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\& Objective

Cracks form during cooling due to:

- tensile stress

% - low ductility
i

Spray cooling » To design temperature histories to

e Reheating furnace ) .
%/T/ ° Rolling avoid crack formation, need accur
14

i predictive tools

: » Models can now accurately predict
_ * temperature (CON1D) and stress
“" histories (CON2D, Abaqus)

Torch cut

» Need tools to predict metallurgical
behavior to estimate hot ductility, such
as grain size, precipitate formation
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Mechanism of
preci

Qe:sting
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surface crack formation with
pitate embrittlement

STAGE I - Normal solidification on mold
wall. Surface grains are small but highly
oriented.

STAGE Il - Surface grains “blow” locally due to high
temperature (>1350°C) and strain, especially at the
base of deeper oscillation marks.

STAGE Il - Nitride precipitates
begin to form along the blown
grain boundaries. Microcracks
initiate at weak boundaries.

STAGE IV

begins and new precipitates form
at boundaries. Existing micro-
cracks grow & new ones form.

STAGE V - At the straightener,
microcracks propagate and
become larger cracks, primarily
on top surface of the strand.

- Ferrite transformation

E. S. Szekeres,Proceedings of the 6th Internatf@oaference on Clean Steel, Hungary, 2002.
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Hot ductility varies with temperature and
grade due to precipitate formation

Crack

AIN, BN, Nb (C,N)

~.

Crack

A
N

»Formation sequence
of precipitates is
determined by steel
composition,
»y—aphase
transformation greatly

IN,BN
b(C,N)

2T \ e N N Liauid accelerates the
5 / .. .
2 \ \ / / precipitation due to
- N 7 -y
. L Y lower solubility and
z / . . . .
: A I ® higher diffusion in
el Low Intermediate High .
= de,  ihig ferrite
::5 o | ! | | 1
600 900 1200 1500
Temperature (°C)
B.G. Thomas|SSTransactions, 1986, pp. 7.
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Final goal: Design casting practices to predict ductility gmevent cracks

Project Overview

temperature &
steel phase

Heat Transfer Model: CON1D

fraction history

Segregation Model

initial element
concentration

Ductility Property

grain size

-

Equilibrium Precipitation Model

equilibrivm
concentration

Precipitate Growth Model

volume fraction
& size
distribution of
precipitates
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Grain Growth Model
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Equilibrium precipitation model
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To solve system of nonlinear equations, which idelu

1.

2.
3.

Solubility limit for each precipitate with considhtion of influence on

activities from Wagner interaction between elements

Mass balance for each element during preciprtatio

Mutual solubility

Calculate the stak
precipitate phases and

the d

issolved mass

concentrations of
alloying elements in
microalloyed steels for

the g

iven temperature

k. Xu, B. G. Thomas and Ron
O’Malley, accepted bivetall.
Mater. Trans. A, 2010
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Comparison of precipitate calculations by

ssne  software JMat-Pro and current model

Steel Al [ Cr Mn
1004 LCAK 0.040 0.025 0.025 0141

N Nb 5 Si I v O

0.006 0.002 0.0028 0.028 00013 0.001 000018

1006Nb HSLA | 0.0223 [ 00472 | 00354 | 09737

=

0.0123 00013 | 02006 00084 0.0027 0

0.020

L L 0.030

JMat-Pro IMat-Pro
\VAVAVAV e 273 A MN+M(C,N)
M _VYYVWVVVV A MN+M(CN) 0.025 1 v AN
0.0154 ~ v, v AN MnS
~ MnS
Current model
(AL, Ti)O
0.010 * jg;\,‘Nb,V)(C.N) L

\ MnS

Current model

0.020

0.015 4

'S o.010+
0.005 -
B 0005

Predicted precipitate amount (wt%)
Predicted precipitate amount (wt%)

Olooo_pr\r\mr\r'\t\r\@r\r\t;\r\r\t\ : OALaAR AR~ 0.000 ' ' ] :
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600

Temperature ( °C) Temperature ( °C)

1004 LACK 1006Nb HSLA

»  JMat-Pro predicts a TiN-rich “MN”" phase at higher t emperatures and a NbC-rich “M(C,N)”

phase at lower temperatures, but single (Ti,Nb,V)(N) phase in current model

>  For 1006Nb steel the calculated composition is JidNbg 02V 0.06Co 0dNo.50 (1304C) and

Tig 2dNBg 22V . 0dC0.2dN0.27 (80#C) for IMat-Pro, and Ti 4 Nbg g3V 0dCo.00No .45 (1304C) and
Tig2dNDg 21V 0L0.14Np 35 (804°C) for current model
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- Different stages in precipitation

Onsortium

Aisuap Jaquinu ajonted

time

[. Induction period;

Il. Steady state nucleation;

II. Decreasing nucleation rate due to decreasing persaturation
IV. Particle coarsening

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 8
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1. Nucleation (W. J. Liu,Metall. Trans. A, 1989, pp.689 )
DX A

: pDX, [ AG ) ,
Steady state nucleation raJ = p~ exp| &7 | AG=V(AG,, +AG)+Sio

For TIGN,, ac,,, = RTN(2,) In (x4 / X3 )+ y In( X8/ X2 )+ (1= y)in (X3, X5 ]
p: Dislocation density, a: lattice parameter, D: diffusion ficient, V. molar volume

Precipitation start tin P =N,/J .. critical number of nuclei for precipitati

2. Precipitate growth (L. M. Cheng,Metall. Mater. Trans. A, 2000, pp.1907 )

1727 / !
A [
- 20V,

dar C,-C,|D (D , : o |
=M 1 | Gibbs-Thomson relatior ¢, = ¢* exp, =
|

dr Co=Cy| 1 \mt) | I |
Concentration: matrix g, matrix/precipitate interface,Qorecipitate @
» Diffusion growth (Zener). Appl. Phys., 1949, pp.950)
T -1, =aD(t—t,)
. e L . —1 -3 _ 8cDVCy
» Coarseningl(ifshitz-Slyozov-Wagneequation, 1961) " - =W(r—fo}
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o Fundamental kinetic model for precipitate growth
Citii:ogrtlum
. . . dn.
Particle diffusion % = _ﬂrnlnr + !B:—lnl”r—l - ar“if”f + af—l“is‘—lﬂnl (f 2 2)
f
Particle Particle Particle Particle
Diffusion Diffusion Dissolution Dissolution
(i—i+1) (i-1—1) (i—i-1) (i+1—i)

n;: Number density of size i particl#/md)
B;: Diffusion rate constant of size i particle¥s) A =4mDyr
o;: Dissolution rate per unit area of size i particle’$t) a, = 8n . exp( 2V, /RTr) /A

» It includes nucleation, growth/dissolution and coarsening in one single raadatp
fitting parameters are introduced

» The particles of every size are tracked in the model, rangingsimogie molecule,
unstable embryos, stable nuclei to very large coarsening particle

» The computational cost quickly becomes infeasible for realistic|zasizes
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Cisusae  Introduction of particle-Size-Grouping (PSG) method

Astin
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» The model always simulates from single molecule (~ 0.1nm) upge &arsened
particles (~10@m): particles could contain 1~#¥0molecules

» Serious computation and memory storage issues arise with suge sifg range

» Solve with PSG method: Use;Ngroups (<100) of geometrically progressing size

1

Group j-1 V;: Characteristic volume ¢
gl = . . .
M Groupj size group j particle

Number density

Greup j+1 V,j+1" Threshold volume to
separate group j and j+1 size
group particles

V. Characteristic volume . I(»"--"'*'l - Vjp-"“
¥ Threshoeld volume Group volume
Average particle volume ratio
Total number density of each size group vV, = Z n(’) R, =V IV,
Viia=V=F,_
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab Kun Xu . 11
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g Develop new PSG method for diffusion
it::ogrtlum
dN; _m m, . roor(m )
] - _nYy _ L —lj j,jt+1
?‘Fﬂle(Nj n;) HaJA(Ni ni)+ BN +——H o A
i ,- Vi i
N J J L L J
Y Y Y '
Diffusion Dissolution Diffusion Dissolution
inside group j inside group j group j-1—j group j+1—j
_ floor(m, ;. _ cell(m, )
( Hl)ﬂUN ( ]lj)aJ Ln:_ (122)
m. m.
\ ] J N ! J
Y Y
Diffusion Dissolution
group j—j+1 group j—j-1
njL : !\Iumbe_:r density of_ particles in si;e group j, which jumps into grdupyj-
dissolution after losing only one single molecule
nﬁ’ : Number density of particles in size group j, which jumps into grolifoy+
diffusion after gaining only one single molecule
m; and m;,, are the containing number of molecules for the characteristic valyme
and the threshold volumsey; Function ceil(x) calculates the smallest integer which
is not less than x, and floor(x) calculates the largest integehvidinot larger than x
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab Kun Xu . 12
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wwv= Calculation of size-border particle threshold values
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The size-border particle number densities are estimated from geopregression

of number densities for two neighboring size groups.

Average number densities 7, = Ny
ﬂoor(mm ) el (mj._u. )+1
1 1
Common ratios ,:_ [ﬁ}’“‘ q{e:[@]“ -
7 P T4y =
ng—l ,agj
. . - N,
Number densities at center of size gro »; = — e
m —ceilim 5 ;L oorim, g l-m Rk
Lkl (L7g;) +1+2k=1 (@)
ailim ) ferim Fm
Threshold value ,_ . (# | =~ i e[ma] P
By =8 P » My =Ry e
71 7

.ﬂoor(m a-m
N oma-m

For particle growth, if 0 and ;=0 nf = nt (

J

‘_Fl_‘| L-;.XQ

\ A

For stability, implicit Euler scheme is applied for practigadblem with iterative
Gauss-Seidel method until the largest relative difference df akttween two
iterations is smaller than £0

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu 13
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e Validation of test problem for diffusion
it::ogrtlum
Dimensionless form n' =n/n, t =4nDrn, t
Molecules produced bry an isothermal first order reaction B
M -
n(t)=ny(t)/ng = i =91-expc 0.1 )
i=1 A -
Initial condition (t*=0 ): r*=0 for i>1 (same for Nin PSG model) .|
Boundary condition: y*=0, or N;*=0 at all t*
Exact solutior: n,=50000;PSG mode: N5;=18 (R,=2) or Ng=13 (R,=3)
10 1 1 1 Al 1 10 1 1 1 1 1
14
2 2
@ 2 014
3 3
g 3 001,
g g
o 1E34 o 1E-34
% 1E-4 % 1E-44
T 5]
E 1E54 E 1E54
a 4 ’ a
1E-6 3 T T U T T 1E-6 * T
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1
Dimensionless time Dimensionless time
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“me.  Average particle size with time
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Precipitate particle (containing 23 or more molesukize group6 for PSG
method R=2)

10

) slope=0.3 [

A slope=0.6
Exact solution

————— PSG (R,=2.0)

Average dimensionless radius

10 100 1000 10000
Dimensionless time

Theoretical value: slope=0.5 at growth stage, slope=0.33 for coarstameqg s

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 15
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e Comparison of computation for test problems
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Diffusion (t*=10000)
Exact PSG (R=2) | PSG (R=3)

Storage n,=50000 N;=18 N;=13
Computational ~27 hours ~560s ~390s
time

* Calculation is run with Matlab on Dell OPTIPLEXX@70 with P4 3.20GHz CPU and 2GB RAM

»For constant R the number of size groups in PSG method must satisfy
Vi, =R >n, — Ng=Cail(logg n,)+1+1 tame for boundary group)
»The computational time is proportional tg ar N for diffusion problem

>t only uses less than 60 size groups to cover particle sizes uppim 10th
constant =2 for most nitrides and carbides

»Computation cost is dramatically reduced, especially for the probith a large
variety of precipitate sizes because of logarithm relation

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu
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s Determination of interfacial energy
cit::ortlum
o 4o D. Turnbull,ASM, 1955, pp.121.
=0. "
A;E sz K. C. RussellAdv. Colloid Interface ci. , 1980, pp.205.
o, :ﬁ (X7 - XMy J. H. Van Der Merwe). Appl. Phys. , 1963, pp. 117.

AE: heat of solution, N number of atoms per unit area across the interfacaugber of
bonds per atom across the interfagecdordinate number of nearest neighbors within the
crystal, X, XM: molar concentration in precipitate and matrix£B8.5>> X,=0 for AIN)

1.0 1 1 1 1 1 1 1

uc
P

5

251/2 251/2 27
g A A =2 B 2 | T |
T Tl AIN (austenite) -

0.8

NbN (austenite)
0.7
~~-NbN (ferrite)

0.6 -

0.5

Interfacial energy (J/m ?)

u’ aj +ay A Ly j7s
c: spacing of reference lattiog,, up 1 (8, & a):
shear modulus (lattice parameter) of matrix, precipitéfs

Tl NbC (ferrite)

0.4 L

T T T T T T T
550 650 750 850 950 1050 1150 1250

and interfaced: lattice misfit across the interface Temperature ( °C)
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 17
Q
R Validation cases for precipitate growth
Asting
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Three steps modell) Heat transfer model , CON1D, gives the temperature aeld ste
phase histories

2) For the given temperature histories, equilibrium model gives the
equilibrium dissolved mass concentration of the alloying element, which
stoichiometrically insufficient to form precipitate (maximumamt of precipitate that
possibly forms) at each temperature

3) Kinetic model ofprecipitategrowth gives the precipitated fractio
and size distribution of precipitatete particles for the given testyp® histories
Mﬂpsreea‘ N :[M]ps!eei N
1004, 1004, 4

Validation cases 1). Particle size ddistribution of NbC particles annealing at®@30

Initial only single molecules” = , éitpuium number densit,

2). Precipitated fraction of N for AIN precipitate annealin§4@C
(austenite) and 70Q (ferrite)

3). PTT diagram of Nb(C,N) precipitate annealing at 850050

4). Colorado school measurements for the precipitated fraction of Nb i
practical casting and reheating processes

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 18




v Case 1: Validation of NbC patrticle size distribution

QeStin
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» Steel composition: 20% Cr, 25% Ni, 0.5% Nb, 0.059NC

» Solution treated at 1350, quenching and aged at 98Cor 1800s with no
deformation prior to ageing, J)Xm?/s)=0.83%10“exp(-266500/RT)

» Equilibrium calculation (0.05wt% assumed to pureXI)C forms at 131€C,
[C]=0.0052wt% at 938, 6=0.54J/m, truncating radius 0.5nm (carbon extraction )

Measure(particlesize
distribution is always
wider than simulation
due to existence of
grain boundaries. The
result is worsen by

¢

204

Frequency (%)
§. 5.8

Frequency (%)

N
S
!

o B
I

0 3 6 9 12 15 18 21 24 27 30 33 0 3 6 9 12 15 18 21 24 27 30 33

Paride radius (nm) paricl raius (um) alloying nitrogen and
Experiment Simulation possible Cr carbonitride
formation .
A. R. JonesJ. Mater. Sci., 1976, pp.1600
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N Case 2: Validation of AIN precipitated fraction
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» Steel composition: 0.09% C, 0.20% Si, 0.36% Mn50% Al, 0.0073% N. The
» Solution treated at 1300 for 2 hours, cooled to the test temperature ahdl h
D, (m?/s)=2.5X10%exp(-253400/RT) in austenite ang,(n?/s)=0.3<102exp(-
234500/RT) in ferrite. Measurements are normalizéd aquilibrium calculation.
> Equilibrium calculation: AIN forms at 1236, [N]=2.2X 104wt%
andc=0.908J/mat 840C, [N]=3.1X 10%wt% ands=0.997J/Mat 700C

» Truncating radius 2nm (Beeghly),

since we track every size (smaller

than stable nuclei) and experiments

have resolution limit

» Precipitation in ferrite is greatly

‘, accelerated, due to much lower

/et masr acyaas: maay solubility limit and higher diffusion
remeperare (9 rate even at a lower temperature

840°C
Calculation
O Measurement
700°C
———- Calculation
O __Measurement

Precipitated fraction (N, \J/N_.
o
=

F. Vodopivec,J. /ron Stegl Inst., 1973, pp.664

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 20
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N Case 3: Equilibrium calculation for C-Mn-Nb
.., steel

Steel composition: (S. H. Park, Metall. Trans. A, 292, pp. 1641)

Steel C Mn Si S P Nb Al N
C-Mn-Nb | 0.067 1.23 0.20 0.008 0.008 0.040 0.02 0.00p

Solution treated at 1150C for 30 min, cooled down to test temperature,
held for 1 min to stabilize and 5% deformation is &ecuted. The stress
decreases with time in stress relaxation testing

1.0 - - 0.06 L L L L
S o054 L
08 T N N
e}
—— liquid 852 04l L
S 06 VR AU | b 3-ferrite s 2 MnS
3 ; austenite g s AIN
£ \ a-ferrite ‘ ¢ g 0034 —— NbN r
o | L e
g o4 bbbt 88 [~ NeC
g §- § 0.02 4 TF‘Nbb(]C'N) L
i I ' S 0.014 P -
: / 3 2 /.
i ' : kel P4
0.0 \ : : 0.00 s : ; ;
650 800 950 1100 1250 1400 1550 600 800 1000 1200 1400 1600
Temperature ( °C) Temperature ( °C)
Steel phase Precipitate phases
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 21
& C 3: Calculati f ipitati tart
8 asSe o:. LCalculation ot precipitation star
ti"lun. =

Sasting and finish time

Onsortium

Truncating radius 0.8nm,
Effective interfacial energye = 0.47%, Oy = XaowOuew T XancC e
(to account for 5% deformation )

1 T T

R —
0.91 o e am——=
0.8 ——— - = T 7 ey
80% precipitated \ i a3

- 0.7 t i 2 »
£ f J: .l o
I LT
e — T=850°C . e "
§osr e | e 5
s ~—— T=900°C o A ]
- o 950° &
804t ~ T=925°C 4 2o | xomisnsl ool ovvud il 1%yl
g E— T=950°C PSS LEI IR R U ) LTI I Y)
=03 ©  Slope method g T e

0.2 J S. H. Park, Metall. Trans.

A, 1992, pp. 1641
0.1 P B
- 5% precipitated
: L 1 L L L L 1 L L
00 100 200 300 400 500 600 700 800 900 1000

Time (s)
Slope method: corresponds with experimental technige (slope transition points on the

stress-time plot)
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 22
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N Case 3: Comparison of precipitation start and
<atn, finish time

cOnsortlum

975 TP
950 -
925 L
o ]
~ 1|—A— 1% precipitated
L 900+ |—V— 5% precipitated o) -
= 1|—<4— 50% precipitated
5 1| —— 80% precipitated
g— 875 | —%— 88% precipitated o -
o 1|—8—1_(slope method)
1|—©—t (slope method)
850 y L
{| O Measuredt,
O Measured t,
825 ——rr —rrr —
1 10 100 1000

Time (s)
» “C” shape is caused by two competing mechanisnpsanipitation: high
supersaturation in low temperature and high diffasate in high temperature

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 23

twass= Case 3: Particle size distribution evolution

1025 10257 -
—-& t=10s
-8 T=850°C -2 t=64s (start)

10" - T=375°C | - Wl t=100s B
P T=900°C —_ —&— t=460s (finish)
"’E -~ T=925°C ”’E —- t=1000s
E o —— T=950°C B
3‘ 10"+ b 1015 L
n n
5 B
£ £
4 4

10° 10° L

10" '

10" 10 10’ 10" 10° ? 10
Particle radius (m) Particle radius (m)
t=1000s T=950C

» Finer particle size distribution is observed fonéy temperature due to larger
supersaturation and lower diffusion rate

» The particle size increases slowly in coarseniagest

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 24




1S Case 3: Influence of diffusion rate on

N .
a in
asting preC|p|tat|on
t=1000s
1 10°
09 e Rt |
-~
/ 20
081 / 10"
/
57 | — £
§ost | D=1.1210"m%s|| Tu|
B | D12 g —o—2D oy
g || o --0--D=1.12"10""m%s |
ol gt oMD2 !
§ | g 8 \\
Lol z 4
| '
02f ]] h 10°
| ,"‘
011 | ",'
/ | | | | | | | | | J
00 100 200 300 400 500 600 700 800 900 1000 1010"“ 10'9 10-“
Time (s) Particle radius (m)
» Precipitation start time, finish time and mean paricle size are all
proportional to diffusion rate
University of lllinois at Urbana-Champaign Metals Processing Simulation Lab Kun Xu 25
0 . .
R Case 3: Influence of supersaturation on
ti"lueuS . . .
Sesting preC|p|tat|on
t=1000s
1 10"
ool e —©—0.5[Nb], 211,
‘ R B - O - [Nb]=0.0043wt%, ,I1,, =9.23
08l / el --O - 2[Nb],0.51,
/
—~ 07 )/ ~ K
E —— 0.5[Nb],211,, t
%o‘e- / - - - - [Nb]=0.0043wt%,I1 ,=9.23] f;w‘ﬂ 0
2 / ------ 2[Nb],0.511,, ; u\
: ] s 4
Soat 8ol :
E | E !
3 3 |
2 o3t | z L i
J \ :
02t ]] 10 | °
j -
01+ |
/ | | L L L . \ ; e 0 \\
00 100 200 300 400 500 600 700 800 900 1000 101 0—10 1 0—9 070 4 0,1
Particle radius (m)

Time (s)

» Higher supersaturation increases the precipitatiorprocess and
cause the finer particle size distribution (highemucleation rate)

University of lllinois at Urbana-Champaign

Metals Processing Simulation Lab

Kun Xu
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Case 3: Influence of interfacial energy on

“e;
nuouS . . .
Qest
t=1000s
! 10 w
ooF e —— [ 4 \‘"a\‘ .
iiiiiiiiiiii o, PP e
- e . R
I " o LU
/ | o
e 07 / ‘:E g
9
% 06 / 20'e @ 101 \
2 I 5,=0.3J/m’ z L
% 05 [ S EPRPRRS 0 50.9 % Q \
z | N
S el \
£ E \
o3f | z :
/ —o— Zce \‘ &\
| 'L -0 6 =0.3J/m” b
/ Pl
04f ,’ ~0--0.50, .\‘ \
0 L ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 10’ . B e TN
0 10 200 30 40 50 60 70 80 w0 100 10" o e
Time (s) Particle radius (m)

» Smaller interfacial energy causes finer particle ge distribution and
less larger stable particles formed due to smallerapillary effect.

» Larger interfacial energy brings higher precipitation barrier due to
much larger d|SSOC|at|on rate (close to no deformaln case)

University of lllinois at Urbana-Champaign Metals Processing Simulation Lab Kun Xu . 27
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R Case 4: Colorado school experiments

asting
Onsortium

»The effects of microalloy precipitation and (tunnel furnace) dissolutionndudirect
strip production are explored relative to the position within the slab and ediotent.

» Niobium solute and precipitation fractions are quantified using electroicia
extraction and inductively coupled plasma atomic emission spectromefyAES).

» The greatest amount of alloy precipitation occurs at the slab surface dfithelab.
The extent of precipitation appears greatest for high niobium steel, whegeludtion
subsequent occur¢ during reheatin: in the tunne furnace. The columna regior
represents the bulk of the slab volume and exhibits the lowest precipitated amount.

0.05

~}—— Mold wall
A Chill zone

Low Nb: Caster

Medium Nb: Caster

High Nb: Caster

Low Nb: Furnace Exit
Medium Nb; Furnace Exit
High Nb: Furnace Exit

f 0.04 =
| | ||— Columnar zone

[ ]
[ ]
4
o]
o
A

- mm—— Central equiaxed zone

Amount Precipitated (wit% Nb)

Edge Columnar  Centerline

Myra S. Dyer, Microalloy Precipitation in Hot ChadySlabs, 2010 AIST.

Metals Processing Simulation Lab . Kun Xu 28
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Case 4. Temperature and steel phase model

QeStin
cOnsortlum

CON1D Program: Solve the transient heat condud@tidhe mold and spray
regions of continuous steel slab casters usintgftifference method

Example: thin slab casting of low-carbon High Néebt

650

800

950 1100 1250

Temperature ( °C)

1400 1550

Steel C Mn Si Al Nb P S N
HighNb | 0.031 | 1.039| 0.194| 0031 0.04¢ 0012 0.003  0.0p6

1.0

°? — Slab size: 50mm thick, 1500mm wide
SN R T s-ferrite Mold exit: 0.8m below meniscus
g acsienite Pouring Temperature: 1533
2 oa Casting speeds: 5m/min
a Spray zone: 0.8-11.25m (estimated)

0.2

Liquidus temperature: 1525.%0
00 Solidus temperature: 150623
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& ; ilibri lculation f igh Nb
3 Case 4: Equilibrium calculation for High N

ti"l!n-._

AS e
Cit::ogrtlum Steel
0% 1 1 n 1 10 . I._ " 1 " 1 n 1 n 1
., \

= 0054 L2 X

S £ o8 : L

E j=3 e
oo ]
SZ 0044 - S
=0 = 06 -
I 5
o o O
e % 0.034 L =
© = 2
o€ u i L
E 8 2 04
Ec 002 -5
O O ks
Q5 g
[N g 001 = 0.2+ -

e T <

2 =]

S P =

0.00 = T T T 00 1 T T T " U
600 800 1000 1200 1400 1600 600 700 800 900 1000 1100 1200
Temperature ( °C) Temperature ( °C)
Precipitate phases Molar fraction of Nb(C,N)
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- Case 4: Temperature prediction (casting)

Qe:sting
cOnsortlum

» casting—air cooling—quenching case
Sample is air cooled for 6m after the end of casig, then water quenching
with heat transfer coefficient h=2000W/(mK), D=f,D,+f,D,

1600 -
1400 ﬁ
. —— Surface
1200 —— Middle (12.5mm from surface)
G - . [=——Center (25mm from surface)
L 10004 N ! D, (m?5) = 0.83x10%exp(-266490/RT)
[0) 1 | ™ |
2 8w 4\ : D m?i5) =502 x10%exp(-251970/RT)
o 1 ' : _ 5
8 600 \\ Tomesny = 057 1 m
£ N
m ] 1
= 400 Castin Tr;mefr: L Questattiing
200
0 - —
0 100 200 300 400 500 660
Time (s)
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o . . _ .
% Case 4: Comparison of precipitated fraction
ti"lun. z .
LaiaH=
e of Nb (casting)
Nsortlum
0.7 T " I
06+ -
— surface (calculated)
2 — middle (calculated)
.'Z_ 05~ —— center (calculated) o b
o < surface (measured)
5 < middle (measured)
S 04l < center (measured) i
5 0.
g
(=
-
< 03r 1
=
'S
[:H]
& 02r -
Casting Quenching O
01+ e _
0 1 ! L ﬁ 1 1 L
0 100 200 300 400 500 600
Time (s)
Myra S. Dyer, Microalloy Precipitation in Hot ChadSlabs, 2010 AIST.
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu 32




0

Y.  Case 4: Particle size distribution (casting)

astin
cOnsortlum

10 | —&— surface (end of caster)
| —&— middle (end of caster)
—e— center (end of caster)
7 = B | —&- surface (before quenching)
"'$--$=<m:|: —& - middle {before quenching)
20 - —& - center (before quenching)
10| --%- surface (after quenching)
\‘ﬂ --=- middle (after quenching)
('E S | -~ center (after quenching)
£
15
_é‘ 107+ B
[T}
c
<
©
3
o 101!]_ |
E
=
= * Y
10° | ERRY \ﬂ\ -
' Y
Truncating\& \
radius %
10" | L PRI Tt r \\\ L R R R
10" 10° 10° 107
Particle radius (m)
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Case 4. Temperature prediction
Sestina (casting+reheating)

ey [Py

» casting—air cooling—reheating—quenching case

Sample is air cooled for 15m after the end of casg, then enters the 75m long
reheating furnace with reference temperature 105 (air heated), finally
water quenched with heat transfer coefficient h=200wW/(m?K), D=f,D,+f,D,

1600 4

m —— Surface
1400 \\ Middle (12.5mm from surface)
1200

1

Center (25mm from surface)

o \\ : :
o~ 1000+ ! = S \
(] ! !
S soo--¥ S |
] ' i
@ H ! IX\
S 600 SRS ! .
£ . . : ‘
e \ \ ! Reheating \\\Q enchlmg

400 i '

Casi,jlng\ ' i \
200 Transfer
0 N~

T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600
Time (s)
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N Case 4. Comparison of precipitated fraction
., of Nb (casting+reheating)

08 T T T T T
i — surface (calculated) i
07 i — middle (calculated) i 7
! — center (calculated) !
i O surface {measured) ;
o 06+ ! < middle (measured) ! b
= i O center (measured) i
s : :
c - | ' _
s 05 : :
B : :
g : :
5 Y4[cCasting 7
o |
i
§_ 03+ ' B
3] i )
o Quenching
Q5o Reheating ; N
: o
01~ i 4
0 L 11 1
0 200 400 600 800 1000 1200 1400 1600
Time (s)
Myra S. Dyer, Microalloy Precipitation in Hot ChadySlabs, 2010 AIST.
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%) Case 4: Particle size distribution
ti"lu
Casiin h
esting (casting+reheating
10 I \ ‘ ' T suface (Ibefolre nlehelatilm_ti) il
| —&— middle (before reheating)
Vi:gk —&— center (before reheating)
BN \ —a - surface (after reheating)
\a il —& - midcle {after reheating)
2 BN —& - center (after reheating)
10 e -~ surface [after quenching)  H
ik -~ middle {after quenching)
,,E- --w-- center (after gquenching)
£
15
210 -
[}
c
[}
=]
o
=} 10"'7 _
E
=
=
10° + 1
Truncating ¥
radius v
AV, by
10“ s s s PR R IE s s s MR R | s .“‘&. PR R
10" 10° 10° 107
Particle radius (m)
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu 36




0
Q

3 Case 4: Kinetic calculation of NoN/NbC
ST molar fractions on the slab surface

» The molar fractions of newly formed or dissolved precipitateact éme step is
determined by the equilibrium molar fractions at this time step

» Add the product of the newly formed precipitated fraction and the equitibmolar
fractions together, and the final value is divided by total precguitatiction to get the
non-equilibrium molar fractions with kinetic consideration

» The molar fraction at the beginning is not trustable since numericalis maybe
introduced because of too small precipitated fraction

0.6 1 1 1 1 1 1 1 2 (AfP )1‘ : (x;%N)i
. i Eppy = A »Ee = 1= Xy
5 oa - » The molar fraction is not the same as ~0 at
5 o room temperature in equilibrium model, because
% ' i the kinetics at low temperature is too small
T o2 L » Now we compute amounts of NoN/NbC under
E kinetic consideration
o I Wagsr = o Famar - 00 A o | Ais
0.0 T T T T T T T beN = ps(eel WNbN /(1OOIONbN )
0 200 400 600 800 1000 1200 1400 1600 . .
Time (8 Count pinning effects from both NbN and NbC
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e Case 4. Austenite grain growth model
Sting

COnsortlum

Grain growth in austenite under the presence of precipitates

- @/n-1)
d_D:M;exp —Qapp |:i—1i:|
dt RT D kr

Mg*: Kinetic constant that represents grain boundaopility (m?/s)
Qapp Apparent activation energy for grain growth (Jfmo

n: Exponent to measure resistance to grain boundatipn (n=0.5 for pure material)
f and r: the volume fraction and radius of preecifas

k: Zener coefficient related to pinning efficienafithe precipitates (k=4/3)

The maximum grain diameter in the presence of pitates is defines ad

=kr/f

Lim

Calculation begins from the temperature of totally austenitetsteydhe initial austenite
grain size is assumed to be with the order of the primary deadnitspacing (PDAS)

/]1 =K (CR)m (Co)n

I. Andersen and @ Gronggcta Metall. Mater., 1995.
M. E. Bealy and B. G. ThomaBletall. Mater. Trans. B, 1996.
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N Case 4: Grain growth calculation on the

l’inu
Qaious
asina slab surface

Fully austenite temperature My =4x10°m?/s, n=0.5,

1382.7C, cooling rate estimated Qapg=167686+40562(Wt%()

by CON1D is 126 &/s, the initial Wt%C=wt%C-0.14wt%Si+0.04wt%Mn

in si i J. Reiter, C. Bernhard and H. Presslinger, MS&T 2006

grain size is 24745m Cincinnati, USA.

Instead of Zener expression for

uniformly distributed particles S S S S

D,,, = 4F /3f , the maximum grai 10 ]

diameter for a size distribution is 107 r\ | ot T o

determined as E« 0-8-Casiting Reheating i

= = | 1 ’_,/’ y hi i

Dim= 4/[3*;( fj /I’j)J é . ';I'ra?_s_f?[ _____ .- Qiuenc ing I I
e /T . .

The summation covers the particle 2 0_4_( L[ Grain diameter (without precipitate)| |

. H : . ;|- Max grain diameter under pinning

with radius larger t_han truncat_lng RN I Grain diameter (with precipiate)

value, and the grain growth will 024 -

stop when5,, decreases to be 00

smaller than the calculated grain "0 200 400 600 800 1000 1200 1400 1600

size|3 Time (s)
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0
\% Observed multi-phase precipitates in steels

There is always more than one type of precipitatexésting in steels. In fact, the
previously formed precipitates could be the nuclean and growth sites of the
newly formed precipitates particles.

Ay — :

Complex precipitates with TiN core Complex precipitates with oxide core

V. Ludlow et al, Precipitation of nitrides and carbides dgrsolidification and cooling, unpublished work.
S. C. Park/9JInt., 2004, pp. 1016.
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N Multi-phase precipitate modeling
cOnsortlum
- d 1 i 5.5 il s K il z's zs 5 z's !'s &
Exact solution i ==>" Binin+ > Blnn —EL = AR+ fﬂpﬂ AP
df s=1 s=1 s=l T i3 s=1 T‘ 5 5
) C(!- pz’ ) Lr""(1'+1.LE:'1'-\‘—1

s=1 s=1
»  Run equilibrium calculation for all possible prataes,s=1, 2,...,
Psis the average molar fraction of precipitate type size i particles.
»  For each size group determine: the molar fractadresach precipitate tyg
and the number density of the variable-compospianticles.

»  Free molecules from all types of precipitates wal/e influence on the
diffusion growth. The effect is similar with theciease of supersaturation.

»  Composition of releasing molecule from particledesermined by the
product of dissociation rate and molar fractiorath precipitate type

» The same ideas is applied to PSG method. The nad¢emsde of each
precipitate is verified for both exact solution &n8G method.

»  Better accuracy and implicit scheme for multi-ppéteite PSG method are
still in progress, especially the calculation aé@pitate molar fractions.
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Conclusions

ecsting
Onsortium

1. A systematic method is established for calculatinthe single
precipitate growth in microalloyed steels for practcal processing,
which includes a equilibrium model to give equilibrum dissolved
concentration, and a kinetic model to give particlesize distribution
base on equilibrium calculation

2. The implicit PSG method makes the computation gfarticle growth
efficiently. It includes nucleation, growth/dissoldion and coarsening in
one single model, and all parameters are fundamerithased with
physical significance. The good matches are foundtween the PSG
method and exact solution for the test problem.

3. The calculated results match well with the expementally measured
particle size distribution of NbC and precipitatedfraction of AIN. The
precipitation in ferrite is proved to be greatly acelerated due to much
lower solubility and higher diffusion rate.

4. The “C” curve of the PTT diagram is calculated aghe experimental
observation. The deformation is proved to greatly dcrease interfacial
energy and accelerate the precipitation process.
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Conclusions (CSM)

Qe:sting
cOnsortlum

1. The coupled model is applied to the high-Nb hotharged slab in
continuous casting and reheating. The calculated ra#s of
precipitated fraction of Nb on the surface, middle ad center region of
the slab all match reasonably with measurements.

2. For the slab surface, the precipitation starts athe end of water spray
cooling zone. Some precipitates are proved to didge in the reheating
furnace, and quenching has minor influence due tatally high cooling
rate on the surface.

3. For the inside of the slab, the precipitation stds at the reheating
furnace. The quenching has important influence sinethe cooling
inside the slab is slower for thick slab (50mm).

4. The grain growth stops at the end of casting du® pinning effect of
Nb(C,N). Much finer grain diameter 0.6mm is found wth pinning
effect of precipitate (~1.0mm without precipitate)
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Future work

1. The multi-phase precipitate growth model is balageloped, and
needs to be verified with experiments and applegractical steel
processes

2. The precipitate model will be coupled with grgnowth model to
predict the grain size, especially for the largairgs under oscillation
marks and near slab corner where high temperaegpecte and
transverse cracks are mostly possible to occur

3. The precipitate model will be coupled with segtemn model to
predict the precipitation on the grain boundandsere larger
precipitate particles are observed
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