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This work investigated the effect of the cooling condition on the deformation that was found for continu-
ously cast stainless steel 304 slabs. The transient heat-transfer finite element analysis under various cooling
conditions yielded temperature distributions within the slab, which were then used for subsequent calcu-
lations of the deformed shape. The asymmetric cooling condition in a cooling pit induced non-uniform and
asymmetric thermal gradients with elapsed time. The non-zero final deflection and the reversal of curva-
ture for the slab during cooling were attributed to the combined effect of asymmetric temperature profile
and inelastic material property. Parametric studies revealed that a slab material of a low thermal con-
ductivity or yield strength resulted in an increase for final deflection. The present analysis explained the

physical cause of the deformation reasonably well.
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1. Introduction

Stainless steels!!! are used in parts requiring corrosion re-

sistance, high resistance to temperature, and formability. In
addition, 100% recyclable and aesthetic appealing stainless
steel has been a preferred choice of material for architects.
Alterations in chemical or thermal process to the base stainless
steel (Fe-Cr-Ni) can modify the microstructure and properties
of the stainless steel family of alloys. Thus different numbers,
which are selected depending on specific applications, are as-
signed to various stainless steels. The components made with
stainless steel, for example, are automobile exhaustive systems
(409), body frames (duplex), medical/biomaterials (316),
nuclear plants (309, 316), chemical plants (304, 316), as well as
household utensils (304, 430). Stainless steel 304 is austenitic
with relatively high chromium content. Therefore, the material
is particularly suited for parts requiring good corrosion resis-
tance.

Continuous casting™™ has been used to produce nearly all
ferrous steels as well as non-ferrous metals due to the high
productivity of the technique. Continuous-casting technique
have been researched extensively to eliminate material de-
fects,”! and thereby to produce good quality slabs. Micro-scale
defects involve entrapped inclusions, blowholes, pores, and
segregations. On the other hand, macro-scale defects can be
undesirable process-related deformations or surface/subsurface
cracks within slabs. Research reported to date in relation to
casting or stainless steel includes fluid flow,™! microstructure
and properties,”! and thermo-mechanical treatments.'®

Tae-Woo Kim, School of Mechanical Engineering, Kook-Min Uni-
versity, Seoul, 136-702, Korea; and Hwasoo Park, School of Ad-
vanced Materials Engineering, Kook-Min University, Seoul, 136-702,
Korea. Contact e-mail: twkim@kookmin.ac.kr.

552—Volume 12(5) October 2003

The current study is aimed at understanding the physical
phenomenon observed at POSCO (Pohang Iron and Steel Co.,
Ltd., Pohang, Korea). The continuously cast slabs experienced
cooling after complete solidification and cutting. To expedite
the cooling process, slabs could be plunged into a water-
cooling pit, where the slabs experienced severe cooling rates
for some duration. Then the slabs were withdrawn from the
cooling pit for further cooling in air until subsequent thermo-
mechanical treatment could be provided. The slabs, which were
initially flat (* in Fig. 1) before being submerged into the
cooling pit, were observed bent (** in Fig. 1 and 2) when they
were seen either inside, or immediately after being yanked out
of the cooling pit. The curved slab was observed to retain the
self-similar deflected shape with minor change in radius of
curvature during subsequent cooling. Sometimes, however, the
bent shape of the slab had changed significantly during the
cooling process, which resulted in curvature reversal from one
sign to the opposite sign (*** in Fig. 1 and 2). Curved slabs
were undesirable because they tended to be caught and stuck
between rollers while in translating motion. Additionally, too
large a curvature hampered the subsequent rolling processes,
which were designed for flat slabs. The curvature equivalent to
maximum deflection in the order of several tens of millimeters
could be considered a potential failure. In order to control the
undesired deformation, the cause of the deformation that was
dependent on the cooling condition needs to be understood.

Information about residual stress within materials is impor-
tant because the presence of internal stress could cause unex-
pected distortion or cracking during subsequent thermo-
mechanical loading. Residual stress is known to develop within
materials by plastic deformation,””! oxidation,'® thermal expan-
sion mismatch with uniform cooling,’’ or with non-uniform
temperature profiles.'”’ The non-uniform temperature profile
can be persistent for continuous thermal contact, but it is tem-
porary during rapid cooling or heating. Because temperature
distributions were time-dependent, the slabs showed time-
dependent deformations. If the slab material deformed beyond
the elastic limit, the slab may not return to the original shape
even after all external loadings were eliminated. Therefore, a
thorough study through deformation and stress analysis is im-
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Fig. 1 Schematic diagram of continuous casting and cooling process

portant in explaining the cause of the deformation and in pre-
dicting potential failure of the slab.

The present work investigated the effect of the cooling con-
dition on the deformation that was found for continuously cast
stainless steel 304 slabs. The finite element model was estab-
lished on the basis of the actual geometry and the properties of
the material. The heat-transfer analysis and the ensuing defor-
mation analysis were performed with changes in cooling con-
dition. The purpose of the present investigation was to eluci-
date the nature of time-dependent deformation for the slab. The
analysis, therefore, were focused on the quantitative estimation
of deflection with parametric studies on cooling condition and
material properties.

2. Modeling and Analysis Procedure

Dimensions of the slab under simulation were chosen to be
7000 x 200 x 1000 mm (length x depth x width). However, the
analysis methodology presented in this investigation can be
applied to a slab of different material or changed dimension by
slightly modifying finite element modeling. The bent plate was
assumed to remain geometrically stable. Due to the symmetry
of the problem in width direction, plane-strain analysis was
performed for the central longitudinal area. Refined meshes
were used toward all surfaces within the slab, because regions
near surfaces were expected to experience relatively high ther-
mal gradient. Despite the presence of a half geometric symme-
try in the length direction, modeling was made for the full
length. This was done because the full modeling could provide
a clearer graphic representation of the deflected shape of an
entire slab.

Continuously cast solid slabs were spray-cooled on rolls,
and were torch-cut into the predetermined length. Some tem-
perature gradient might exist within the slab because the front
end of the slab in the length direction underwent solidifying
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and spray cooling earlier compared with the tail part of the
slab. The as-cut slabs were allowed to cool in ambient air for
several minutes. During this period of air-cooling, the tempera-
ture gradient in the length direction was expected to decrease
gradually leading to rather uniform temperature within the slab.
Actual temperatures were measured at several locations on the
surface of the slab by a radiation pyrometer. It was done just
before the slab was plunged into the cooling pit. The initial
temperature of the slab was assumed to be the measured aver-
age of 700 °C uniform throughout the slab. However, to use
more accurate initial temperature distributions, results based on
a series of calculations in fluid flow, heat transfer, and solidi-
fication processes'''*'* could be used. The crane carried the
slab into the water cooling pit until the slab was laid flat on
supporting blocks.

When a hot surface is in contact with a pool of coolant
liquid, the heat transfer situation is termed “pool boiling.”"*
For a large temperature difference between the liquid and the
solid surface, the heated liquid at the surface is known to gen-
erate bubbles, which grow and break away from the surface
with heat removal. In this way, the contact of water in the
cooling pit with top surface of the slab would be cooled as the
heated water tended to rise upward. The upward motion was
developed because the density of the bubble or heated water
was to decrease with an increase of the temperature. The cool-
ing water at top surface swept the heat away from the top
surface directly, and tended to rise up toward the top free
surface of the cooling pit. The detachment of the bubble then
gave way for new coolant to flow inward™?' onto the top of the
slab.

However, the heated water under the bottom surface of the
slab would not directly rise up toward the top free surface level
of the cooling pit. This is because the large surface area of the
bottom slab blocked the heated water to readily rise up verti-
cally. Instead, the heated water under the bottom surface of the
slab tended to go around the sides of the slab (Fig. 1). In
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Fig. 2 Typical time-dependent deformations found for stainless steel 304 slab

addition, the vapor at the bottom surface tended to form a vapor
blanket at the surface, resulting in a slow down in heat removal
process. Consequently, the top surface of the slab was cooled
more efficiently compared with the bottom surface, and the
bottom surface experienced time-lagged cooling. Thus, the
temperature at bottom surface of the slab was expected to be
higher than that at top surface at a given time. This cooling
difference caused an asymmetric thermal gradient within the
slab.

In the current study, the surface heat transfer coefficient,
which was assumed to represent the combined effect!'* of
convection and radiation at the surface, was chosen. The cool-
ing effect caused by surface radiation was presumed to be
smaller than that by convection, and the radiation effect could
be similar at the top and bottom surfaces. Thus, the difference
in convection coefficient makes the cooling condition distinct
at the top and bottom surfaces. The asymmetric cooling differ-
ence was modeled by applying different surface heat-transfer
coefficients at the top and bottom surfaces. Assuming a tem-
perature-independent heat transfer coefficient is a common
practice in simulating quenching process for metals.!”!

The heat flow through external surfaces could vary depend-
ing on the severity of the cooling. Estimating the exact heat
flow rate out of the slab inside the cooling pit was difficult. The
one-dimensional heat transfer equation and boundary condi-
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tions, when modeled with surface convection with concomitant
conduction, are given by''*!:

FT 1 (aT -
3y’ "D\ ot (Eq 1)
oT
hl[T(L’t) - Tcuol:ml] =—k 5 |y=L (Eq 2a)
oT
hZ[Tcoolam - T(_L7t)] =-k (;)_y |y:—L (Eq 2b)

where T, D, t, h, L are temperature, thermal diffusivity, time,
and surface heat transfer coefficients, and half of the depth,
respectively. The origin of y-direction is located at the geomet-
ric center, and “y” measures the distance in the thickness di-
rection as positive upward.

The surface transfer coefficient during quenching of metals
has been reported to be in the order of a thousand.!'>' In the
current study, the coefficient at the top (4,) was assumed to be
a constant of 1000 W/m?K, while the supposedly lower coef-
ficient at the bottom (h,) was selected between 0 and 1000
W/m?K. The coefficient at left and right sides were assumed to
be the same with that at top surface. To better understand the
cause of the deformation behavior, temperature distribution
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Fig. 3 Three different types of temperature contours with maximum temperature: (a) at center; (b) between center and bottom; and (c) at bottom

under a perfectly symmetric cooling condition was also com-
puted and compared with results obtained under asymmetric
cooling conditions.

The calculated temperature distributions as a function of the
transient time were inputted for subsequent deformation analy-
sis. Within perfectly elastic range, the total strain (g) is the sum
of the elastic strain and the thermal strain.

T
E,+0('AT

o=E(e—a-AT)

E=¢g,t e =

(Eq 3)
(Eq 4)
where a and AT are the coefficient of thermal expansion and

change in temperature, respectively. With the presence of cur-
vature, the strain (g) within the beam is generally defined as''"":

8=80—K'y (Eqs)
1 M dv -
K R EI—dxz (q )

where k, R, and g, are curvature, radius of curvature, and
normal strain at neutral axis (i.e., y = 0), and M, EI, and v are
bending moment, bending stiffness, and deflection, respec-
tively. The positive direction in y-coordinate is shown in Fig. 3.
According to the sign convention for the positive moment, the
curvature is considered to be positive with concave upwards
(sagging downward), and negative with concave downwards
(bulging upward).!'”! Therefore, stress is given by:

o=E(gy—k-y—a-AT) (Eq7)

If the deformation exceeds the elastic range, then the perma-
nent plastic strain is summed additionally.

E=¢gyt+ eyt gy (Eq 8)

Journal of Materials Engineering and Performance

Selected thermo-mechanical material properties used for the
analysis are shown in Table 1.!'® The stainless steel was mod-
eled to be isotropic, rate-independent, and elastic/perfectly
plastic. Because uniform temperature was assumed throughout
the slab, the slab was assumed to be flat and stress-free ini-
tially. The initial temperature was well below the melting tem-
perature of the stainless steel, thus creep deformation was not
considered. Both heat-transfer and subsequent static analysis
were performed by commercial finite element program of
ABAQUS."! 4-node bilinear elements were used.

3. Results and Discussion

Figure 3(a) shows typical transient temperature contours
under a perfectly symmetric cooling condition for the slab. The
contour numbers (1 through 4) represent different levels of
temperature. Number 1 stands for relatively the highest tem-
perature contour line for each case. The temperature contours
were symmetric with respect to the neutral axis of the slab.
Temperature was maximum at center and uniform along the
length direction, which indicated that the temperature gradient
was mainly in the thickness direction of the slab except corner
regions near left and right sides of the slab. Under asymmetric
cooling condition when the top surface cooled faster than the
bottom surface, asymmetric temperature distribution was ex-
pected in the thickness direction. Two distinct types of asym-
metric conditions could be obtained depending on the region
for the maximum temperature. Figure 3(b) shows for tempera-
ture profile with the maximum temperature developed at a
region between center and bottom, compared with Fig. 3(c)
with the maximum occurred at bottom. The minimum tempera-
ture invariably occurred at top surface.

For a symmetric and three different levels of asymmetric
cooling conditions, temperature histories and temperature dif-
ferences were compared in Fig. 4. The temperature difference,
which was initially zero within the slab, increased monotoni-
cally until the maximum peak difference was attained, which
was followed by a decrease as temperatures within the slab
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Table 1 Selected Material Properties of Stainless
Steel 304

Property Value
Specific heat (J/kgK) 500
Density (kg/m?) 8000
Thermal conductivity (W/mK) 21
Coefficient of thermal expansion (1/°C) 18
Elastic modulus (GPa) 200
Poisson’s ratio 0.3
Yield strength (MPa) 410

approached that of the cooling medium. Figure. 4(a)-(d) show
that the peak temperature difference between center and top
(=Teen~Tywp) changed marginally with the change in heat-
transfer coefficient at bottom (4,). Meanwhile, the peak of
the temperature difference between the bottom and top
(=Tyo—T,op) increased when h, alone was reduced under a
fixed value of A,.

Under symmetric cooling condition (i.e., i, = h,), the tem-
perature at bottom was identical to that at top. The maximum
temperature occurred always at the center (Fig. 3a and 4a). If
the coefficient at bottom (h,) was selected to be 80% of 4, the
maximum temperature occurred at a region between center and
bottom. The temperature at center was always higher than that
at bottom (Fig. 3b and 4b). As h, was selected to be 5% of h,,
the temperature at center was computed to be higher than that
at bottom during initial cooling. But, an overturn of the tem-
perature at bottom over center was obtained after about 500 s,
as shown with an arrow in Fig. 4(c). Then, the bottom tem-
perature was higher than that at center during the remaining
cooling period. The non-dimensional Biot modulus indicates
“the internal thermal resistance” divided by “the external ther-
mal resistance.”®” The Biot modulus is the ratio of heat trans-
fer in to heat conduction away from a surface, and the modulus
is proportional to the surface heat transfer coefficient (#) under
a constant thermal conductivity (k). When h, was set to 0% of
h,, the Biot modulus at bottom became significantly smaller
than that at top, indicating high thermal resistance at bottom
surface. Therefore, the heat loss at bottom through convection
became so limited as compared with heat flow at center toward
the top surface through conduction. As a result, the maximum
temperature always occurred at bottom (Fig. 3¢ and 4d).

Figure 5 shows typical time-dependent changes in tempera-
ture difference, the deflection at center, and equivalent plastic
strain within the same time frame. The minus sign of the de-
flection (between A and D in Fig. 5) stands for the downward
deflection at the geometric center, which results in positive
curvature for the slab. Meanwhile, the plus sign (after D in Fig.
5) indicates upward displacement at center implying bulging
upwards. Curvature reversal occurs at point D, where the sign
of the deflection at the center started to switch from minus to
plus. While the temperature difference was increased, the rela-
tively cooler top kept contracting more than the hotter bottom.
Due to this mismatch in contraction at top and bottom, the
absolute value of downward deflection at center increased until
the peak temperature difference was attained. As the tempera-
ture difference began to diminish (after C in Fig. 5), the bent
slab tended to return to a flat shape and became less curvy.
However, if the local temperature gradients were too steep
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during the initial stage of cooling, then the local region would
generate high strain gradient thus plastic strain. The plastic
strain began to develop beyond the elastic limit. Because the
thermal gradient at bottom was less than that at top, the plastic
strain at bottom was computed to be smaller, and began to
develop later (at B’ in Fig. 5) than that at top (at B in Fig. 5).
The accumulated plastic strain at local area prevented the slab
from returning to original flatness.

Figure 6 shows typical changes in the deformed shape and
the longitudinal stress at top, center, and bottom locations for
four different combinations of cooling condition and material
behavior. Rapid cooling, often called quenching or thermal
shock, induces relatively lower temperature at surface com-
pared with that at center. The lower temperature at surface is
known to generate tensile residual stress at surface, which is
known to be responsible for surface cracking of brittle mate-
rials during rapid cooling.”?'! The combination of symmetric
cooling condition and elastic behavior lead to tensile and equal
residual stress at top and bottom surfaces, which vanished upon
the completion of cooling (Fig. 6a). The asymmetric cooling
induced downward deflection temporarily, but the elastic be-
havior generated neither permanent residual stress nor any sig-
nificant deflection at final state (Fig. 6b). The notion of neg-
ligible final residual stress was not true for a slab experiencing
elastic—plastic behavior. The residual stress began to develop in
tensile (i.e., positive) at surface during the initial stage of cool-
ing, which reversed sign leading to compressive (i.e., negative)
residual stress. Under symmetric cooling with elastic—plastic
behavior, the residual stress contour remained symmetric with
respect to the neutral axis (Fig. 6¢). Under asymmetric cooling
condition and elastic—plastic behavior, the residual stress state
was asymmetric (Fig. 6d). The asymmetric stress indicated
unequal contraction at top and bottom, implying the presence
of curvature for the slab. Therefore, only when asymmetric
temperatures within the slab were combined with yield
strength, which is low enough to produce plastic behavior,
could non-zero final deflection and the reversal of the curvature
for the slab during cooling occur.

A parametric study was made with changes in material
property. Figure 7 shows change in time-dependent deflection
depending on the yield strength of the slab material. As the
yield strength was increased, the final deflection of the slab
was reduced approaching zero. It indicates that the slab of
significantly high yield strength, which approaches an elastic
case, would produce zero deflection indicating a perfect recov-
ery to original configuration for the slab. The slab of larger
yield strength generated smaller plastic strain, resulting in
smaller final deflection. The largest downward (i.e., negative)
deflection for the plastically deformed (hollow symbols in Fig.
7) beam was less negative than that for an elastically deflected
(solid square, l) beam. The difference, which was indicated by
an arrow in Fig. 7, resulted in the upward deflection accom-
panying a curvature reversal during the remaining cooling pe-
riod.

When a flat beam is bent by purely mechanical bending
moment beyond the yield point of the material followed by
elastic unloading, the beam tends to regain original flatness. At
the time of complete unloading, a permanent residual stress and
deflection are known to remain within the beam."*®! During an
application of a positive bending moment and subsequent un-
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loading, the largest negative (i.e., downward) deflection at cen-
ter would become less negative. The deflections are always
negative, maintaining positive curvature. As the yield strength
of the material increases significantly, which is close to elastic
case, the final deflection would approach zero.**! Similarly,
the increased thermal loading (i.e., temperature difference be-
tween top and bottom) in the current study began to induce
downward deflection, which corresponded to a positive curva-
ture (Fig. 2 and 5). As the yield strength of the slab material
increases significantly, the final deflection would be close to
zero (Fig. 7). Note that deflection under mechanical bending
moment beyond the yield point and unloading would not dis-
play curvature reversal.?>?* However, the reduction of the
thermal loading (i.e., temperature difference) after attaining
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peak temperature difference may show the reversal of the cur-
vature (Fig. 5).

Figure 8 shows a plot for the maximum deflection as ordi-
nate and the asymmetric cooling ratio as abscissa. In the cur-
rent study, the asymmetric cooling ratio was defined as the
ratio between the two heat-transfer coefficients of s, and h,.
Unity of the asymmetric cooling ratio implies symmetric cool-
ing condition. Under the symmetric cooling condition, top and
bottom contracted identically, thus no deflection occurred even
when the deformation was under inelastic region. For the co-
efficient /1, between 1000 and 50 W/m?K, the maximum final
deflection for the slab was increased with the reduction of the
coefficient h,. Until the coefficient at bottom (h,) was de-
creased from 1000 to about 50 W/m?K, the heat loss at bottom
through convection was sufficiently large to induce large tem-
perature gradient and plastic strain at both top and bottom
regions. The combination of thermal gradient and inelastic
strains at top and bottom regions acted as a driving force for
increasing the final deflection (Fig. 8). For these asymmetric
cooling ratios, the highest temperature was found to occur be-
tween center and bottom (Fig. 3b).

For the coefficient &, was selected below 50 W/m?K (for
stainless steel 304), it is interesting to note that the computed
final deflection was decreased with further reduction of the
coefficient &, to 0 W/m?K. If the coefficient &, was as low as
0 W/m3K, the heat loss at bottom through convection was
essentially restricted. The heat at the center region was cooled
through conduction toward the top surface, leaving the highest
gradient. The reduced thermal gradient at bottom generated
much smaller strain gradient and smaller plastic strain at bot-
tom than that at top. The plastic strain, which had significantly
developed only at top, had lead to less final deflection com-
pared with the situation for plastic strain developing both top
and bottom. Figure 7 showed that the reduced plastic strain
resulted in a reduced final deflection. Therefore, the maximum
deflection for the slab could range from a very small value up
to several tens of millimeters depending on the asymmetric
cooling ratio inside the cooling pit. Because the computed de-
flection caused by the temperature difference was larger than
the static deflection due to own weight inside the cooling pit,
the static deflection was not included. A fictitious slab material
possessing higher thermal conductivity of 50 W/mK resulted in
reduced final deflection (Fig. 8) because the enhanced thermal
diffusion had introduced reduced thermal gradient. The mate-
rial with higher thermal conductivity compared with stainless
steel can be, for example, carbon steel.['8!

As shown in Fig. 5, the sign and the magnitude of the
curvature for the slab were different depending on the staying
time inside the cooling pit. If the slab were withdrawn shortly
after the beam was plunged into the cooling pit (i.e., between
A-B in Fig. 5), the slab would not experience significant plastic
deformation. The remaining and rather slow cooling in air,
whether symmetric or asymmetric, would not produce signifi-
cant final deflection (see Fig. 6a, b, and Fig. 9a). Second, once
the slab began to experience asymmetric temperature profiles
along with plastic deformation (i.e., between B-D in Fig. 5), the
slab would appear to have positive curvature at the time of
withdrawal from the cooling pit. During the remaining air-
cooling period, the slab would continue to deform, and even-
tually switch the sign of the curvature due to the generated
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plastic strain (Fig. 9b). This type of deformation is shown in
Fig. 2. Third, if the slab were left to cool for a long period (i.e.,
after D in Fig. 5), then the slab would readily experience the
reversed curvature inside the cooling pit. The slab would ex-
hibit and maintain a negative curvature after withdrawal from
the cooling pit (Fig. 9c).

The results of this study can be used to investigate ways to
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control the deformation and the residual stress. In addition, the
dimension of the slab material in the present work was sub-
stantially large compared with that of the material dealing with
residual stress in micro-scale. However, the analysis method-
ology in the present work may be used to study the deformation
behavior of the multi-layered materials as found in TBC (ther-
mal barrier coating), thin solid film, or FGM (functionally
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Fig. 9 Three different time-dependent deformed shapes depending on the staying time in the cooling pit: (a) short, (b) intermediate, and (c)

prolonged period

gradient material).* The ceramic/metal layers with various
coefficients of thermal expansion and different degree of yield-
ing may produce different bent shapes after uniform or non-
uniform temperature change. Determining the final deformed
shape and residual stress for the advanced materials are re-
ported to be crucial, because those tend to be exposed to ther-
mal cycling causing the accumulation of plastic strains and/or
oxidation-induced strains.”?*! The information about final state
may be used to explain the ensuing mechanical behavior for the
materials.

4. Conclusions

The intrinsic transient temperature difference between sur-
face and inner volume during rapid cooling, together with
asymmetric cooling condition at the top and bottom surfaces,
yielded asymmetric thermal gradient within the slab. The
asymmetric cooling condition inside the cooling pit has made
the flat slab begin deflecting downward immediately after be-
ing plunged into the cooing pit. The asymmetric temperatures
combined with an inelastic material behavior were determined
to be responsible for the time-dependent deflection accompa-
nying a reversal of the curvature for the slab. The shape of the
slab may appear different depending on the staying time inside
the cooling pit, and the observed instant for the slab. The low
thermal conductivity or yield strength could display an increase
for the final deflection. The results explained the physical
cause of the deformation reasonably well.
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