EVALUATION AND CONTROL OF STEEL CLEANLINESS % REVIEW

Lifeng ZHANG, Brian G. THOMAS
Dept of Mech. Engg., University of Illinois & Urbana-Champaign
144 Mech. Bulg., 1206 W. Green St.
Urbana, IL 61801, USA
Td: 1-217-244-4655 Fax: 1-217-244-6534 Email: zhang25@uiuc.edu

XinhuaWANG, Kake CAlI
School of Metdlurgy, University of Science and Technology Beijing,
Beijing 100083, P.R.China,
Te: 86-1-6233-2358 Fax: 86-1-62344972 Email: wxhhome@public3.bta.net.cn

Key words Sted Cleanliness, Inclusions, Size Digtribution, Morphology, Tota Oxygen, Nitrogen Pick-up

INTRODUCTION

The demand for cleaner dtedls increases every year. In addition to lowering non-metdlic oxide indusons
and controlling their morphology, compostion and sze didribution, clean sted requires lowering other residud
impurity elements such as sulfur, phosphorus, hydrogen, nitrogen and even carbon ™ 2| and trace elements such
as As, Snil]Sb, Se, Cu, Pb, and Bil®l. Table | ligts the influence of common stedl impurities on stesl mechanica
properties'™.

Table |l Influence of typical impurities on mechanical properties[l]

Element Form Mechanical properties affected
SO Sulfide and oxide | - Ductility, Charpy impact value, anisotropy
inclusons - Formability (elongation, reduction of area and bendability)
- Cold forgeshility, drawability
- Low temperature toughness
- Fatigue strength
CN Solid solution - Solid solubility (enhanced), hardenability
Settled didocation - Strain aging (enhanced), ductility and toughness (lowered)
Pearlite and cementite - Dispersion (enhanced), ductility and toughness (lowered)
Cabide and  nitride| - Precipitation, grain refining (enhanced), toughness (enhanced)
precipitates - Embrittlement by intergranular precipitation
P Solid solution - Solid solubility (enhanced), hardenability (enhanced)
- Temper brittleness
- Separation, secondary work embrittlement




Inclusons generate many defects in the sted product. For example, Low Carbon Al-Killed sed (LCAK
sed) coils a the Midwest Division of Nationad Steel® suffer from cracked flanges, which were caused by
indusons identified as dumina from deoxidation and reoxidation product, cdcdum duminates from tundish
dag, and entrained mold dag incusons. Siver defects occur as lines dong the sted drip surface pardld to the
rolling direction Sivers plague LCAK ded sheet for automotive gpplications, causng both cosmetic surface
imperfections and formability problems. They consst of auminaes originging from deoxidation and complex
non-metdlic inclusons from entraned mold dag, as documented in many dudies such as a Inland Sted
No.4BOF Shop ®! and a Great lake works of National sted (€.

Stedd cdeanliness depends on the amount, morphology and Sze distribution of non-metdlic indusons in ded.
The definition of ‘clean sted’ varies with stedl grade and itsend use, asshownin Tablell.

Table |l Steel cleanliness requirements for various steel grades

Stedl product Maximum impurity fraction Maximum incluson size
IF steel [C]£30ppm, [N]£40ppm, T.Of£40ppm 7,
[C]£10ppm®, [N]£50ppm®
Automotive & deep-drawing Sheet | C]£30ppm, [N]£30ppm % 100mm 1%
Drawn and Ironed cans [C]£30ppm, [N]£30ppm, T.O£20ppm ™ 20mm-
Alloy stee! for Pressure vessels [ P]£70ppm! <!
Alloy sted bars [H]£2ppm, [N]£10-20ppm, T.O£10ppm ™
HIC resistant steel (sour gas tubes) | [P]£50ppm, [S]£10ppm' = **
Line pipe [S]£30ppm <!, [N]£35ppm, T.O£30ppm | 100mm™
331 [N]£50ppm®
Sheet for continuous annealing [N]£20ppm-*<!
Plate for welding [H]£1.5ppm- "]
Bearings T.O£10ppmi > B = T
Tire cord [H]£2ppm, [N]£40ppm, T.O£15ppm™™ 10mm'
Non-grain-orientated Magnetic | [N]£30ppm ™
Sheet
Heavy plate steel [H]£2ppm, [N]30-40ppm, T.O£20ppm ™ Singleindusion 13nm™"
Cluster 200mm™*
Wire [N]£60ppm, T.O£30ppm ™ 20mm

The induson dze didribution is very important
because large macroinclusons are the most harmful to
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sze The importance of incdusion size digtribution is ladle and tundish



further explained by figure 1 8 which shows the measured contert of indusions larger than 30 nm to drop
from 1.61 ppm in a ladle to only 0.58ppm in the tundish. Thus, the tundish sted is cleaner, despite having a
dightly higher total oxygen content and more totd inclusions.

Nonmetdlic inclusions come from many sourcesincluding (4 & 19-221:
® Deoxidation products, such as dumina inclusons cause the mgority of indigenous inclusons in LCAK ged.
They are generated by the reaction between the dissolved oxygen and the added deoxidant, such as duminum.
Alumina indusions are dendritic when formed in a high oxygen environment, as pictured in Figs. 2a and 2b 2%,
or may result from the collision of smaler particles, indluding some of thoseiin Fig. 2¢ 241,
@ Reoxidation products, such as aumina generated when 1) the Al remaning in the liquid sted is oxidized by
FeOin the dagor 2) by exposure to the atmosphere;
® Sag entrapment, when metdlurgicd fluxes are entrained during transfer between steelmeking vessds. They
form liquid inclusions that are usually sphericdl, as shown in Fig. 2d 24,
@ Exogenous indusons from other sources, such as loose dirt, broken refractory brickwork and ceramic lining
paticles. They are generdly large and irregular-shaped. They may act as Stes for heterogeneous nucleation of
aumina and indude some of the particles pictured in Fig. 2¢ 241,
® Chemicd reactions, such as the products of incluson modification when Ca treatment is improperly
performed.

(@) Metalographica Microscope
Observation (2-Dimensiond) of dendritic
duminainclusion 2%l

(b) SEM microgragh (3-D) of the
same incluson in (@) dfter partid
dimeextraction |

(c) Alumina inclusions (Slime test of
tundish sample) with  various
compogtions  including  (AlLO3
96.23%, SO, 2.32%, MnO 1.3%,
FeO 0.14%, CaO 0%, MgO 0%,
Na,O 0%, K,O 0.06%) and (Al,O3
75.43%, SO, 19.42%, MnO 1.04%,
FeO 2.02%, MgO 2.33%) 24!

(d) Slag inclusons (Slime test of
tundish sample) in tundish with
typicd compostion of (AlLOs
2401%, SO, 29.03%, MnO
19.68%, FeO 16.39%, CaO 4.08%,
MgO 1.41%, NaO 1.3%, K,0
0.71%) 24,

Fig.2 Typica inclusions morphology and compositions

Sted cdeanliness is controlled by wide range operating practices throughout the steemaking processes.
These include the time and location of deoxidant and aloy additions, the extent and sequence of secondary
metdlurgy treatments, dirring and transfer operations, shrouding systems, tundish geometry and practices, the
absorption capecity of the various metdlurgicd fluxes and casting practices. Sted cleanliness is an important
topic that has received much atention in the literature.  The fird extendve review about cleen ded is by
Kiesding in 1980 ¥ which summarized inclusion and trace dement control and evauation methods, especidly



for ingots. More recent reviews of this topic have been made by Mu and Holappa [?® and by Cramb Y which
add extendve thermodynamic condderations.

This paper reviews the current “date-of-the-art” in sed cdeanliness.  Fird, the methods for evduating sted
cleanliness are reviewed. Next, the indirect measures of cleanliness, totd oxygen (T.O) and nitrogen pick-up,
are summarized for LCAK a many sted plants around the world. Findly, operating practices to improve sted
cleanliness at the ladle, tundish and continuous caster are reviewed. Many industrid data about sted cleanliness
ae gathered. This pgper ams to provide useful information for the production of clean sted, focusng on the
control of duminaindusons.

METHODS FOR EVALUATING STEEL CLEANLINESS

In order to study and control sted cleanliness, it is criticd to have accurate methods for its evduation. The
amount, dze digribution, shgpe and compostion of inclusons should be measured a dl dages in Sed
production. Messurement techniques range from direct methods, which are accurate but cosily, to indirect
methods, which are fast and inexpensive, but only religble as rdlaive indicators.

Direct Methods
There are severd direct methods to evaluate sted cleanliness, which are summarized as follows.

M etdllographicd M icroscope Observation (MMO)®! — In this traditiona method, two-dimensiond dices
through sted samples, are examined with an opticad microscope and quantified by eye. Problems arise when
interpreting dices through complex-shgped inclusons. For example, Fig. 2a shows a dice through the single
incluson reveded in Fg. 2b, which might misekenly be interpreted as a duser of smdler incdusons In
addition, smdl incdusons are too time-consuming to count with this method and large inclusons are too rare.
Although there are some methods to relate two-dimensional results to three-dimensiond redlity, [?® this is very
problemétic.

Image Andyss (IA) B 21 — This enhancement to MMO improves on eye evauaion by usng high-speed
computer evauation of video-scanned microscope images to digtinguish dark and light regions based on a gray-
scde cutoff.  This method can eedly evduate larger areas and greater incluson numbers than MMO, but is
subject to errors such as mistaking scratches, pitting, and stains for non-metdlic incusons.

Sulfur Print (2" 241 _ This popular and inexpensive macrographic method distinguishes macro-indusions and
cracks by etching sulfur-rich areas. It is subject to the same problems as other 2-D methods.

Slime Electrolysis) ?* 281 _ |n this accurate but time consuming method, a relatively large (200g — 2kg) steel
sanple is completdy dissolved in acid (HCl) and the nonmetdlic incdusons which remain are collected for
counting and further andyds. Alterndively, in order to protect FeO inclusons, most of the dissolution is
accomplished by applying dectric current through the sted sample immersed in a FeCl, or FeSO, solution.
This method was used to reved the individud, intact inclusonsin Fg. 2.

Electron Beam mdting (EB) [?® - A sted sample is melted by an dectron beam under vacuum. Indusions
float to the upper surface and form a raft on top of the molten sample. The usud EB index is the specific area
of the incluson raft. An enhanced method (EB-EV - Extreme Vaue) has been developed to edtimate the
induson size digribution. % This is done by meesuring the maximum incdusion size in severd fidds of the
raft and extrgpolating the results over the entire raft, assuming an exponentia incluson size distribution.

Cold Crucible (CC) meting ) — Indusions are first concentrated at the surface of the melted sample as in
EB mdting. After cooling, the sample surface is then dissolved, and the inclusons are filtered out of the solute.
This method improves on dime extraction by reducing the volume of metd to dissolve.



Scanning Electron Microscopy (SEM) BY — This method clearly reveds the three-dimensiona morphology
and the compogtion of each incluson examined as shown in Fg.2b. Compostion is measured with Electron
Probe M icro Andyzer (EPMA) 32,

Optica Emisson Spectrometry with Pulse Discrimination Andyss (OES-PDA) [ 17 331 . The OES method
is conventionally used for andyss of dissolved dements in ded. Ovako Sted improved this technique to
andyze the totd oxygen content, microincluson sSze didribution and compodtion within 10 minutes of
collecting the sample. ¥ To discriminate solid indusions (OES-PDA), light logging is made a the frequency
of the emisson spak. Electricd characteristics are defined to optimize the light ratio between the background
sgnd of the dissolved elements and the disturbance signd due to heterogeneities such as indusions 2%/, The
number of high intensity duminum peaks spark isthe PDA index 1281,

M annesmann Incdlusion Detection by Andyss Surfboards (MIDAS) 1 — Sted samples are first rolled to
remove porodty and then ultrasonically scanned to detect both solid inclusons and compound solid inclusions /
gas pores. This method was recently rediscovered as the Licuid Sampling Hot Ralling (L SHP) method [*7

Laser-Diffraction Patide Size Andyzer (LDPSA) 71 - This laser technique can evauae the size
digribution of inclusions that have been extracted from a sted sample using another method such as dime.

Conventiona Ultrasonic Scanning (CUS) ) — This method can obtain size distributions of incdlusions larger
than 20mm in solidified sted samples.

Cone Sample Scamning ¥ — In this method, a cone-shaped volume of continuous-cast product is scanned
with a spirding detector, such as a solid ultrasonic system, which autométically detects surface inclusons a
every location in the area of the sample, including from surface to centerline.

Fractiond Thermad Decompostion (FTD) 2 — Indusions of different oxides are sdlectively reduced at
different temperatures, sich as dumina-based oxides at 1400 or 1600°C, or refractory inclusions at 1900°C. The
total oxygen content is the sum of the oxygen contents measured at each hesting step.

Laser Microprobe M ass Spectrometry (LAMMS) ¥ — Individud marticles are irradiated by a pulsed laser
beam, and the lowest laser intendty above a threshold vaue of ionization is sdected for its characteridic
spectrum patterns due to their chemica states. Peaks in LAMMS spectra are associated with elements, based on
comparison with reference sample results.

X-ray Photoelectron Spectroscopy (XPS) %2 — This method use x-rays to map the chemicd sate of
inclusons larger than 10mm.

Auger Electron Spectroscop%/ (AES) [*2 — This method use electron beams to map the chemical state of

Photo Scattering M ethod %6 381 — Photo-scattering signals of indlusions (that have been extracted from a sted
sample using another method such as dime) are analyzed to evaduate the size didtribution.

Coulter Counter Andysis "1 This method, which is similar to LIMCA, can be used to messure the size
distribution of inclusions extracted by Slime and suspended in water (37,
inclusons larger than sub-mm.

Liquid Metal Cleanliness Andyzer (LIMCA) 8 - This online sensor detects incdusions directly in the
liquid. Particles which flow into this sensor through its tiny hole are detected because they change the dectric
conductivity across a gap.

Ultrasonic Techniques for Liquid System
to detect on-lineindudonsin theliquid sted.

[38] _ This method captures the reflections from ultrasound pulses

Indirect Methods

Owing to the cog, time requirements, and sampling difficulties, sted deanliness is generdly measured in the
ged industry using total oxygen, nitrogen pick-up, and other indirect methods.

Total oxygen measurement-The totd oxygen (T.O) in the sted is the sum of the free oxygen (dissolved
oxygen) and the oxygen combined as non-metdlic indusons. Free oxygen, or “active” oxygen can be measured
rlativdy easly udng oxygen sensors It is controlled by equilibrium  thermodynamics with deoxidation



dements, such as duminum. The equilibrium congtant of the reaction between duminum and oxygen can be
represented by [
logK = log([Al] ?[O]®)= - 62780/T(K) +20.54 (1)

For example, at 1873K (1600°C), K=1.05" 10 ~ 13, =0 if [%Al] = 0.03-0.06, the free oxygen is 3-5ppm. Because
the free oxygen does not vary much, the total oxygen is a reasonable indirect messure of the total amount of
oxide incdusons in the sted. Due to the smdl population of large inclusons in the sed and the smdl sample
sze for T.O measurement (normaly 20g), there are likdy no large indusions in samples.  Even if a sample has
a large incluson, it is likdy discounted due to anomdoudy high reading. Thus, T.O content redly represents
the level of smdl oxide inclusons but not larger ones. A low T.O content, however, decreases the probability of
large oxide inclusions ™ as shown in figure 324, Thus totd oxygen is il a very important and common index
of sed cleanliness.

The T.O. measured in liquid samples clearly corrdlaes with the rate of divers in the product, as firs shown in
figure 4 1“9 In particular, tundish samples are commonly taken to indicate deanliness for Slab dispositioning.
For example, Kawasaki “Y requires the T.O in tundish samples <30ppm to warrant shipment of cold-rolled
sheet without specid ingpection. T.O levels between 30 and 55ppm require critical ingpection. Heets above 55
are downgraded. The contral levels of T.O in sted during every step for LCAK Sted at some sed plants are
shownin Table 1. The blank partsin this table mean no data available from the reference papers.

The fallowing conclusions can be derived from Tablelll:
® T.O in LCAK ded has seadily decreased with passng years, as new technology is implemented. For
example, in Nippon steel, T.O dropped from 40-50 ppm in 1970's!*2 | to 20 ppmin 1990's*3!:

@ Plantswith RH degassing achieve lower T.O. (10-30ppm) than plants with ladle gas-dirring (35-45).
® T.0 generdly drops after every processing step: ladle 40ppm, tundish25ppm, mold 20ppm, and dab 15ppm.
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Nitrogen pickup — The difference in nitrogen content between sedmaking vessdls (especidly ladle and
tundish) is an indicator of the air entrained during transfer operations. For example, Weirton uses a redtriction
of 10 ppm maximum nitrogen pickup from ladle to tundish for criticd dean sted applications!** % After
deoxidation, the low dissolved oxygen content of the sted enables rapid absorption of air.  Nitrogen pickup thus
saves as a crude indirect measure of tota oxygen, ded cleanliness, and qudity problems from reoxidation
incdusions, as indicated in Figs. 4 % and figure 5. Note that sulphur is a surface active dement which
reduces the rate of nitrogen pick-up and the oxidation. [4°!



Tablelll Thetotal oxygen during every stepsfor the production of LCAK steel (* for ultra clean steel).

Steel works T.0 (ppm) Year |Ref.
Stedl RefiningLadle Tundish Mold Sab
Method
America
Inland No.4 BOF shop LMF 30 24 21 15 1990 (I°
Middletown Works, 60-105 1540 mean 16.9-23.8 [1991 [#l
Armco Steel 25
Ashland Works, 16.3 1993 |47
Armco Steel
Lorain Works, BOP shop, 13-17 1991 [I%€]
U.S. Stedl
HGreat Lake Divison, No0.1CC, <31 1991 |41
National Steel
Great Lake Divison, No.2CC| <36 1901 |44
National Steel
Some plant in North America 20-35 20-30 [10-15 1991 [[#¥]
Cokerill Sambre/CRM <30 1991 |4l
<20* 1991 144

Timken Company’s Harrison 20-30 1991 [PYI
Steel Plant
Dofasco (Canada) 13 1992 >

19 13.2 1994 (154
Great Lake Divison, No.2CC, 20-40 1994 |[1°]
National Steel
Great Lake Division, No0.2CC,| 2550 1995 |14
National Steel mean 40
Cleveland Works, LTV Sted 21-27 1995 [[>7]
Atlas Stainless Steds divison|Gas tirring36-45 30-38 1995 |4V
Sammi Atlas Inc treatment
L ukens Steel Company, USA 16-20 1995 |4
[Weirton Steelmaking shop 23+10 22+12 1995 [[%]
[Europe
M annesmannrohren-Werke, <20 1001 [4
Huttenwerk Huckingen
[Usiminas (Brazil) 20 1993 (>3
[Usimina (Brezil) 13* 1993 [
[One stedl Plant in Finland 48+12 32 33 17 1993 [P
Dillinger (Germany) 10-15 10 1993 [14e]

£15 1994 [I57]

Hoogovens Ijmuiden BOS No.2, LCAK: 15-32 1994 (158
Netherlands

IF 20-30 1994 [[58]
British Sted! <10 1994 (157
[Linz (Austria) 16 1994 [0
Dunkirk, Sollac (France) RH 20-50 1997 [i&1
Sidmar (Belgium) 37 2000 [*
Koerhar Works, Fundia (Finland)|Gas stirring 32 23 2000 [

(high carbon sted!)




a
Héﬁi ba works, Kawasaki RH 40 20 1089 [lo4
Mizushima Works, Kawasaki 34.7 1989 |[[%]
<30 1991 (14l
KTB <25 (R=18) <55 1996 [
(R=CaO/Al,0s) |<35 (R=12)
<40 (R=0.8)
||NKK, Traditional RH RH 17 1993 [L6®]
||NKK—PERM for RH PERM for RH |7 1993 [L®8]
||NKK, Traditional VOD VOD 338 1993 |[%%]
||NKK-PERM for VOD PERM for VOD |25.1 1993 [0]
[Keihin, #1, NKK <20 1901 ™
[Keihin, #5, NKK <28 1991 [*1
Nagoya, Nippon Stedl RH 10-30 1989 |71
Y amata Works, Nippon Steel Ar Ladle 82 (152 45 44 1974 |44
before Ar)
Hachiman works, Nippon stee! 26 1989 [+
POSCO RH 25-31 1993 [l®8]
<27 1991 (144
<10* 1991 [I41
China Stedl, Taiwan RH <30 12 1094 [I%%
Baosted, China CASOB 1725 93 / 48.8 1992 (14
RH 72 / / 30 1994 |4
RH 70 57 21-51 13.8175 [1995 [l4
\WISCO, China RH 71-73 / / 37-39 1995 (LU
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Fig.5 Relationship between nitrogen pickup and total oxygen and steel quality index

Tables IV summarizes nitrogen pick-up in LCAK ged at every processng step for severd sted plants. From
these two tables, the following conclusons can be obtained:
® With new technology and improved operation, nitrogen pick-up has deceased with years. For example, at
Dunkirk Sollac works, from tundish to mold, nitrogen pick-up decreased from 9ppm in 1988, to 1ppm in 1992.
@ Genedly, nitrogen pick-up can be controlled a 1-3 ppm from ladle to mold. With optimd transfer
operaions to lessen ar entranment, this pickup can be lowered during steady State cagting to less than 1ppm
The effect of shrouding operations on nitrogen pick-up will be discussed later in this paper.



® Nitrogen level in LCAK sed dab is cortrolled to 30-40ppm a most sted plants. It is controlled mainly by
the stedmaking converter or eectric furnace operation, but is affected by refining and shrouding operations.

Table 1V Thelevel of nitrogen pickup D[N] for some steel plants

Steel works Process DIN] (ppm) year Ref,
Dofasco Ladle® tundish <1 1992 (511
Tundis® mold 18
Tundish® mold 0.3
Tundish® mald 0.52 1995 171l
Weirton Sted Corporation Ladle® mald 4~10 Before 1993 | 144
Ladle® mold <5 After 1993 1441
Ashland works, Ameco Tundish® mold 2 1993 1471
No.4 BOF shop, Inland sted! Ladle® tundish 3 1990 1]
Fairfidd Works, US Steel Ladle® tundish 4 1995 L7l
7.5 Before 1995 [ [74]
Dunkirk, Sollac Ladle® tundish 0.51.3 1995 73]
Tundish® mould 1 1992 L73]
Ladle® tundish 3 Before 1995 | [/
Tundish® mould 9 1988 L7l
IMEXSA Stedl, Mexico Ladle® mold 5 1996 L4l
Dillinger Sted Plant, Germany Ladle® tundish 5 1993 ro]
Ladle® mald 5 1993 Tl
Baosted, China Ladle® mald 1-5 1995 124]
WISCO, China Ladle® mold 3.893 1995 [70]

Dissolved aluminum loss measurement- For LCAK dgeds aduminum loss dso indicates that reoxidation
has occurred. However, this is a less accurate measure than nitrogen pickup because Al can aso be reoxidized

by dag.

Slag composition measurement- Andyss of the dag compostion evolution before and after operations can
be interpreted to esimate incluson absorption to the dag. Secondly, dag entranment from a particular vessd
can be determined by matching trace dements in the slag and incdlusion compositions. 24!

Submerged entry nozzle (SEN) clogging- Short SEN life due to clogging is often an indicator of poor sted
deanliness. Smal aumina indusions in LCAK sted are known to case nozze dogging (281, The composition
of atypicd clog during LCAK steel continuous casting is [*%: ALO3 51.7%, Fe 44%, MnO 2.3%, SiO, 1.4, Ca0
0.6%, which reveds a large dumina fraction. Thus SEN dogging frequency is another crude method to
evduate ded cleanliness. The origin, process, and prevention measures for SEN clogging were recently
reviewed by Kemeny 2° and Thomas 2.

The previous discusson shows that there is no sngle ided method to evauate sed cdleanliness.  Some
methods are better for qudity monitoring while others are better for problem invedtigation. Thus, it is necessary
to combine severd methods together to give a more accurate evauation of sted cleanliness in a given operdtion.
For example, NSC usad tota oxygen measurement and EB meting for smdl inclusons, and Sime method and
EB-EV for large indusions. 28! Usinor used total oxygen measurement with FTD, OES-PDA, IA and SEM for
smdl indusons, and Electrolyss and MIDAS for lage incdusons!?® Baosted employed totd oxygen
measurement, Metallographical Microscope Observation, XPS, and SEM for smdl inclusons, Slime and SEM



for large indudons, nitro?an pickup for reoxidation, dag compostion andyss for the incluson absorption and
dag entrainment tracing. (24

OPERATION PRACTICESFOR CLEAN STEEL

Sted refining and continuous casling operations have important effects on im|[oroving ded cleanliness. For
example, SOLLAC Dunkirk caried out a systematic study of incdlusion remova Y, which indicated that the
ladle trestment dropped inclusons by 65~75%; the tundish removed 20~25%, dthough reoxidation sometimes
occurred; and the mold had just asmadl effect, removing only 5~10% of the inclusions.

Ladle Operations

Tap oxygen-Tap oxygen content is measured during tapping the ladle or before deoxidant addition. The tep
oxygen content is typicdly high, ranging from 450-800ppm a Waeirton “®1 800-1200ppm at Great Lake
Divison of Nationd Sted ", and 250-650ppm at Nippon Steel Corporation ["®1. Aluminum additions then
deoxidize the mdt, creating larger amounts of AlOs. This suggests that a limitation on tgp oxygen content
should be imposed for clean steel grades. However, as shown in figure 6 [, there is no correlation between
furnace practice and sted cleanliness. This agrees with studies 1 of tota oxygen content in melt samples,
which found that 85% of the dumina clusers formed after large duminum additions reedily float out to the
ladle dag, and that the remaining clusters are smdler than 30 nm. Naturaly, the decison to ignore tap oxygen
depends on the time avalable to floa indusons and on the avalability of ladle refining, which can remove
most of the generated inclusions. Figure 7 ?¥ shows how the T.O decresses with degassing time during RH
treetment and reaches the same find T.O levd, regardless of different tagp oxygen. To achieve this the
degassing time mugt be long enough, for example, 15minutes. A find condderation is tha the tap oxygen
content strong affects the decarburization rate for producing ultralow carbon stedl.
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FeO and MnO in Slag-An important source of reoxidation is the carryover dag from the converter to the
ladle, which contain a high content of FeO and MnO. These oxides react with the dissolved auminum to
generate duminain liquid steel, owing to the strong favorable thermodynamics of the following reactions [74):

3Fe0 (I) +2Al =Al,O; +3Fe(l) DG = - 853700+ 239.9T (Jmal 1) )
3MnO +2Al =Al,03 +3Mn (1) DG? =-337700+1.4T Jma ™)  (3)



The higher the FeO and MnO content in the ladle dag, the greater is the potentid for reoxidation and the
corresponding generation of adumina indusons. Many divers in the find product have been traced to
reoxidation that originated from FeO in the ladle dag > & 7", Figure 8 shows how T.O in the ladl correlates
with the %FeO+%MnO in the ladle dag. ['"! Figure 9 shows a similar influence on the loss of dissolved Al. &
"8 Figure 10 quantifies how the metalurgica benefits of tundish incdlusion removal may be negated by the FeO
and MnO pollution from the ladle dag. ")
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and from ladle to tundish )

Many countermeasures can be adopted to lower FeO and MnO contamination as follows:
1) Minimize dag caryover from converter to ladle during

tapping 707

Increesing am turndown carbon, avoiding reblows, gf wroe-O
thus minimizing the dissolved oxygen content in the o el 0
steel, can reduce the amount of FeO in the furnace dag  |E 45 ] _
[5] g 40 ] Calculation:

. 35 % FeO+% MnO=
. Use of a sublance in the BOF has substantialy reduced |2 30 2% +ee e 1579 == == 30%
the frequency of reblows!®, 2 1 ek Fe0+9% Mn0=15.79% [, ~oppm
- An efficient mechanicd dag stopper, such as a dag ey [.]_ p'?m
bal (that floats in sted and sinks in dag), can hep 0 5 10 15 20 25 30 B 40
reduce the amount of furnace dag carried over to the Casting time (min)

ladle during tapping to 3 kgit sted.®Y Alternatively, : ,
: . Fig.10 Effect of FeO+MnO content in ladle
other sensors are avallable. A thick ladle dag layer after dag on T.0 of stedl in tundish

tapping suggests high dag caryover problems. For

example, a Inland No.4 BOF shop, the ladle dag for criticd grades is mechanicaly skimmed a the Ladle
Metallurgy Furnace LMF) to less than 40mm . At LTV Sted Cleveland Works 1993 178 the average find
ladle dag depth is around 75 mm; a LTV Indiana Harbor Works Y| the depth is 97mm for LCAK, 135mm
for high grength low dloy grades, and 140mm for grades requiring coke conditions, at China sted, the depth
is 30-100mm®?; a WISCO #2 (China), the depth is 100-130mm [8; and a Algoma sted (Canada), the
depth is 75mm before skimming and 25mm after skimming (841,

2). Ladle dag reduction trestment 157 61 77. 78, 82, 85]

Emi found that minimizing dag carryover, together with adding a basc ladle dag and basic lining to lower
the ladle d&ag to less than 1-2% FeO+MnO, can reduce total oxygen to 10 ppm for LCAK sted.[81] Another



way to lower the FeO+MnO content of the ladle dag is to add a dag conditioner (ie. dag reduction or
deoxidation trestment), which is a mixture of duminum and burnt lime or limestone. Table V summarizes
the drop in FeEO+MnO content after ladle dag reduction treatment a severd ded plants. On average, this
treatment lowers FeEO+MnO to below 5%, as shown in figure 11. SOLLAC Dunkirk reports an
accompanying sharp improvement of coil deanliness, (6

Table V Effect of Ladle Slag Reduction Treatment for LCAK Steel

Stedd Works FeO+MnO composition in ladle dag Y ear Ref.

Before reduction After reduction

treatment treatment
Cleveland Works, LTV Stedl FeO 3.9%, MnO 1.6% FeO 1.6%, MnO 0.9% 1993 L78]
Cleveland Works, LTV Sted FeO 25.9%, MnO 2.9% FeO 4.2%, MnO 2.0% 1993 L78]
No.4 BOF Shop, Inland Steel FeO 8.1%, MnO 5.2% FeO 2.4%, MnO 1.4% 1990 1]
Great Lake Div., National Stedl FeO 25% FeO 8%, Best 2.0% 199 [°]
USS/K obe Steel Company FeO 30% FeO 1.23%, best 0.64% | 1991 L77]
Algoma Stee! (Canada) FeO 1.5%, MnO 0.8% 1999 =
Dunkirk, Sollac (France) FeO 12-25% FeO 2-5% 1997 [61]
Bochum Steelwork, Krupp Stahl AG FeO+Mn0O%<1% 1991 1491
Kwangyang Works, POSCO FeO+MnO 9-18% FeO+MnO 3-5% 1998 185]
Mizushima Works, K awasaki / FeO<2% 1996 L]
Chian Stedl, Tawan FeO 26.8%, MnO 4.7% FeO 6.8%, MnO 5.5% 1996 182]

Effect of RH treatment and ladle sirring-Ladle
dirring and refining processes, such as RH
(Rheingtahl Heraeus) ladle degassing greetly promote

indusion growth and removal. The effect of vaious - || e with neament ﬂ
ladle trestments on dab incluson levels is shown in £ o standard "6
figure 12 . This figure shows the improvement of & 207 = TR
RH vacuum trestment over Ar-dirring in the ladle in *;) l o I
improving stedl deanliness, which is conssent with S 154 o o ° -
Table IV. The pronounced berefit of cdciumrbased = 1°© P ©
powder injection is due in part to its greater dirring & 10 g -
power Y in addion to its primay effect of & i

deoxidization and liquefying inclusons. Haagtert *GE) 5 7 & ol
reported RH degaessing and Ca treatment together 3 e :’ i
dropped T.O to 15ppm a some plants *%. The NK- O |-" | | | |
PERM process (improvement of RH by NKK) can & = 5 10 15 20 25

lower the T.O of LCAK ged to 5ppm after 20 min
degassng [%®).  Excessve dirring is detrimentd,
however, as the upward circulation of sted onto the  Fig.11 Reduction of FeO content in ladle slag

dag layer may expose an “eye’ region of the sted by ladle slag reduction treatment [°°!

surface to reoxidation.

Qufficent sirring time (> 10 min) [ after dloy addition is dso important, to dlow the dumina indusions to
circulate up to the dag and be removed. Too much ladle dirring, however, may be detrimentd, as shown in
figure 13 by Atlas Stainless Sted [*% perhaps due to refractory erosion. 9 This phenomena has been
theoreticaly verified by Thomas e al®”!, who suggested to first stir vigoroudy to encourage the collision of
gndl indusons into large ones, followed by a “find 4ir” that dowly recirculates the sted to facilitate their
remova into the dag while minimizing the generation of more large indusions via callisons.

FeO content before slag treatment



18 PR IR R P (NP NPURNN N P B Y
{ @ Ar-Stirring

16 7 X Vacuum treatment (RH) I~
o 144 o Cabased powder injection L
s ] ° L
0 12 4 -
£ -
n 10+ =
S ] L
> 84 -
Q . «*%e 3
c 64 -
o 1 ° L
D 4 L
= ; }é -
[&] 2 4 X -
c
= ] >%§ L

01 @ o -

T I T I T I T I T I T I T I T I T I T I T

20 25 30 35 40 45 50 55 60 65 70 75
T.O in ladle (ppm)

1,8 . . -
Insu.fflment stirring

Over stirring |

T T T T
10 15 20 25
Stirring time (min)

Fig.12 Effect of different ladle treatments on inclusion level in daY!  Figl3 T.O in ladle versus ladle stirring time 147!

Tundish Operation

Important phenomena teking place in the tundish are
shown schemaicdly in figure 14 581, The following
factors affecting sed deanliness are  discussed:
Cadling trangtions, Tundish lining refractory;
Tundish flux; - Gas gtirring; and - Tundish flow control

Casting trandgtions- Cadling trangtions occur a the
dat of cading, during ladle exchanges and SEN
changes, and a the end of the casting sequence.
Inclusons are often generated during trangtions and
may persg for a long time, thus contaminging a lot of
sed [ During these unsteady casting periods, dag
entranment and ar absorption are more likey, which
induce reoxidetion problems. At Nationd Sted, for
exanple, T.O. in tundish during trangtions is 50-70
ppm, compared with only 25-50ppm at steady state [,
At other plants, the difference is only 3ppm. Lukens
reports trandtions to have only 19.2 ppm, relaive to

LADLE

——— .

Oxidation of Al by air ond absorption of nitrogen.

Owication of Al by FeO, Mnd ond Si02 from sleg

Absorphion of floating inclusian,

MOLD g @ and trapping of AI203 in the liquid sbes],

'@ Dinsolution of refroctories

Erpsian of tundish refroctories ond reduction
of Si02 and Fad by AL

Fig.14 Phenomenain continuous casting tundish

16ppm at steady state % and Dofasco reports T.O. of 27+5 ppm during transitions and 24+5 ppm during steady

casting [°2,

Figure 15 shows the T.O content in the tundish during casting of severd individud heats. During the first
casting heet, the entranment of ar and dag in the tundish pour box due to the turbulence during ladle open is
accompanied by an iniid maximum in T.O content in the tundish (induding both dag and dumina incusions).
Open pouring a dart cast causes T.O in tundish to increase to twice normd levels for more than an entire heat
(Fig.15 Case 1) 2. Severd minutes of filling are needed before tundish flux can be added. Eventudly, during

steady casting, the T.O. decays to lower leves, consgting manly of dumina

One improvement during ladle trangtions is to stop the flow of liquid into the mold until the tundish is filled
and to bubbling gas through the stopper to promote inclusion flotation . Another improvement effect is to



open new ladles with submerged shrouding. With this measure, T.O was decreased a Dofasco from 41+14ppm
to 31t6 ppm with more consigent qudity
throughout the sequence (Fig.15 Case I1) 152,

Near the end of a ladle, ladle dag may enter the

tundish, due in pat to the vortex formed in the 100 7 e
liuid ged near the ladle exit. This phenomenon 90 ] I —e—Case | N
requires some steel to be kept in the ladle upon 80 —a—Case Il -
dosing (eg. a four tonne “hed” [® ). In addition, the 70 \ X —o—casem I
tundish depth drops after ladle close, which disrupts ‘E 607 ? N
norma tundish flow and may produce dag @ 50 1 \ N
vortexing, dag entrainment, and increased totd o 40 / X -
oxygen in the mold, as reported by Dofasco %2, An 30+ ﬁo 5 -
eectro magnetic leved indicator for ladles is under 20 N
development. 10 + C
0 T T T T T T T T T T T T T
Lining refractory- Dissolved duminum in the 0 50 100 150 200 250 300
liquid sted reacts with an oxygen source in the Steel Cast (Tonnes)

lini refractory. This o come from Case I: The firg heat in the tundish; Case Il: The
b e e Y o ffemedidte heats with Bell shrouds and initid_tundist
carbon monoxice when cabon I he Telraclory  cqyers Case 111 intermidiate heats with baffles anc

reects with binders and impurities or from dlica  jnitia tundish covers

refractory decomposition (Eq.(7)) '?%. Silica-based Fig.15 The T.O content in Tundish versus time for
wndsh linings are worse than magnesiabased  different heats

sprayed linings (Baosteel!? and Inland Steel 1),

S0, (9) (I) +4/3A1 =2/3A1,03 () +Si () DG; = - 219400+35.7T (Jmol ) 4
The extent of this reaction can be quantified by monitoring the silicon content of the liquid stedl.

Tundish flux — The tundish flux must provide severd functions. Frdly, it must insulaie the molten steel both
thermally (to prevent excessive heat loss) and chemicdly (to prevent air entrainment and reoxidation [*!). For
exanple, a IMEXSA Steel (Mexico) [, by changing tundish flux (with lower SO, content), nitrogen pickup
from ladle to mold decreased from 16 ppm to 5ppm.

Secondly, in ided circumstances, the flux should dso absorb inclusons to provide additional sted refining. A
common tundish flux is burnt rice hulls, which is inexpensve, a good insulator, and provides good coverage
without crusting. However, rice hulls are high in slica and (SO.@0% [?%), which can be reduced to form a
source of indusions (Eq.(7)). They dso are very dusty and with their high carbon content, (C @.0% 24, may
contaminate ultralow carbon sted.

Basc fluxes (CaO-AlL,O3-90, based) are theoreticdly 40 S e
better than rice hulls a refining LCAK geds, and have —+— RICEHULLS
been corrdated with lower oxygen in the tundish. For 1
example, the T.O decreased from 25-50ppm to 19-35ppm
with flux basacity increesing from 0.83 to 11, measured
a Kawasaki Mitsushima [, At Dofasco's #2 Mdt Shop,
usng badc tundish flux (CaO 40%, Al,O3 24%, MgO
18%, SO, 5%, Fe,O3 0.5%, C8%), together with baffles,
gonificatly lowered in totd oxygen fluctuaion, as
compared to the initid flux (CaO 3%, ALOsz 10-15%,

TOTAL OXYGEHN, ppm

MgO 3%, SO> 65-75, Fe,O3 2-3%). The T.O decreased 10 —T T T T T
600 70O 800
from 41 to 21ppm during ladle transitions and decreased YN e r i

from 39 to 19 ppm duing steady state casting. [
However, other results, such as shown in figure 16 (45] Fig.16 Effect of tundish flux on the T.O in tumdish



found no improvement in T.O between rice hulls and higher baddty flux (SO, 25.0%, Al,O3z 10.0%, CaO
59.5%, MgO 3.5%). This might be because the basic flux ill contained too much dlica More likdly, the basic
flux was ineffective because it easily forms a crust a the surfacd®¥, owing to its faster melting rate and high
cryddlization temperature. Also, basc fluxes generdly have lower viscosty, so are more easly entrained. To
avoid these problems, AK Sted Ashland suggested a two-layer flux, with a low-medting point basic flux on te
bottom to absorb the inclusons, and a top layer of rice hulls to provide insulation, which lowered T.O. from
22.4ppm to 16.4ppm 471,

Tundish girring -Injecting inert gas into the tundish from its bottom improves mixing of the liquid stedl, and
promotes the collison and remova of incusons. At Lukens Stedd Company, this technology was employed and
successfully lowered T.O to 16 ppm in tundish ®%. The danger of this technology is that any inclusions-laden
bubbles which escape the tundish and become entrapped in product, they would be severe defects

Tundish flow control-The tundish flow pattern should be designed to increase the liquid sted residence
time, prevent “short circuiting” and promote inclusons removd. Tundish flow is controlled by its geometry,
leve, inlet (shroud) design and flow control devices such as impact pads, welrs, dams, baffles, and filters. The
tundish impact pad is an inexpengve flow control device that suppresses turbulence and prevents eroson of the
tundish bottom where the molten ded dream from the ladle impinges the tundish. The incoming <tream
momentum is diffused and dlows the naturdly buoyancy of the warm incoming sted to avoid short circuiting,
paticularly a dartup. Together with weir and dam, the TURBOSTOP pour pad improved sted cleanliness,
epecidly during ladle exchanges[53] At Lukens Sted, T.O decreases from 26ppm (with a domed pad) to
22ppm (with a hubcap pad) [*. At POSCO, steel dleanliness was improved was improved by putting 77 holes
in their dam, making it act & a partid filter (%81, At Dofasco's #2 Mdt Shop, using baffles improved product
quaity, especidly a ladle exchanges, thereby making the heat more consistent. (Fig.15 Case II1) 152 baffles
combined with an initid tundish cover lowered the average T.O. in tundish during steedy State casting from
39+8 to 24+5 ppm 2

Transfer Operations

One of the most important sources of oxygen pickup is amospheric reoxidation of sted during trandferring
from ladle to tundish or from tundish to mold. This generates inclusons which cause production problems such
a nozzle dogging, in addition to defects in the find
product. Optimization of dwrouding sysem is vey

important to prevent this phenomenon. Using a shroud 454 1 11111
lowered nitrogen pickup from 24 to 5 ppm reldive to - o  Self open i
open pouring a Bao Stedd 24, At Fairfidd Works (US 407 e Lanced open i
Steel) @ replacing the tundish poor box with a ladle 35 4 B
sroud and dams lowered nitrogen pickup (ladle to —~ 1 ®* o i :
tundish) from 7.5ppm to 4ppm, and dso lowered dag = § 307 B
entrainment during transitions. e ] ° . b
- °

Ladle opening- Ladle sif open is a heat in which ™ 204 o ° =
the ladle nozzle does not have to be lanced open, but 15 © o o B
opens on its own. When the nozzle has to be lanced 1 °© o o [
open, the sroud must be removed. The cast is V+—T—T 7T T T T
unshrouded from ladle to tundish during the firg 25 to 0 5 10 15 20 25 30 35 40
50 inches of the cast, and reoxidaion by air therefore Cast time (min)

occurs. Figure 17 depicts the tota oxygen levels for the Fig.17 Tota oxygen levels created by the self-open
«f-open and lanced-open cases a Lukens Sted and the lancec-open cases



Compm?/ which shows that lanced-opened heats have tota oxygen levels around 10 ppm higher than sdf-open
heats ®*!. Carefully packing ladle opening sand will be helpful to redlize ladle seif open.

Argon protection - Argon protection is used to prevent the liquid stel from air reoxidation [2%. When adding
the tundish flux too early, the flux can be entrapped into liquid sed and cagt into the dab, thus normaly no
protective cover for the first few minutes of a cast. Also at the period of ladle opening, air is very essy to reach
liquid sted. The effects of these two factors can last up to 15 minutes into the cast for 60 ton tundish ®*. To
counteract this problem, Lukens Sted explored methods of purging the tundish with inert gases (to displace the
ar) prior to opening the ladle into the tundish ®*. Another measure to improve shrouding system is to
mcorporate an appropriate gas injection. At Atlas Stanl&ss Seds divison of Sammi Atlas Inc,, the levd of T.O
in tundish decreased from 41.5ppm to 37.9ppm by improving the shrouding system [

Sealing issues-To decease the nitrogen pickup during continuous cadting, the following factors are usudly
condgdered, such as seding of shroud from ladle to tundish, and submerged entry nozzle (SEN) from tundish to
mold. At Dofasco #2 Met Shop, by improving bayonet sysem between ladle nozzle and ladle shroud, the
nitrogen pickup from ladle to tundish was reduced to <lppm at Steady state (before improvement, this vaue is 8
ppm nitrogen pickup), and the initid nitrogen pickup from tundish to mold was found 1.8ppm, with the
stiffened holder and increased maintenance of the holders, nitrogen pickup was reduces to 0.3 ppm. 54

Nozzle Clogging — In addition to interfering with production, tundish nozzle / Submerged Entry Nozzle
dogging is detrimental to sted cleanliness for three reasons.  Firdly, didodged clogs ether become trgpped in
the sted, or they change the flux composgtion, leading to defects in either case.  Secondly, clogs change the
nozzle flow pattern and jet characteridtics exiting the nozzle, which disupt flow in the mold, leading to dag
entrainment and surface defects. Thirdly, cogging interferes with mold level control, as the flow control device
tries to compensate for the clog. At Dofasco #1 Caster, with a 65 tonne tundish, changing from a 3-plate
didegate ?/stem to control ded flow from tundish to mold to a stopper rod system was reported to reduce
clogging!™  Many practices can used to minimize clogging, which are reviewed esawhere. 1% 2% |n addition
to taking generd messures to minimize inclusons, clogging via refractory eroson can be countered by
controlling nozzle refractory compostion, (eg. avoid Na, K, and S impurities), or coating the nozzle walls with
pure aumina, BN, or other resistant (2%, Fio

Ny Subt d Entry Nozzl
Rim ubmerged Entry Nozzle

copper

Mold and Caster Operation mold

Resolidified
Flux

Flux Powder

The continuous cading process involves many
phenomena, shown in figure 18 89 which have fa- oo™
reeching oconsequences on  srand  qudity. Inclusions
caried into the mold through the nozzZe include resisances
deoxidation products, nozzle clogs, and entraned of Arce
tundigvladle dag (reoxidaion by SO, FeO, MnO in
dag), and reoxidation products from ar absorption from
nozzle leeks. Mold dag may be entrained by excessive top
aurface velocities or leved fluctuations. New inclusons
may precipitate as the superheat drops, such as TiO»
indusons in Ti-treeted deds. On the other hand,
inclusons can be removed into the dag / ded interface by
buoyancy flotation, fluid flow transport, and atachment to
bubble surfaces. The mold is the last refining step where
inclusons either ae safely removed into the top dag layer  Fig.18 Schematic of phenomena in the mold region of
or they become entrapped into the solidifying shell to form  asteel slab caster
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permanent defects in the product. Sgnificant indght into incluson entrapment has been obtained in the past
through collecting datisticad data and conducting tralls on the operating sted caster. Knoepke found that
increesng sted flow rate increased the level of pencl bligers Sfrom argon bubble entrgpment) sgnificantly,
while it reduced the level of divers (from dag entrainment). [°° Abbel measured the inclusion and bubble
digribution in sted dabs and obsarved that individua 1-mm bubbles were often coated with incluson clusers,
and could be carried from far upstream, even if no gas was injected into the tundish nozzle. Y It was observed
that incluson entrgpment varies from dde to dde, which suggests a link with variations in the transent flow
dructure of the lower recirculation zone. Defects are often found associated with trangents in the process, such
as changes in casting speed, tundish changes, or clogged nozzles 2 Pencil pipe defects occur intermittently
and are rae, rdlaive to the quantity of injected gas !°. Quan e d obtained the following conclusion by
mathematicad smulation that 80% the paticle were eventudly removed to meniscus (20% entrgpped  in
product), and a given particle circulate for up to 300seconds before being removed or entrapped. [°

In curved-mold machines, indusions are preferentidly trapped 1-3m bedow the meniscus %1, Thus,
inclusions concentrate a one-eighth to one-quarter of the thickness from the top of the ingde radius surface [95.
%I, in addition to the surfaces, as verified by AK Stedl Middietown Works (figure 19) (*Y. Harrison Stedl Plant
a Timken Company reports that eectromagnetic girring of outer strands can improve the ded ceanliness,
lowering T.O in dab from 30ppm to 20 ppm . Curved mold machines are known to entrap many more
paticles than straight (vertical) mold caster 197, because the indlusion spird upwards the insde radius, where
they collect at a specific distance through the thickness (%Y , corresponding to 2-3m below the meniscus®%!,

It was reported that the cast speed has effect on sllvers [40]: hgh speeds and high variation in castmg peed
result in a higher rate of divers. Adequate stable casting peeds can be obtained with the use of a stopper. With
a stopper, the speed is no longer determined by the level of sted in the tundish, but by the level of ged in the
mold 19 1t is better to control mold level control in the range +3mm .

A profitable tool for optimizing the fluid flow and therefore improving dab qudity is the eectromagnetic
brake (EMBR) [°8 which bends the jet and shortens its impingement depth, inclusions thus move more
upwards, tend to top powder or be captured by the solidified shell a the surface of dab. As shown in figure 20,
the inclusion digtribution across dab width shows a shift to the dab surface after usng EMBR.
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SUMMARY



This paper fird reviews the different definitions of clean ded, depending on sed grade and agpplication.
Next, the different methods to evduate it are reviewed, including both direct and indirect methods. There is no
sngle idea method to measure sted cleanliness, S0 it is best to couple severa methods together to give a more
accurate evauation. Many plants control tota oxygen content and nitrogen pickup in Low Carbon Al-killed
ded, which are summarized for many plants. Findly, operation practices to improve ded cleanliness a the
ladle, tundish, transfer, and caster are reviewed.
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