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ABSTRACT

A two—dimensional,elasto—plastié,finite—eiément model
has been developed to calculate the bending and bulging
deformation of . a partially solidified continuously cast steel
slab during straightening on a curved-mould casting machine. A:
preliminary,three-dimensional elastic analysis revealed that a
two-dimensional plane-stress model is sufficient for the
calculations. The effects of solid-shell motion have been

considered in part by shifting the roll poiﬁts in two steps.

The model was checked by comparing predictions of
internal cracks with  plant data. From the results of
calculations of a one-point bending bow-type caster(10.5m
radius) for casting speeds of 1.0,1.2 aﬁd 1.6m/min, it has been
verified that 1internal <cracks appear at the solidification
front in the upper shell due to straightening of the strand at
the higher <casting speeds. The critical strain for internal
cracks was taken to be 0.25-0.3% at a strain rate of 1x10-% s

for low-carbon steels.

It has been fouqd that the wupper and 1lower shells
deform sepératgly aroﬁnd their individual neutral axes, which
are shifted to within 15mm of the respective solidification
fronts by the roll-friction force. "Therefore the bending

stfain,eu,in the low-ductility region close  to the
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éolidification front can be very Small, lower by about 0.3%
than the value predicted by one neutral-axis theory. However,
as a result of the interaction with the bulging strain,és,the
resultant total strain,®t ,becomes large enough to cause
internal cracks(radial streaks) «close to the solidification
front of the upper shell. The correlation among these variables
is as follows; €&p = (2 - 5) eg toe o, Thus, the bulging
strain affects the total strain significantly; and to prevent
internal cracks it is important to suppress the bulging by
having 1low surface temperatures and small roll pitches during

straightening.

By comparing machine radii of 8m,10.5m and 13m for a
one-point bending bow-type caster, it has been vefified that
the small machine radius of 8.0m is unfavorable because at
normal casting speeds the tensile strain at the solidification

front exceeds the critical value for crack formation.
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" Chapter .1

INTRODUCTION.

During the last two decades several types of
continuous-casting - machines have Dbeen develbped_ for the
production of steel slabs. The machine types include -the
vertical, vertical with bending, circular arc and oval bow
whiéh are shown schematically in Fig.1. With increasing demands
on prbduction rate and product quality the trend has been away
from the vertical type to the low-head, bow-type caster. In the
caée of the latter, however, the strand is straightened while
confaihing a liguid core. The resultant bending gives rise to
elongation, }which can causé internal cracks, close to the
solidification front where the ductility of the steel 1is very
low. In addition other types of stresses are applied to the
solidifying shell,viz. bulging stresses due to ferrostatic
pressure and thermal stresses.''?''® Even though the ferrostaic
pressﬁre is reiatively 'small in a low head bow-type caster,
bulging strain may combine witﬁ bending strain to create

excessive strains at the solidification front. This effect will
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be shown in this thesis.

As increasing emphasis has been placed on product
guality, stress analysis has been one of the tools employed to
study the formation of internal cracks in continuously cast
steels since the latter half of the 1970's. However, only a few
studies have been reported on the analysis of stressés in
bending ; and hence the task is by no means complete. Further
investigations'are urgently required on this subject from a
design point of view, because optimum and limiting machine
designs are required in order to meet the strict demands for
the modern low ~ head casters. In the present work, the stress
analysis of one-point bending will be considered as a first

step toward a better understanding of bending behavior.



Chapter 2

PREVIQOUS WORK AND OBJECTIVES OF PRESENT WORK

2.1 Internal cracks in continuously cast slabs

It has long been recognized that even small tensile
strains applied £o the solidifying steel shell can lead to the
generation of internal cracks (solidification Cracks) close to
the solidification front.""“z The internal cracks due to
bulging or bending of slabs can be seen normal to the broad
face in a longitudinal section. In most cases, bending cracks
are formed in the upper shell in the straightening zone and
bulging cracks are generated in upper and lower shells beneath
the roll support points. These cracks are visible on sulphur
prints since they are generally filled with solute rich

residual liquid (see Figs.5.8 - 5.10 Section 5.1.1).

The critical strains for internal cracks have been
reported to be depeﬁdent on steel grades and.strain rates with
low-carbon steels and low strain rates giving high critical
strains. Table 1 presents repo;ted values of critical strain

for these conditions. Some scatter in the data’ (0.2 - 3.0%) can



Table I Studies of critical strain for internal cracks

electrical input.

€ =5x10-% g~

Method used to obtain Critical |Ref
Study critical strain strain
Cerit
Palmaers Based on elasto-plastic thermal
stress calculaticn of a 0.2% 12
continuously cast bloom.
C=.18%
€2
Puhringer Based on elasto-plastic-creep
bulging calculation of a 0.39% 15
continuously cast slab.
q=.05% :
€ =6x10-% g
Daniel Based on elasto-plastic bulging
calculation of a 0.6% 36
continuously cast bloom.
C=.15%
€ ?
Narita Roll misalignment test on
a continuously cast bloom.
Strain is calculated based on 0.3% 37
elasto-plastic simulation model.
=.15% ’
€ =4x10-% 51!
Suzuki Reduction test
Low carbon steel. 0.25-0.6% 38
€ =1x10°% g~ 4
Matsumiya Laboratory 3-point bending test.
Specimen is partly melted by 2.0-3.0% 38




be seen owing to the different methoas used to estimate the
critical strain at the solidification front. Since it is
difficult to measure the strain at this location, the . critical
value has been calculated in these studies with some
experimental input. From Table I , four of the six authors
report a value in fhe range of 0.2-0.5% ;and this has been

adopted in the present study.

To ‘overcome the problem of internal cracks due to
straightening, the following two steps have been adopted in
practice: "compression casfing" and "multi-point bending". The
principle of the ‘compression_ casting method 1is to cancel
harmful tensile stresses at the solidification front by
applying a compressive force in the bending zone. To this end,
several driven rolls are reguired before the bending point to
push the strand with a 1large force against several rolls.
following the bending point whose merment is electrically
controlled so as to apply a braking force to the strand and ,
at the same time, prevent slab slippage.®* In the case of
multi-point = bending the straightening is divided into several
bending steps and hence tensile stresses at the solidification’
front are greatly reduced.®® Multi-point bending casters are
under development at present as a new type of 1low-head, oval-

bow machine.

2.2 Previous work on stress analysis of bending and bulging




As mentioned previously, owing to the ihteraction of
bending strain and bulging strain internal cracks can occur
" very easily 1in the straightening zone in a bow-type caster.
Bulging and bending must be analysed simultaneously to study

the formation of internal cracks due to unbending.

Numerous studies have been devoted to bulging
analysis '2'15'20-27. the results will be discussed in detail
in Section 3.3.2. However only a few mathematical models have
been reported on bending'®'3''#%'%5 3nd no model has yet been
reported in the literature on the bulging and bending analysis
of continuously cast slabs which is the subject of the present

thesis.

The single beam theory, which assumes a neutral axis
at the center of the slab thickness, has 1long been used to
explain the bending behavior of <continuously cast slabs.

According to this beam theory, the bending strains, € for

u r
one-point and multi-point bending,shown schematically in Fig.2,

are given respectively by the following equations .

one-point bend H e = ({% - s) / Ro (1)

olo

multi-point bend ; ¢ ( - e )(1/R _-1/R) (2)

. n n-1 n
As is apparent from Eg.(1), the bending strain becomes larger
with decreasing shell thickness and machine radius. However,the

assumption of one neutral axis i1s questionable at the center of
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a wide face of a slab. Based on three—dimensiénal elastic
analysis Vaterlaus®® has proposed a two neutral-axes theory in
which the upper and lower shells deform independently. However
his model predictions are contradictory to the observations of
internal cracks ,i.e. the harmful tensile strains Adue_ to
unbending occur at the solidification front in the lower shell
and hence internal cracks must appear in the lower shell. 2a
dynamic simulation model has been reported by Onishi?®' based on
the one-dimensional, elasto-plastic, finite-element method.
Unfortunately this model is only suitable for <calculation of
roll feaction forces, and cannot be used to evaluate strain
distributions through the shell thickness because it is based

on an assumption of one neutral-axis theory.

2.3 Objectives of present work

The present study has been undertaken to elucidate
machine design parameters and casting conditions that have a
strong 1influence on the state of strain and on crack formation
“during the unbending of partially solidified steel slabs. A
two-dimensional, elasto-plastic,finite-element model has been
formulated for this purpose . ‘The primary concerns of the

analysis are as followsy

(1) To determine the unbending behavior,i.e. to ascertain
whether the conventional single neutral-axis theory

is correct or not.
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(2) To calculate the critical strain for internal »cfacks
in unbending and to compare 1t with the values
reported in the literaturé.

(3) To find a correlation between resultant total strain,

€ and.each of tﬁé components of bulging strain,EB',

T
and bending strain,¢ .
u

The present one-point bending model will provide the basis for

the design of a new low-head,bow-type caster.
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Chapter 3

BENDING/UNBENDING STRESS ANALYSIS OF CONTINUOUSLY CAST SLABS

3.1 Introduction

Stress analysis has been performed of the
bending/unbending'éf partially solidified wide steel slabs.
This -is a very complicated problem because while passing
through the straightening zone the strand is vsubjected
élternately to tension and compression due to the interaction
of ferrostatic pressure pushing the solidified shell outward
and the rolls pushing &against the shell 1in - the opposite
direction. Thus each element of the strand exhibits a complex
hysteresis. At the ceﬁter plane of the wide face of the slab,
deformation of the strand is enhanced as a result of
interaction between bending and bulging. On the other hand at
the corner, deformation is primarily due to beﬁding. Thus, 1in
formulating a model to calculate bending of the moving strand
with a liquid cofe, bendiﬁg and buiging deformations have to be
considered simultaneously as a three-dimensional,visco-elastic-
plastic problem. This introduces considerable complexity to the

problem and can result in prohibitively high computing costs.
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In order to render the problem into a more tractable form the

following steps were taken.

Firstly, three-dimensional elastic anélysis was
applied to the bending of the wide slab, where the strand was
considered toc be a hollow box with temperature gradients
through the shell thickness. Results of the calculation have
shown that the deformation at the center plane of the wide face
is independent of the side edge. Comparison of this result with
that of a two-dimensional plane-stress model of» the center
plane of a slab has indicated that a two-dimensional model can
"be applied to the bending analysis of wide slabs as in the case
of bulging analysis.?' Thus, a two-dimensional model has been
formulated for the longitudihal section at the center plane of

the wide face of slab.

In the formulation of the model elasto-plastic
behavior has been incorporated but the effects of creep were
not considered.,During straightening, the principal component
of the total strain is related to elasto-plastic deformation
while for bulging if the roll épacing ié sufficiently small
creep can be negligible.?? Since displacement boundary
conditions are imposed, it is anticipated that”creep wili not
enhance the total strain but will cause a stress relaxation

instead in the bending analysis.

For the boundary conditiohs, which are usually the
most 1important aspect of a mathematical model, the following

‘two factors specifically have been considered. The calculation
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has been performed 1in two stages and for each stage the roll
supports have been appropriately chosen to simulate as simply
as possible a moving strand. This semi—aynamic simulation
proved useful particularly for the lower shell and resulted in
a smoother strain distribution at the solid-liquid interface.
Secondly, roll friction force has been considered. This
approach is different from the wusually adopted concept of
withdrawal resistance in that this force is derived from the
bending deformation of the slab. This roll friction forcé has
been used as the force boundary condition on the upstream edge
of the shell ig the finite-element analysis. These topics are

discussed in greater detail in the subseguent sections.

3.2 Mechanical properties of low carbon steels

at elevated temperature

A factor of paramount importance in a modelling study.
of this kind is the accuracy of the mechanical propefty data.
The mechanical properties of steel at. elevated temperatures are
dependent on temperature , strain rate , thermal history,
structure and chemical composition. In order to calculate the
stresses in the solidifyihg shell of continuously cast slabs
the property data wutilized should be obtained from tests

conducted under conditions similar to those in a caster.

In the past few vyears several studies have been
conducted to determine the plastic behavior of steels at

elevated temperatures for a variety of strain rates.3®-'® Since
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at these temperatures it 1is difficult to separéte out the
effects of creep from the data it is important to choose data
obtained for strain rates comparable to those encountered in
continuous casting. It is thus possible to partially account
for the effects of creep inAmodelling the strain distribution

in the strand, with an elasto-plastic model.

For this study, mechanical properties of steel in the
temperature range 900°C to the solidus temperature and for
strain rates in the range from 10-% to 10-2 s hust be known.
Properties particularly important are

1) Young's modulus,E
2) Yield stress, oy
3) Poisson's ratio,
4) Strain-hardening exponent,n
The temperatures and strain rates given above are typical of

values encountered in continuous casting.?

3.2.1 Types of stress-strain curves

Before proceeding to the mechanical property data, it
is important to wunderstand the general features of the flow
curves at high temperatures and low strain rates. Three types
of stress-strain curves have béen reported for austenitic iron
at elevated temperatures and low strain rates,''!'''® as shown in
Fig.3.11'% | |

Type-1; The flow stress increases to a peak value
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Fig. 3.1 Stress-Strain Curves for Austenitic Iron at Elevated
Temperatures and Low Strain Rates.l
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Type-2;

Type-3;

and then falls to a lével which oscillates
about a mean. ( at high temperatures and
low strain rates)

The flow stress increases to a peak value
and then falls to a steady-state 1level.

( between values of Type-1 and 3)

The flow stress increases to a max imum
value and then decreases rapidly without
reaching a steady-state. ( at low

temperatures and high strain rates )
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The stress-strain data required for the present study 1is for

the

initial strain hardening region, that is up to about 1

the true strain.

3.2.2 Mechanical property data

The following data have been used in this work.

1) Young's modulus, E

% of

The data obtained by Mizukami’ for a 0.08%C steel,

from

tensile tests and a resonance method,

adopted as shown in Fig.3.2., The results of

tensile tests show that the Young's modulus

were
the

is

independent of strain rates in the region from 1x10-%

to 3x10-3 s-'.. The dependence of E on temperature

as follows.

is



10005TS14OQ°C
E=1.96x10%-18.,375(T-1000)
1400<T<1475

E=1,225x10%(1475-T)/75

T>1475

2) Yield stress, oy

17

MPa (3)

MPa (4)

MPa (5)

The data obtained by Niedermayr'® at low strain rates

were employed as shown in Fig.3.2. For the higher

strain rates above 10°%2 s-', a higher

yield stress

has been observed by Jonas®. The formulation of yield

stress by Niedermayr ia as follows.

1000<T<1200°C
0Y=66.15—4.655x10‘2T

1200<T<1480

0Y=54.39-3.675x10'2T

T>1480

3) Poisson's ratio, v
Poisson's ratio was assumed to be

dependent'’''®, as shown in Fig.3.2.

v =8.23x1075T+0.278

MPa (6)
MPa (7)

MPa (8)

temperature

(9)
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4) Strain-hardening exponent, n
The following stress-strain relationship was used to

simulate the plasticity.
o =K * ¢ (10)

where K is a constant, ¢ 1s the true strain, and n is
the strain-hardening exponent. The exponént n depends
in a complex way on such parameters as temperature,
strain rate, total strain; grain size, etc. , and
therefore cannot belexpressed by a simple equation.
However, a correlation has been observed recently by
Sakai® between the strain-hardening exponent and the
first peak stress Cp ,or hence Zener—-Hollomon
parameter,Z, under conditions of controlled grain

size (d_ =38 "m and 42.3 ¥m) as shown in Fig.3.3. The

Zener-Hollomon parameter is given as follows.

. . Q .. m - _
=€ exp(ROT )=A o, s-1' (11)
where, O=(self-diffusion energy) J/mol
R=8.319 (gas constant) J/mol°K

and A,m are constants. The value of n in the vy -phase
increases monotonically with increasing peak stress

» Oy »vor I, The data calculated from Palmaers'?,
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although the grain size 1is unknown, aiso shows a
monotonic increase of n and is in gobd agreemént with
that of Sakai, as shown in Fig.3.3.

Thus for the present study, the strain hardening
exponent n was taken from Fig.3.3 by calculating the
corresponding Zener-Hollomon parameter Z. The plotted
data of n shows some scatter, of about 0.05 in
Fig.3.3 but this is unimportant when viewed in terms
of the resultant stress-strain curves, as shown 1in

Fig.3.4.

3.3 Model development

Owing to the complexity of the bending/unbending
problem certain simplifying assumptions are necessary. The

major assumptions adopted here are as follows.

1) The dimension normal to the narrow face is neglected.

2) Creep is neglected.

Thus in the fofmulation of the model, the two-dimensional
finite-element program, EPIC-IV'®?, which was developed by
Yamada for plane stress/plane strain and axisymmetric problems,
has been wused wiﬁh some modification to take into account the
moving condition of the slab. The finite~element method is 
eminently well suited for solving. non-linear and complex

loading problems.
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The validity of these assumptions are examined in

detail in the subsequent sections.

3.3.1 Comparison of the three-dimensional and

two-dimensional models

To check the adequacy of the two-dimensional model, a
three-dimensional elastic analysis was performed and compared
with results from the two-dimensional model. A computer
program, ELAS6§, developed by the Computer Structural Analysis
Group of Duke University, was used for the three-dimensional

bending analysis of the wide slab.

Assuming symmetry, a half section of a slab was
analysed. The slab was considered_to be a hollow box with a
linear temperature gradient in the through-thickness direction
of the shell. The bulging due to ferrostatic pressure of molten
steel was éxciuded in thié analysis. A schematic wview of the
three-dimensional finite-element mesh 1is shown in Fig.3.5.

Calculations were performed fcr the following.conditions.

1) Slab size  : 250%% 1800" mm?
2) Shell thickness: 90 mm
3) Roll pitch : 350 mm
4) Bending radius : 10.5 m

5) Mechanical properties:



24

(outer) ..... T=10455c, E=18767 MPa, " =0.36
(middle) .... T=1235°C, E=15278 MPa, " =0.37

(inner) ..... T=1425°C, E=8163 MPa,y =0.39

Owing to symmetry, the y-component of displacement was
constrained on the longitudinal center plane of the wide face
of the slab. In the z-direction, the nodes corresponding to the
roll supporting points were constrained. The upstream edgé
plane perpendicular to the casting direction was loaded with
bending moments but kept planar after deformation, while the

downstream edge plane was left free.

Fig.3.6 shows the resultant ~deformation due to
bending, and Fig.3.7 shows the strain distribution in the cross
section of the slab. Thus it is clear that the wide face shells
of the slab bend about their individual neutral axes and
therefore can be regarded as indepeﬁdent of the narrow face.
This trend may be attributed to the temperature distribution in
the shell and the strand aspect ratio(w/d) for the case

analysed.

Fig.3.8 shows a comparison of the results of this
analysis obtained with the two-dimensional el;stic model (plane
stress) of the center plane of the wide face. It is evident
that theré is good agreement. If plastic behavior were to be
included, the mid-face would act even more independently of the
edges. Therefore it can be concluded that the two-dimensional

model, assuming plane stress, is sufficient for the
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bending/unbending analysis on the center plane of the wide face

of the slab.

3.3.2 Effects of creep in calculations of bulging

In the following section the effect of neglecting
creep 1in the bulging ranalysis on the accuracy of the
calculationé has been evaluated. This 1is accomplished by
examining the results of several studies on bulging in

continuously cast slabs which have included creep.'2''5'20-27

Grill and Schwefdtfeger22 - calculated bulging
ac;ounting for primary creep using a finite-element model and
compared tﬁeir results with the results obtained with an
elasto-plastic model 'reported by Emi and Sorimachi?®( see
Fig.3.9). It is evident from this comparison, that the elasto-
plastic model predicts lower values of bulging at' large roll
spacings than the model which includes creep but at small roll
spacings(less than 40 cm) and for small values of
bulging( dmax<1 mm) , the difference between the results of the

two methods is negligible.

!

- To check the validity of the elasto-plastic model for
the bulgihg analysis, a éomparison of model predictions to the
data of Wunnenberg?’ and Morita %% was considered. However
because Wunnenberg made measurements with large roll spacings,

only the data of Morita , shown in Table II was used. For
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comparison purposes the finite-element mesh shown in Fig.3.10

was selected for the elasto—plastic analysis.

Table 11 Measured data of bulging by Morita?®

Kind of steel Si-killed(40kg/
' mm?) steel grade
Size 230x1230 mm 2
Casting speed 1.0 : m/min
Shell thickness 55 | mm
Surface temperature 1000-1050 °c
Roll pitch i, 388 . mm
Ferrostatic head 7.333.m(0.54MPa)
Bulging 0.2-0.4 mm
S
NODE 189 T‘ffz‘
- ELEMENT 320 =
&y Ferro-static Pressure & Temperature
[ 1465 °C
E,
fp . | 1050C
§£ﬁ . 199.5 mm : K}§

Fig. 3.10 Schematic Diagram of the Two-Dimensional
Finite-Element Mesh for the Bulging Analysis.
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Mechanical properties were obtained from the data shown 1in
Figs.3.2, and 3.3( see Section 3.2) assuming a uniform strain
rate of 1x10°% s-' (Appendix 1I1). The resulﬁs of the plane
stress and plane strain calculations are shown in Fig.3.11; The
bulging assuming plane stress is usually larger than that based
on plane strain and the differences become more pronounced with
increased bulging. The agreement between the elasto-plastic
analysis andvthe measured bulging is reasonably good. The plane
stress condition which has been commonly wused. in bulging
analysis by many -authors was .adopted in the present study.
Strictly speaking,the validity of this condition will depend on
“the degree of restraint the edge exerts on the deformation at

the center of the wide face of the slab.

Thus the elasto-plastic model has been shown to be
reasonably accurate for calculating bulging under conditions of
small roll spacings;. in a modern slab caster roll spacings are
approximately 30-40 cm. Under transient conditions such as
dufing interruption of casting the creep model will be

necessary however.

Another important éffect of creep on bulging is that
the location of the maximum bulging shifts fréﬁ the miapoint
between rolls to the downstream as a result of interaction
between strand movement and creep deformation,?2'23'25'27 7Thjg
causes an asymmetfic bulging deformation but the influence on
the maximum deflection is small. Therefore this effect was also

neglected in the present study.
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In a finite-element analysis, mesh size has a
significant influence on the results. The effect of mesh size
in the casting direction has been evaluated and the results are
shown in Fig.3.12. The conditions employed in the earlier
calculations have been wutilized for this evaluation. Thus
twenty divisions in a roll pitch .can be regarded as a
sufficiently fine mesh for the purpose of this study since
there is 1little change in the calculated results beyond this
point. Moreover the use of more divisions will result in a

prohibitively high computing cost.

Based on these assumptions the bending/unbending
analysis combined with bulging was carried out wusing a two-
dimensional(plane stress),elasto-plastic,finite-element model.

Details of the model are presented in subsequent sections.

. 3.3.3 Two-dimensional elasto-plastic Finite Element

In the finite-element method a continuum is
approximated by an assemblage of elements which are
interconnected a2t a finite number of joints or nodal points. By
satisfying egquilibrium of forces, compatibility of
displacements and the stress—strain law for the material, it is
possible to generate a set of linearly independent equations
that can be solvéd simultaneously for the displacements at

nodal points. These can then be wused to obtain the stress
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strain distribution in the assemblage of elements. The
mathematical basis of the elasto-plastic finite-element 1is

described in Appendix II and III.

The computer program "EPIC-IV"'® has been used in the

present study. The main characteristics of this program are:

1) Three-noded linear triangular elements are used.

2) The iterative method (Conjugate Gradient method) is
adopted to solve the matrix inversion.

3) Isotropic hardening of the material is assumed
in plasticity.

4) The incremental method (tangent modulusbmethod)
is adopted to simulate material non-linearity.

5) Unloading is checked at every stage of the

calculation( Appendix III).

The iterative matrix inversion procedure greatly reduces the
computing time for a non-linear problem. The disadvantage of
this teéhnique is that when the matrix to be inverted
approaches singulariﬁy(i.e. plastic instability) the

convergence deteriorates.

In order to use this program the following
modificatidns vere made. To facilitate the semi-dynamic
simulation, the main routine which controls the subroutines was
changed. By this modification a shift in the boundary condition

(roll supporting points) was made possible. Secondly, sub
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programs for plotting the results were formulated as a post
data processor. The following plots are available: finite-
element mesh, deformations, principal strain vectors and

contour maps of stresses and strains.

To check the accuracy of the program, the
stress/strain distribution in a thick-walled cylinder under
internal pressure was computed and compared with the analytical

solution by Hill(Appendix 1IV).

3.3.¢ Bounda:y'éonditions

The longitudinal center plane of the wide face of a
sléb has been modelled. Fig.3.13 shows a schematic view of the
plane of 1interest. Three and one half roll pitches in the
straightening zone were modelled and thé upper and lower shells
of this domain were analysed separately wusing the following
bouhdary conditions.

1) Thé .x- and y-ccmpoﬁents of the displacements of the
nodes on the downstream edge were set egual to the
values of geometrical displacements based on simple
beam bending theory. | |

2) The y~§omponent'of displacement ' of roll supporting
points‘ were constrained. The y-component of nodes
along AB and CD were also constrained(Fig.3.13),
since straightening is assumed to be completed within

the first roll pitch downstream from the bending



Fig. 3.13

' Schematic Diagram of the Boundary Conditions Adopted in the Two-Dimensional
Finite-Element Bending Analysis. _ ‘

le
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point.??

3) The roll friction forces caused by ‘bénding
deformation were uniformly distributed between
édjacent rolls.(Coefficient of roll friction was
aséumed to be 0.45)

4) The upstream edge of the shell was constrained
through the force boundary condition; this is
equivalent to the constraint force from the remaining
doﬁain.

5) The roll points were shifted oncé in the bending
analysis 1and the above boundary conditions were

reapplied.

3.3.4.1 Roll friction force

The <cross section perpendicular to the éasfing
.direction does not remain planar after the bending deformation(
see Fig.3.6 of Section 3.3.1). If the section under
consideration were free at the ends, the center plane of the
wide face of the upper shell would move downstream relative to
the narrow face during unbendihg, while the center plane of the
lower shell would move upstream. This tende;cy of the center
plane ﬁo move relative to the narrow face 1is opposed by
frictional forces between.the rolls and the strand surface, see

Fig.3.13.

The roll friction force has been estimated according

to the following steps:
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1) Calculate the average movement of the downstream
edge ,T;. -

2) Assume the number of rolls,N, necessary to absorb
the above displacement,u,.

- N
3) Calculate the cumulative roll friction forces, ;Fj.

i=1
Fi=“' P, 1pg _ - (12)
where p : ferrostatic pressure
1
1 : roll pitch
Ri
y ¢ frictional coefficient (=0.45 )
4) ConvertI F; to stress 0; at each roll point.
. =( 3 F;/Shell)x4 (13)

1

(stress Oivis the total of four layers of
different materials.)

5) Decide strain ¢ corresponding fo the stress o,
from the stresgistrain curve.

6) Calculate elongation Al from strain%ei.
Bl = 1.+ e, + 10 (14)

7). Repeat procédures from 2) until final

convergence is achieved.'

li= ux . (15)
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Appendix V presents an example of this calculation of Case 1(
see Table 111 of Section 4), where the value ¢f‘3;.js 8.86 mm

and N is 11,

The value of the «coefficient of roll friction
strongly affects the resultant bending strain as shown in
Fig.3.14. the calculation conditions for which are the same as
in Case 2( see Table III of Section 4). Unfortunately there 1is
no measured data available for the coefficient of roll friction
- for the continuous casting of slébs. The value of 0.33 has been
‘adopted empirically for the design of driving folls; however
this value appearg to be an underestimate to provide a margin
of safety in the design. In the present analysis, therefore,
the data sumﬁarized by Schey?®? for hot folling was used, see
Fig.3.15. The friction 1is seen to decrease with increasing
temperature; and therefore the iron oxide film thickness is
reported to be one of the main variables which affects
friction. The value of 0.45( see Fig.3.15, Pavlov in air)
corresponding to the surface temperature of 950°C was adopted
for the present analysis, sin¢e in the one-point bending bow-
type casters the surface temperature of the strand ranges from

about 800°C to 1000°C at the bending point.'2

3.3.4.2 Shift of the boundary condition

To take into account the effects of a moving
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etrand, the roll points were shifted during bending..For a
complete dynamic modelling it is necessary to shift roll points
by small steps; however this results in a prohibitively high
computing cost. In the present analysis, the roll points have
been shifted only once during bending and hence the strand was
bent in two-steps around the two bending points( see Fig.4.9 of
Section 4). A significant difference was observed 1in the
results of two-step bending compared to those of single-step
bending, especially in the case of the lower shell., Compare
Figs.3.16,3.17 with Figs.5.12,5.20 (Chapter 5) and note that
the bending streiq distribution in the inner and outer surface
‘are smoother for the case where a two-step bending calculation
procedure was employed. In the case of the one-step bending
calculation, peak strains appear in the inner surface which
were_.magnified as a result of interaction between bending and
bulging ,see Figs.3.16,3.17. It is believed these peak strains

cause a significant error in the results of one-step bending.

'3.3.5 Calculation flow

Figs.3.18. and 3.19 shows the flew chart fer the
calculation. "Bending" and T"bending plus bulging" were
calculated separately. Each. calculation consists of two
steps,i.e. first-step bending and second-step bending, see
Fig.3.18. After the first-step behding,roll points were shifted

by a half pitch to set new boundary and loading conditions for
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the second-step bending analysis. The nodes of the former roll
points were unloaded to allow for a spring back. The nodes of
~the new roll points were loaded with the displacements,U'Zto
push the strand back to simulate roll constraint at the new

roll points.

In the calculation of "bending plus bulging",
ferrostatic pressure was loaded in the second-step bending

stage.
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Flow Chart for the Calculation of the Bending and Bulging

Strain.
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Chapter 4

CALCULATION CONDITIONS

Calculations have been performed only for one—pdint
bending bow-type casters in an attempt to obtain a fundamental
understanaing of bending/unbending of continuously cast slabs.
Mulfi bending bow-type casters have not been considered since
anal?sis of such machines should allow for stress relaxation
due to creep thus making creep analysis mandatory. The main
parameters that were investigated‘with the computer model are

as follows;

1) Machine Radius, R

2) Roll Pitch, 1;

3) Casting Speed, V

4) Shell Thickness, s

5) Surface Temperature, T,

6) Ferrostatic Pressure, p
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However the three parameters - ferrostatic pressure, shell
thickness and surface temperature are not independent
variables; the latter two are dependent upon machine radius and
casting speed whilst ferrostatic pressure is only - dependent
upon machine radius. The shell thickness and surface
temperature have been obtained from the plant data at Oita
works ( NSC)“‘,‘ where the surface temperature has been
smoothened for simplification. A plot of shell thiékness and
mid-face témperature against time (= axial distance/casting

speed) is shown in Fig.4.1.

The design and operating conditions of the slab
caster at Oita works of Nippon Steel Corporation, NSC®®, were
chosen as .a base case for the calculation to enable a
comparison _to be made between model predictions and plant data
on internal cracks resulting from ther unbending. The machine
specifications of ©Oita No.4 caster are as follows( see also

Fig.4.2);

1) -méchine radius f 10.5 m
I1) roll pitch : 471 mm
III) slab size e 250dx 1300 - 1900 mm
1v) chemical composition of slab

(Al-Si-killed(40kg/mm?) steel grade):
0.15/0.19%C,0.10/0.30%Si,
0.70/0.90%Mn,0.025%2P,0.015%25,0.01/0.04%T,Al

V) threshold casting speed for bending internal cracks:

1.1 - 1.2 m/min.
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Table III Calculation conditions for unbending of continuously cast slabs.

Machine' Roll Casting Shell Surface |Ferrostatic
Radius Pitch Speed Thickness Temp. Pressure

g M Grm V m/min S mm To °C p MPa
CASE 1. U,L 10.5 471 1.6 83 930 0.74
2. U 10.5 471 1.2 * 97 300 0.74
3. U,L 10.5 471 1.0 106 900 0.74
4., U 10.5 471 1.2 97 990 0.74
5. U. 10.5 471 1.2 97 850 0.74
6. U 10.5 400 1.2 97 900 0.74
Te U 10.5 540 1.2 97 900 0.74
8. U 8.0 471 0.9 97 900 0.56
9. U 8.0 471 1.2 83 900 0.56
10. U 13.0 4714 1.47 97 900 0.91

U : upper shell ,

L : lower shell

* 2 threshold casting speed for internal cracks
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 The conditions which were investigated in the present study are
given in Table III. The slab thickness was kept constant at 250
mm for all cases. 1In Cases 1,2 and 3, the casting §peed was
varied to evaluate the critical strain necessary for generation
of internal cracks. In Cases 4 and 5, the surface temperature
was értificially changedvusing the same conditions as in Case
2; and in Cases 6 and 7, the roll pitch was changed. ' In Cases
8,9 and 10, machine radii of 8 m and 13 m were studied; the
roll configuration for these hypothetical machines is shown in

Figs.4.3 and 4.4.

The temperature distribution through the sheli
thickness has been assumed to be linear with the inner shell
surface ét the solidus temperature of Al-Si-killed
(40kg/mm?)steel grade - 1487°C%*3. . Based on temperature
distribﬁtions calculated separately with a heat-flow model ,
this assumption is very reasonable. The temperature and shell
. thickness were assumed to be uniform in the casting direction

over the three-and-one-half roll pitches being considered by

the model. This again is a very reasonable approximation.

The mechanical properties for the above temperature
distribution have been calculated from the mechanical property
data shown in Figs.3.2 and 3.3( see Section 3.2.2) and
different properties were assigned;to each of the four layers
into which the shell was divided. To determine the strain

hardening exponent,n,the strain rate in each of the layers was
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calculated by considering the neutral plane of bending to be
halfway through the slab thickness. Strictly speaking the real
strain rates must be wused to determine. n, however this
approximation is sufficient since the data of h itself has some
scatter as shown in Fig.3.3. Figs.4.5 to 4.8 show the stress-

strain curves calculated by this procedure.

The finite-element mesh for this calculation is shown
in Fig.4.8. The total number of nodes amounted to 536 and the

number of elements eqgualled 924.



Stress ({ N/mm? )

60

80

40

No| T(C) |€ (V)
111420 | 1074 |0=539€011
2| 1280 | 107 |g=21.5e%1
3| 1140 | 107 |g=56.86021
41 1000 | 107 |5-960c023 A
3
2
| 1
i | 1 { 1 | } ] § 1
01 02 03 04 05 06 07 08 0.9 1.0

Fig. 4.5

Assumed Stress-Strain Curves for the Slab in Case 1.

~Strain ( % )

" g¢



Stress ( N /mmz)

60 T T T T T ! ! T !
No| T(C) | € (%)
| B |5 - 01 d
5ok 1413 | 10 4 0‘-6.06014
211266 | 10" |g=225€"
wb [3]1120 | 10™ |g=627€%4 .
4| 974 | 107 lg 101003 &
30 .
3
20 T
2
10 i
| 1
1 1 1 | 1 1 1 1 1 1
O 01 02 03 04 05 06 07 08 09 10
~ Strain (%)
’Fi'g. 4.6 Assumed Stress-Strain Curves for the Slab in Case 2,3,6,7,8,9 and 16.

6G



No| T¢C) [€( k)
1| 1424 | 107 |g=5.1g011
2 [ 1300 | 107 |q 21766013
3| 1176 | 1074 |g 248002
411052 | 10™ |g-85.26023
| A B
3 .
2
1
1 I 1 | | | { I { 1
02 08 0.9

0.1

Fig. 4.7

Strain [ % )

Assumed Stress-Strain Curves for the Slab in Case 4.

0.3 04 05 0.6 0.7

1.0

- 09



60
50

40

Stress ( N /mm2) |

No.| TCC) | &V

1] 1407 | 10 |g=66€0V
2 | 1248 | 10™ |7=24.5€0-14
3| 1089 | 107 |g=62.7020
41 930 | 107 |g=1244€923

1 i { I 1 } ] 1

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Strain ( %)

Fig, 4.8 Assumed Stress-Strain Curves for the Slab in Case 5.

1.0

19



NODE 536 i) 1" STAGE UNBENOING
=LEMENT 924 \__J 2"9STAGE UNBENDING

Temperature

Ui

iagram of the Two-Dimensional Finite-Element Mesh for the Bending
lysis.

_r]
N
CUF"
_U
g
M N )
>
(o
ol
<
. -

9



63

Chapter 5

MODEL PREDICTIONS AND DISCUSSION

5.1 Results of calculations

-

Figs.5.1 to 5.6 show the results of bending and
bulging analysis for Case 1,presented in terms of the computer
plots of deformation, XX-strain contours, .XY—strain contours,
effectivé stress contours and principal strain vectors. As seen
from -Figs.5.5 and 5.6, the directions of principal strain
vectors are the same as those of XX- and YY¥-strain. Thus, the
 €x component of strain 1is a principal strain and will be

discussed hereafter with reference to internal cracks.

High peaks of tensile strain, ¢ (0.55 - 0.65%) occur
at the inner surface of the upper shell beneath the roll
support points in Fig.5.5, while at the inner surface of the
lower shell the value of the peak strain,;x, is rather small
(about 0.1%), as shown in .Fig.5.6. This implies that internal
cracks could be expected to appear preferentially on the upper

shell in the straightening zone.

The deformation of the upper and lower shells is not



64

Predicted Distortion Due to Bending and Bulging in Case 1.

Fig. 5.1
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Table 1V Strains at solidification front on the center planc normal to the wide face.

Bulging Bending Bending and Bulging
inner outer
surfacd surface '

¥ e, S o ¥ e, ¥ cy ¥ | Ml T %

CASE 1. U 0.08 0.17 0.84 |0.55/0.65 | -0.26/-0.28 -0.27/-0.33 | 0.043/0,16 3.1/3.4 | 0.5/0.67

L 0.08 | -0.21 -0,82 0.1 ~0.0075 -0,085 0.09 3.8 0.56

2. U} 0.062 0.1 0.85 [0.25/0,3 | ~0.13/-0.18 -0.,12/-0.11 | 0.043/0.06 3.2/3.7§ 0.23/0.29

3. U 0,045 0 0.84 0.15/0.2 -0,078/-0,12 ~0,08/-0, 1 0.033/0.016 3.2/3.3} 0.14/0,2
‘L{ 0.045 | -0,02 |-0.85 [0.1/0.13 -0.037/-0.09 | -0.086/-0.04| 0.065/0.055 | 3.5/3.1| 0.28/0.16

4. U 0,072 0.15 0.91 0.38/0.4 ~0.19/-0.15 -0.13/-0.17 0.0058/0.093| 2.8/2.9| 0.3/0.32
5. U 0.055 0.03 0.79 0.15/0.2% | ~0.077/-0, 15 -0.076/-0.09| 0.011/-0,001| 2.4/4.0 0.14/0.34
6. U 0.034 0.09 0.84 0.15/0.20 | -06.06/~0,12 ~0.08/-0.09 0/0.,012 3.5/3.3 | 0.17/0.18
7. U 0.089 0.1 0.87 0.3/0.4 ~0.11/-0.25 ~0.12/-0.17 0.055/0,058 3.4/3.6 | 0.27/0.42
8. U| 0,039 0.09 1.1 0.15/0.2 | -0.086/~0.098| -0.077/-0.10 0.0075/0.004| 2.9/3.6 | 0.22/0.17
9. Ul 0.063 } 0.19 | 1.05 10.35/0.4 1-0.19/-0.15 | -0.17/-0,084| 0.007/-0.04 | 3.3/3.6 0.33/0.27
10, U 0.082 0.11 0,73 ]0.3/0,3% |-0.11/-0,16 -0.13/-0,12 0.056/0,0057( 3.2/3.5( 0,24/0,26

U : upper shell , L : lower shell

*

critical strain for internal cracks

0L
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symmetrical, as shown in Fig.5.1. Maximum bulging deflection of
the upper shell is usually larger than that of the lower shell,
for example the maximum bulging of the upper and lower shells
is 0.87 mm and 0.39 mm respectively between No.1 and No.2

rolls.

As seen from the . contours, Fig.5.2, the spacing of
X

each contour is uniform through the shell thickness, indicating

that the longitudinal strain distribution . 1is linear through

X
the shell thickness. Thus, the behavior of each shell is
similar to that of a simple beam rather than of a two-
dimensional continuum. The shear strain €xy is fairly small,

close to one fourth of the ¢, component, see Fig.5.3.

Table IV 1lists 2ll the components of strain at the
solidification front for the other cases. The remaining results

of Case 2 to Case 10 are presented in Appendix VI.

5.1.1 Comparison of model prediction with plant data

Fig.5.7 shows the relation between internal «cracks
~and casting speed at Oita NO.4 caster, NSC.2%"'3% Here, the
rating of internal cracks is defined as crack lengfh divided by
crack spacing. Thus the threshold casting speed for bending
related internal cracks is.seen;to be 1.1 - 1.2 m/min for the
case of ordinary casting i.e. witﬁout compression. Figs.5.8v to
5.10%¢ show examples of sulfur prints of a longitudinal section

through slabs with internal crack ratingé of 0.2,0.5 and 1.0
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respectively. The internal «cracks generally appear as dark
segregation lines between the primary arms of dendrites. As is
apparent from these prints, internal cracks tend to appear on

the upper shell with an increase in casting speed.

2.0

Rating of internal cracking

° sv-isix gz.x;g: 5;:5:::

0.8 1.0 1.2 1.4
Casting speed (m/min)

"

O Ordinary casting, @ Compression casting

Fig.5.7 Relation between Internal Cracks and Casting Speed at
Oita NO.4 caster,

' 34,35
( Al-Si-killed (AOkg/mmz) steel grade)” ’

Figs.5.11 to 5.15 show the model predictions for
.casting speeds 6f 1.6,1.2 and 1.0 m/min., The level of strain e,
at the inner surface of the upper shell increases with an
increase in casting speed, while e, at the inner surface of the
lower shell remains low. Thus the critical strain for internal
cracks,which is reached at a casting speed of 1.2m/min, is 0.25
to 0.30% according to the present analysis. This value of

critical strain is resonable in comparison to the experimental

values reported in the literature (refer to Section
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2‘1).12'15!36-39

5.1.2 Bulging strain

Figs.5.16 to 5.18 show the results of the bulging
analysis of Case 1(lower shell). From Fig.5.17, the peak
tensile strain,®x, appears periodically along the inner surface
of the shell. The magnitude of the shear strain, €4y is about
one half of the €x component in the present case and hence 1is
fairly important in the bulging analysis. A similar finding has

been reported by Matsumiya.?5

Table V shows the maximum bulging deflection between
No.1 and No.2 rolls for the cases of bulging alone and bulging
in combination with bending. The total deflection due to the
combination of bending and bulging is usually larger than that

due to bulging by itself.

5.1.3 Bending/Unbending strain

Figs.5.19 and 5.20 show the results of calculations
of the bending strain,®x ,for Case 1. The remaining results are
presented in Appendix VI. The major characteristics of the
results are as follows. The bending strain,ax, is observed to
increase from one roll béfore the bending point to Roll No.!
beyond which it. reaches aréteady—state -level. The upper and

iower shells deform about their own neutral axes the
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Table V Maximum bulging deflection between No.1 and No.2 rolls,

Bulging Bending and

v Bulging

S (om) St (mm)
CASE 1. U 0.22 0.87
L 0.22 0.39
2. U 0.153 0.26
3e ‘U 0.11 0.17
L 0.11 0.12
4. T 0.15 0.40
5 T 0.13 0.22
6. U 0.08 0.16
T« T 0.21 0.51
8. T 0.10 0.12
9. U 0.14 0.35
10, U 0.17 0.39

U : upper shell ,

L : lower shell
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locations of which are roughly symmetrical with respéct tb the
center plane of the slab thickness, 7 and 14 mm respectively
from the inner surface of each shell és shown in Figs.5.19 and
5.20. Therefore the bending strain distributions of the upper
and lower shells also are symmetrical with respect to the

center plane of slab thickness.

Small ;peak strains are observed between Roll No.-1
and the tangent(0) roll at the inner surface; however this peak
can be attributed to the simplifying approximations of the
upstream boundarf condition and the simulation of a dynamic
process by a tw0fs£ége bending model. To check the effect of
the bending simulation a three-stage bending model was run.and
the peak strain at this location was found to decrease and to
move further downstream. Despite these simplifications, the
strain and stress distributions at the bending point and
downstream of it should be reasonably accurate owing to the
good -agreement that was obtained between the model predictions
and the plant..data on the occurrence of internal cracks

described earlier.

Fig.5.21 shows the predicted curvature, , , of the
strand, where p was calculated from the results of bending

strain as follows;

= - A , '
pmlepme iy (16)
in which €, =strain at outer surface

€, =strain at inner surface
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py =distance between outer and inner surfaces

2s to the guestion of whether the strand is straightened along
the roll profile or not, the results show that bending occurs
along the curvature determined by the roll profile as shown in
Fig.5.21. A similar finding has been reported by Onishi?®!' for
the one-dimensional dyhamic analysis of bending of contihuously_

cast slabs.

Fig.5.22 shows the relationship between  bending
strain. in the upper shell and roll pitch for different surface
temperatures at thé:straightening point. Geometrical strain,
which was calculated by assuming a neutral axis at the center
plane of the slab thickness, also is shown on the same figure
as a_ broken line for comparison( y is the distance from the
centef plane). From the resulfs, it is evident that the bending
strain is independent of roll pitch and smaller than the above
geometrical strain by about 0.3%. However, a small dependence
can be seen 6n the surface temperature;the .bending strain
increases by 0.05% with a temperature increase of 90°C because
the stiffnesé of the strand is diminished so that the
deformation 1is locali;edv around the_bending“point. Thus, the
elongation due to'bending is enhanced at the straightening zone

at higher temperatures.

Figs.5.23 and 5.24 show the relationship between
behding strain and shell thicknessx for the 10.5m and 8.0m

machine radii. The bending strain distributions in the wupper
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and lower shells are seen to be symmetrical and +the bending
strain at the inner surface changes linearly with an increase
in shell thickness. According to these results, the bending.
strain at the 1inner surface of the upper shell can have a

negative value if the shell thickness is larger than 106 mm.

Fig.5.25  shows the influence of  machine
radius(curvature) on bending strain 1in the upper shell. The
bending strain.at the outer surface increases linearly with a
change of -curvature. However, the strain at the inner surface
is not much influenced by the change. of machine radius. The
reason 1is that the neutral axis of bending is located very
close to the inner surface and therefore the strain at the

inner surface is almost independent of curvature.

5.2 Corner strain and crack formation .

Although this analysis 'has focused on stresses and
strains at the longitudinal mid-plane of a slab it is possible
to estimate strain at the corner as well,based on insight
gained from the three-dimensional,elasto-plastic calculations.
If bﬁlging is heglected the strain distribution in the edge
shell is a result of bending  which can be calculated by
considering a neutral axis at the center of the slab thickness.
~Table VI presents the predicted bending strains at the corner
close to the solidification front as well as bulging and

bending strain at the inner surface of the shell in the mid-



¥ ] 1 ]
Cosel
‘ s
= mm
— R
1.0 V=F6m/min

—_ | S=83mm

O\o T°= 930°C l'-—\\\ ’ -

— ’f - AT o _’:\: -——
bod B - R
w II' 6\2

= P
-g | — Inner surfoce o
o - --- Quter surface ,/
w e
0.5}
o ’
£ [ ’
e /
o ’
- m - ’ €l
- aP
0 ) I 4 1 i
-1 0 ' 1 2
Roll  No. at Straightening Zone
€2
o
@
€|
t~ / '
"1’"" " meutrel oxis & T
. — )
X €, fO-I - X10_,
l €,=084XI0
Fig. 5.19 Predicted Bending Stréin, gg in Case 1. (Upper Shell,

V=1, 6m/min)



0
s
=
\Y
£
)
=-05
Yy
o
=
©
c
&
o
-1.0

Fig.

: -2
€ =-0-21X10
| -2
€, -082XI0 &
neutrol oxis
- MEnLeEL L _/..-__.1 -
€17
(ap]
oo
62\

Roll
-1
]

No. at- Straightening Zone

90

— Inner surfoce
--- Quter surfoce,

4V=l.6m/min)

oo .
R=105m s~ A W A N
lg=47Imm \ ~ \
\ -
V ={-6 m/min _\\__,' €2
| 1S=83mm -
T,=930°C
. Cosel -
1 1 1 1
5.20 Predicted Bending Strain, €yx in Case 1.

(Lower Shell,



| | T |
——=— Upper shell
I0-O- —— Lower shell
e = — o ——- _\._._f ]
—+— Curvature -~
| determined by
) roll profile
© 80 \,
O N\
x \
— 60F
£
E
> .
~ 40}
Q_
o
> 20F
o
o
8 .
OF —
Cosel :
20 | | | I L
-| 0 | 2
Roll  No. at Straightening Zone
Fig. 5.21 Predicted Curvature of the Shell Due to Bending in Case 1.

16



92

! TTTTTTTTTTTTTTTTETTTe T 4
Q;'LO' ‘ F
e —_—A—
£ —o—————o0~ ©
o —o— 4
-
w o r outer ]inner
= (Y=1189)|(Y=40.1)| T(%)
= o] n 850
2oy o) e 900 1
o)
o t ... 2 4 990
............. — lgeormetncal
- strain |
—r 1
- —— v | > -
0 . — A .
400 47 540
Roll . Pitch (mm)
Fig. 5.22 Relation between Bending Strain,’egzand Roll Pitch Predicted
' : by the Finite-Element Bending Analysis,
o upper shell -
i — -O———O—
— 1
ES ! inner T ¢c) )
£t ® | 900
-o | A 930
-~ ——.._lgeometrical| 1
v 0 strain
o -1
£
©
c 4
@
m
A ‘e . “1
-0k " lower shell -
[ L ] 3 L 1
& 90 100 110 :
Shell thickness (mm)
Fig. 5.23 Relation between Bending Strain, €y and Shell Thickness

Predicted by the Finite-Element Bending Analysis.,
(Machine Radius = 10-.5m) ' A



93

Xt B
C [ .
‘S (0] outer 7.
gw— O (y=ngg)| inner | T (ec)
vt o d 900
o [ S— — geometncal
£ r T~ strain
}g .\\'-
_ Ag ‘ -\\_\\"\
O :\‘j\_‘:\ ]
80 % 100 10
Shell thickness ( mm)
Fig. 5.24 Relation between Bending Strain, ey and Shell Thickness

Predicted by the Finite-Element Bending Analysis.
(Machine Radius = 8.0m)

machine radius (m)
13 10.5 8
1

A ] T
outer |inner |inner [inner
(Y=1189) (Y= 524)|(y=40.1)|(Y=32.2)] T (°¢)
—~ o ° A u 900
o~ S geometrical
— strain
Pes r
5 |
| .
w
Suop
o
c
@
fae]
0 o . -
08 09 10 1.1 12 13
curvature p {1/mm) =107
Fig. 5.25 Relation between Bendiﬁg Strain, gk and Machine Radius

(Curvature) Predicted by the Finite-Element Bending Analysis.

D



94

plane. From the results of Case 2,4,5,6 and 7, 10w surface
temperatures and small roll pitches are preferable to prévent
internal cracks in. the ﬁid-plane, since these conditions
suppress the bulging strain. In the case of an 8m machine
radius( Case 8,9), the threshold casting speea to ensure that
internal cracks do not appear at the corner 1is 0.9m/min(based
on the «critical strain). For a 13m machine radius (Case 10),
the internal cracks occur in the mid-plane due to bulging,and
the threshold casting speed is nearly 1.4m/min (based on the
critical strain). Thus, in one point bending bow-type casters,
the small machine radius of 8.0m 1is obviously unfavorable
compared with the values of 10.5m and 13m owing to the 1low

casting speed at which cracks form.

5.3 Creep effects on the critical strain

The critical strain for internal cracks reported in .
the literature exhibits some'scatter(0.2-3;0% at a strain rate
of 1x10-" s")’as mentioned previously in Section 2.1. In the
present study, the estimated value of the critical strain is
0.25-0.3% at a strain rate of 3x10°%* s-' based on the
appearance of cracks in slabs. However, this critical value may
be an underestimate since creep has not fully been accounted
for in this analysis. .Creep effects‘ have been taken into
account partially by considering éﬁ,approximate strain rate for
the stress-strain curves. If the model were .able to consider

creep the bulging strain would be increased and as a result the



Table VI

Bending and Bulging strain at solidification front,

center corner internal cracks
€ x ex(=3)
CASE 1. U 0.55/0465 0.4 center , corner
’ L 0.1 -0.4 no crack
2. U 0.25/0.3" 0.27 (xcritical strain)
3. U 0.15/0.2 0.18 no crack
L 0.1/0.13 -0.18 no crack
4, U 0.38/0.4 0.27 center
5. Uv 0.15/0.23 0.27 no crack
6. U 0.15/0.20 0.27 no crack
7. U 0.3/0.4 0.27 center
8, U 0.15/0.2 0.35 corner
9. U 0.35/0.4 0.53 center , cornér
10, U 0.3/0.33 - 0.21 center

U : upper shell , L :

lower shell

S6
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total strain of bending and bulging should be increased.

Fig.5.26 shows the total strain,®y ,as a function of
bulging strain,EB,and bending strain, . . From the results, the
. u

correlation among these variables is as follows;

e,i,=(_2-— 5)&:B+eu (17)

As is apparent from Eqg.(17), bulging strain affects the totai
strain significantly and hence creep effects on bulging should
be considered to determine the critical strain more precisely.
If, for instance, bulging strain is increased from 0.06% to
0.12% at the behding strain of 0.1% which is a conditibn of
Case 2, the critiéal strain will be increased easily from 0.25%

to 0.6%, see Fig.5.26.
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Chapter 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

A two-dimensional elasto-plastic model has been

developed, based on the plane-stress finite-element method to

calculate

the bending and bulging deformation of partially

solidified continuously cast steel slabs during straightening.

The findings of the study are as follows;

(1)

(2)

The model predictions of internal cracks showed good
agreement with the plant data of Oita works, NSC. The
internal cracks are predicted to occur mainly in the

upper shell beneath the roll support points in the

"straightening zone based on a critical cracking

strain of 0.25 to 0.3% at a strain rate of 1x10-%

s- 1.

The upper and lower shells deform independently about

their respective neutral axes.



(3)

(4)

(5)

(6)
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The roll friction force plays the most important role
in the bending analysis and a value of 0.45 was
adopted for the coefficient of roll friction. Owing
to the restraint exerted on the strand by the roll
friction force the neutral axes of the two shells
shift inward, past the solidification front into the
molten steel, and as a result the upper and lower
shells deform like a single beam. The neutral axes of
the upper and lower shells are located very close to

their respective solidification fronts.
The strain distribution of e_ is linear through the

shell thickness and hence bending strain,eu , follows

the ordinary bending beam theory.

wvhere y is the distance from the neutral axis and R

is the bending radius.

Bending occurs along the curvature determined by the

roll profile.

The bending strain depends slightly' on the surface
temperature of the strand increasing by 0.05% with a

temperature increase of 90°C.



(7)

(8)

(9)

(10)
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The bulging deflection is enhanced significantly as a
result of interaction with bending. The resultant
bulging deflections are greater in the uppér than in

the lower shell .

The shear strain,?—Xy , 1is comparablé to the e,

component in the case of the bulging analysis,

whereas e is fairly small, close to one fourth of €y

Xy
component, in the case of the combined bending and

bulging analysis.

The total strain,eT , can be expressed in terms of
each component of bulging strain,e; , and bending
strain,eu , as follows.

eT=(2-—5) €y

+oe,

The bulging strain affects the total strain
significantly and hence to prevent internal cracks it
is important to suppress the bulging by ensuring 1low
surface temperatures and have a small roll pitch in

the straightening zone.

The predicted critical strain for internal cracks 1is
0.25 - 0.30% at 1x10-% s-' for low-carbon steels.

Howevér, it will be necessafy to take into account



(11)
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creep effects to obtain a more precise value of the

critical strain.

In one-point bending,bow-type casters, a small

‘machine radius of 8m 1is obviously unfavorable

compared with the values of 10.5m and 13m because at
normal casting speeds the tensile strain :at the
solidification front exceeds the critical value for

crack formation.
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6.2 Suggestions for future work

An important direction for further research 1is the
experimental measurement of several parameters adopted in the
preéent model such as the coefficient of roll friction and the
critical strain for internal cracks. The results of such an
investigation would help conclusively establish theivaiidity of

the proposed model.

Then, an obvious extension of the work would be to
develop a model for multi bending casters, which has been of
great interest in the industry, based on the model for one

point bending casters.
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MECHANICAL PROPERTIES ADOPTED IN THE BULGING CALCULATION

FOR THE COMPARISON WITH THE EXPERIMENTAL RESULTS OF Morita

Material

o= 75.4¢ 9:23

o= 47.0¢ 0.21

o= 21.5¢ 0-16

Material Material Material
1 | 2 ’ 3 4
4T CC) 1101 1205 1308 1413
E MPa »17738 15827 13816 10123
oy MPa| 14.8 10.1 6.3 2.4
9 0.36 0.37 0.38 0.39
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APPENDIX I1I

DERIVATION OF THE FINITE-ELEMENT EQUATIONS

FOR THE ELASTO;PLASTIC PROBLEMS

Displacements { 6 } within each element are given by

{8} = [N] {8}€ (A.1)

where [ N ] is a matrix of shape functions and {§ f is a vector
of nodal displacements. The strain {¢ } and stress { o} in the
element are given by

{e} = [B] {6}°
{o}

il

[D] {e} _ (A.2)»

By applying the principle of virtual“ work to these
elements and summing the individual equilibriuh equations for
all elements, Eg.(A.3) is obtained. The nodal forces,
displacemenﬁs and the distributed loads { P} can now be‘related

through
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[F }=[K1{e6}+{Fp) | (A.3)
where [K1=2/[BJ [D][B]d (vol)
and {Fpl=-3/IN1T{ P} d (vol)

I - summation over all elements.

Equation (A.3) can.be‘solved for the displacements.
'{a}=[KJ'lv({F}—'{Fp}) - (a.4)

Finally, wusing Eq.(A.2) , one «can calculate the strain and

stress distribution over the entire region.

Under conditions of plastic deformation ‘the stress
analysis is more complicated since the [p]) and [ K] matrices
become strain( or stress) dependent. Therefore Eq.(A.3) is
solved by an incremental method.2® The 1load is applied.
‘incrementally and the [ X ] matrix is adjusted after every
increment. The 1load increments are adjuéted, such that with
each increment 30 elements yield. After all élements yield, the

remaining load is divided into several equal increments.

Nomenclature; [ ] matrices

{ 1 vectors

** details of the derivations are discussed by Zienkiewicz?2®

and Yamada??®.
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APPENDIX III

MATERIAL MATRIX[D](plane stress) USED IN THE FINITE ELEMENT

Below the yield point, the elastic matrix [D®) for

the plane stress condition is given by

: E
[ D] =77t v 0
1 0
(B.1)
sym 1-v
§ 2

where E is the Young's Modulus and v 1s Poisson's ratio.

Under conditions of plastic deformation, the plastic

matrix [D’] which was developed by Yamada'® for a Mises’

material is as follows.

. ~
Py__E 1 (2 N
[D"1=7T""7|1 v O 5] 5:S, 5.5,
= 1s S S
1 0 g2 s s
2 _26|(B.2)
sym 1-v S §
2 sym S
6
\ P g S/
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where b2, p . .
s = 902H +Slox+szoy+2861xy
= E ’ ’ =__E__ ’ 4 =__E.. ’
l— l_\)Z (G‘x + \)Cy )s SZ 1- \)é \)Ux +Oy )9 S6 1+VT,Xy
and
v do
=32

S and EP are the effective stress and strain and H is the slope
p

of the T, €Pcurve. oy', 0ytand Txyare deviatoric stresses.

Unloading check has been performed by calculating def
as follows.
Slde + S dey + SédYx

de P X 2

y (B.3)

if g8 <0 ....... unloading

Once unloading occurs, the material matrix of the element is

changed from [DP] to [D€].
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APPENDIX IV

THICK-WALLED CYLINDER UNDER INTERNAL PRESSURE(plane strain)

To check the accurécy of "EPIC-IV", a calculation was
performed for 'the case of a thick-walled cylinder under
internal pressure for which an analytical solution of the
stréss field is available. The geometry of the cylinder a<r<b
is shown in Fig.IV.1. The elasto-plastic boundary is located at
r=c. The displacements 1in the 6 direétipn on the radial
boundaries were constrained due to the axial symmetry. The
dimensions of the cylinder were selected as b=2a, in order to
compare the numerical results with the analytical solution of

Hil13°, Mechanical properties of the material were as follows:

Poisson's ratio v=0.3
Shear modulus G=4x10° psi
Young's modulus E=10.4x10¢ psi
3 . .
Yield stress 0Y=100J;; =86.6 psi
H= —5=3=0.01

dep
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The stress O0,depends on the strain history and must
be obtained from the Prandtl-Reuss equations. Fig.IV.2 . shows
the comparison of the calculated 0, in dimensionless form with

those of Hill. Excellent agreement 1s observed.
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APPENDIX V

ESTIMATION OF ROLL FRICTION FORCE IN CASE 1(UPPER SHELL)

-

Roll No.|Roll Pitch{Roll Friction [Cumulative Stress |Average |[Elongation
Force Roll Friction Strain
mm _ N roree X MPea % ©mm
£R Py IPi o1 €1 AL 4
11 435 133.2 0 0 0 o}
10 435 1%6.2 133.2 6.4 0.008 0.03
9 435 137.2 269.4 12.9 | 0.02 ~ 0.08
8 435 140, 1 406.6 19.6 0.03 0.13
7 435 141.1 546.7 26.3 0.035 0.15
6 435 143.1 689.8 3%3.2 | 0.06 0.26
5 435 143.1 8%2.9 40.1 0.0985 0.41
4 435  148.9 981.8" 47.3 | 0.15 0.65
3 471 157.7 1139.5 54.9 0.32 1.51
2 471 157.7 1297.2 62.5 0.48 2.28
(B'ﬁ') 471 157.7 1454.9 70.1 0.71 3.36
Total 8.86

* Fu = 981.8 N is adopted as the force boundary condition on upstream edge.

(Fig.3.13)
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APPENDIX VI

RESULTS OF CALCULATION OF BENDING AND BULGING

(CASE 2 TO CASE 10)
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