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RECENT PROGRESS ON COMMERCIALIZATION
OF CASTRIP® DIRECT STRIP CASTING
TECHNOLOGY AT NUCOR CRAWFORDSVILLE

P. Campbell,lw. Blejde,2
R. Mahapatra,2 and R. Wechslet

The world's first commercial installation for direct casting of low-carbon steel sheet utilizing CABTRIP
technology is undergoing production ramp-up at Nucor Steel's plant in Crawfordsville, Indiana.
Construction of the plant was initiated in February 2001 and the first ladle was delivered to the caster in
May 2002. Since that time, Nucor Steel has been working with technology partners BlueScope Steel
(formerly BHP Steel) and IHI (Ishikawajima-Harima Heavy Industries) to fully commercialize this exciting
new technology for the direct production of steel sheet less than 2 mm in thickness.
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The CASTRIP process was jointly developed by BlueScope Steel and IHI beginning in 1989, under the code name
Project M. Following lab-scale research through the 1980s, the companies agreed to collaborate on a larger scale project;
first a pilot plant, then a full-scale development plant. The original focus for the joint project was the casting of Steeéhless
(Grade 304) sheet between 2 and 3.5 mm. However, during the mid 1990s, Project M turned its focus to the direct casting ¢
low-carbon steels for the construction industry. BlueScope Steel is Australia’s premier flat rolled steelmaker and & significan
portion of its output is directed to construction markets. After more than a decade of successful development and the prc
duction of more than 30000 tons of strip, BlueScope and IHI agreed that the technology was ready for full commercializa-
tion. Thus in late 1999, Nucor Steel joined the effort and built a full commercial plant at Crawfordsville. (The Crawfordsville
plant is noteworthy as it is also the site of the world’s first thin-slab casting plant, commissioned in 1989.) Construction of
the new facility was initiated in late February 2001. Following 14 months of construction and cold commissioning, the first
ladle was delivered to the CASTRIP facility on May 3, 2002. Since that time, the plant has steadily made progress toward:
full commercial production of Ultra-thin Cast Strip (UCS). Further information on the history and development of CASTRIP
technology is available in the litereature [1-4].

The CASTRIP process, similar to all twin-roll casting operations, utilizes two counter-rotating rolls to form two
individual shells that are formed into a continuous sheet at the roll nip. A simple schematic in Fig. 1 indicates liquid metal,
rolls, and the solid sheet. Although the concept of casting a continuous sheet in this manner was developed some 150 yet
ago by Sir Henry Bessemer, it is only in the past decade or so that availability of high speed computing, advanced material:
fundamentals of early solidification and industrial casting know-how have been combined to provide the basis for a com-
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Fig. 1. Simple skemdic of twin-roll casting
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Fig. 2. Main components of the CASTRIPopess.

mercial tedinolagy in the steel indusgr Not indicded in Fg. 1 ae the efractoly side dam pieces thare positioned gainst
the castingalls & either endThese pieces arused to contain the melt pool.

The main components of the CASTRHEility & Nucor Cewfordsville ae deicted in kg. 2.As can be seetthe
process bgins with a ladle of steelbave a tundish. In the case of thea@fordsville facility, the ladle sie is 110 tons and
both ladle and tundisheaidentical to those empled ky Nucor a their thin-sld casting planfThe «isting EAF shopsome
500 metes avay, provides steel to the CASTRIRdility via a ubbertired carier. In adlition to the main casting compo
nents,an LMF stdion locaed within the CASTRIP plantims composition and temgaure to fnal casting equiements.
Referring to Hg. 2,the tundish is lodad directly above a smaller tundish oransition piece thas designed toeduce the
head of the liquid steel asellas distibute metal iow acioss the bael length of the castinglls. The coe nozzle eceves
streams of liquid steel &dm the tansition piece and sits beden the castinglls, immeised in the melt pooAs casting po-
ceeds and the liquid steel iamisbrmed into a solid sheet, exits dovnwards forming a fee loop belw the castingalls.
The speed of casting isughly 80 m/min and the thimess of the solid sfr is typically 1.6 mm or less. In der to limit
scale brmaion on the sip surface a piotective @mosphee is maintained tlmugh the use of ‘&ot box” which contains the
strip until enty into the hot olling stand Pind rolls, located just bebre the stand aseil as futher davn the un-out tdle,
maintain tension on the gr The in-line hot olling stand is cpable of as nuch as 50%eduction to the sheet; Wwever, typ-
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Fig. 3. The CASTRIP pocess aNucor Cewfordsville.

TABLE 1. Compaison of Fundamental CastingiBmetes Among the CASTRIP FcessThin
Slab Castingand Conrentional Sla Casting

Parameter CASTRIF® procesy Thin sl casting | Cornventional slé casting
Strip thickness 1.6 50 220
Casting speedn/min 80 6 2
Average mold heaflux, MW/m? 14 25 1.0
Total solidifcation time sec 0.15 45 1070
Average shell coolingate, °C/sec 1700 50 12

ical reductions & less than 30%dwo coiless, shavn & the end of the line ini§. 2, allow contiruous opeation of the cast
ing processAdditional desdptions of the telenolagy, the Cewfordsville plant,and inheent benéfs of the Castp process
are desdbed elsavhere [5-7].

A photayraph of the CASTRIP mcess aiCrawfordsville is shavn in Hg. 3.A ladle of steellocaed d the top cen
ter of the photois mounted on the tet and otaed into casting positiohe in-line plling stand (identied by the“Nucor”
sign acoss its top) can be seen in the digdof the photoThe corugated steel strcture staddling the line danstream of
the olling stand is a suatce inspection stian. Steel sip can be seen on the lirenteing the cooling ara.The second pirtt
roll and shear @rlocded in the bottomight-hand comer of the photo; heever, not visibde ae the tvo coilers, which ale to
the bottom ight just outside thadld of view.

The solidifcation fundamentals of the twirell casting pocess a quite diferent as compad to comentional or
thin-slab contiruous castingln paticular, the interace betwen the solidifying shell and the mold sw¢ is ceged and
maintained in a completedifferent manneMWhereas mold pader is utilizd in contimous castingthe CASTRIP pocess
does not emplpary form of pavder or lubicant. Futher, the shell and the castinglirtravel rotationally in intimae contact
down through the melt pooljnlike cowentional continous casting tvere the mold is osciltled to beak contact andatil-
itate withdiawal of the sl&. Table 1 shavs values of somedy casting paametes for the CASTRIP mycess compad to con
ventional thin-and thicslab castingAs can be seeithe CASTRIP pocess opetes in a egime of he&transgr thd is an
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Fig. 4. Cunulative pioduction @&the CASTRIP &cility,
since plant commissioning in M&002.

Fig. 5. Ladles oting into and out of casting position
during sequence casting lducor’s CASTRIP &cility.

order of mgnitude higher than the ceentional casting method$his gves ise to the ttmendous dirence in serage
cooling rte duing solidification among the tlere pocesses and theainaic difference in time dr total solidifcation. The
result of these diérences is a highete of poductvity for a small casting unit and ary fine solidifcation microstucture.

Plant Progress. Hot commissioning of the CASTRIRdility commenced on Ma3, 2002 and to da moe than
100,000 tons of UCS (Ulrthin Cast Sip) maeral has been coiledSince druary 2003,the plant has been opéng on a
24-hour g/cle, 7 days per veek,utilizing four complete @ws. Complete stéifig for the fcility, including mangement and
technical staff, number less than 60. Cuitative pioduction fgures fiom the Nucordcility are shavn in FHg. 4, indicding the
milestone of 100,000 tons of culative pioduction,achieved in May 2004. By the end ofuhe 2004the plant had mduced
more than 110,000 tonsynulatively. Production pogress athe Bcility has acceleted gedly in the secondsar of opeations
with key process eakthoughs accomplished inly—August 2003. Nelyr 75% of the cumlative poduction since steupwas
completed in the pard from May 2003 to Mg 2004.The incease in prduction is a dict consequence of the inoped yield
from the pocess wich has jumped &m less than 50% in égr2003 to moe than 80% dumg May 2004.Yield to pime coil
is a citical factor in the economic Wity of the CASTRIP pocessas it is with ag capital intensve opeation.

One limiting factor on CASTRIP mcess thwughput has been the meltingpeaity @ Nucor’s Crawfordsville
EAF shop. In adition to feeding the CASTRIP plarnihe «isting EAF shop also prvides moe than 2 million tons ann
ally of liquid steel to the thin-skacasting on the same sit®iven curent maket conditions and fgistical dhallenges to
optimize sequence castiniipe EAF shop will shdly undego modifications tha should allev a geaer flow of liquid steel
to the CASTRIP dcility by the end of 2004.
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Fig. 6. Average monthy stiip thickness poduced athe CASTRIP
facility.
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Fig. 7. Typical gplicaions for CASTRIP UCS steel. Photo st
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Sequence casting is stardia the CASTRIP #cility with as map as 4 ladles cast in one sequer@erent pojec
tions shav tha sequence length is an impaomt factor in esthlishing commeeial viability of the piocessA discussion on the
importance of sequence length and othéfoal factors related to the economic Midity of twin roll casting has been quid-
ed ty Herbetson [8]. The citical hurdle for limiting refractoly cost is the prduction of moe than 300 tons (3 ladles) in a
sequence and the limitingdtor vas thought to be the difof the efractoly side dams Wwich prevent the fow of liquid steel
from either end of the casting podhe atievement of a 4-ladle sequeneéth a total duation of moe than 6 hows, indi-
caes the dagievement of this impdant milestone in tens of pocess economicsig: 5 shavs a photgraph of the CASTRIP
plant undegoing a ladle hang duing sequence casting

The CASTRIP pocess is paiculardy suited br the poduction of light-gquge steel sheetWhen the plant stegd in
mid-2002 the caster mrduced an\aerage pioduct thikness just belav 2.0 mm. Since thaime, the arerage pioduct thik-
ness has been steagdieduced thwugh a combin#on of higher casting speeds an@gaer amounts of in-line hoeduction
in the single mill standFgure 6 indicdes the werage monthy thickness fom the CASTRIPdcility since the bginning of
2003.As indicaed the arerage thikness hasdllen from nealty 2 mm to 1.3 mmer the past 14 months. Foer, during
April 2004, the plant poduced the lightestamge mderial to dae with a fnished thikness of 0.84 mmilrhis pioduct has
since been skin passed and sold to th&ketas aeplacementdr cold olled sheet withxecellent esults With the mininum
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Fig. 8. Typical as-cast UCS gr profile.

gauge poduced athe Cawfordsville thin-sld caster and hot millesticted to 1.5 mmNucor is paticulady interested in
utilizing the CASTRIP pocess ér suppy of higher walug lighter cgauge, sheet poducts.The thikness tend shan in the
graph indicdes the success on thigffit.

The sale of prducts fom the CASTRIP mcess has beenggressing steadilsince mid-2002. Initiajl, the major
ity of the UCS (Ulta-thin Cast Sip) had been sent to Nucsifinishing lines &Crawfordsville for pidkling, cold mlling, and
galvanizing This piovided ample oppaunity for inspectiontesting and anajsis of the poduct perbrmance Futther, eaty
sales vere limited to Nucoss kuilding products diisions,where they were mollformed into @plications sub as stactural
ded. Once gain, rollforming opeations were dosely monitored for product perbrmance Owver time product gplicaions
have bioadened toxtemal customes and intude a ariety of goplicaions,primarily in the constiction industy. Small sam
ples flom some of the typical end uses ahevn in FHg. 7.

Product Attr ibutes. As is the case in grproduction fcility, the contimous monitang of key process arables
is conducted tathe CASTRIP plant. Sp thickness is contimously measued thoughout the cast using &won-ling x-ray
gauges.The scanning xay device, which is locded bebre the hot olling stand is dedicéed to measimg the stip profile,
and the second diee is used to measthe centdine thickness after the mill. i§ure 8 is an gkample of a typical cast gir
profile (averaged over a coil). Stip crown measued & 40 mm fom the edg is dout 75um. Work is curently under vay to
reduce the eerall crown, which is directly relaed to the pofile of the castingalls. A discussion on castinglt development
has been pvided elsavhere [3].

Strip suriace fish has beenhamacteized using a suace Pofilometer (RankTaylor Hobson Sees 120).This
instument uses a diamond tip stylus (glius 2 mm) with aesolution of 32 nmTable 2 compags the sudce pughness
measuements obtaineddm as-cast UCS rtexial with stip obtained fom comventional hot stp mill. The oughness of the
as-cast sip is between 2 to 3im in compaison to 1 to 1.5um for corventional hot sip mill product. Pevious work during
the deelopment of the cess aithe Poject M plant inAustralia had shan tha surfaces smoother than c@mtional hot
stiip mill matenal can be obtained with the use of in-line mill withl ibite lubiication[2] and this deelopment is cuently
under vay at Crawfordsville.

Microstiucture evolution in stip casting is fundamentglicoupled to the solidiation processThe rudeaion den
sity duiing solidification can pofoundl influence the austenitegajn si2 and thussubsequenteiritic microstiuctures [4].
Under typical cooling conditions on the CASTRIP plant put tdle, the micostiucture of the as-cast rteial is a mixtue
of polygonal ferrite and lav tempeature transbrmation products sule as acicularefrite (see k. 9). This miciostiucture can
be alteed with \ery low cooling ates to brm laige polygonal ferite grains,or through Bpid cooling to brm bainitic and
even matensitic gain stuctures. Futher, reseacth work has shan tha dynamic eciystallizion of the pior austenite can
result in gain refinement and hence arfite grain stucture in the fnished poduct théis much more akin to cowentional
hot band [4].

Typical medanical popeties of UCS in-line olled maerial produced athe Nucor CASTRIPdcility are summa
rized inTable 2. A majority of the cast mizral today has been duced to meeASTM A1011M speciications.As can be
seen fom Table 3, typical UCS mgernal exceeds theaguirement 6r A1011M Stuctural Steel Gade 275accoding to the
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TABLE 2. Compaison of Stip SurfaceTexture —As-Cast UCS Sip vs.
Corventional Hot Rolled Siip

Locaion Parameter As-cast UCS Corventional hot stp
R, (um) 2.8 1.33
Top surbce RzDin [m) 18.6 9.7
S (m) 101.2 56.6
R, (um) 2.2 1.11
Bottom suréce RzDin [@m) 12.5 9.2
S (um) 69.8 60.0

Fig. 9. Typical as-cast UCS miostucture indicaing a mixtue
of polygonal and acicularefrite.

specifcation. Grade 275 is a commonwvecarbon stuctural grade br goplicaions in constuction and mamfactuing mar
kets,sud as those shn in FHg. 7. Although the micostiucture of CASTRIP UCS mntarial is not identical to thaof stan
dad hot bangdthe mebanical popeties of the sip hae been shen to exceed the speddation. Futhemore, UCS mae-
rial has demonstted the Aility to be pidkled, cold wlled, annealedrollformed and velded in addition to other standdr
finishing opeations for stiuctural steel gades.

Achievement of god edgs is one of thergaest dallengs in stip casting The egion of the side dam in dict
contact with theall is cooled damdically, making this a&a moe pone to steel frezing and thus skulbfmation. This can
result in poor edg quality and in some cases causegeopestional poblems. Efective contol of metal fow and solidi
fication in this egion is fundamental to the gaduction of @od edgs.As-cast coils with god edgs ae routinely produced

Condusions. In adlition to outine poduction of stip thicknesses in theange of light qauge steel sheet beto
2 mm, a rumber of other milestones Vebeen #ained duing the frst two yeass of opestion of the CASTRIP mcess &
Crawfordsville:

1. The plant hasepededly demonstted the cpability of sequence casting 3 or neoconsecutie ladles (>350 tons)
at total casting dutions of moe than 6 how. This is a citical factor br process economics.

2. Hnal stip thickness of as lo as 0.84 mm has beerpoguced and successfulbrocessed

3. Houty production ates of 60 tons/hr/m a been consistegthdieved This indicdaes tha an anoal thiough
put of moe than 500,000 tons istdevable.
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TABLE 3. Popeties ofTypical UCS Méerial Produced lp the CASTRIP RycessThe Mderial
Conforms toASTM A1011M SS Gade 275

Material Yield stength,MPa| Tensile stength,MPa Elongation, %
ASTM A1011 — Gade 275 miniram 275 380 15
UCS (olled) — typical 315 420 26

4. Casthility of low carbon steeldes with higher coppeniels (up to 0.5%) has been demoatsl Possille
beneits from lover incoming s@ap quality without dgeneeted poduct popeties ae foreseen.

5. Despite alear focus on lav-carbon stuctural grades successful castingisds with stainless (409inedium car
bon (0.25) higher phosphaus (0.1%) and eledtal steels hee been conducted

The poduction of fat rolled products utilizing the CASTRIP pcess has mgradvantayes aver comwventional cast
ing and olling technolagy, including lower caital and opeating costsreduced engly usaje and emissionshinner higher
value poducts,and a smallemore flexible operting regime. Fuither, due to its lighter guges (<1.5 mm) andxeellent sur
face quality CASTRIP poducts can be substitutedrfcold olled sheet in manapplicaions and will likely creae a nev
product caegory for flat rolled sheet prducts knan as UCS Still to be corifmed br the tebnology are the werall con
version costs and ki of other dtical componentsThis information will be obtained as the planbvks its way towards full
opeting rates,over the n&t year or so.
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