen injection system

in order to improve the efficiency of the electric arc steelmaking process.
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scrap/alloys
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15 250 k (3,05 kg)
3 9 lime/dolomite dust
(56 ":5” 25 - 50 kg / 15 - 20 kg
coa
28 k 16 k
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(21 kg) off gas

natural gas - 150 - 250 kg

5-10 kg (NQIDQSCO!COE!Hzl
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infiltrated air

100 - 200 kg
(162 kg)
refractories
100 - 200 kg 3-12kg 1000 kg
(78 kg) (2,6 kg)
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A15190 4.2 wamsaasienansisenevluauanuazmasiimsinanesaan

Y
%}ﬂﬂaZIﬂ‘t’Ju'quﬂéUfNﬁﬁ‘lJﬁzﬂﬂ‘U

e WA | f¥timsAarlesanan
Fe O | MgO | CaO | SiO, | ALO,
171664 36.37 | 4.62 | 27.56 | 1499 | 6.14 1.3 85.20
171665 | 22.68 | 6.51 | 32.25 | 16.42 | 7.48 1.3 85.48
171666 | 2592 | 530 | 3321 | 13.90 | 6.25 1.6 91.56
171667 | 30.18 | 5.67 | 25.44 | 1537 | 7.04 1.1 86.01
171668 | 33.01 | 430 | 30.88 | 13.52 | 6.20 1.6 88.73
171669 | 33.11 | 4.33 |30.57 | 13.26 | 6.19 1.6 86.58
171670 | 36.44 | 5.64 | 28.56 | 13.66 | 5.89 1.5 85.98
171671 | 21.81 | 6.77 | 32.79 | 16.02 | 6.90 1.4 85.81
171672 | 30.79 | 5.97 | 29.40 | 1438 | 6.29 1.4 80.17
171673 | 4337 | 3.68 | 22.63 | 11.72 | 6.04 1.3 82.43
171674 | 30.57 | 5.00 | 31.54 | 1429 | 6.03 1.6 88.16
171675 | 43.51 | 3.90 | 24.40 | 1232 | 4.93 1.4 81.08
171676 | 45.99 | 3.02 | 18.67 | 15.89 | 5.87 0.9 83.26
171677 | 47.03 | 3.61 |23.58 | 11.00 | 4.68 1.5 82.06
171678 | 5024 | 2.82 | 22.87 | 1026 | 4.19 1.6 86.33
171679 | 57.62 | 2.81 | 16.89 | 9.60 | 4.24 1.2 82.86
171680 | 56.15 | 2.91 | 17.93 | 9.77 | 4.26 1.3 83.11
171681 | 4291 | 4.51 | 21.58 | 13.13 | 5.95 1.1 76.97
171682 | 43.63 | 3.61 |23.33 | 12.84 | 586 1.2 83.95
171683 | 47.64 | 3.76 |22.10 | 11.37 | 4.92 1.4 84.58
171684 | 46.72 | 4.03 | 2037 | 11.63 | 5.18 1.2 83.25
171685 | 55.05 | 2.09 | 21.16 | 9.02 | 4.26 1.6 79.98
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17/5/2560 11:18:30

Na
Mg
Al
Si
P
Ca
Ti
Cr
Mn
Fe
Ni

PANalytical
Quantification of sample 171664

R.M.S..

0.005

Result status:

Sum before normalization:

45.9%

Normalised to:

100.0 %

Sample type:

Pressed powder

Initial sample weight (g):

3.000

Weight after pressing (g):

10.000

Correction applied for medium:

No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superg\userdata

Analyte|Calibration | Compound Concentration
status formula
Calibrated Na2Q
Calibrated Mgo
Calibrated Al203
Calibrated Sio2
Calibrated P203
Calibrated CaQ|
Calibrated Tio2
Calibrated Cr203
Calibrated MnO|
Calibrated Fe20:
Calibrated NiO

1.10C
4,623
6.137

14.989

027

27.557

0.72¢
2.08%
6.096

36.366

0.05

Unit Calculation

%
%
%
%
%
%
%
%
G/D
%
%

method

Calculate
Calculate
Calculate
Calculate
Calculate
Calculate
Calculate
Calculate
Calculate
Calculate
Calculate

Status

BgC;LoR;
BgC;
BgC;
BgC;
BgC;LoR;
BgC;
BgC;LoR;
BgC;
BgC;LoR;
BgC;LoR;
BgC;

Page 1

1

-1 WﬁﬂWi%!ﬂinﬁ’%Wﬂ XRF v04duaniimvaon 171664
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25/5/2560 10:18:14

PANalytical
Quantification of sample 171665

R.M.S.:

0.015

Result status:

Sum before normalization:
Normalised to:

418 %
100.0 %

Initial sample weight (g):

Sample type:

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.635 %| Calculale | BgC;LoR;
Mg Calibrated MgO 6.505 %| Calculate | BgC;
Al Calibrated Al203 7478 %| Calculate | BgC;
Si Calibrated Sio2 16.418 %)/ Calculate | BgC;
Ca Calibrated CaO 32251 % Calculate | BgC;
Ti Calibrated Tio2 1.020 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2930 %| Calculate | BgC;
Mn Calibrated MnO 10.0856 9%/ Calculate | BgC;LoR;
Fe Calibrated Fe203 22678 %| Calculate | BgC;LoR;

Page 1

310

n-2 Waﬂ1551ﬂ31$ﬁ%1ﬂ XRF v09duanimnaon 171665
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25/5/2560 10:21:50

PANalytical
Quantification of sample 171666

R.M.S.:

0.009

Result status:

Sum before normalization:
Normalised to:

298 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.505 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 5297 %| Calculate | BgC;
Al Calibrated Al203 6.253 % Calculate | BgC;
Si Calibrated Sio2 13.901 %]/ Calculate | BgC;
Ca Calibrated Ca0O 33211 % Calculate | BgC;
Ti Calibrated Tio2 1220 % Calculate | BgC;LoR;
Cr Calibrated Cr203 3.405 % Calculate | BgC;
Mn Calibrated MnO 10,288 %/ Calculate | BgC;LoR;
Fe Calibrated Fe203 25920 %]/ Calculate | BgC;LoR;

Page 1

310

-3 WﬁﬂWi%!ﬂiW&ﬁ%Wﬂ XRF 109duaniimvaon 171666
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25/5/2560 10:30:27

PANalytical
Quantification of sample 171667

R.M.S.:

0.024

Result status:

Sum before normalization:
Normalised to:

325%
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:

Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.370 %| Calculale | BgC;LoR;
Mg Calibrated MgO 5670 %| Calculate | BgC;
Al Calibrated Al203 7040 % Calculate | BgC;
Si Calibrated Sio2 15373 %]/ Calculate | BgC;
P Calibrated P205 0.338 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 25442 % Calculate | BgC;
Ti Calibrated Tio2 1246 % Calculate | BgC;LoR;
Cr Calibrated Cr203 3,709 %| Calculate | BgC;
Mn Calibrated MnO 10.631 9%/ Calculate | BgC;LoR;
Fe Calibrated Fe203 30.182 %| Calculate | BgC;LoR;

Page 1

310

N-4 WﬁﬂWi%!ﬂiW&ﬁ%Wﬂ XRF U04daniimvaon 171667
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25/5/2560 10:32:35

PANalytical
Quantification of sample 171668

R.M.S.:

0.004

Result status:

Sum before normalization:
Normalised to:

377 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method
Na Calibrated Na20 0.482 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 4299 %| Calculate | BgC;
Al Calibrated Al203 6.196 % Calculate | BgC;
Si Calibrated Sio2 13.518 %]/ Calculate | BgC;
P Calibrated P205 0281 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 30881 % Calculate | BgC;
Ti Calibrated Tio2 1169 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2491 %| Calculate | BgC;
Mn Calibrated MnO 7.671 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 33.013 %| Calculate | BgC;LoR;

Page 1

310

-5 WﬁﬂWi%!ﬂiW&ﬁ%Wﬂ XRF U04aaniianvaon 171668
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25/5/2560 10:36:11

PANalytical
Quantification of sample 171669

R.M.S.:

0.004

Result status:

Sum before normalization:
Normalised to:

378 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:

Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method
Na Calibrated Na20 0.744 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 4.328 %| Calculate | BgC;
Al Calibrated Al203 6.192 % Calculate | BgC;
Si Calibrated Sio2 13.257 %]/ Calculate | BgC;
P Calibrated P205 0314 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 30565 % Calculate | BgC;
Ti Calibrated Tio2 0935 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2.544 %| Calculate | BgC;
Mn Calibrated MnO 8.015 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 33.105 %| Calculate | BgC;LoR;

Page 1

310
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25/5/2560 10:38:14

PANalytical
Quantification of sample 171670

R.M.S.:

0.019

Result status:

Sum before normalization:
Normalised to:

424 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method
Na Calibrated Na20 0.368 %| Calculale | BgC;
Mg Calibrated MgO 5638 %| Calculate | BgC;
Al Calibrated Al203 5893 % Calculate | BgC;
Si Calibrated Sio2 13.656 %]/ Calculate | BgC;
Ca Calibrated Ca0O 285556 % Calculate | BgC;
Ti Calibrated Tio2 0755 % Calculate | BgC;
Cr Calibrated Cr203 2.064 % Calculate | BgC;
Mn Calibrated MnO 6.629 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 36.444 %| Calculate | BgC;LoR;
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25/5/2560 10:40:12

PANalytical
Quantification of sample 171671

R.M.S.:

0.014

Result status:

Sum before normalization:
Normalised to:

389 %
100.0 %

Sample type:
Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.243 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 6.766 %| Calculate | BgC;
Al Calibrated Al203 6.901 % Calculate | BgC;
Si Calibrated Sio2 16.023 %]/ Calculate | BgC;
Ca Calibrated Ca0O 32793 % Calculate | BgC;
Ti Calibrated Tio2 1159 % Calculate | BgC;LoR;
Cr Calibrated Cr203 4059 % Calculate | BgC;
Mn Calibrated MnO 10,246 9%/ Calculate | BgC;LoR;
Fe Calibrated Fe203 21811 %/ Calculate | BgC;LoR;
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25/5/2560 10:43.46

PANalytical
Quantification of sample 171672

R.M.S.:

0.006

Result status:

Sum before normalization:
Normalised to:

402 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.232 %| Calculale | BgC;LoR;
Mg Calibrated MgO 5967 %| Calculate | BgC;
Al Calibrated Al203 6.286 % Calculate | BgC;
Si Calibrated Sio2 14380 %]/ Calculate | BgC;
P Calibrated P205 0347 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 29395 % Calculate | BgC;
Ti Calibrated Tio2 0957 % Calculate | BgC;LoR;
Cr Calibrated Cr203 3.316  %| Calculate | BgC;
Mn Calibrated MnO 8.331 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 30.788 %| Calculate | BgC;LoR;

Page 1
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25/5/2560 10:46.03

PANalytical
Quantification of sample 171673

R.M.S.:

0.021

Result status:

Sum before normalization:
Normalised to:

421 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:

Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.289 %| Calculale | BgC;LoR;
Mg Calibrated MgO 3680 %| Calculate | BgGC;
Al Calibrated Al203 6.035 % Calculate | BgC;
Si Calibrated Sio2 11.717 %]/ Calculate | BgC;
P Calibrated P205 0273 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 22626 % Calculate | BgC;
Ti Calibrated Tio2 1.003 % Calculate | BgC;LoR;
Cr Calibrated Cr203 3.134 %| Calculate | BgC;
Mn Calibrated MnO 7.873 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 43370 %]| Calculate | BgC;LoR;
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&0

25/5/2560 10:48:21

PANalytical
Quantification of sample 171674

R.M.S.:

0.006

Result status:

Sum before normalization:
Normalised to:

400 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.316 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 4999 %| Calculate | BgC;
Al Calibrated Al203 6.027 % Calculate | BgC;
Si Calibrated Sio2 14293 9%/ Calculate | BgC;
P Calibrated P205 0.384 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 31544 % Calculate | BgC;
Ti Calibrated Tio2 0.950 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2.811 %| Calculate | BgC;
Mn Calibrated MnO 8.101 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 30.574 %| Calculate | BgC;LoR;
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&1

25/5/2560 10:58:12

PANalytical
Quantification of sample 171675

R.M.S.:

0.026

Result status:

Sum before normalization:
Normalised to:

434 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.242 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 3.903 %| Calculate | BgC;
Al Calibrated Al203 4928 % Calculate | BgC;
Si Calibrated Sio2 12.323 %]/ Calculate | BgC;
P Calibrated P205 0317 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 24396 % Calculate | BgC;
Ti Calibrated Tio2 0.846 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2,557 %| Calculate | BgC;
Mn Calibrated MnO 6.976 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 43512 %]/ Calculate | BgC;LoR;
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25/5/2560 11:06.01

PANalytical
Quantification of sample 171676

R.M.S.:

0.034

Result status:

Sum before normalization:
Normalised to:

483 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 1.205 %| Calculate | BgC;LoR;
Mg Calibrated MgO 3.016 %| Calculate | BgC;
Al Calibrated Al203 5866 % Calculate | BgC;
Si Calibrated Sio2 15.893 %]/ Calculate | BgC;
P Calibrated P205 0.448 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 18668 % Calculate | BgC;
Ti Calibrated Tio2 0658 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2369 %| Calculate | BgC;
Mn Calibrated MnO 5.882 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 45994 %/ Calculate | BgC;LoR;
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&3

25/5/2560 11:08:23

PANalytical
Quantification of sample 171677

R.M.S.:

0.016

Result status:

Sum before normalization:
Normalised to:

394 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.276 %| Calculale | BgC;LoR;
Mg Calibrated MgO 3605 %| Calculate | BgC;
Al Calibrated Al203 4679 % Calculate | BgC;
Si Calibrated Sio2 11.004 9%/ Calculate | BgC;
P Calibrated P205 0283 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 23579 % Calculate | BgC;
Ti Calibrated Tio2 0.746 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2.032 %| Calculate | BgC;
Mn Calibrated MnO 6.764 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 47.032 %]/ Calculate | BgC;LoR;
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&4

25/5/2560 11:10:54

PANalytical
Quantification of sample 171678

R.M.S.:

0.016

Result status:

Sum before normalization:
Normalised to:

413 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.217 %| Calculale | BgC;LoR;
Mg Calibrated MgO 2817 %| Calculate | BgC;
Al Calibrated Al203 4188 % Calculate | BgC;
Si Calibrated Sio2 10.255 9%/ Calculate | BgC;
P Calibrated P205 0279 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 22867 % Calculate | BgC;
Ti Calibrated Tio2 0720 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2.086 %| Calculate | BgC;
Mn Calibrated MnO 6.333 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 50.239 %| Calculate | BgC;LoR;

Page 1
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25/5/2560 11:13.06

PANalytical
Quantification of sample 171679

R.M.S.:

0.018

Result status:

Sum before normalization:
Normalised to:

40.7 %
100.0 %

Sample type:

Pressed powder

3.000

Initial sample weight (g):
Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

__Results database:

Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.204 %| Calculale | BgC;LoR;
Mg Calibrated MgO 2814 %| Calculate | BgC;
Al Calibrated Al203 4240 % Calculate | BgC;
Si Calibrated Sio2 9.596 %| Calculate | BgC;
P Calibrated P205 0223 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 16886 % Calculate | BgC;
Ti Calibrated Tio2 0681 %| Calculate | BgC;LoR;
Cr Calibrated Cr203 1996 %| Calculate | BgC;
Mn Calibrated MnO 5736 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 57623 %| Calculate | BgC;LoR;

Page 1

310

n-16 wamﬁmﬁwﬁﬂm XRF w03auaniieiasy 171679




86

25/5/2560 11:16:16

PANalytical
Quantification of sample 171680

R.M.S.:

0.016

Result status:

Sum before normalization:
Normalised to:

462 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.157 %/ Calculale | BgC;LoR;
Mg Calibrated MgO 2909 %| Calculate | BgC;
Al Calibrated Al203 4262 % Calculate | BgC;
Si Calibrated Sio2 9.765 %| Calculate | BgC;
P Calibrated P205 0.228 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 17929 % Calculate | BgC;
Ti Calibrated Tio2 0673 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2.025 %| Calculate | BgC;
Mn Calibrated MnO 5902 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 56.150 %| Calculate | BgC;LoR;
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25/5/2560 11:18:10

PANalytical
Quantification of sample 171681

R.M.S.:

0.004

Result status:

Sum before normalization:
Normalised to:

426 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.201 %| Calculale | BgC;LoR;
Mg Calibrated MgO 4507 %| Calculate | BgGC;
Al Calibrated Al203 5947 % Calculate | BgC;
Si Calibrated Sio2 13.132 %]/ Calculate | BgC;
P Calibrated P205 0327 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 21578 % Calculate | BgC;
Ti Calibrated Tio2 0.851 %| Calculate | BgC;LoR;
Cr Calibrated Cr203 2,697 %| Calculate | BgC;
Mn Calibrated MnO 7.854 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 42 907 %/ Calculate | BgC;LoR;

Page 1
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&8

25/5/2560 13:50:12

PANalytical
Quantification of sample 171682

R.M.S.:

0.018

Result status:

Sum before normalization:
Normalised to:

484 %
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.155 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 3611 %| Calculate | BgC;
Al Calibrated Al203 5861 % Calculate | BgC;
Si Calibrated Sio2 12.844 9%/ Calculate | BgC;
P Calibrated P205 0335 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 23333 % Calculate | BgC;
Ti Calibrated Tio2 0.889 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2509 %| Calculate | BgC;
Mn Calibrated MnO 6.831 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 43632 %)/ Calculate | BgC;LoR;
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25/5/2560 13:53.28

PANalytical
Quantification of sample 171683

R.M.S.:

0.012

Result status:

Sum before normalization:
Normalised to:

454 %
100.0 %

Sample type:
Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.088 %| Calculale | BgC;LoR;
Mg Calibrated MgO 3.759 %| Calculate | BgC;
Al Calibrated Al203 4921 % Calculate | BgC;
Si Calibrated Sio2 11.373 %]/ Calculate | BgC;
P Calibrated P205 0282 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 22104 % Calculate | BgC;
Ti Calibrated Tio2 0.844 % Calculate | BgC;LoR;
Cr Calibrated Cr203 2325 %| Calculate | BgC;
Mn Calibrated MnO 6.666 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 47638 %| Calculate | BgC;LoR;
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25/5/2560 13:55:41

PANalytical
Quantification of sample 171684

R.M.S.:

0.011

Result status:

Sum before normalization:
Normalised to:

41.0%
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.081 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 4.033 %| Calculate | BgC;
Al Calibrated Al203 5180 % Calculate | BgC;
Si Calibrated Sio2 11628 %]/ Calculate | BgC;
P Calibrated P205 0270 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 20371 % Calculate | BgC;
Ti Calibrated Tio2 0.862 % Calculate | BgC;LoR;
Cr Calibrated Cr203 3109 %| Calculate | BgC;
Mn Calibrated MnO 7.746 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 46.720 %/ Calculate | BgC;LoR;

Page 1
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25/5/2560 13:57:44

PANalytical
Quantification of sample 171685

R.M.S.:

0.009

Result status:

Sum before normalization:
Normalised to:

445%
100.0 %

Sample type:

Initial sample weight (g):

Pressed powder

3.000

Weight after pressing (g):
Correction applied for medium:

10.000
No

Correction applied for film:
Used Compound list:

No
Oxides

Results database:
Results database in:

omnian he

c:\panalytical\superq\userdata

Analyte |Calibration Compound Concentration Unit|Calculation| Status
status formula method

Na Calibrated Na20 0.135 %[ Calculale | BgC;LoR;
Mg Calibrated MgO 2,090 %| Calculate | BgC;
Al Calibrated Al203 4260 % Calculate | BgC;
Si Calibrated Sio2 9.017 %| Calculate | BgC;
P Calibrated P205 0.264 % Calculate | BgC;LoR;
Ca Calibrated Ca0O 21157 % Calculate | BgC;
Ti Calibrated Tio2 0676 % Calculate | BgC;LoR;
Cr Calibrated Cr203 1956 %| Calculate | BgC;
Mn Calibrated MnO 4.941 %| Calculate | BgC;LoR;
Fe Calibrated Fe203 55505 %| Calculate | BgC;LoR;

Page 1
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A Study on Measuring Method for Slag Foaming in Electric Are Furnace

Siam Thongnak®, Sakhob Khumkoa", Tanongsak Yingnakorn, Loeslakkhana Srikhang!
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Abstract
The reduction of energy consumption and production improvement of steelmaking in electric
arc furnace can be achieved by efficient management and control of the furnace operation. One

technique to improve the thermal efficiency and to reduce energy consumption of electric arc

steelmaking is to control the slag foaming that covers the molten steel in the furnace. Generally,

estimation of slag foaming is done by visual and acoustic observation by operators, or sound
measurement during arc operation. The accuracy of the observation of those techniques
depends on the individual experience of the operator. To avoid uncertainty of the slag foaming
by the furnace operator, a new method for slag foaming detection is taken into consideration.
This study presents a new method for slag foaming observation during the steclmaking process
in electric arc furnace by giving consideration to arc voltage analysis. To gain electrical signals
from the clectric arc furnace, the speeific device equipped with a data collector was installed
and connected with the clectrical system of the arc furnace. Electrical signals were collected
during real industrial furnace operation of the steelmaking process. Then the signals were
analyzed and the arc vollage in correlation with slag foaming index were interpreted by using
LabVIEW software. It was found that there is a strong (negative) correlation between the slag
foaming index and iron oxide content which is significant at the 0.05 level. Moreover, the
developed detector can indicate slag foaming in molten slag. Based on this analysis, it may
possible to apply this proposed method for slag foaming detection in the steelmaking arc
furnace.

Keywords: Steel Making, Electric Arc Furnace, Are Voltage, Slag Foaming Index

1. Background/Objectives and Goals
Slag foaming in electric arc furnace steelmaking has many benefits such as reduction of energy
consumption and production improvement as shown in Fig. 1. As shown in Fig. 1(b) the
efficiency of heat transfer from the arc jet to molten steel is less when the molten steel has no
cover by foam slag. As indicated in Fig. [(c)-1{g). the efficiency of heat transfer is improved
with increasing the thickness of slag foaming.
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Fig. 1: Relation between the thickness of slag foaming and efficiency of the electric heat

transfer from the arc to molten stea] [1]

The basics of slag foaming in electric arc steelmaking are explained shertly. Slag foaming is

mitiated by injecting oxygen and carbon in molten steel to as electric arc furnace as shown in

Fig 2. FeQ is formed by reaction (1).

1
Fe, =<0, ——Fe0,

swp2

B
|
|
L+ Fald -Fav CO(bubbles) Lo €+ 500 o0
|

€ £.50: - - CO {bubblesz}

0 (bidsnias

Fig 2! Slag foaming model in EAF [2]

)]

Carbon is consequently injected into molten steel and CO gas is formed as shown in reaction

(2). CO gas is the key factor of slag foaming behavior and more intensively the amount of CO
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gas become from the reaction (3)

FeO,, +C,;, —TFe,, +CO, (2)
~ 1 2
Cyp +- 0y —COy, 3)

In reaction (2}, the gas is formed in a layer of slag foaming that float to the surface of molten
steel but the reaction (1) and (3) takes place m molten steel. However, other interfacial reaction

between molten steel and foam slag will be occur like the reaction (4) and (3)

FeQ,, +CO,, —>Fe, +CO

o

Steelmaking factors which have an influence on slag foaming are amount of FeO prior to

injection of carbon and oxygen, injection of oxygen and carbon, slag basicity, temperature of

molten steel

o
€1 27 munutes after start melting

Fig. 3: Time records of arc voltage, current and arc characteristies [7]

Slag foaming behavior in electric arc furnace has been vigorously studied [3. 4]. Monitoring of
slag foaming by installation of electronic devices in the roof of furnace is one of industrial
practices. By this methed, sound wave signals inside the furnace will be analyzed. However,
the quality of signal can be interfered with by the furnace environment e.g. high temperature,

vibration and fume dust. To avoid such an interference factor, a new technique has been
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recently developed. This technique is indirect measurement of slag foaming by analyzation of
the furnace arc voltage [5-7]. The voltage of the furnace will be detected and further analyzed

by using computer soltware, an example of the technique is shown in Fig. 3.

Based on this technique, the relationship between are voltage and electric current during the
different stages of melting will be analyzed. When the melting started, the rapid movement of
the arc on the scrap occurred and the first signal of the melting process is shown in Fig. 3(a). It
is observed that the configuration of arc voltage and current is unstable. This makes a lot of
harmonics of both arc voltage and current. The graph is distorted from the sinusoidal wave.
Most scrap is melled afier 7 minutes of the commencement of melting, thus the movement of
the arc is more stable. The configuration of the arc voltage and current is more stable, Fig. 3(b).
As indicated in the figure, the harmonics of both arc voltage and current are reduced. After 27
minutes of the commencement of melting, the movement of the arc is stable. Thus the
configuration of the arc voltage and current is stable and appeared as sinusoidal wave, Fig.
3(c). It can be observed that harmenics of both arc voltage and current are greatly reduced.
This indirect measurement of slag foaming by analyzing the relationship of arc voltage and
current is reliable. Thus this technique has been applied in electric arc furnace for the purpose
of slag foaming monitoring. However, the signal configuration of arc voltage and current will
be effected by metallurgical parameters of electric arc steelmaking e.g. quality and amount of
raw material. Thus the parameters of steelmaking practice and signal ot arc voltage and current
will be interpreted together, So, this study is interested in the slag foaming detection by
interpretation of the relationship between arc voltage-current signal and steelmaking practice

by electric arc furnace.

2. Methods
This study deals with detection of slag foaming by signal analysis of arc voltage. The sequence
of the signal analysis composes of 4 main steps as shown in Fig. 4. Description of these steps

are as follows,

T Signal 3 Signal ~ Signal
AT N l——> aguisition I:-‘> [nterpretation [——.,/> Analvsis

Fig. 4: Ablock diagram of slag foaming detector

2.1 Arc Voltage
Arc voltage and current has changed over time, which can reflect the behavior of the arc. The
more stable the signal, the greater the harmonics are reduced. The equivalent circuit of the

electric arc furnace is shown in Fig. 5.
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(a) Simphfied lineanized equivalent circuit, (b) The three phase arc furnace

Fig. 5: Equivalent circuit of electric arc furnace

From Fig. 5 the explanation of each symbol are as follow.

Uiz, Uz, Us = Furnace wansformer secondary voltage

Run = jXn = Furnace secondary circuit impedance

Usa = Arc voltage

In = Phase current

n =1,2.3 "

‘The arc is non-linearity and the current of system has the harmonics due to instability of the
arc. The current will flow through the furnace transformer impedance and furnace sccondary
circuit impedance. The voltage drop which occurs will be a harmonics included. The voltage is

distorted from the sinusoidal wave.

2.2 Signal Acquisition

The layout of apparatus installation and signal acquisition is shown in Fig. 6. Three-phase
voltage signal is detected at furnace transformer secondary voltage. The acquisition of signal is
carried out by using a detection apparatus. The signal will be further interpreted by computer

program.
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Fig. 6: Lavout of apparatus” installation and signal acquisition

2.3 Signal Interpretation

N

The voltage signal will be interpreted as frequency spectrum by the computer program. The
ge sig P q p ) I progl
parameter that is used to indicate the slag foaming status in electric arc furnace is total

harmonic distortion plus noise of the arc voltage. Total IHarmonic Distortion plus Noise

(THDA+N) is a ratio of RMS amplitudes as shown in equation (6)

(THD + x,}mmge = (8)
where V3 = Fundamental component
Va = The root mean square (RMS) voltage of the n* harmonics
Vieiz= = The root mean square (RMS) voltage of noise
a = Harmonics order
According toa THD+N, the slag foaming index can be expressed as equation (7).
Slag Foanting Index=1-(THD v’.\-“;\_oimge &)

As indicated in equation (7} higher value of THD+N means lower slag index foaming. This

means the thin layer of slag foaming appear or refer to non-slag foaming. In opposite will be

refer to signs of slag foaming.

265




103

2.4 Signal Analysis

All detected signals are analyzed by using LabVIEW software. The features of this software
are controlling and analyzing of the signal data. User interface of the program is shown as
example in Fig. 7.

Fig. 7: User interface of LabVIEW software

3. Results
3.1 Slag Foaming Index
The detected signal will be displayed in the function of frequency spectrum of voltage at V1,
V2 and V3 by using equation (6), Fig. 8. Fig. 9, it is found that the change of harmonics and
interharmonics are clearly displayed. It is shown in Fig. 9(a) that at the frequency of 0-2,000
Hz, the harmonic is 0-20 dB when the arc is covered by foam slag. While in Fig. 9(b) showed
that the harmonic is below 10 dB, when the arc is not covered by foam slag. Fig. 10 shows the

slag foaming status which is transformed from THD+N.

W

P gt
1
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(=3
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Fig. 8: The three-phase arc voltage of electric arc furnace
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Frequency (Hz)

Frequency (Hz)

Frequancy (Hz)

(a) The arc 1s not covered by slag feaming / (b) The arc is covered by slag foaming

Fig.9: Frequency spectrum
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Fig.10: Slag foaming index from electric arc furnace

For this study. slag foaming index from equation (7) was only based on electrical parameter.
Therefore, the additional experiment is carried out in order to investigate the correlation of
other effects.

3.3 Comparison of Chemical Analysis

The relation between slag foaming index and slag foaming status is interested as well.
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Slag foaming index with chemical composition such as FeO, MgO and basicity of slag foaming
is also proposed. The relation between slag foaming index and FeO-content is shown as
example in Fig. 11. As indicated in the figure, Pearson correlation coefficient (r) is -0.7043
(Sig. = 0.05, p value 0.0231). Average slag foaming index has a negative relation with
FeO-content, in other words, FeO-content increase causes viscosity of slag foaming decrease

then the average slag foaming index decrease.

v =-0.1948x + 84872
B4 £=-0.7043

g Foanung Index (%)
.~
/
"

1
=l

Sla
-

78 t }
10 13

20
FeQ content (%%)

Fig. 11: Relation between slag foaming index and FeQ-content

4. Conclusions
Based on the parameters of this study, it was found that there is a strong (negative) correlation
between the slag foaming index and iron oxide content which is significant at the 0.05 level.
Moreover, the developed technique by installation of signal detector from power spectrum and
slag foaming index can indicate slag foaming in electric arc steelmaking process. It is expected
that this technique of slag foaming detection can be applied in the electric arc steelmaking

process.
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Abstract
This study deals with the application of Finite Element Simulation to predict the evolution of the
microstructure of high strength hot rolled stecl produced by thermal treatment and the
thermomechanical treatment process. This study is divided into 2 parts: first is rolling simulation
of steel by Deformation Dilatometer, second is predicting the steel characteristics under rolling
conditions using Finite Element Simulation software. Rolling simulation of steel grade Nb-V
low carbon microalloyed steel with various rolling parameters such as deformation degree,
coiling temperature, and holding time at a constant temperature subsequently deformed with the
aid of Deformation Dilatometer. The test conditions similarly to Deformation Dilatometer were
subsequently used as the input parameters in DEFORM 2D Finite Clement Simulation
commercial software. The results from Deformation Dilatometer testing and from the software
were compared to cach other. The testing results of Deformation Dilatometer will express as
continuous cooling transformation (CCT) diagram as well as time temperature transformation
(TTT) diagram of tested steel under rolling conditions. Based on testing conditions of this study,
it was found that calculation of CCT diagram by the software showed the results similar to the
diagram obtained from Deformation Dilatometer testing. However, an error of full rolling
calculation by the soltware has occured, it may due to incorrect input parameters and then further
investigation is required. Effects of all rolling parameters will be inputted to the software in order

to simulate the steel behavior under rolling conditions.

Kevwords: Advanced High Strength Steel, Hot Rolling of Steel, Thermomechanical Treatment

Process, Finite Element Simulation

1. Background/Objectives and Goals
The current demand of advanced high-strength steels (AHSS) in the automotive industry has
increased. This type of steel is characterized by high tensile strength and remarkable ductility.
This group of steels are not intrinsically lighter than other steels, but they are strong enough

that thinner gages can be used to reduce vehicle weight [1]. Advanced high-strength steels
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grades are produced by controlling the cooling rate from the austenite phase or the
ferrite-austenite two-phase region to room temperature. In production, this heat treatment is
done on the run-out table of the hot mill or in the cooling section of the continuous annealing
furnace. This preduction is known as thermomechanical processing and intercritical annealing
[2, 3]. In metallurgical point of view, continuous cooling transformation-CCT, and time and
temperature transformation-TTT of microstructure development or phase change of steel are
the basic tool to control the final microstructure of the steel produced. Then the final
microstructure will determine the different mechanical properties and grades of steel. To stud);'
the parameters of microstructure change of steel under hot rolling process, the conventional
experiment has been done by using hot tensile test aggregate. Later the experiment was
performed by using Dilatometer Deformation equipment. By careful control of the experiments,
their results can be used to explain the behavior of phase transformation of steel under hot
rolling process. In the present, the finite element method is developed and is widely used in
many engineering [ields. In this study, the effects of hot rolling parameters such as deformation
degree, coiling temperature, and holding time on microstructure development of steel will be
investigated. The laboratory scale experiment will be carried out by using Dilatometer
Deformation equipment to gain the information of testing with a real steel sample. Moreover,
the testing parameters of laboratory scale experiment will be further simulated by using
DEFORM 2D Finite Element Simulation software. The results of the two methods will be
compared with each other. The goal of the study is to develop and tune the simulatjon method

for predicting the microstructure of advance high strength steel under hot rolling conditions.

2. Methods

2.1 Testing Sample

As-cast slab of Nb-V microalloyed low carbon steel is used as master sample. The
microstructure of the sample as shown in Fig. 1 consist of coarse grains of ferrite and pearlite.
The chemical composition of the steel is shown in Table 1. The as-received specimen is soaked
in the heating furnace of 1200°C for 2 hours in order to homogenise the microstructure. The
specimen is subsequently cooled down in the furnace to room temperature. Later the specimen
was machined to prepare the test sample suited for CCT diagram investigation and for hot
rolling simulation with Deformation Dilatometer. The specimen for CCT diagram investigation
is4 mm in diameter and 10 mm long, while the specimen for hot rolling simulation is 5 mm in
diameter and 10 mm long.

Table 1 Chemical composition of the test steel
Element| C | Mn | "8t 8 s Cr |¥Ni V | Cu| Al| Nb| Ti
wt% | 008|148 028|0.001|0.017|0.28]|0.02|0.05|002]|004]0.06]0.02
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Fig. 1: Microstructure of specimen used n this research

2.2 CCT Diagram Development

(a) By Deformation Dilatometer

To develop the CCT diagram of the test steel, the test procedure with Deformation Dilatometer
was carried out. The specimen was installed in the equipment and then was heated up with
heating rate of 10°C/s to 950°C. The specimen was held at this temperature for 15 seconds and
was subsequenctly cooled to room temperature with a different cooling rate of 1000, 200, 100,
40, 10, 8, 6, 4 and 0.8°C/s, as shown in Fig. 2. Fig. 3 shows an example of the cooling test and
this type of graph is the so-called dilatation graph. It shows the relationship between the change
in length of the specimen when its temperature changes. The changing peoint of the cooling
graph indicated the change of phase or phase transformation has occurred. The chapging point
of phase transformation of all tests with different cooling rates was documented and the
microstructure of all test specimens was futher examined by optical microscope. Finally the
CCT diagram will be created by a combination of phase transformation data of different
cooling test. This diagram will determine the suitable temperature and time of ferrite

transformation.

Holding for 155

Temperature,

Time, s

Fig. 2: Schematic diagram of continued cooling test to determine CCT diagram
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Dilatation, um

Temperature, °C
Fig. 3: Dilatation graphs of starting and ending phases of transformation
(b) By Finite Element Software

2D-Axisymmetric mode of DEFORM 2D software was applied to simulate the continuous

cooling of test steel. All input parameters are the same as the testing with Deformation

Dilatometer but additional cooling rates with 500, 2, 0, 0.1, 0.05, 0.03 and 0.01°C/s were added.

To predict the development of microstructure or phase transformation, 3 models of finite elent
were employed. First, diffusion (simplified) model is applied to predict the phase
transformation behavior of ferrite, bainite and martensite to austenite in heating process.
Second, martensitic (function) model is applied to predict the phase transformation behavior of
austenite to martensite during cooling. This model is a kind of diffusionless model [4, 5] and its
explanation is shown in equation (1). Based on this study the simulation is considered in only
the part of thermal treatment therefore the calculation model is reduced to equation (2). The
term 4 and yz will be calculated by using data from TTT diagram. However, the TTT diagram
was created beforehand by using JMatPro software. Data of tested steel from elsewhere such as
chemical composition of steel, grain size of austenite by 118 microns and tranformation
temperature of austenite by 867°C were inputted to the program in order to develop the diagam
[6]. Based on the data of tested steel and simulation conditions of this study the calculated TTT

diagram is shown in Fig. 4. It can be observed in the diagram that the temperature of martensite

started to oceurr at 442.6°C. At temperature of martensite start the term of &, in will be set as 0.

When the temperature is lower, the martensite will be more transformed for example,
martensite is already transformed for 90% at 335.1°C. In later case the term &, in will be set as
0.9. The value of & is put into equation (2) and yield the term 4 and 4 of 0.0216 and -9.498,
respectively. And third, diffusion (TTT curves) model is applied to predict the phase
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transformation behavior of austenite to ferrite, pearlite and bainite during cooling. The volume
fraction of new phase & (when i is ferrite, pearlite or bainite) will be calculated by follow the
Avrami equation [7, 8]. The term of & is a function of time at constant temperature constant as
shown in equation (3). This equation can be calculated by using the information from TTT
diagram, term k and » are the calculated product from the diagram. Later, CCT diagram was
develop by input the data of critical point from TTT diagram te the Deform 2D-Post mode
software. Results of calculation by the software is shown as example in Fig. 5.

& =l-explya +yn(C—Co) -y 0, + a0 +is] (1
&y = 1-emply T +y.] (2)
B coolln comab Lol
£r.pp=1—exp[-ia’] @)
where &y is martensite volume fraction transformed

O 1s the mean stress

F 15 the effective stress

A, tn, A1, e and U4 are constants
C 1s the carbon content
I 14 the average slement temperature

is ferrite, pealrite and bainite volume fraction transformed

k and » are the constant

! is time
Nb-V Low carbon tuieroalloved steel Composition (Wt.%):
0.082C, 1 48)Mn, C.2B451 00015, 0.017P, 0.28Cr,
900 - 0.055Nb, 0.043V, 0.023Ni, 0.016Ti, 0.023Cu, 0.035A1
830 - [
800 ———T
%
Vel 4 5. . T R0 f
§ |
3
B
g L}
e N - X Martensite start at 442.6 °C
“f‘?g TTTTTTTTTTTTTTTTTTTTTTS0 Martensite 24103 €
33
300 4 0% Martensite at335.1 °C
250 ERY A @ AEWA AW R S
0 ! 2 8 4 3 5
log time, s

Fig. 4: TTT diagram of the tested specimen (JMatPro calculation)
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Fig. 5: Volume fraction of phase transformation at cooling rate of 8°C/s

2.3 Hot-Rolling Simulation

(a) Deformation Dilatometer

Process sequence of hot rolling could be simulated by using Deformation Dilatometer,
Condition of testing sequence is shown in Fig. 6 and in Table 2. As shown in the figure, each
lesting condition from step | to step 10 was taken into consideration to the effect of the
deformation degree. Deformation temperature and holding time on phase transformation
behavior or on microstructure development. Results data of testing by Deformation dilatomer

were documented and the test specimen was further investigated to determine the volume

fraction and morphology of ferrite

gughing msl

Last strand-Finishing mill

"L Tp = 10400°C

Temperature, °C

~ Run Out Tabel

LYy
Ly

¥ 8 9 0™ ™ 12 13 14 |

Operation

Fig. 6: Schematic diagram of heating cvcle and test condition
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Table 2: Parameters of hot-rolled simulation

Parameters Value
T T h 10°C’s, 1150°C, 900 s
T3, T2, 13, €1, £ 5°C/s, 1100°C, 35,03, 51
Ts, T, t3. 82, 2 30%Crs, 1000°C, 35, 0.4, 10 5
Ty, Ta, ts, 23, &3 50°C/s, 900°C, 35,0.0,0.1,0.2,03, 10 5!
Ts, Tror, trot, T 60°Crs, 650, 670, 690°C, 3, 10 s, 100°C/s

(b) Finite Element Software

Hot rolling process could be simulated by using DEFORM 2D software, Data of tested steel
and simulated conditions that are inputted to the software are the same as input in Deformation
Dilatometer. An example result of DEFORM 2D simulation software is shown in Fig. 7. This
figure showed an cxample of the variation of volume [raction of ferrite with time when the
simulation condition is performed with coiling temperature of 650°C. deformation strain of 0.3
and holding time of 10 s

Fig. 7: Vapation of volume fraction of austenite with time, simulation condstion; deformation

temperature of 650°C, deformation strain of 0. 3 and holding time of 10 s

3. Results

3.1 Characteristic of CCT Diagram

The CCT diagram from two metheds are compared and shown in Fig. 8. It was found that the
characteristic CCT curve is quite similar. The CCT diagram from two methods are compared
and shown in Fig. 9. It was found that the characteristic CCT curves are quite similar.
Martensite start temperature is 450°C. Bainite nose is found at 1.3 s and 450°C. It was found
that this temperature is the martensite start temperature when the cooling rate is 1,000°C/s.
Nose of ferrite is observed at 6 s and 600°C with critical cooling rate of 100°C/s, Nose of
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pearlite is observed at 1,650 s and 680°C with critical cooling rate of 0.25°C/s. From this
information, the critical temperature of phase transformation from Deformation Dilatometer
was around 5°C higher than that from DEFORM 2D simulation software. With higher cooling

rate of 1,000°C/s, the austenite was transformed directly to martensite. When the cooling rate is

lowered down to 500, 200 and 100°C/s, the austenite was transformed (o bainite and martensite.

With cooling rate of 40°C/s to 2°C/s, the austenite was transformed to ferrite, bainite and
martensite. The austenite was transformed to ferrite and bainite when the cooling rate is
reduced to 0.8 and 0.25°C/s. With cooling rate of 0.1, 0.05 and 0.03°C/s, the austenite was
transformed to ferrite, pearlite and bainite. However with cooling rate close to equilibrium,
0.001°C/s, the austenite was transformed to ferrite and pearlite. At cooling rate of 20°C/s, the
transformation temperature for the existing of ferrite is expected to be 660-700°C and
estimated time of ferrite formation is less than 10 s.
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1023, 11:2, 12:0.8, 1520.25, 14: 0.1, 15: 0.05, 16:0.03," 17:0:001°C/s

Fig. §: CCT diagram of the tested steel (it was developed by using the information from

Deformation Dilatometer and Finite Element Software)

3.2 Effects of Hot-Rolling Parameters on Volume Fraction of Ferrite

(a) Effect of Coiling Temperature and Holding Time

The results “of hot-rolling simulation by Deformation Dilatometer and Finite Element
simulation software arc shown in Fig. 9 and Fig. 10. Those methods showed the same trend of
the effect of coiling temperature and holding time on phase transformation when the test was
carried out by using the same value of the testing parameter, Low coiling temperature lead to
the large volume fraction of ferrite. The volume fraction of ferrite is decreased when the coiling

temperature increased. Ferrite formation at high temperatures has a coarse grain and it will
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effect on less volume fraction of ferrite. The long holding time lead to the large amount of
volume fraction of ferrite. For this, it can be expressed as the effect, diffusion transformation of
ferrite formation. During long holding times the large amount of ferrite formation appears.

100 -
WT=650°C t=5s5. OT=650°C t=10s.
90 | OT=670-C t=5s.  OT=670°C t=10s.

BT=690°C ,t=5s. OT=650 *C t=10s.

Tt

Vollume fraction of ferrite in %o

0.0 0.1 0.2 0.3
Degree of deformation

Fig. 9: Effects of hot-rolling parameters on volume fraction of ferrite

(results of Deformation Dilatometer)
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Fig. 10: Effects of hot-rolling parameters on volume fraction of ferrite

(results of Finite Element Simulation)
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(b) Effect of Deformation Degree

Deformation dilatometer showed that increasing deformation degree increases ferrite volume
fraction in all tests. This is due to the deformation in non-recrystallization tempurature increase
the nucleation site of ferrite formation and increase the driving force for phase transformation
of ferrite [9]. Finite Element software showed that deformation degree has not effected on
ferrite volume fraction. Volume fraction of ferrite resulted from Finite Element Simulation
software was very low. This is due to the cooling rate of Deformation Dilatometer has a more
discrepancy in the range of 40-60°C/s, while the actual cooling rate can be reduced by around
30-50%. When the specimen was cooled to to 650°C with cooling rate of 60°C/s and holding
time of 5-10s, it was found that the cooling cuve is indicated near the nose point of ferrite

phase area.

4. Conclusions

In this study, Deformation Dilatometer and DEFORM 2D simulation software were carried out

to investigate the microstructure development of Nb-V low carbon microalloyed steel under the

condition similar to hot rolling process. CCT diagram that was created by using the methods
were compared. The volume fraction of ferrite resulted from those methods were proposed.

Based on this study the conclusions are as follows.

(1) The CCT diagram resulted from those methods indicated that temperature range of ferrite
formation are close together, in between 650-700°C, when the cooling rate is of 20°C/s.

(2) Increasing deformation degree increased the volume fraction of ferrite. This is due to the
deformation in non-recrystallization temperature increase the nucleation site of ferrite
formation and increases the driving force for phase transformation of ferrite.

(3) Similar characteristics of CCT diagram which is developed by Deformation Dilatometer
and Finite Element Simulation software is observed.

(4) Hot rolling simulation by using Deformation Dilatometer and Finite Element Simulation
software showed the similar trends of effects of hot rolling parameters on evolution of
volume fraction of ferrite, but those methods showed the different trend of the effect of

deformation degree on evolution of volume fraction of ferrite.
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Abstract

Phosphorus in steel causes hot shortness, temper embrittlement, reduction of ductility and
reduction of toughness. It is one of the most sensitive elements for grain boundary segregation.
With rising demand of higher quality steel and productivitie, so dephosphorization of steel has
become very important metallurgical techniques to produce high quality steel. Hot metal
dephosphorization is performed to reduce steelmaking costs, reduce the quantity of
steelmaking slag, and improve steel quality. The processing of hot metal dephosphorization
involves a step about injection of flux into the bulk of hot metal in the ladle. In previous studies,
Na;O-based and CaO-based slags were used as fluxes for removal of phosphorus from molten
iron and liquid steel. These techniques are widely used but a long refining time is needed and
metal yield is decreased. However, there are few studies that mention the use of BaO as a flux
to eliminate phosphorus in molten iron and liquid steel. Therefore, the purpose of this study is
to clarify the effect of BaO on dephosphorization, especially the kinetics of dephosphorization
reactions of molten iron to obtain low phosphorus steel and low operating time. In this work
the molten iron and different slag composition of Ca0-S8i0;-FeO were prepared by using
laboratory induction furnace. Main variable of each test were basicity of slag, melting
temperature and amount of BaO. The kinetics of dephosphorization in molten iron using slag
system of Ca0-Si0»-FeO with and without BaO were investigated and compared. Slag
compositions were analyzed by using X-ray fluorescence spectroscopy whereas chemical
composition of steel were analyzed by using emission spectrometer. The goal of this study is to
gain more information of reaction kinetics of dephosphorization when slag system contains
BaO and the results could be applied to iron and steel manufacturing.

Keywords: dephosphorization, slag, refining of steel, barium oxide (BaQ)

1. Introduction

In recent years, steelmakers are facing a very significant increase in raw material prices,
coupled with high demand of very “clean” steel production [1, 2]. Moreover, the phosphorus
content of molten pig iron has tended to increase due to changes in the raw materials used in
blast furnaces.

It has become difficult to manage this problem through an electric arc furnace (EAF) and basic
oxygen furnace (BOF) to produce low phosphorous steel [3]. Reducing practice of phosphorus
in steel, the so-called “hot metal dephosphorization”, is done in a torpedo car or bucket during
transported from the blast furnaces to the BOF. Sequence of dephosphorization in molten
iron/steel, is shown in Fig. 1. The general equations for the reaction of phosphorus in molten
iron are described as follows [4]:

2[p]+5[0] »(R0)) )
2[P]+5(Fe0) —»(P,0,)+5Fe| )
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2[P]+5[0]+4(Ca0) —(4Ca0-PO,) 3)

Where, []is solution in molten iron
() is component in slag
The equilibrium constant for Eq. 3 is:
_6L110
logk, = T, 233 @
Hot metal dephosphorization of steel have become very important metallurgical techniques in
steelmaking process to produce high quality steel. The fundamentals of the process are widely
discussed in various publications. Dephosphorization of hot metal is known to proceed more
efficiently at a lower temperature, higher oxygen potential, higher basicity and low silicon
level (<0.2%wt) [4, 5]. One important step of the process involves an injection of
dephospherization flux into the bulk of hot metal contained in the torpedo car or ladle. In
previous studies, CaO-Si0,-FeO based slags used fluxes for removal of phosphorus from hot
metal and liquid steel. However, this technique was accompanied by the increase in operating
time and the decrease of metal yield. However, only few studies are available about the use of
BaO-flux to eleminate phosphorus in liquid steel. Therefore, the purpose of this study is to
clarify the effect of BaO when used as flux for dephosphorization and also to study the kinetics
of dephosphorization reactions of molten iron by using slag system containing BaO-flux to
obtain extra low phosphorus steel and low operating times.

Lo _4 Desiliconization H Dephosphorization |_> PR

Furnace furmnace

Fig. 1: Pretreatment route of molten iron
2. Experiment

2.1 Apparatus and Procedure
Experiments were carried out by melting of iron in an induction melting furnace. Pig iron of 10
kg and ferrophosphorus of 50 g were added in the crucible of 14 mm inner diameter to melt and
provide the desired amount of phosphorus levels in the molten iron.
Schematic description of the equipment is shown in Fig. 2. The temperature of molten iron in the
furnace was monitored by using a Pt/Pt13-Rh thermocouple and was controlled manually by
adjusting the induction furnace controlling system. The melting temperature was measured
approximately every 20 minutes and maintained at 1400 + 20C through induction heating. After
the melt was kept at approximately 1400°C, 800g of the dephosphorization agent was added into
the molten iron contained in the furnace. Molten and slag samples were taken every 5 minutes
through the experimental period. Slag compositions were analyzed by using X-ray fluorescence
spectroscopy whereas the chemical composition of the steel was analyzed by using an emission
spectrometer.

2.2 Choice of Slag Compositions

The amount of CaO and SiO; were adjusted with respect to weight ratio of CaO and SiO», the
so-called slag basicity B,, as shown in Eq. 5. An initial composition of hot metal and amounts of
flux are shown in Table 1. By this experiment, CaO, SiO; and FeO were carefully added into the
furnace in which the molten iron with a specific amount of phosphorus was already provided.
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B (%Ca0)
7 (sio,)
_ /T‘hamocouplc
0 = 101 Slag
0 0 |- Metal
// Induction coil
0 by
———— 31— Crucible
Fig. 2: Experimental apparatus
Table 1: An initial composition of hot metal and amounts of flux
| Initial composition of hot metal Flux addition Basicit
TI]“ (mass %) (g) asiaty
C Si P S Ca0 Si0; | FeO | Ca0/Si0;
1 [340] 0035 | 0.218 | <0.0002 | 320.0 | 320.0 | 160.0 1.0
2 | 3380035 0220 | <0.0002 [ 3840 | 256.0 | 160.0 15
3 1339 0034 | 0220 | <0.0002 | 426.67 | 213.33 | 160.0 20
4 1336|0036 | 0218 | <0.0002 | 457.14 | 1829 | 160.0 25
2.3 Preparing of BaO

The flux additives, BaCOs, Si0,, CaO and FeO, are used to form the slag system in the furnace
and were prepared by using laboratory scale grade. BaCOs is provided as raw materials to
produce BaO by decomposition at 1400°C. BaO is used instead of CaO in the slag system to
study its effect on dephosphorization. The effect of CaO-based and BaO-based slag on
dephosphorization were investigated and compared.

3. Results and Discussion

3.1 The Effect of Basicity

Phosphorus equilibrium was approached from slag to mefal and metal to slag, and they agree
well with each other. In previous work, most investigations mentioned varied widely on
dephosphorization of liquid steel in the temperature range of 1680-1770°C. It can be found that
increasing of slag basicity to 4.0 will improve the phosphorus partition [5]. However, at very
high basicity, the amount of CaO in slag, (%Ca0), is too much to be dissolved by FeO in slag,
(%Fe0), and difficult to transform to liquid CaO. This result to increases the viscosity, reduces
the reactivity of the slag significantly and high melting point. In this study, the tests were carried
out at temperatures of 1400+20°C. Phosphorus and silicon content of beginning molten iron were
0.20%wt and 0.60%wt, respectively. In Fig. 3 the [P] in molten iron after 50 minutes of forming
of slag is plotted with different slag basicity. It indicated that phosphorus can greatly be reduced
when the slag with higher basicity is used. But reduction of phosphorus has no significant since
the basicity was 2. With increasing slag basicity the melting point of the slag is increased, this
may lead to increase viscosity and effects on lower transfer of phosphorus from melt to slag.
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i FeO: 20%wt
T Temp.: 1400£20°C

|%F] at S0 minuts for
dephosphorization

1.0 3 20 25 3.0
Basicity (Ca0/5i0;)
Fig. 3: Phosphorus in molten iron and Basicity (B;)
3.2 The Effect of Temperature on Dephosphorization
Fig. 4 shows the change in the phosphorous content in molten iron at 1400 and 1550°C. We
consider the mass transfer in the liquid metal as rate controlling, the rate of change of
phosphorous concentration in the liquid metal is given by equation as follows [4]

d%P] ko A(%P],) oo
I o e e ©

Separating the variables and integrating gives

%P, ~[%P], |([%P], ) W, )
1{[,” -~ ]ﬂ. e 12 |k M
[*%P], ~[*%P], |\ [%P], )\ p;4)
A similar treatment for the condition of mass fransport in the metal yields

h{ﬁplf_[%p]’T[%p]“'[w]‘J: E‘LJ:—kur ®
[%P], -[*%P], ||  [%P], | oyed :

Where [%P] is the phosphorus content in melt; 7 is the time; and the subscripts #, 0, and e denote
bulk, initial, and equilibrium concentrations, respectively. W is the weight of phase, and the
subscripts § and M are the slag and metal phase. It can be found that the experimental results of
dephosphorization in this study seems to comply with results of thermodynamics calculation as
described in Eq.4. By thermodynamics point of view, the dephosphorization reaction becomes
more active as the temperature decreases. However, the molten iron temperature should not be
too low to guarantee proper handling and attributed to acceleration of the iron oxide reaction at
higher temperatures [7].

3.3 The Effect of BaO Content in Slag

The phosphorus content in molten iron decreases as the amount of BaO in slag increases, as
shown in Fig. 5. In this experiment, the SiO, and FeO content in slag were fixed at 30 and
20%wt, respectively, the ratio of BaO to CaO was varied to compare the dephosphorization
efficiency. As shown in Fig. 5, when CaO is replaced by BaO, the phosphorus content in
molten iron dramatically decreases.
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Fig. 4: Changes of phosphorous content in molten iron at 1400 and 1550°C.
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Fig. 5: Phosphorus content in molten iron treated with Ca0-Ba0-5i0;-FeO slag,
with constant %Si0; and constant FeO, basicity =2 and at 1400°C

From this study, it is clearly shown that BaO has an effect on decreasing of phosphorus in molten
iron than that of CaO-based slags. From the view point of thermodynamics, it can be explained
by using Gibbs free energy term. The chemical reaction of dephosphorization corresponding to
standard Gibbs free energy can be described as follows [6]:

494




123

4Ca0, +5[0]+2[P]=(4Ca0-P0)) ©)
AG® =-1,459.80+0.6164T(kJ/ mol) 6)
3Ba0,, +5[0]+2[P] = (3Ba0-P,0,) o)
AG® =-1,613.50+0.6096T(kJ/ mol) ®)

It can be seen that the standard Gibbs free energy at 1400°C of dephosphorization using CaO flux
is fairly difficult to realize oxidative dephosphorization without oxidizing. However, this is
feasible in the system of highly basic BaO based slag.

4. Conclusions
This investigation has been carried on the kinetics of dephosphorization of molten iron using
slag containing BaO. Key findings of this study can be concluded as follows:
1. Phosphorus in molten iron is greatly reduced with increasing basicity in the range of 1-2,
over slag basicity of 2 and at 1400°C phosphorus in molten iron has no significant decrease.
2. Phosphorus is highly reduce at 1400°C when compare with 1550°C.
3. The amount of phosphorus in molten iron is decreased when the amount of BaO in slag
incresed. BaO has a higher effect on dephosphorization when compared with CaO.
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