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B.G. Thomas, 1SS Transactions, 1986, pp. 7.

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 2




o

Qusus
cstrng
“2nsortium

Project Overview

Segregation Model

initial element
concentration
temperatre &
steel phase y
fraction history
Heat Transfer Model: CON1D >| Equilibrium Precipitation Model
equilibrium
concentration
y

Precipitate Growth Model

volume fraction
& size
distribution of
precipitates

grain size '\
- Grain Growth Model

Ductility Property

Final goal: Design casting practices to predict ductility and prevent cracks
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) Equilibrium precipitation model

To solve system of nonlinear equations, which include:

1. Solubility limits for 18 precipitate with consideration of influence on
activities from Wagner interaction between elements

2. Mass balance for 13 alloying elements during precipitation

Mutual solubility

Calculate the stable o,
precipitate phases and
the dissolved mass
concentrations of
alloying elements in

TIC, .5, - R

Solubility product in austenite
2

microalloyed steels for e
the given temperature N il o
10 ._._-nolj "".’
K. Xu, B. G. Thomas and Ron ' ’_’_,..-—"""Ai;‘_,
O’Malley, Metall. Mater. Trans. A, .
2011, vol. 42A, pp. 524 "% 700 800 500 1000 100 7200 1300 1400
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% Classical Theory of Precipitation Kinetics

1. Nucleation (W. J. Liu, Metall. Trans. A. 1989, pp.689)

'\
\

: : pDXy [ AG | 1
Steady state nucleation rate J = 7 P\~ p | AG=V(AG,,, +AG,)+Sso

For IC N, . aG,,, = RT 1:&;){11.(}(;, X2 )+ yln( X8/ X2)+(1- y)In (X% X3 1’J
p: Dislocation density, a: lattice parameter, D: diffusion coefficient, Vp: molar volume

Precipitation start time P, =N_/J N.: critical number of nuclei for precipitation

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

1/2 f A
a C,-C,|D (D) | . : = [ 267, |
—=M = Gibbs-Thomson relation €, =C. exp| :
dt Cp-Ci|r \at) | | R,Tr |

Concentration: matrix C,;, matrix/precipitate interface Cy, precipitate Cp

» Diffusion growth (Zener, J. Appl. Phys.. 1949, pp.950)

r- —?'3' = C{D(f—fc) I SGDVPC

»Coarsening (Lifshitz-Slyozov-Wagner equation, 1961) 7 ~' ORT (t=1)
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o\ Recent Development of Precipitation
S, Kinetics

Atomic scale: kinetic Monte Carlo (diffusion through vacancy jump)
--- The largest particle size in simulation is limited by model size
Macroscopic scale

Phase filed model (minimization of free energy & interface dynamics)

Matcalc software (thermodynamic extremum principle, multi-phase precipitation
in multi-component system)

Cluster Dynamics (reactions between neighboring mesoscopic clusters, or called
nanoparticles, no explicit laws required)

Our developing model:

1. It includes nucleation, growth/dissolution and coarsening in one single model,
and no explicit laws and fitting parameters are required

2. The particles of every size are tracked in the model, ranging from single
pseudomolecule, unstable embryos, stable nuclei to very large coarsened particle
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o Fundamental Model for Diffusion-
NS controlled Precipitate Growth

. . . z}':-'
Particle diffusion 2”: _ _ _ ;
T Bnn + P _nn_ —adn +a, 4, n,., (G=2)

Diffusion Diffusion Dissolution Dissolution
growth growth ({i—i-1) (i+1—1i)
(i-it1) (i-1—i)
n;: Number density of size i particle (#/m?)
B;: Diffusion rate constant of size i particle (m?/s)
a;: Dissociation rate per unit area of size i particle (m2s)

B =4rDr o = ,61.}1'1,9? eXp(ZD'Vm ;’RT};.);’A.

» The dissociation rate indicates that increasing particle radius causes the
nearby solute equilibrium concentration to decrease exponentially (coarsening
effect) in all stages

» Computational cost quickly becomes infeasible for realistic particle sizes

» For practical interface energy between precipitate and solid steel, calculation
easily becomes unstable when the dissociation rates are too large
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a Introduction of Particle-Size-Grouping (PSG)

\Sases Method

\....\_Prlsgrtlutﬂ

» The model always simulates from single pseudomolecule (~ 0.1nm) up to large
coarsened particles (~100um): particles could contain 1~10'8 pseudomolecules

» Serious computation and memory storage issues arise with such a large size range

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

A

Group j-1 Vi Characteristic volume of

Number density

I Group j size group j particle
Crowp 1 Vjj«1: Threshold volume to

separate group j and j+1 size
group particles

. T - I."
V. ViV, Characteristic volume JJ+l
] Group volume

V., I . Threshold volume
Average particle volume ratio

Total number density of each size group NJ.- = Z n(¥) R, =V_/V,
Vigm>V2Vja, - J
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Develop New PSG Method for Diffusion

dN. m m ceil(m,_ .) floor(m; .,)
J_ S S N Iy JLi7 pR R Jg L 4L L
e BNy(N, —n;) - o, A, (N, —n;) BNy + — o AL,
J J J J
\ J o\ o\ J o\ J
Y Y Y e
Diffusion growth Dissolution Diffusion growth Dissolution
inside group j inside group j group j-1—j group j+1-—j
floor(m .,) ceil(m _, )
———— W AN ———— gt At (j22)
m. m.
\ J AN J J
Y Y
Diffusion growth Dissolution
group j—j+1 group j—j-1

Hf : Number density of smallest particles in size group j, which falls into group
j-1 by dissolution after losing only one single molecule
R . . . . . . . T . . .
"o Numbe.I ‘del.lsrry of larg.es.t particles in size group j, W hich jumps into group
j+1 by diffusion after gaining only one single molecule
m; and m, ;. are the containing number of molecules for the characteristic volume V;
and the threshold volume V;;_; Function ceil(x) calculates the smallest integer which
is not less than x, and floor(x) calculates the largest integer which is not larger than x
K. Xu and B. G. Thomas, Accepted by Metall. Mater. Trans. A.
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o Validation of volume fraction of Nb
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i, Precipitate
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» Steel composition: 0.079%Nb, 0.011%C, 0.001%N, 0.002%Mn, 0.0023%S,
0.001%P, 0.006%A1l and 0.0013%0O

Solution treated at 1350°C for 45 minutes, cooled to test temperature and held
The precipitates are found on dislocations in ferrite

Small-angle neutron scattering (SANS) measures the volume fraction and mean
size of precipitate, TEM measures the precipitate size distribution

Y V V

F. Perrard et al, J. Appl. Crystallogr., 2006, pp.473
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o\ Validation of volume fraction and mean
‘) L — . .
\Simm, size with SANS measurement
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» Dy,(m?/s)=50.2x10%exp(-252000/RT) in ferrite

» Equilibrium calculation: Nb(C,N) forms at 1054°C, [Nb]=0.0002506wt% at
700°C, interface energy of NbC and matrix is calculated as 0.432J/m?

» Truncating radius is introduced since we track every size (smaller than stable
nuclei) and all experiments have resolution limit

Gy Gy
0.10 T T E T BT AT T Z ”F;.J?\(r,- Z JV‘.__'?\'T_.
B J G_Lr rz 4 d
i L =Gy _ =Gy
— T AT —_ AT - —_ 1
0.08 - S [] mr M, i=Gr Np
= f ! 6 | | ! !
> ;o
g 0.06 ! - E Truncating radius 0.5nm
= | c 5] . _ L
s ’} ! Truncating radius 0.50m - - - -Simulation 6=0.432J/m"
R R . _ 2
8 ’ : - - Simulation 5=0.432J/m" = Simulation 0=0.3.J/m
o 0.04 ] oo - Simulation o=0.3J/m’ - s 11 Truncafmg rac_:wus O._?nm . 0.3
g 4 Truncating radius 0.7nm 1 :!mu:a:!on “'g:if‘lﬁm
G ! / Simulation o=0.432J/m’ 5 fmulation 6:=0.5./m "
> ooz ¢ : . ) i L £ B Experiment ]
) ? ; —— Simulation o=0.3J/m o
17 B Experiment a 24 -
i . - g
- @
0.00 T T T T = i L
1 10 100 1000 10000 100000 1000000
Time (s) L —
1 10 100 1000 10000 100000 1000000
F. Perrard et al, J. Appl. Crystallogr., 2006, pp.473 Time (s)
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o Validation of size distribution with TEM

-

\Sames measurement at 300 minutes
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Experiment Simulation

» Areduced interface energy of 0.3J/m? (due to dislocation relaxing) gives good
matches of volume fraction and mean size of precipitate

» The same calculation also gives reasonable agreement with precipitate size
distribution of TEM measurement, mean size 1.93nm vs 1.82nm TEM

» Simulated size distribution misses the measured tail of large particle, possibly
due to precipitation on grain boundaries, and the irregular aspect ratio ~2.3 in
TEM imaging (spherical assumption is used in simulation)

F. Perrard et al, J. Appl. Crystallogr., 2006, pp.473
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o Calculation of number density and
O
NS critical size of precipitate
=ensortium
10" 1 L L mE 10°* T T T T T T T 6
E 1 Numhber density
2 ] —a—1s L s I 1 — Critical radi
~ 10 +§g;s % 10”5 ritical radius Lg
£ —v—1800s | [ E 1 Le &
. —¥—18000s “ 10" ] =
2107 —4—180000s [z 1 s
2 ——600000s . -
- 10" minimum - S 1014: =
Iy T 1 L2 =
g ] Lo 3
2 10 ] m:(:::usm L E 10‘": e
- ] | X % _ '2 10° I : I I I I I o
0.1 1 10 100 w ' w w w1 w1
Precipitate radius (hm) Time (s)

» The peak of total number density occurs at ~330s, and corresponds with the
transition point of volume fraction to be flat (start of coarsening stage)

» The critical radius increases continuously with time. It starts with the radius of
single pseudomolecule, and finally approaches the mean radius (the particles
larger than mean size are stable and vice verse in coarsening stage)
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Application: Continuous Casting and
Reheating
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»The effects of microalloy precipitation and (tunnel furnace) dissolution during direct
strip production are explored relative to the position within the slab and alloy content.

» Niobium solute and precipitation fractions are quantified by electrochemical extraction
and inductively coupled plasma, and the precipitate particle size are measured by
transmission electron microscopy on carbon extraction replicas

» The extent of precipitation appears greatest with higher niobium additions. The greatest
amount of alloy precipitation occurs at the slab surface, and the columnar region
represents the bulk of the slab volume and exhibits the lowest precipitated amount.

Mold Wall
B Chill Zone Furnace E&‘t
Edge %
S0mm Columnar Zone v - - v
. v 1

. & +¥
Central Equiaxed v s
Zone i ~ . =]

Y
Columnar Zone e -
.
Chill Zone T oom |
Mold Wall
Experiment from: M. S. Dyer, M. S thesis, Colorado School of Mines, 2010.
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Application: Steel Phase (CON1D)

CON1D program: Solve the transient heat conduction in the mold and spray
regions of continuous steel slab casters using finite difference method

Steel C Mn Si Cr Ti Nb A% Al N S P
High-Nb | 0.031 | 1.039 | 0.194 | 0.032 | 0.002 | 0.046 | 0.001 | 0.031 | 0.006 | 0.003 | 0.012
lO 1 ] Il ] ]
08 | Slab size: 50mm thick, 1500mm wide
Mold exit: 0.8m below meniscus
S oo. a— Liquid . Pouring Temperature: 1553°C
g —A— gferrite Casting speeds: Sm/min
- —O— Austenite . _
3 wforrite | Spray zone: 0.8-6 m
T
| Liquidus temperature: 1524.4°C
Solidus temperature: 1504.8°C

T T T T T T T T T T T T T
950 1100 1250 1400 1550

650

800

Temperature (°C)
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"o Application : Temperature History (CON1D)
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» Casting—Transfer—Reheating—Quenching

» Slab is air cooled for 4m after the end of spray cooling, then heated in a
225-m long reheating furnace with reference temperature 1080°C, and
finally water quenched to room temperature 25°C

1600 1 1 1 1 1 1 1 1 1 1
1400 li : L
i : .
16 *{S——h“ convection heat transfer
: uenching . .
12001%: : T coefficient of air
g ; _ 2
;E_ 1000 3 | h—87W/(m K)
@ :
= : . 2= )
= B00-g: Reheating - heat transfer coefficient of
b= . .
& sood ik i agitated water
5 15 surface h=2000W/(m?K)
F o 400 i Tensier | middle i
K% fansier center
200 _ L
| Casting
ﬂ - T T T T - T
0 50 100 150 200 250 300

Distance from meniscus (m)

Kun Xu
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B Application: Equilibrium Precipitation
Calculation

10 " 1 " 1 " 1 " 1 " 1 " 1
= o f f
| R - VVV. iN TiC
065 S sl Vo Af v f |
s ;7 _peCOscosseses p— 3 v NbN NbC| o
2 = v * fVN X fvc DD
2 004 - 32 v o
- = _ v o L
§ —A— MnS g 0° VV o
E 0.08+ (TNDV)CN) [ E Vvv ADDAAA o
© v—AN r S 044 BTG a0 L
S oo 5 - v, 8
S 002 - A Voo o A
= @© A Vgd A
S = v
5 o a a" Ve ta
2 oot < 0.2+ AA gd Vg VA -
o VPt AAAAARTAAATA A AA I o o0
= EEAA | = | ooooogooooooood V%%e
0.00 i o ol A St 0.0-r% L S S A E A EE S
650 750 850 950 1050 1150 1250 1350 1450 1550 650 750 850 950 1050 1150 1250 1350
Temperature (°C) Temperature (°C)

Precipitate phases Molar fractions in (Ti,Nb,V)(C,N)
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Application: Prediction and Comparison of
Precipitated Fraction of Nb

B

\ c?'u":bus
o 3sting
=2nsortium

08+ . : » Truncating radius 2nm
; D=f.D,+f,D,,, 6=0.5J/m?
o7 | .
R — su_rJg::e( (c?lc?litz?) | » For slab surface, the
Z 06H - middie|{calculate i o . .
s —_ center{calculated) ‘ pr601p1tat119n occurs millde
€ o5l ¢ surface (measured) ] Spray cooling zone, an
g = middle (measured) dissolution is observed in
a ||l * center (measured) g .
& oafll] 5 1 reheating furnace
T ) i L
ﬁ 03] V\/\ [7 4 » Water quenching is not
2 |5 [f . effective to “lock”
gz :;\Transfer - |Quenching- precipitation at high
il o Reheating L A temperature, especially
yi Casting ‘\ for inside of slab
% 1 % 060 500 ] o0 50 - 000 w0 » The precipitation mostly
Time (s)

University of Illinois at Urbana-Champaign

Metals Processing Simulation Lab

occurs during y—a phase
transformation
(interphase precipitation)

Kun Xu 18




'
"-.Qa,\

AN

\ o Hous
S asting

Comparison with Measured Precipitate Size
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0.8 4z L s L s L
0.7 —&— surface (calculated) L Compare average precipitate
Y —A— middle (calculated) size
06+ —v— center (calculated) -
c ]
S 5] m  surface (measured) i » Surface: calculated 11nm
S | A middle (measured) m red 24nm
£ 04l v center (measured) i Vs measure
S 1 > Middle: calculated 4nm
g O03qy(| ® v 5
E ] ¢ A vs measured 72nm
0.2 n L
Vi N
1 AV i » Center: calculated 4nm vs
0.1 L
] A 1 I measured 91nm
0.0 = ey ey - A
0 50 100 150 200

Particle diameter (nm)
» Mismatch: 1). Precipitation on grain boundaries and segregated regions is ignored in the
current model

2). More importantly, only Nb(C,N) is included, but experiments prove Ti is
always detected in large particle (TiN is much more stable, and form at higher temperature.

Ti can nearly completely precipitate in reheating furnace to form large Ti-bearing particles)

University of Illinois at Urbana-Champaign Metals Processing Simulation Lab Kun Xu 19

&\ Precipitation on grain boundary and
segregated rigion

>

Some previous work has been done for coupling segregation model with
equilibrium precipitation model and precipitate growth model (K. Xu and B. G.
Thomas et al, AlSTech 2011)

—— mnidd e [caledated)

—— center [caloLlated]
& rpidde [reasurad)
¥ certer [measured)

» Segregation causes precipitation to
occur earlier at higher temperature

Segregation model (part backward

diffusion in solid): Y. M. Won and B. G.
Thomas, Metall. Mater Trans. A, 2001, pp.
1755.

Concentration at f=0.5 for middle and
£=1.0 for center are input in

Anlanlabina

D/,(m*5) = 2.51x10™ exp(253400/ RT)
Dﬂ;GB (m?/s)=3.0x10" exp(167400/ RT)
D}, (1000°C) =1x1 0™ m? /s, D;::_GB (1000°C) = 4x 107 %m? /s

vicascu vavalivy voulvuliuauuvlil

Partiols damater [rm )
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. Special case: Modeling for multi-phase

\ ‘33,,

\am, precipitation with mutually-soluble precipitates

Qflsortlum_

Exact solution ——fn an leﬁkﬂf—ﬂlz &n, +20 A pin, +Z & Apin

i

(i - 1)?:—1 + 5.&..5

di 5 i =
( !_2?'1 =(= Z;@tnlpi"%_@‘qﬁpi“’%)+2a@iﬁf@-l
k-l
& dapiaa (2 20 (5=1.2, )

» For each size particle : average molar fraction of each precipitate (p;5, s=1,2,...,
n,) and number density (n;) of variable-composition particles

» The containing number of i pseudomolecules for size i particle is determined, but
the volume and size of particle vary with time (different precipitate type)

» When n =1, equations are simplified as exactly as 1-precipitate model

» The mass balance of each precipitate is satisfied > id(npi)ide =0

iml
» Free pseudomolecules from all types of precipitates have influence on the
diffusion growth. For dissociation: the precipitate type K particles in size i particles
is n;p;X, which dissolute with rate a.*

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 21
N PSG method for multi-phase precipitation with
\Sasin mutually-soluble precipitates
2(Np;) ;
S = NN, =) - G A ()
7 ]
N J \ J
Y Y
Diffusion Dissolution
inside group j inside group j

ce:f (7550 2 Haor(pm, J2i) +4, ﬂm"( ) ;

B g, T I e T ()

# catilin )
N J _ ~ _/

Diffu'sion . Dissolution
group j-1—j group j+1—j
Haoripm, )2 ceil(my_y ;)
—‘“ztﬁ‘ﬁmpj Buf - N (@) A (pi) el (22) (=12,
N / i
~ N ~ J
Diffusion Dissolution
group j—j+1 group j—j-1

» Good estimation of number densities and molar fractions of precipitate at border sizes
(near threshold between neighboring size groups) are required
» Sum for all precipitate types to get N, and then the molar fractions of each precipitate

are calcualted
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'z&m.,s Test Problem: pseudo two-precipitate case

N ?-\s ting
=ensortium

1 1 1 1 1 1 1 1 1 1 1 1 1
104 T . 104 AN AAAADAAAAAAAAAAAAAAAAL
&
94 r E 9] - — -
K3 Single precipitate model
8 - > 84 KX | N o
7 - a !
g ] —N, C
64 © oM
g o g 61 Multl-pr?apltate model o
~ 54 O -
g, u] E 51 v N, L
z A4 O /e r c 44 A NM -
o @
37 a/ - O casel+2 r o 37 r
c
24/ casel - s 244 TR
P case2 R @ 1] i
()
ot E : : : :
0 10 20 30 40 50 60 70 80 90 100 s} 0 20 40 60 80 100
Dimensionless time Dimensionless time

» Separate and pretend that there are two kinds of precipitates with all identical properties
» Add the released pseudomolecule number densities of two precipitates together, and run
the single precipitate model

» Multi-phase precipitation model gives the same results with the single precipitate, and
mass balance is guaranteed

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 23
Viwess.  Application : Temperature History (CON1D)
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» Updated information: Surface temperature 900°C at the base of caster,
reheating furnace has reference temperature 1150°C for 20 minutes

1600 PR ST SR Y NN TN SO TN TN [N SN T SN SN NN TN ST T S [ N T I IR IS T T 1
1 I
1400+ : ~ > Slab surface temperature
] ! | is around 900°C at the base
1200 Reheati 1 -
—~ | LU ; of caster (plant: 900°C)
& » Slab surface temperature
~ 1000 Transfer . . P
o is 1060°C entering furnace
% 800} —— Surface (plant: 900-1100°C )
g 600 Casting -~ Middle " > Reheating at 1150°C for 20
c ] — Center | minutes (transfer speed is
2 00 changed to 11.2m/min)
2004 =
oH———T——7T 77T
0 50 100 150 200 250 300

Distance below meniscus (m)
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Application: Calculated particle size
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distribution

Number density (#m 1‘)

—6— surface (before reheating)
—&- middle (before reheating)
—6- center (before reheating)
-4 surface (after reheating)
-4 middle(after reheating)
-4 center (after reheating)
-7+ surface (after quenching)
-7 middle (after quenching)
- center (after quenching)

10°

Particle radius (m)

D=£,D,+,D,, 6=0.8J/m?

for Ti(C,N) and
06=0.5J/m? for Nb(C,N)

The precipitation happens
before reheating, and the
surface has smaller size
due to lower temperature,
higher supersaturation

During reheating stage,
precipitate get enough
time for growth

During quenching, not
enough time for large
particle to grow, but more
finer particles form

\....\_Prlsgrtlutﬂ
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N Application : Prediction and comparison for

multi-phase (Ti,Nb)(C,N) precipitation

0.8 ' — ' ' —— : » Multi-phase model
0.7 —8— surface (calculated) | greatly increases the

] —A— middle (calculated) calculated particle size
0.64 —— center (calculated) - .

1 a m surface (measured) The calculated particle
0.5 A middle (measured) L diameter is around 40-
04 1 v center (measured) 50nm, which is still less

Number fraction

than measurements for
middle and center

More accurate match:
need precipitation on

v
A X ~  grain boundaries and
g Iy segregation
— . T ' T T T
0 20 40 60 80 100 120 140 160 180 200
Particle diameter (nm)
University of Illinois at Urbana-Champaign Metals Processing Simulation Lab Kun Xu . 26




NG Application : Molar fraction of Ti/(Ti+Nb)
S, for different particle size

bd
©

» Steel composition:
0.003% Ti and 0.046%Nb

=
(]
T

» High stability of TiN
:Eﬂ" causes precipitation at

£ .
- (<tim) high temperature, and
—> other precipitates can
accumulate on surface of
TiN particles due to
mutual solubility

e
=
T

e
=
T

- Surface
== Middle
=7 Center

=
@™
T

=]
=

=
(7]

=
b

| » The molar fraction
. Ti/(Ti+Nb) is larger for
larger particles. It shows

Molar fraction Ti/{Ti+Nb} in particles
=]

e — " 10 e — . '10 * * E— 10 . .« . . .
Particle radius (m) the Ti precipitation is the
cause to form large
particles
University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Kun Xu . 27
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Conclusions
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1. A fundamentally-based model of precipitate formation in practical steel processes has
been developed, which includes

» heat transfer model to predict temperature and steel phase histories
» equilibrium precipitation model to predict equilibrium precipitate phases and amounts

» kinetic model for predicting the evolution of the precipitate size distribution, including
smooth transitions between the nucleation, growth, and coarsening stages

2. The single Nb(C,N) model predictions of precipitate fraction and amounts agree with
measurements conducted on continuous-cast HSLA steel samples taken from a thin-slab
caster, but it underpredicts the measured size distributions for all edge, columnar, and
centerline regions. The predicted trend of decreasing precipitate size from edge to
centerline is also contrary to the measurements.

3. The potential importance of precipitation during specimen acquisition (associated with
quenching) is highlighted by the model predictions, especially for slab interior

4. Multi-phase (Ti,Nb)(C,N) model shows potential ability to match both measured
precipitate particle size distributions, and composition variation with size.
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Future work

1.  The multi-phase precipitate growth model is being developed

>  Better estimations of number densities and molar fractions at border
size

»  Need to be verified with exact solution and experimental
measurements

2. The model will be used to simulate precipitation in segregated region
and on grain boundaries, where larger precipitate particles are
observed

3. The precipitation model will be coupled with grain growth model to
predict the grain size, and possibly explain the larger grains under
oscillation marks and near slab corner where high temperature is
expected and transverse cracks mostly occur
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