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1. Introduction 

1.1. Background 

 

Following the Frame Agreement between UIUC and Baosteel signed in 2005, this 

project is the first step to begin a cooperative research effort. 

  

Continuous casting of large section blooms of high-alloy steel is an important new 

direction for Baosteel. Specifically, Baosteel has commissioned a new 

320mm*425mm bloom caster in Fall of 2007, with high-alloy steel as one of the main 

products.  As Baosteel always aims to produce high-quality steel, attention to 

internal quality is essential.  This process and product is particularly susceptible to 

internal cracks caused by hot tearing.  Thus, the following research project was 

undertaken to improve understanding of the formation of hot tear cracks in high-alloy 

grades, in order to facilitate fast diagnosis and solution of any internal cracking 

problems that arise in the future. The project should be a starting point, towards the 

ultimate ability to predict and prevent internal quality problems in a quantitative 

manner. 

 

The Principal Investigator, Professor B.G. Thomas has a great deal of research 

experience in the prediction of internal quality problems in continuous casting, 

particularly through the application computer simulation. With the help of Baosteel, 

including laboratory measurements, plant data, and efforts of visiting researchers, it is 

hoped that this project will improve research collaboration between these two 

institutions, in addition to increasing knowledge and research tools for minimizing 

this important internal quality problem. 

 

1.2. Objectives 

 

1) Improve understanding of the cause of internal quality problems in continuous 

casting of steel, particularly the mechanism of hot tear crack formation in high-alloy 

bloom casters.   

2) Develop an off-line computational model, which can simulate thermal and 

mechanical behavior in the continuous-cast steel shell, including prediction of 

temperature, displacement, stress, and a criterion for hot-tear crack formation.   

3) Apply this model to investigate the mechanism of hot tear crack formation, and to 

predict the location of such cracks relative to the distance of casting problems such as 

roll misalignment down the casting machine. 
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1.3. Methodology 

 

Slices through the solidifying steel shell have been modeled at UIUC to predict 

temperature, microsegregation, displacement, stress, and hot-tear cracks, with the help 

of experimental measurements obtained from Baosteel. The details are reported in the 

following steps. 

 

1.3.1. Literature Review 

The important knowledge about hot-tear crack formation in high-alloy bloom 

continuous casting from previous work are investigated first. 

   

1.3.2. Modeling of heat transfer and solidification 

The model is then applied to obtain the temperature distribution in a 1-D, 2-D section 

or 3d one-layer section through a typical bloom.  It is based on existing models 

developed in the Continuous Casting Consortium to solve the transient heat 

conduction equation with solidification in continuous cast steel, including CON1D 

and a user-customized version of ABAQUS.   

 

The model is also used to output the micro segregation profile expected as a function 

of distance beneath the steel surface (neglecting fluid flow effects).  The calculation 

will be based on diffusion of alloying elements in the interdendritic liquid developed 

in previous work. 

 

1.3.3. Stress analysis 

Next, a thermal-stress model has been used to solve the equilibrium, constitutive, and 

compatibility equations using the finite element method to compute the mechanical 

behavior of the solidifying shell.  The model incorporates realistic 

elastic-viscoplastic, phase- and temperature-dependent constitutive equations that 

include the known variations with stress, strain-rate, and steel-grade. Other properties 

are taken to be temperature-dependent as well.  The stress state of generalized plane 

strain is assumed in order to achieve three-dimensional accuracy even with a slice 

model domain.    
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1.3.4. Hot tear prediction 

A criterion is used to estimate hot tearing, based on the inelastic strain accumulated 

during the final stages of solidification of the mushy zone of the shell. The model can 

be applied to simulate hot-tear crack formation development during solidification, and 

can answer questions such as: do hot tears begin near the surface and propagate 

inward, or propagate the other way towards the surface?  What is the relation 

between the location of the crack and the solidification front?  To model radial streak 

hot tears, bending and unbending, and roll misalignment, thermal stress, and bulging 

of the shell will be taken into account.  To model longitudinal cracks, the 

computation focuses on thermal stress, especially in the mold region.  The exact 

nature of the cracks to model is based on the findings of the literature and 

expectations of the most important problems from Baosteel, such as centerline cracks. 

 

1.3.5. Experimental Measurements 

In support of this modeling, in order to make the predictions as quantitative as 

possible, Baosteel should provide the following information: 

 continuous casting machine data and casting conditions  

 steel chemical composition(s) of interest  

 steel thermal properties, including liquidus temperature, solidus temperature, and 

phase fractions as a function of temperature for the alloys of interest. 

 measurement of the high-temperature mechanical properties of selected steel 

grades, including the complete load-displacement histories (raw data measured), 

and the complete geometry and conditions of the laboratory experiments 

 heat transfer coefficients for the caster, and the details of the raw experimental 

measurements used to obtain them 

 experiments to measure crack formation during solidification for validation of the 

hot-tear crack criteria 

When available, micrographs and casting conditions for any internal hot tear cracks 

that form in the actual caster 

 

1.3.6. Verification and Model Calibration 

The next stage of the work is to validate the model predictions using the best available 

plant data from Baosteel. Variables to consider comparing with measurements include: 

surface temperature, final solidification point, and the location of cracks in the 

product. 
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1.4. Schedule  

This project will be finished in 2 years (06/08 to 05/10)  

06/25/2008-08/25/2008      Literature survey 

06/25/2008-06/25/2009    Model development; Submit a progress report 

06/25/2009-12/24/2009    Verify and Calibrate model; Test model to predict the 

actual process. 

12/24/2009-05/24/2010    Final report 

2. Literature Review 

 

 

Crack formation has long been recognized as a problem in the continuous casting of 

steel. Cracks have been observed at almost every conceivable location in cast steel 

sections as shown schematically in Fig Error! Reference source not found..1
1
. In the 

interior, cracks may be seen near the corners, at the centerline or diagonally between 

opposite corners. On the surface, transverse and longitudinal cracks may appear in 

both the mid-face and corner regions. 

 

 

Cracks in continuously cast steel  

Internal cracks 

1 Midway 

2 Triple-point 

3 Centerline 

4 Diagonal 

5 Straightening/bending 

6 Pinch roll 
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Surface cracks 

7 Longitudinal, mid-face 

8 Longitudinal, corner 

9 Transverse, mid-face 

10 Transverse, corner 

11 Star 

Fig Error! Reference source not found..1 Schematic drawing of strand cast section showing 

different types of cracks. 

 

The reason for the profusion of crack types lies in the nature of the continuous casting 

process itself. The rapid cooling results in steep temperature gradients in the solid 

shell that can change rapidly and generate thermal strains as the shell expands or 

contracts
 
Fig Error! Reference source not found..1

,2,3
.
 
In addition, because the 

semisolid section is required to move through the machine, it is subjected to a variety 

of mechanically induced stresses caused by friction in the mould, roll pressure, 

ferrostatic pressure, machine misalignment, bending and straightening operations
 
Fig 

Error! Reference source not found..1. Depending on their magnitude, any of these 

stresses and strains may result in crack formation. 

Lankford has discussed the nature of the stresses and strains that can give rise to 

cracks in the solidifying shell
4
. Tensile force and expand strain may result in crack 

formation at low ductility zones.  

There are three temperature zones where steel is susceptible to crack.  

 High temperature zone: ~ 1340 C to solidus. 

 Intermediate temperature zone: 800 C to 1200 C 

 Low temperature zone: 700 C to 900 C 

Above about 1340 C, the low strength and ductility seem to be due to the presence of 

liquid films in the interdendritic regions, which do not freeze until temperatures well 

below the solidus are reached
5
,
6
. The liquid films apparently contain high levels of 

sulfur, phosphorus and other elements, which have a segregation coefficient less than 

unity and which concentrate between the growing dendrites. 

In the intermediate temperature zone, the loss of ductility during cooling below 1200 

C is strongly dependent on the Mn/S ratio and thermal history of the steel. Lankford 

has proposed a mechanism by suggesting that the low ductility results from the 

precipitation of liquid droplets of FeS in planar arrays at austenite grain boundaries, 

which are then paths of easy crack propagation. Lankford has further shown that 

slower cooling rates improve the ductility even with low Mn/S because manganese 

then has time to diffuse to the grain boundaries. 

The third zone of low ductility is associated with soluble aluminum in the steel, the 

precipitation of AlN 
7,8

and the pre-ferrite at grain boundaries
9
.      

The cause of a particular type of crack can be determined if the information 

concerning stresses and mechanical properties is combined with practical knowledge 

obtained from a continuous casting operation. From plant observations the location 

and orientation of the cracks can be ascertained, together with the operational factors 



 8 

thought to cause and cure the cracks. 

The information on internal cracks is summarized in Table Error! Reference source 

not found..1. 

 

Table Error! Reference source not found..1 Internal Cracks 

Type Cause Influencing Factors  Corrective Action 

Midway Cracks Surface reheating in 

or below spray 

chamber 

High casting 

temperature, S and 

P>0.02 pct increase 

crack formation 

Adjust spray system 

to minimize 

reheating. Lower 

pouring temperature, 

Minimize P and S 

levels  

Triple-point Cracks Bulging of wide face 

of slabs 

Cracking increases 

with decreasing Mn 

below 0.9 pct Mn and 

with Mn/S<30 

Regap rolls 

Centerline cracks In slabs, bulging of 

wide face 

Spray water intensity, 

casting speed, roll 

alignment low in the 

strand 

Regap rolls, reduce 

casting speed or 

increase spray 

cooling 

In billets, rapid 

cooling of center 

region below pool 

Severe secondary 

cooling and high 

pouring temperature 

may enhance crack 

formation 

Adjust secondary 

cooling near bottom 

of pool 

Diagonal cracks Asymmetrical 

cooling in mould or 

sprays 

High pouring 

temperature and 

smaller billet sizes 

increase cracking 

Install corner rolls at 

bottom of mould and 

roller apron. Look for 

plugged spray 

nozzles 

Straightening/bending 

cracks 

Excessive 

deformation near 

solidification front 

due to straightening 

or bending 

Bending on liquid 

center 

Reduce tensile strain 

at solidification front 

to less than 0.3 pct. 

Lower casting speed 
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Pinch roll cracks Excessive pinch roll 

pressure 

Squeezing on a liquid 

center 

Reduce pinch roll 

pressure 

All internal cracks form in high temperature zone of low ductility, between 1340 C and solidus 

temperature. Elements such as P, S and Cu worsen the crack problem. 

 

A summary of information on surface cracks is given in Table Error! Reference 

source not found..2. 

Table Error! Reference source not found..2 Surface Cracks 

 

Type Cause Influencing Factors Corrective Action 

Longitudinal, 

midface 

cracks 

Tensile strain 

generated in 

the mould and 

upper spray 

zones 

Crack frequency increased by: 

--carbon levels of 0.12 pct 

--increasing S and Decreasing Mn/S 

--varying or increasing 

--casting with high pouring 

temperatures 

--casting wide slabs 

--mold conditions—improper water 

cooling, loss of taper, irregular mold 

oscillation, improper mold powder, 

worn molds 

--overcooling in upper spray zones 

--insufficient support below mold 

--poor alignment between mold and 

submold support system 

Adjust mold 

conditions to ensure 

uniform cooling. 

Reduce cooling in 

upper spray zones 

and check submold 

system 

Longitudinal, 

corner 

cracks 

Nonuniform 

cooling in 

corner reion 

Cracking associated with: 

--reversal of mold taper owing to 

distortion or wear 

--large corner gaps in plate molds 

--high tundish temperature 

Plate mold walls with 

chromium. Reface 

the mold. Check 

alignment and 

lubrication for 

uniformity 
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--high casting speed 

--incorrect foot roller settings 

--steel containing 0.17-0.25 pct C, 

S>0.035 pct, P>0.035 pct 

Transverse, 

midface and 

corner 

cracks 

In slabs 

off-corner 

cracks caused 

by bulging of 

narrow face in 

mold 

Long molds and steel with 0.15 to 

0.23 pct C give rise to worse 

cracking 

Check mold support 

conditions 

Large surface 

temperature 

gradients in the 

spray zone and 

straightening 

within an 

unfavorable 

range of 

temperature, 

between 700 

and 900 C 

Strongly influenced by steel 

composition, Al, V, Nb, Mn>1 pct 

being the most important elements 

Reduce spray cooling 

and make as uniform 

as possible to 

minimize 

cooling/reheating 

cycles and maintain 

surface temperature 

above 900 C through 

to straightener 

Star cracks Scraping of 

copper from 

mold 

Secondary cooling Plate mold walls with 

chromium. Adjust 

machine alignment 

With the exception of transverse cracks, surface cracks probably form in the high temperature 

zone of low ductility 

 

 



 11 

3. Modeling of Heat Transfer and 

Solidification 

3.1. Previous work 

Heat transfer in the continuous casting process is governed by many complex 

phenomena. Many mathematical models have been developed of the continuous 

casting process. The earliest solidification models used one-dimensional 

finite-difference methods to calculate the temperature field and growth profile of 

continuously cast steel shell.
10,11 

Many industrial models followed. 
12,13

These models 

first found application in the successful prediction of metallurgical length, which is 

also easily done by solving the following simple empirical relationship for distance (z) 

with the shell thickness (S) set to half the section thickness: S=K(z/Vc)
1/2

 

where K is found from evaluation of breakout shells and computations. Such models 

found further application in troubleshooting the location down the caster of hot-tear 

cracks initiating near the solidification front 
14

and in the optimization of cooling 

practice below the mold to avoid subsurface longitudinal cracks due to surface 

reheating.
15

 

Since then many advanced models have been developed to simulate further 

phenomena such as thermal stress and crack-related defects
16,17,18

 or turbulent fluid 

flow coupled together with solidification
19

,
20

. For example, a two-dimensional 

transient, stepwise coupled elasto-viscoplastic finite-element model tracks the 

behavior of a transverse slice through a continuously cast rectangular strand as it 

moves down through a mold at casting speed. 
 
This model is suited for simulating 

longitudinal phenomena such as taper design,
21

 longitudinal cracks, 
22

 and surface 

depressions. 
23

 Other casters have been modeled using three-dimensional coupled 

fluid flow-solidification models based on control-volume or finite-difference 

approaches, at the expense of greater computation time and memory.  

 

3.2. Con1d model 

The CON1D program has been developed in the Metals Process Simulation 

Laboratory at the University of Illinois under the direction of Professor Brian G. 

Thomas. CON1D is a Fortran program which models heat transfer and solidification 

in the mold region of a continuous caster.  The model simulates one-dimensional 

transient heat transfer-solidification in the steel shell coupled with 2-D steady-state 

heat conduction in the mold.  Hence, the model is most easily applied to regions 

away from the corners of the cross-section.  It is intended for the study of steel slab 

casters, but can also be applied to other processes. 
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The heat flux extracted from the solidified shell surface can either be supplied as a 

specified function of distance below the meniscus, or can be calculated using the 

interfacial model included in the program. The superheat can be treated in three 

different ways in the program: 1) calculating temperature in the liquid steel; 2) 

supplying a superheat flux profile as a stepwise linear function of distance below the 

meniscus; or 3) letting the program calculate the heat flux added to shell surface, 

based on previous 3-D turbulent flow calculations.  The program can simulate 

wide/narrow face, outer/inner face of molds (with or without curvature).  It is also 

capable of calculating heat transfer as the strand passes by each roll in the spray zones 

beneath the mold. 

 A large quantity of information can be obtained using CON1D, which runs 

in only a few seconds on a personal computer. The output results include the 

following variables (as a function of distance below the meniscus): 

 (1) Temperatures:  mold hot face, cold face, shell surface and shell interior, cooling 

water 

 (2) Shell thickness (including positions of liquidus, solidus, and shell isotherms);  

 (3) Heat flux leaving the shell (across the interfacial mold / shell gap);  

 (4) Thickness and velocity of solid and liquid flux layers in the mold/shell 

interfacial gap; 

In addition, the model derives important constants (solidus temperature, liquidus temperature, 

etc.) with micro segregation model. 

A. Superheat Flux 

 Before it solidifies, the steel must first cool from its initial pour temperature to the 

liquidus temperature.  Due to turbulent convection in the liquid pool, the “superheat” 

contained in this liquid is not distributed uniformly.  A small database of results from 

a 3-D fluid flow modelError! No bookmark name given.Error! No bookmark name 

given. is used to determine the heat flux delivered to the solid / liquid interface due to 

the superheat dissipation, as a function of distance below the meniscus.  Examples of 

this function are included in Fig Error! Reference source not found..1,
24

 which 

represents results for a typical bifurcated, downward-directing nozzle.  The initial 

condition on the liquid steel at the meniscus is then simply the liquidus temperature. 

The influence of this function is insignificant to shell growth on most of the wide face, 

where superheat flux is small and contact with the mold is good. 
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Fig Error! Reference source not found..1 Model of solidifying steel shell showing typical 

isotherms and heat flux conditions  

 

B. Heat Conduction in Solidifying Steel Shell 

Assuming that axial heat conduction is negligible in the steel, which is reasonable due to the 

large advection component as indicted by the large Peclet number. Temperature in the 

solidifying steel shell is governed by the 1D transient heat conduction equation : 



22
*

2
    

 


  

  
   

  

steel
steel steel steel

kT T T
Cp k

t x T x

 [3.1] 

where Cp
* , the effective specific heat for the solidifying steel, is defined as: 

 
*    s
p p f

dfdH
C C L

dT dT
 [3.2] 

The simulation domain, a slice through the liquid steel and solid shell, together with the 

boundary conditions, is presented in Fig Error! Reference source not found..1. 
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C. Heat Flux Across the Interfacial Gap 

Heat flux extraction from the steel is governed primarily by heat conduction 

across the interfacial gap, whose thermal resistance is determined by the thermal 

properties and thicknesses of the solid and liquid powder layers, in addition to the 

contact resistances at the flux / shell and flux / mold interfaces and powder porosity, 

which are incorporated together into a single equivalent air gap, dair.  Slag 

consuming follows mass and momentum balance. Non-uniformities in the flatness of 

the shell surface, represented by the oscillation marks, have an important effect on the 

local thermal resistance, and are incorporated into the model through the depth and 

width of the oscillation marks.  This is used to calculated an effective average depth 

of the marks relative to heat flow, deff.  The oscillation marks can be filled with 

either flux or air, depending on the local shell temperature.  When the gap is large, 

significant heat is transferred by radiation across the semi-transparent flux layer.  

This model for gap heat conduction is illustrated in Fig Error! Reference source not 

found..2 and Fig Error! Reference source not found..3 and given by the following 

equation:    

sol                       liq        o eff

mold

liquid 
flux

V

solid 
flux

d dd

ve locity  

profile

T'

shell

V

tem perature  

profile

equ iv alen t 

layer for 

oscillation mark s

k k ks                          l          o eff

s                          l          o eff

  s

c

Tho tc

Tfsol

Ts

x

T's

m

 

Fig Error! Reference source not found..2 Velocity and temperature profiles assumed across 

interfacial gap 
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[3.5] 

where   

 qint = heat flux transferred across gap (Wm-2) 

 hgap = effective heat transfer coefficient across the gap (Wm-2K-1) 

  hrad =radiation effective h (Wm-2K-1) 

 Ts = surface temperature of the steel shell (°C) 

 Tmprime = mold temperature+mold/slag contact resistance delta T (°C) 

Tmold = surface temperature of the mold (outermost coating layer) (°C) 

  Tcrystal = mold flux crystallization temperature (°C) 

 rcontact  = flux/mold contact resistance(m^2K/W)  

 dair, dsolid, dliquid, deff = thickness of the air gap, solid, liquid flux, and 

oscillation mark layers (mm) 

 kair, ksolid, kliquid, keff = conductivity of the air gap, solid, liquid flux, and 

oscillation mark layers (W/mK) 

 m = flux refractive index 

  = Stefan Boltzman constant (Wm-2K-4) 

 a = flux absorption coefficient (m-1) 

 s, m = steel, mold surface emmisitivities 

The calculation of some of the above variables is explained in the next section.  

Other variables are input data, defined in the Nomenclature section. 
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Fig Error! Reference source not found..3 Thermal resistances used in the interface model 

D. Heat Conduction in the Mold 

 Temperatures within the mold, including in particular the hot and cold face 

temperatures, are calculated knowing the heat fluxes, qcold and qint, and the effective 

heat transfer coefficient to the water, hwater. 

 Two dimensional, steady state temperature distribution within a rectangular 

section through the mold is calculated in the upper portion of the mold.  It is found 

that the temperature is nearly linear in the mold thickness direction about 50 mm or so 

below the meniscus.  Thus, a 1D assumption is adopted in the model below the 

distance zana below the meniscus. 

 

z mold 

T cold 

q=0 

q=0 

2D model zone 

z 

x 

xmold = dm 

water  
channel 

1D model zone 

q 

meniscus 

int 

T hot 

T water   

k water   

p water   

Cp water 

T cold 

z ana 

coating layers 

solidifying steel 
mold 

zmen 

zpeak 

 

Fig Error! Reference source not found..4 Mold Temperature Calculation 
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E. Effective Heat Transfer Coefficient at Mold Cold Face: 

 

 

twater

hot  
steel

solid mold

bolt

bolt

copper mold

wch

Lch

dch
dm1

coating layers

water channel

xmold

ThotTcold

 fin 

 

Fig Error! Reference source not found..5 Water Channel in the mold 

The effective heat transfer coefficient between the cooling water and the cold 

face (“water-side”) of the mold copper, hwater, is calculated using the following 

formula, which includes a possible resistance due to scale build-up: 

 
1

1
 

   
 

scale
water

scale fin

d
h

k h
 [3.6] 

To account for the complex nature of heat flow in the undiscretized width direction, 

the heat transfer coefficient between the mold cold face and cooling water, hfin, is 

obtained using the following formula which treats the sides of the water channels as 

heat-transfer fins. 

 
 

 

22 2
tanh


 



chw mold ch ch ww ch
fin

ch ch mold ch ch

h k L w h dh w
h

L L k L w
 [3.7] 

Where, Lch, wch, dm1, dch are geometry parameters shown in Fig Error! Reference 

source not found..5 and km is the mold (copper) thermal conductivity.  The 

presence of the water slots can either enhance or diminish the heat transfer relative to 
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a mold with constant thickness (equal to the minimum distance between the root of 

the water channel and the hot face).  Deep, closely-spaced slots augment the heat 

transfer coefficient, (hfin larger than hw) while shallow, widely-spaced slots inhibit 

heat transfer.  In most molds, hfin and hw are very close.    

 In Fig Error! Reference source not found..5, the heat transfer coefficient 

between the water and the sides of the water channels, hw, is calculated assuming 

turbulent flow through a pipe
25

:  

  1 25 0.015Re Pr  c cwater
w waterf waterw

k
h

D
 [3.8] 

Here D is the equivalent diameter of the water channel, c1 and c2 are the empirical constants. 

 2 ch ch

ch ch

w d
D

w d



 [3.9] 

  1 0.88 0.24 4 Prwaterwc     [3.10] 

 
0.6Pr

2 0.333 0.5 waterwc e


   [3.11] 

 Re water water
f

waterf

v D


  [3.12] 

 Pr waterw water
w

waterw

Cp

k


  [3.14] 

The properties of the water, needed in the above equations, can be treated as either 

constants or temperature dependent variables evaluated at the film temperature 

(half-way between the water and mold wall temperature), according to the selection in 

the input data file made by the user. 

 

F. 1D Steady State Temperature Model of Mold: 

Hot face temperatures at or near the mold surface are calculated from the thickness of 

the copper, dm, the water side heat transfer coefficient, and the interfacial heat flux, 

explained in a later section.   
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 int

1
+ m

hotc water

water m

d
T T q

h k

 
   

 
  [3.15a] 

Further hot face temperatures are calculated by incorporating the resistances of the 

various thin coating layers, (Ni, Cr, air gap etc.), which vary with distance down the 

mold according to the input file: 

 int

1
+ 

polym ni cr
hot water

water m ni cr poly

dd d d
T T q

h k k k k

 
     

 
 

  [3.15b] 

 int

1
+ 

polym ni cr air
mprime water

water m ni cr poly air

dd d d d
T T q

h k k k k k

 
      

 
 

 [3.15c] 

The hot face temperatures include the surface of the copper, Thotc, the surface of the 

outermost mold plating layer, Thot and the temperature at the interface between the air 

gap and the solid mold flux layer, Tmprime, including any contact resistance that might 

be present.  The output file includes several temperatures: 

 

Thot=(q+hmold1*Twater)/hmold1 

Thotc=Thot-dTcoat 

Tcold=Thotc-q*dmold/tkmold 

In these equations, the copper thickness, dm, varies with distance down the mold, 

according to the mold curvature: 

Outer radius: 

   
2 2

2 2 2

_ _ _

1 1

4 4
     outer outer

mold moldo O mold total O mold total mold totald d R Z R Z Z  [3.16] 

Inner radius 

   
2 2

2 2 2

_ _ _

1 1

4 4
     inner inner

mold moldo I mold total I mold total mold totald d R Z R Z Z  [3.17] 

where dmoldo is the mold thickness at the top of the mold, Zmold_total is the total mold 

length (sum of working mold length Zmold and distance of meniscus from top of the 

mold Zmen) and RO, RI are mold outer and inner radius of curvature respectively.  
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Tcold is the temperature of the root of the water channel, at the interface between the 

mold copper and the scale layer, if present: 

 int
cold water

water

q
T T

h
   [3.18] 

 

 

G. 2D Steady-State Temperature Model of Mold: 

By assuming constant thermal conductivity in the upper mold and constant 

heat transfer coefficient between the mold cold face and the water channel along the 

casting direction, the two dimensional steady state heat conduction equation for mold 

temperature modification in meniscus region is the following Laplace equation: 

2 2

2 2
+  = 0 

 

 

T T

x z
 [3.19] 

The actual hot face temperature of the mold is adjusted to account for the possible 

presence of mold coatings and air gaps: 

   int,
 

     
 
 

polyni cr air
mold mold

ni cr poly air

dd d d
T T d z q

k k k k
  [3.20] 

H. Mold cooling water temperature rise: 

 

A heat balance in the mold calculates the total heat extracted, qtin, based on the 

increments of heat flux found in the interfacial heat flow calculation, qint (W/m2): 

                 qtin (kJ/m2) = 
mold

 qint  * t                    [3.21] 

The mean heat flux in the mold is calculated at the specified distance below the 

meniscus (usually at mold exit) 

 qttot (kW/m2) = 
qtin Vc

z
  [3.22] 

The temperature rise of the cooling water is determined by: 



 21 

Tcooling water  = 
mold

 
qint Vc t Lch

 water Cpwater Vwater (m/s) wch dch
  [3.23] 

This relation assumes that the cooling water slots have uniform dimensions, wch and 

dch, and spacing, Lch.  Heat entering the hot face (between two water channels) is 

assumed to pass entirely through the mold to heat the water flowing through the 

cooling channels.  This calculation must be modified to account for missing slots due 

to bolts or water slots which are beyond the slab width, so do not participate in heat 

extraction.  So the modified cooling water temperature rise is: 

Tmodified cooling water = Tcooling water 
totcharea

widthslab

L

w

ch

chdch   [3.24] 

This cooling water temperature rise prediction is useful for calibration of the model 

with an operating caster. 

I. Heat Transfer in the spray cooling zone: 

Heat transfer in the spray cooling zones tracks the steel shell as it moves past each 

individual roll.  Heat transfer is governed mainly by the spray heat transfer 

coefficient, which is calculated from the average spray water flow rate from the 

nozzle (Qw) at each spray zone, using a general equation of the following form: 
 

 hspray = A∙c∙Qw
n (1- bT0) [3.25] 

 Where, T0 is water and ambient temperature in spray zone. In the model of 

Nozaki et al.
26

, A∙c=0.3925, n=0.55, b=0.0075.  

Radiation is calculated based on radiation law. Heat extraction into the rolls should be 

considered.  

J. Steel thermal properties (Tliq, Tsol, , Cp, k and Lf): 

Tliq and Tsol, are calculated by the program as a function of steel composition, 

based on the phase diagram for low-alloy steel. The properties, , Cp, k and Lf can be 

treated in three ways.  First, the carbon content and temperature dependent properties 

can be calculated based on the phase diagram for low carbon steel by the program.  

Alternatively, temperature dependent properties can be found from a set of empirical 

formula for stainless steel. Finally, , Cp, k and Lf can be input as constants. 
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3.3. Abaqus Finite-Element Thermal Model 

The model solves the transient heat-conduction equation [3.26] using commercial 

finite-element package Abaqus. Where H(T) and K(T) are the isotropic 

temperature-dependent enthalpy and conductivity, respectively. 

))((
)(

TTK
t

TH





                        [3.26] 

A 2-D simplification of the full 3-D process is reasonable, because axial (z direction) 

heat conduction is negligible relative to advection at the high Peclet number.  

Along with boundary conditions: 

Prescribed temperature on AT 

),(ˆ tXTT


                             [3.26a] 

Prescribed surface flux on A q 

),(ˆ)( tXqnTk


                      [3.26b] 

where   is density, k  the isotropic temperature-dependent conductivity, H  the 

temperature-dependent enthalpy, which includes the latent heat of solidification. T̂  

is a fixed temperature at the boundary TA , q̂ is the prescribed heat flux at the 

boundary qA , which come from con1d calculating results, and n


 is the unit normal 

vector of the surface of the domain. 
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4. Stress Analysis 

4.1. Governing Equations, Solutions Procedures 

Inertial effects are negligible in solidification problems, so using the static mechanical 

equilibrium in Eq. 1 as the governing equation is appropriate 

( ) 0x b                                                  (1) 

where   is the Cauchy stress tensor, and b  is the body force density vector.  

The rate representation of total strain in this elastic-viscoplastic model is given by Eq. 

(2): 

thieel   
                                           (2)  

where el ie th, ,  
are the elastic, inelastic, and thermal strain rate tensors respectively. 

Viscoplastic strain includes both strain-rate independent plasticity and time dependant 

creep. Creep is significant at the high temperatures of the solidification processes and 

is indistinguishable from plastic strain. Kozlowski at al
27

 proposed a unified 

formulation with the following functional form to define inelastic strain. 

 

(5) 

               

1 2 3 Cf ,f ,f ,f are empirical temperature, and steel-grade-dependant constants. Another 

constitutive law, the modified power-constitutive model developed by Zhu
28

, is used 

to simulate the delta-ferrite phase, which exhibits significantly higher creep rates and 

lower strength than the austenite phase.  

The system of ordinary differential equations defined at each material point by the 

viscoplastic model equations is converted into two “integrated” scalar equations by 

the backward-Euler method and then solved using a special bounded 

Newton-Raphson method 
29

in user subroutine UMAT.  

Abaqus main code is using the fully implicit staggered coupled algorithm for time 

integration of the governing equations
30

.  In each time step the thermal field is 
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solved, and then the resulting thermal strains are used to solve the mechanical 

problem. Newton-Raphson iteration continues until tolerances for both equation 

systems are satisfied before proceeding to the next time step. 

4.2. A single layer of 3-D elements model 

The domain adopted for this problem is a single layer of 3-D elements through the 

bloom thickness goes down in the axial z direction (the casting direction) with zero 

relative rotation. The x direction is thickness and y is width direction. In continuous 

casting process, one dimension of the casting is much longer than the others, and 

otherwise unconstrained. It is reasonable to apply a condition of generalized plane 

strain on down face in the long direction (z) and fixed upper face. The strain in z 

direction does not vary with x-y coordinates. For the nodes in other faces, the 

displacements can be dealt with as Fig Error! Reference source not found..1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..1 Mechanical FE domains of 3D single layer model 

The other boundary condition include: Buldging can be set by displacement; at 

bending and unbending sections, the angle should be set by „equation‟ . 
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4.3. 2-D slice model 

The domain adopted for this problem is a quarter of thin slice goes down in the axial z 

direction (the casting direction). Y axial is thickness direction and x axial is width 

direction. The generalized plane strain elements can be used in the axial of z direction 

with zero relative rotation (i.e. constzz  ). Taking rolling effect into account, every 

node on wide side has same displacement in y direction and same displacement in x 

direction on narrow side as following Fig Error! Reference source not found..2. The 

displacement of width wide depends on openness of rollers in y axial and bulging 

calculated from empirical equation; the displacement of narrow side depends on 

openness of rollers in x direction. It is difficult to take corner effect into account. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..2 Mechanical domains of 2D model 
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5. Model Verification 

5.1. Con1d model 

The internal consistency and accuracy of various components of models have been 

verified through extensive comparison with analytical solutions. The accuracy of the 

2-D mold heat-transfer model at the meniscus region was evaluated by comparison 

with full 3-D finite-element model computations on separate occasions using 

Abaqus
31

 and with an in-house code.
32

 In both cases, the Con1d model predictions 

matched within the uncertainties associated with mesh refinement of the 3-D model. 

Other obvious checks include ensuring that the temperature predictions match at the 

transition between at 2-D and 1-D regions, which also indicates when heat flow is 

1-D. 

The Con1d solidification model is verified here through comparison with an 

analytical solution for 1-D heat conduction with phase change.
33,34

 This solution 

assumes a constant shell-surface temperature and constant steel properties. Table 

Error! Reference source not found..1 lists the constants used in both the analytical 

solution and the Con1d validation case, which are chosen for typical conditions 

expected in practice. The difference between the steel liquidus and solidus 

temperatures is only 0.1 C to approximate the single melting temperature assumed in 

analytical solution, which is set to the mean of Tliq and Tsol used in Con1d. The pour 

temperature is set to the liquidus because the superheat is neglected in the analytical 

solution. For the Con1d model, the time-step size t  is 0.004 seconds and the node 

spacing is 0.5 mm. 

Fig Error! Reference source not found..1 compares results from the analytical 

solution and Con1d model for (a) the temperature distribution through the shell at 

different times and (b) the growth of the shell thickness with time. The results show 

that the predictions of the Con1d model are very accurate, so the same time step and 

mesh are used in the following cases. 

 

Table Error! Reference source not found..1 Constants used in analytical solution and 

validation case 

Conductivity, steelk  
30 W/mK 

Specific Heat, steelCp  
670 J/kgK 

Latent Heat, fL  
271 kJ/kg 

Density, steel  
7400 Kg/m

3
 

x 
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Melting Temperature, meltT  
1509.05 C 

Liquidus Temperature, liqT  
1509.1 C 

Solidus Temperature, solT  
1509 C 

Shell Surface Temperature, sT  
1000 C 

 

 

(a) Shell temperature distribution 
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(b) Shell growth 

Fig Error! Reference source not found..1 Comparison of Con1d model results and 

analytical solution. 

5.2. Abaqus model 

A semi-analytical solution of thermal model in an unconstrained solidifying plate, 

derived by Weiner and Boley
35

 is used here as an ideal validation problem for 

solidification model. This 1D solution takes advantage of the large length and width 

of the casting. Thus, it is reasonable to apply the generalized plane strain condition, in 

both the y and z directions, to produce the complete 3-D stress and strain state. 

The domain adopted for this problem is a thin slice through the plate thickness using 

2-D generalized plane strain elements (in the axial z direction) with zero relative 

rotation. The domain moves with the strand in a Langrangian frame of reference as 

shown in Fig Error! Reference source not found..2. In addition, a second 

generalized plane strain condition was imposed in the y direction (parallel to the 

surface) by coupling the displacements of all nodes along the bottom edge of the slice 

domain as shown in Fig Error! Reference source not found..3. This was 

accomplished using the *EQUATION option in abaqus. The normal (x) displacement 

of all nodes along the bottom edge of the domain is fixed to zero. Tangential stress 

was left equal zero along all surfaces. Finally, the ends of the domain are constrained 

to remain vertical, which prevents any bending in the xy plane. 
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Fig Error! Reference source not found..2 Solidifying slice. 

The material in this problem has elastic-perfectly plastic constitutive behavior. The 

yield stress drops linearly with temperature from 20 Mpa at 1000 C to zero at the 

solidus temperature 1494.4 C, which was approximated by 0.03 Mpa at the solidus 

temperature. A very narrow mushy region, 0.1 C, is used to approximate the single 

melting temperature assumed by Boley and Weiner. All the constants used in this 

solidification model are listed in Table l. 

Table Error! Reference source not found..2 Constants used in solidification test problem. 

Conductivity (W/mK) 33.0 

Specific heat (J/kgK) 661.0 

Elastic modulus in solid (Gpa) 40.0 

Elastic modulus in liquid (Gpa) 14.0 

Thermal linear expansion coefficient (1/K) 0.00002 

Density (kg/m
3
)  7500.0 

Posisson’s ratio 0.3 

Liquidus temperature (C) 1494.45 

Fusion temperature (analytical) (C) 1494.4 
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Solidus temperature (C) 1494.35 

Initial temperature (C) 1495.0 

Latent heat (J/kg K) 272000.0 

Reciprocal of liquid viscosity (MPa
-1

s
-1

)  1.5×10
8 

Surface film coefficient (W/m
2
K) 250000 

 

Fig Error! Reference source not found..3 Mechanical and thermal FE domains. 

Fig Error! Reference source not found..3 shows the domain and boundary conditions 

for both the heat transfer and mechanical models. Heat transfer analysis is run first to 

get the temporal and spatial temperature field. Stress analysis is then run using this 

temperature field. The domain in Abaqus has a single row of 300 plane four-node 

elements in both thermal and stress analysis. Con2d uses a similarly refined mesh 

with six-node, quadratic triangular elements.
36

 

Fig Error! Reference source not found..4 and Fig Error! Reference source not 

found..5 show the temperature and the stress distribution across the solidifying shell 

at two different solidification times. The semi-analytical solutions were computed 

with MATLAB by Li and Thomas. The almost-linear temperature gradient through 

the shell gradually drops as solidification proceeds. This faster cooling of the interior 

relative to the surface region naturally causes interior contraction and tensile stress, 

which is offset by compression at the surface. The changes in slope at ~-15 and +12 

MPa denote the transition from the elastic central region to plastically yielded surface 

and interior. Both lateral stress distributions (y and z directions) are the same for both 

codes, which is expected from the identical boundary conditions in these two 

directions. Shear stresses and x-stress are all zero. Identical results were found with 

the perfectly plastic and the viscoplastic liquid functions coded in UMAT, so there is a 
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single Abaqus curve representation on the graphs. CON2D produced similar accuracy 

with the semi-analytical solution. 

 

Fig Error! Reference source not found..4 Temperature distribution along the solidifying slice. 

 

 

Fig Error! Reference source not found..5 Y and Z stress distributions along the solidifying 

slice 
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6. Model Applications 

6.1.  Steel properties 

Table Error! Reference source not found..1 shows the steel grade composition and 

solidification properties.  

Fig Error! Reference source not found..1 contains the Fe-C phase diagram for C10, 

T91, T92, T23 and T122 calculated by Thermal-Calc. Fig Error! Reference source 

not found..2 shows phase fraction variation with temperature. The alloy elements 

have a little influence on liquidus, but decrease solidus remarkably, which increases 

the temperature range of the mushy zone. There is a large ferrite phase zone during 

solidification. These high alloy steels are susceptible to segregation and cracks. 

 

Table Error! Reference source not found..1 steel grade component and solidification 

properties   

Steel grade C Si Mn Cr Mo W Liquidus Solidus 

T91 0.095 0.3 0.4 8.3 0.95 0 1512 1461 

T92 0.115 0.4 0.45 8.7 0.4 1.65 1510 1441 

C10 0.1           1526 1493 

T122 0.115 0.4 0.45 11.5 0.4 2 1500 1431 

T23 0.06 0.23 0.35 2.2 0.1 1.6 1528 1495 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..1 Fe-C phase diagram for C10, T91,T92,T23 and 

T122 
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Fig Error! Reference source not found..2 Phase fraction variation with temperature 

 

The thermal conductivity of steel grades is measured by Baosteel and calculated as a 

function of temperature as given in Fig 6.3. The thermal conductivity of the liquid is 

not artificially increased, as is common in other models, because the effect of liquid 
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convection is accounted for in the superheat-flux function, which is calculated by the 

CON1D model, which includes the effects of turbulent flow in the mold.  T91, T92 

have the similar phases as ferrite stainless steel 410, we use the conductivity of 410 as 

T91 and T92‟s conductivity.



 

Fig Error! Reference source not found..3  Comparison of model thermal conductivities and 

measurements 

Fig Error! Reference source not found..4 shows model specific heat and 

measurements of T91 and T92, which match well with each other. 
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Fig Error! Reference source not found..4 Model specific heat and measurements of T91 and 

T92 

The results of thermal linear expansion of steel are calculated as composition and 

temperature-dependent function as following
37,38

.  
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Fig Error! Reference source not found..5 thermal linear expansion of steel are calculated as 

composition and temperature-dependent function 

From phase fraction diagram and thermal linear expansion of steel, we can conclude 

that with increasing alloy composition for these steel grade, solidus decreases, mushy 

zone and ferrite phase zone become bigger, thermal linear expansion increase, then 

crack sensibility increases.  

 

6.2.  Simulation and measurement results 

T91 

T92 
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6.2.1 T91 steel 

The T91 steel has been casted in Baosteel with 1550 C pour temperature and 0.6 

m/min casting speed. Soft reduction for 1
st
 strand is 8mm. The casting details are 

shown in T91 process specification. Fig Error! Reference source not found..6 and 

Fig Error! Reference source not found..7 show the heatflux of mold and film 

coefficient for calculation.  

 

Fig Error! Reference source not found..6 Heatflux of mold used in con1d and abaqus 

 

Fig Error! Reference source not found..7 Film coefficient on strand surface 
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Fig Error! Reference source not found..8 and Fig Error! Reference source not 

found..9 show the thermal simulation results by con1d, Abaqus and measurement 

results. They match well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..8 shell thickness and surface temperature in con1d 

and measurement  
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Fig Error! Reference source not found..9 Temperature simulation by Abaqus and 

measurement. 

Solid fraction, temperature distribution and temperature evolution of T91 is listed as 

following: 

 

Fig Error! Reference source not found..10 solid fraction of T91 by Abaqus 
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Fig Error! Reference source not found..11 at different shell thickness, the temperature 

distribution of T91 by Abaqus 

 

Fig Error! Reference source not found..12 temperature evolution of T91 by Abaqus 

Fig Error! Reference source not found..13 shows Buldging results from empirical equations. 

We choose Lan equation results in our stress model. 
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Fig Error! Reference source not found..13 Buldging results from empirical equations 

 

 

Table Error! Reference source not found..2 shows the node id and the distance from 

center. We can get all the strains at different distance from center. 

Table Error! Reference source not found..2 

node id distance from center (mm) 

514 0 

450 20 

418 30 

354 50 

258 80 

130 120 

2 160 
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node 258 shell thickness 80 mm
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node 386 shell thickness 120 mm
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node 514 shell thickness 160 mm
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Fig Error! Reference source not found..14  strain simulation at different shell thickness 

position. 

Then we can get results Fig Error! Reference source not found..15 as following: 

inelastic strain and shell thickness Vs distance below meniscus (mm). If the variation 

of ie strain from 90% solid fraction to 99% solid fraction in X coordinate is less than 

zero, the product is not susceptible to crack. Otherwise, crack sensibility increases.  
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Fig Error! Reference source not found..15 inelastic strain and shell thickness Vs distance 

below meniscus (mm). 

Fig Error! Reference source not found..16 shows the variation of inelastic strain 

from 90% fs to 99% fs at different shell thickness. From results we can see that the 

product is susceptible to crack about 10mm region from center. From thermal results, 

we know there is still liquid steel after the end of soft-reduction zone, which result in 

internal crack.  

Fig Error! Reference source not found..16 variation of inelastic strain from 90% fs 

to 99% fs 
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Fig Error! Reference source not found..17 Sulfur print of T91 

6.2.2 T92 steel 

The T92 steel has been casted in Baosteel with 1550 C pour temperature and 0.55 

m/min casting speed. The casting details are shown in T92 process specification. Fig 

Error! Reference source not found..18and Fig Error! Reference source not 

found..19show the heatflux of mold and film coefficient for calculation. Fig Error! 

Reference source not found..20 shows the thermal simulation results by con1d and 

measurement results. They match not well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..18 heatflux of mold 
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Fig Error! Reference source not found..19 film coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..20 the thermal simulation results by con1d, and 

measurement results. Black square mean the measurement results. 

Solid fraction, temperature distribution and temperature evolution of T92 is listed as 

following: 
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Fig Error! Reference source not found..21 solid fraction of T92 

 

 

Fig Error! Reference source not found..22 Calculated temperature distribution at different 

shell thickness in T92 by Abaqus model 
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Fig Error! Reference source not found..23 temperature evolution of T92 

Fig Error! Reference source not found..24 shows bulging results from empirical 

equations. We choose Lan equation results in our stress model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig Error! Reference source not found..24 Buldging results from empirical equations 

All the strains at different distance from center calculated by Abaqus are listed as 

following: 

800

900

1000

1100

1200

1300

1400

1500

1600

0 0.05 0.1 0.15 0.2

11.21s

74.18s

180.68s

679.18s

1339.18s

1517.18s

1946.18s

2246.78s

2416.48s

2908.38s

0.000

0.500

1.000

1.500

2.000

2.500

3.000

1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
0

3
1

3
2

3
3

3
4

3
5

3
6

3
7

3
8

3
9

4
0

Nippon steel EQ

Palmaers EQ

Lamant EQ:

Lan EQ:

Okamura EQ:

Kuan-Ju EQ:



 54 

 

 

 

 

 

node 2 shell thickness 0 mm

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-5000 0 5000 10000 15000 20000 25000 30000

LE strain

ie strain

THE strain

ee strain

node 130 shell thickness 40 mm

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

-5000 0 5000 10000 15000 20000 25000 30000 le

ie

the

ee

node 258 shell thickness 80mm

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

-5000 0 5000 10000 15000 20000 25000 30000
LE

ie

the

ee



 55 

 

 

 

node 386 thickness 120 mm

-0.02

-0.015

-0.01

-0.005

0

0.005

-5000 0 5000 10000 15000 20000 25000 30000 LE

ie

the

ee

node 394 thickness 122.5mm

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

-5000 0 5000 10000 15000 20000 25000 30000
le

ie

the

ee

node 450 thickness 140 mm

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

-5000 0 5000 10000 15000 20000 25000 30000
le

ie

the

ee



 56 

Fig Error! Reference source not found..25 strains at different distance from center 

 Fig Error! Reference source not found..26 shows inelastic strain and shell 

thickness Vs distance below meniscus (mm). If the variation of inelastic strain from 

90% solid fraction to 99% solid fraction in the through-thickness direction is negative, 

the steel is in compression during its vulnerable period, so is not susceptible to 

hot-tear crack formation. If the strain accumulated over this temperature range is in 

tension, then crack sensitivity increases.  
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Fig Error! Reference source not found..26 inelastic strain and shell thickness Vs distance 
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below meniscus (mm) 

Fig Error! Reference source not found..27 shows the variation of inelastic strain 

from 90% fs to 99% fs at different shell thicknesses. From results we can see that the 

product is susceptible to crack about 40mm region from center. Thus, cracks are likely 

at this location during spay cooling. The entire exterior from 50mm to the surface is in 

compression.   

 

 

Fig Error! Reference source not found..27 the variation of inelastic strain from 90% fs to 

99% fs at different shell thickness. 
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Fig Error! Reference source not found..28 sulfur print of T92, showing centerline crack 

defects 

 

 

7. Conclusion 

1. A thermal and stress model of the continuous bloom caster at Baosteel has been 

developed, and validated with analytical solutions. The profiles of temperature 

have been simulated and validated with plant measurements for both T91 and 

T92.   

2. Simulations of strain and stress on T91 and T92 have been simulated, based on 

the temperature predictions.    

3. The mechanism of centerline cracks appears to be from hot tear crack formation 

of T91 and T92, based on shrinkage and net tensile strain predicted near the time 

of final solidification. 

4. From simulation results, carefully-located soft-reduction is a promising direction 

to decrease internal crack.  Careful control of low pouring temperature is also 

recommended. 
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