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, lBST'R.4CT
trlotlrcmatical models representing the various stilgas in the hot rolling process of stcel

productiorr x,erc produccd. Simulated models us(d tttre vilidateil usiug tha I'-XCEL packoge und
tltcrt srtltjccted lo o sensitivitl' analysis undcr idenlicul c'ottditiuns to pruli<'t tltc oplirttur,t optriltittg
c'ottditiotts ttndar x'hiclt thc esscrttittl process strps (il,, ba curriul out.

'fhe 
results sltox'ed tltot Jcrritc groin siit, is rrrore sclsitile to tltc ratuined stroin than to the

coolirtg rile or thc uustt,rtite gruin size. It tt,us olso in.ferred Ji'om the xwrk thut n drop itt tlrt
austenita-lt:rrite (y-{t ) lrunslbnnation lemperulurt: ltuds to un increose in tha tcnsila strength oJ

lha stctl. irftrs is irt tgreemct,t rtitlt ittdustrial pructic(s.

Kcv lords :  I ) roccss  nrodc l r r ru ,  ho l  s t r rp  ro l l rng .  n te 'chan ic l l  p roper t l cs ,  s r r t r r r lu t ro r r
* , \ut lror lo nhortr corrcspondcnce should hc acldrc'sscd.
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/
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S, Urarn srrrlacc to graln volunle ratur

Q.r l)eformatron activation cncrgy KJ nul
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l),1,,,, t1.1,,,. l)r,rr. f)1,r Grain size atier t lynanric rccryslallrzation Microns
I),,,.1,,. d,,,,1. i |1y,,1p1. I)111y. Grarrt stze alter n'retadynanlc recrystallrzatrott i\4lcrons
I),,,,.., d,,,,,
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,l ,,. l),, I;crri lc' grain srzc \ ' l icrons
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L,,rrrrpr 

' l ' irne 
lbr 509i, nretadl'nanric rccrystall izatton Second

[ \b1, '  F.quivaler t t  Niobiunr  conccnl ra l ion Weig l t t ' ] i '
1,,,. I .r,\ No recrystall ization temperaturr' "( '
K.  Srrpcrsuturat ion rat io
l ) , . , , , .  I , , , , rp .  tp . .  [ t , , , , .  Prccrp i tat ion t in te Second
l ls l  . \  I l igh st ren-uth.  los 'a l loy
l( 'c l:uce centrr'd cubic

| \ ' t  RoDtr ( ' t ' lo \

l l  r s to l rc . r l l r ' .  t l te  dcvckrpnrent  an i l

a t l r  lnccrncr r l  o I  socrc t rcs  havc  hce t r  i r r t rn ra te  l y  t ie t l

{o  r r renrbcrs 'a l - . r l r t r  to  p ruduce anc l  n ran tp t t la te

nru tc r r r l s  t t r  l l l l  the  r r  nccr ls  (  \ \ ' i l l i anr .  1997 ar rc l
l )h r rn r ra l  ! ' t  i l 1 .  l ( ) l x ) )  I i l r l t  c tv i l i zu t ions  l ruve  bccn

t lcs rsnatcd  bv  the  le  rc l  o l ' r t ta te r ia ls  ( | c ' \ ' e lopn)cn t ,

rc . .  S tor tc  Agc .  l l t ' ouzc  Age (Odcr ro lc .  2001) .  
' l ' l re

c lcvc loprne  r r t  o l '  r runv  techno log ics  tha t  n rakc

Iruntan criste rrcc s() t :ortt l i r t  luhle l tas br 'en
ln t lu la tc l ) ,  i . rss { )c lJ lc ( l  i r ; lh  t l ; :  Jcccs ! ! t ' i l i t } ,  o f

r r t  t l r l r '  r rL r tc l i : t l s .

Siccl: ,  rre orrc 0l ' the n]ost cornntonlv Used
c( in : t l  u !  [ i ( ) l l  I r l i . r l cna is .  A  neu '  c lass  o l '  s tec l5  ts  the
io ' r  . r l l r r r .  l r rgh  s t rc r rg lh  var ic ly .  

- [ 'hc  
r  e  rs r r t i l i t r '  , . r l '

s l r ' t ' l  t i ; r '  ( f r ru ' l r r l l r l , r rd  cons l r r rc l ron ; r l  : r f r r l r , : ; r l i o t ts

r r ' s t \  on ' lhc  l i c t  t lu t  r t  c l l t  h t ' r ' r ' a r . l i l v  s r r rn l i cd  rn  a

\

u rde rarrge ol' dilll'rc-nt product fornrs and rvith a
rusclirl range of nraterials propertics. the use of
nrethocl shiclr imparls such in.rportant characteristics
on thenr during their production should be carelir l l l '
krokecl into, artd hcncc, the choice of'thc hol rolhng
process for stecl produclion.

Rcsearch into controlled hot rcll ing
nrodeling arrd sinrulation has beerr going on since the
1960's ( ' l 'arnura qt  a l .  1988.  I -aasraoui  and Jonas,
l99 l ) .  l \ lan l , rnodcls havc becn suggestcd over  lhc
yr'ers. bv rcsearchers. to simulatc the l ir l l  range of the
dil l 'erent slascs i lt hot, controlled rollrng. A detailcrl
rcvrew ol'thcsc rru.'Jcls ts avaihble rn l itcraturcs (Cser
et al. 1999, Phanirrj et al, 2000). These nndels have
saved stc'el industries all ovcr the rvorld mill ions of
dollars: l irr the 1' have considerably rccluced the
nurnbcr' ol c\pcnntcntal test runs nce dcd l irr thc
produciron ol'stccl \\rth lnrprovc,l plopcrties nec(led
i r i  r t r  ueiura l  l ; ' , i l  c i r i is t ruct io l r r l  lpp l icat ions.  Dr tJcrcnt
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l ! ' \c.i l  Jl lct 's havc userj drl-lr 'rcnt c\p!'nmental
l i lcl l lods to crfr\ out such slntuttlton: t icpcllcl lng trt
the lrlrouul ol- total deti lrnrirtrt 'rn. sltalrl rates.
tenrpcraturc. and tlpes ol- sllnulation cquipment
arr i lab le (  l 'uJcusz.  19q2.  \ led ina et  a l .  1996.  Bai
q! rl. l9q(r rnrl [)-1rkl el !1. 199] Phrniraj et ql.
:(-r0(). elc) I-rborrtor') hot roll inr. l lot conlpressron
tests. hol torsl()r ' l  tr 'sts and tensil( '  tr 'sls have bec'u
t l t t '  t t ' t t l s l  i ( ) l l l l n (111.

Strtcc thc uitrntlttc t inl ot' .r rrttrt lc' l ler rs trr
prcdlc t  . rs  . rcct r r . r t r l r  Js posslb l r -  lhc nr l 'chanrcal
pr( )pcr t les ot  nui r ( ) -J l l ( ) \  s tcc ls  l i r r  t t t r i tzut ton rn
dr'slgn rnd p|o.luctrrru: rehcatlns of the stecl belirrc
rrrl l lng nrust be accurltelt taken carr' ol so that the
.rstrnt rreld ol 't lrc steel and the proclucts clualitv
could he cllectrr r ' lr optrnrrzed. Other inrportant
l ictors inclutJe florr 511s55. statlc recrvstall izatron.
pt'rk strc'ss. t lr nantrc rr 'cr)'stall lzatron.
l lretld\ l lrnlc reclr stallrzation. grain gro\\ th. rto-
|ecrr sta I lrzatrrru t! ' l lrpcrirlure. prec ipitatroll kinetrcs.
p.rrtral rccrrstallrzltr,rn. accunrulatetl strain and
l.rntr' tr lnslbrrrr;rt:ons $ hrch are thernlr-
rrrcciimic.rl propr'rl lcs covering the r'ntire span of
the hot  ro l l rns.

l ' l r r 'present  sork a ims at  pror id inr l  savs
i.r rrhrch tl le c:rstru i 'reld of the dil ' t i 'rent steels
cirn hc !:rc.lt lv lnll-rro\cd. the developrrrent of nxrrc
crtr 'rr\ -cl ' t lclcnl pr ocesslnS tr 'cl ln(rlosl lor thc
itr 'cl i and tltr '  t lek'rrnrrt,rt l()r 't of nr()dcls that rri l l
olt lnlrlc pr r)r ' lu. 'ts' !]t lr l l l \  arr.l thc process
el l ' ic rcncr  o l  l l lc  hot  ro l lnrg.

} IAI 'ERIAT-S A\  D I I  T. I 'HODS
Erpclrnrcnls \\ 'crc carlted out to

Jclernlrte lhe hr'hlvrrrtrr r)f sonrr' stc-el sallrpl! 's to
Jiiertaltt t l te strarrts. stlull l  r l l lcs. tentl)r 'rttures alld
olhcr puranlelcrs Jl ' l 'ectlng Ihc prttt luctton antl
.-JStulg rreld of stcel. 

-f lrr. '  
str- 'el san'tplt 's Nerc-

specil l l l  brought t irrrn Finland end sonrr' of t ltetr
prr)pertlr's $ere .rlreadl' kno$-n and iletailed in
Tahlc l l. Tests c'n these s'ere in uniarrrl tension.
rorsir)n and conlpressron of axiall) s!'nurretncal or
plane sanrples. Surface treatment and pr€paration
\\ere clrned out on the specintens. These
rrpr'ratror'rs prcpared the Specimens used lbr a later
nlc'tallrrgraphrc slu,j ies conducted on thenr for the
Jetcmrinltrt 'rrr oi the crtstal gralns. their sizes and
sraln gro\\ th $ hich occuned tlue to thc heat
treJtnreut the slrrrples \\.e[e sub-lected lo.

fhe cirrrc-r'rt concerns rrl ntaior steel
productt s rr ltrclt rrtr olvB tltr '  P11rk'ction of thc
cnvl r r ) l l l t lc r ) t  an. i  c0 lnPCl t l t r rn ' ior l )  r t t rnr- t r t t l ls .
upgradlng t l te  .1r .u l t t r  o f  the p l t r t iu . r  hr  inrprovrng
t l te  ld . tpt r re c()n i r r r l  s \s tents.  u i l l ( \ r iu !ntg tot r l  s teel
r r ) l ls  to  rgduce r ' , r l l  \ \ear .  rcduct lon r r r  the cost  o l '
productron i r \  c i rnt r r ta t rng l lon- f \scnt ia l  proccss
slcps. nun\ ol ' rrhrch are cnerr.:\ lntenslve and
elrnu:ratitrn e.t- thc rc'hell ing ploccss rn i 'rvour of
. i r  n lnrrc  rccr)  s ta l i l la t l r rn have bcconre ln lp! . rat i \  e
\lorc intportrnrl\ ' . ncrr nrc'thtrt ls .rrt. beirrg tor
. i : : i i t  iast i r l !  . rn . i  ro l l r r rg r r l  t l t rn  s tnps.

\ l r thenutrcal  n l r t lc l l rns and srnru lat ron o l  the
propertlcs of hot rolled products are being usccl so
that the ntotleis constructed coulcl be r'asrlv
nunipulated to yielt l a nution picture ol'reality. For
t l t is  nork.  thcsr . ' r r r  ldd i t ion to the use of  the I :XCl l l
packagc g!'l.rr't'atr'd rlata rvhich sere latcl conrbirred
si th thc ear l rcr  ohtcrned crper inrenta l  r r 'su l (s  and
rtieqrrrtc "ad;trstnrcrrts" \\ cre nlade bct\\ ccll lh!.s! '
r uiucs lntl l l l()s! ' rvarlahlc l i 'onr rndustrrc-s untl turl ls.
Nlth thr' rcsult t lr irt bettel opelaling contlrl ions \\ 'erc
pr()posc(l Ior t irc' hot roll ing pl'ocess uscd il l
nro l luct l ( )n ( l l  s l f  L '1 .

'fhc'rc 
i lrt several ptrssrble oblcctrr c's that

rnar' _lustriv t lre nrathenratrcal modell ing of the hot
rollrng prt)s1'55. fhese include' the analysis ol ' nretal
t lou and or thc nrctallur-glcal e'r 'ents during and alier
the pass. thc ott-l ine scheduhng of the tlrati. the on-
Irnc' adatr'rtnc control of the process or the dcsign ol'
the nril l : thr' rolls. the tiarrre. the drire spindle. thc
bclr rngs. or thc scre\\ 'do\\ 'n system.

ITT-ST: I - ' I 'S AND DISCI 'SSIONS
.\ppcndices I and 2 give the values of thc

paranrcters usc'd in the validation of the sinrulated
nnrlcls. The resrrlts obtaincd fi 'ont the validation ol'
thc rrro.L'ls in l lre process stc'ps are as prr'sented lrl
l ' .rhle l l .,\ conrplrison ol'thesc results \\ ' i th thosc ot'
thc ( 'urbon- \ langanese 1C-\ ln)  s tec- ls  is  carncd orr t  ln
lahlc IIL 

.fhc 
corrrparison ntade lrere arr those

ohtarnc 'd f l t - rnr  the averasi r tg out  o l ' the rcsul ts  sr t l t
srrrrrlrr averagc'tl values l irr thc ( -\ ln stc'cl l irr t l te lrot.
corr t ro l lc-d ro l l ing process. ' [ 'hrs  reveals a possi [ ) lc
lnlluencc of both the nricro-allo1 s arrtl thc
su'hstrtulronal e lenlents orl the properties ol' the
dr l'ierc-nt sleel protltrced.

The nujor microstructural changes that
t 'rccurleti due to the addition o1'both micro-alloys artd
substrtutional elements ate grain retinenrenl due tcr
recrlstall ization and strain - induced precipitation ol'
the crrbo-nitrides. The strengthening of the steel
oblarned are l luough precipitation hardenin-u and thc
refinenlent of the ferrite grains through reduction ol'
the austeni te -  ferr i te  ( / -a\  t ranslbrnrat i r rn

tr' l l lpera tt lre.
-l 'hc' 

percentage cortrpt-rsit ious of additires
used tor the ralidation of thr' sintulated nrodels arc'
presentcd in Table l. Flont I 'able !1. it is evitlc'nt thrt
t l re  presence of  the addi t ives.  i .c .  the nr icro-a l lovs
arrcl thr' substitutronal c' lenrents strr 'ngthens tltc' str 'el.
horvever. therr' is an increasr' in the solubil it l '  of the
elcrrrents cs indicated b1 the high tenlpcra(ure
( l2 l -1"C' )obta ined shen conrprrc 'd ur th that  o l ' the C-
\ ln  s teel  tTcble l l l ) .  This  r rse in  tenrperature rs  ar l
incilcatiorr of t lre incre;sed cner g) use(l rrt t lrc
reheating of thr" slab. 

-[hrsc 
strengihening tactors atc

present tionr thc rehe,rt stage and up lrr ilx
lransforntation uhich occuned in the t-en'ite siagc"df
tlrc' hot rollin-q proce ss and rna.l' t{rsrr.fors. bc
rcspr:rnsible lbr the increasg-1'6 solierrrug tt[r" lirr
l ro t l t  s t r t ic  and ntetadynamic tecr \s ta l l lz t l r r r l r  i - l  t r r
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Table l l :  Val idated Models for Other Types of Steels
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Table l l  C: Stat ic Recrystal l izat ion
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Lorver Yie.ld Stress. [..\ ' .S ( MPa)
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' [ 'ens i le  
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coN('l-r 'stoN
Ihe l i l l louing conclusions can be draun:

l. l :crrite grain size is nnre sensitive to the
retained strain than to the coohng rate or
thc austetrite grarn size. l losever. there is
a linut to the size of thc lbrritc -urain that
can be obtained by increasing the retarned
strain or the cooling rate.

2 A drop in the austenite-ferrite (y-al

translbrnration te r.nperature leads lo an
increase in the tensile strength ofthe stecl.

3. The use of the computer in the validation
of the simulated models reduces the

' 
nunrber of experimental test runs needed
for the lbrmulation and determination of
prr)ccss parameters required in steel
pr(xluctrtrn.
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hc parlrnctcrs l istcd bclos'arc specific and have been used to vahdate the simulated modcls l istcd abovc cithcr

rrhollv br thcrusclvcs or rn c s'ith the listed in

\\'lrcn thc s{rakrng tcntpcrature is lower than I I
krrn-0 S.11 ,  3O7.. t0{[ .  Kr=8.74*104, Kr:4.264'10' '
\\'hcn the xiakrn.g temperature is in the range I150 - 1250"C

- i.2l.l + t1406/T. Kl = 1.29*10-tn. K2 = 1.94t105' t =

SPECIFIC PARAN,IETERS. VALI.JES AND REMARKS

I

s

().606(rld,cxp(5(lns)'i 2). A", = 0.4861d'cxp (4(lns)')
c\p ( tn( I  JJl l : , , ,  Au,))rr  ) .  du, = d*exp(( lns) '12).  d*- Median grain diameter

\ lcan grarn rl irnrcler. 1,,, . l0 nricrons. A,,, = 200



Appendlr I  ( 'ontt i

l lorgridge, 
"1.R. 

and Olet'ole, G..4. / L..lI'TECtt Journu! of'Eugitrt,t,rin:: uttl Tt,t'hnolo.:;1 t( t t )u0l: hJ--l

K-566MPa. e, r= ' -0.01.1.  n { ) .219,  p=-0.0012.  nr  - -0.018.  e ' r , -0.g2 s.  1, ,  l ( ) t tK 
)

Q1:296kJrmol. cn 2.84* l0-rl),, .  0 ,J , , ,  -  JSc ' ' " Iexp(-J106()  I t  |  )
n  0.2.1e ' ( '  r r  exp(  l8( )00 R I ) .  o . .  

' /  
.12."u ' "

\/alid for 0.-i2 0.66ni'Mn. 0-0.89i, Nb. 0 E] l .3|i,] i , ( 'r.
0-0.46,)6Ni. 0. l5-0.97,11, N{o. and 0-0.27ui, \. '
o , ,  l . l 8 l e ' exp ( l - IOO(X)  R l  ) 1 "  

r t

Q' 1247 | 4 + 282tt.s.68[ l\, ln l-647 | (r 68[Sr ] . 72 775 .10[ \1o | + ]63_11; -1 
-, 
1

l2 l  100.37[Nb]u ' ,  A - -3.8t r9.1O'rexp(-7.921 . l0  "e] .s  . .  t .q  . .  -0 .5. r .  n  .  - i
A  - 2 - 5 . 3 3 1 8 e x p ( - 1 . 0 1 . 1 7  l 0 ' ' g * r .  Q *  =  e e x p l l t  t { {  I  t - t  S R ( ' - t ) l
H = 400000 Jmol- ' .  SRCT{K)\  -  T ' . -  l  05. l0r l ) ' t " , ; " ' "
A. -  5.15.10- ' t  s.  B = 2.0. Q. -  262kJ rrml
A = 1.8*10' ' " ,  y  = - .1.6,  Stra i r t  -0 5r)
T>915 "C,  Z:  e 'exp(248{)00 RT
T>gl5"c
Steel 0.06%C, 1.2%Mn, 0.22'76Si, (). l8'%\ftr. 0.()l ' ,,, I i . () 029o,i,A1. 0.(X)27,,,,,N
Stecl 0. 1 -l 'Zo C, 1 .4 Mn.0.0 l '2, ' l ' i .  0.0{" ,, V. 0.01 ?oN
Steel  0.72%C,l .2VuMn.0.28o, i ,  S i .  ( ,  (X)2 ' lo  Al .0.2 lcr l ,  ( - r .
Steel  0.2 'b C,  l .360l '  \1n,0.26 ' i i ,  S i .  0 . ( ) ( )4; ,  \ / .  0  001, , i ,  A l .  0 . ( ) f i r , ' , , \
B  -  l . l .  C :  170 .  x  0  l - i .  r ,  0  57 .  z , ( )  l  l  t b r0 . ( ) l  

' l ' r  - ( 0 .O tJ -0  1 .1 \ ' ) - o  ( ) l . t \

\-8 9 |$rgrr1: 
r.  

1'1 ( '  l () i \ lS . l  k . l  r n t r l
B "  1.08,  C:176.2.  r  ( )  02.  1 '  -  0 . t ,6 .  t  0 .O9
l.or 0.01 Ti-0.04V-0.025Nb-0.008N
0. 0,1 -0. | --1')1,\'. 0 - ( ). 0 2 5 ",, N b. 0. 00ll -0. 0 2 J,l,,N
Steel 0. l 3')i, C. 1 .4')irMn. 0.01 96Ti. 0.04" ,, \ ' . 0 1 " ,,\
StceI  0.72 ' iz , r  ( ' .  l .2 , l i  Mn.0.280,r ,  Sr .0. (x)1, , ,  . . \1 .  0.2196 cr
Srcc l  0.2 ' l i ,  ( ' ,  L369a N{n,0.269i r  Si .0.09" , ,  \ ' .  u .00lu, ,Al ,0.006o1,N

= - 1 5 | 2 - e " r e -84.7kJ nrol Rl t
( ) . \0 . .T< l

1. ' 6-l .5 $l9i), 12.5 ss r
! l
I 000>T>g90uc
Stecl  0.2% C.136% Mn. 0.26% Si 0.09% V. 0.001% Al. 0.00(r",,\
l). D,, - Grain rellnement ratio

.. 127 kJ/nrol
r u 1 1 l . i ' ,  B = 1 1 5 6 = N b + 0 . 3 1 I ' r . 0

, rn, , ,  57krgT'  + 700[V]+79{)0[ \ ]+ 1o
\ I  i \ ' lcan l iee path for  s l rp.  \ {  .  lS, , (  l -0 .1_s[( ' l )
S, , .  0 .  l5pnr
S,,.: 0. L5lrm

i
I
i
I

I
1

- ton- Prcc rpitation strcss

Srcel  t t  72 ' l ; ,  C ' .  1 .2" i ,  \ { r r .  0  2S' ,
S,,_-0 l-5trrnr
S, ,  < 0.  l51rnr .
s , ,  i  l19.- i -a- l

\\rhere !l 2S,,(  l  -0 r5 [ (
\1n l -"1.( ' r l -  17 . -5Sr

_+
I
I

I
I

I


