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Thermal–mechanical analysis of solidification is important to understand crack formation,
shape problems, and other aspects of casting processes. This work investigates the effect of
grade on thermal–mechanical behavior during initial solidification of steels during continuous
casting of a wide strand. The employed finite element model includes non-linear temperature-,
phase-, and carbon content-dependent elastic–viscoplastic constitutive equations. The model is
verified using an analytical solution, and a mesh convergence study is performed. Four steel
grades are simulated for 30 seconds of casting without friction: ultra-low-carbon, low-carbon,
peritectic, and high-carbon steel. All grades show the same general behavior. Initially, rapid
cooling causes tensile stress and inelastic strain near the surface of the shell, with slight
complementary compression beneath the surface, especially with lower carbon content. As the
cooling rate decreases with time, the surface quickly reverses into compression, with a tensile
region developing toward the solidification front. Higher stress and inelastic strain are generated
in the high-carbon steel, because it contains more high-strength austenite. Stress in the d-ferrite
phase near the solidification front is always very small, owing to the low strength of this phase.
This modeling methodology is a step toward designing better mold taper profiles for continuous
casting of different steels.
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I. INTRODUCTION

THE surface quality of cast metal products depends
significantly on initial solidification behavior. In casting
processes, such as continuous casting, die casting, and
ingot casting, defects such as cracks, segregation,
porosity, and microstructural or grain defects that
appear in the newly solidified shell may evolve and lead
to problems in the final product, even after many
subsequent processing steps. Thermal stress generation
is an important aspect of many of these defects.

Steel composition strongly affects the surface quality of
continuously cast steels, especially for grades involving
the peritectic transformation. In addition, each steel
grade has slightly different shell growth, shrinkage, and
thermal–mechanical characteristics. Fundamental under-
standing of these phenomena is especially required when
developing and solving problems in new steel grades, such
as advanced high-strength steels (AHSS). The extreme

environment of steel casting processes makes experimen-
tation difficult. Thus, modeling is an important tool in the
development of this understanding.
The thermal and mechanical behavior of the solidi-

fying shell within a mold is explored in this work using a
computational model. Four steel grades are studied to
explore the typical behavior of different types of phase
transformation histories in the iron-rich side of the
Fe-Fe3C phase diagram.

II. PREVIOUS WORK

The modeling of solidification phenomena has been a
very active area of research. Some reviews of the previous
literature have focused on modeling of grain structures
and defects,[1] macrosegregation,[2] microstructure devel-
opment,[3] and the effects of alloying elements.[4] Rela-
tively fewer models have analyzed stress and deformation
during solidification.
Small differences in steel composition can greatly

change evolution of the phase fractions during solidifi-
cation,[5, 6] and consequent changes in the material
properties and behaviors. Specifically, ultra-low-carbon
steels and peritectic steels experience much greater
mechanical deformation during solidification than do
low- and medium-carbon steels, which consequently
causes higher surface roughness, lower and less uniform
heat transfer,[7] and greater crack susceptibility.[8–10]

Identifying phase fraction histories is a useful step in
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predicting these phenomena. Tools to study the equi-
librium phases of steels have used experimental methods
involving slow cooling rates, such as differential scan-
ning calorimetry,[11,12] as well as steel composition-de-
pendent phase diagrams,[13,14] and applying
free-energy-based models, such as ThermoCalc[15] and
FactSage.[16] Some tools, such as IDS,[17] also model
species diffusion to incorporate non-equilibrium kinetic
effects in finding the phase fractions.

Steel properties at high temperature are difficult to
measure; only a few papers have measured thermal
properties[18,19] or conducted mechanical testing in the
appropriate regime of low strain (<2 pct), and low strain
rates (10�5 to 10�2 1/s), which include tensile tests on
austenite and ferrite[20,21] and creep tests above 1073 K
(800 �C).[22]

Previous macroscale thermal–mechanical modeling
work[23–35] has been conducted using temperature-de-
pendent constitutive and material properties including
studies for billets,[27–32] slabs,[29,33,36] and other work
toward better taper prediction.[25–27,29,32–34]

Other models have used phase field modeling which
include studies on hot tear sensitivity[6,37] and
microstructure evolution.[38,39] Only a few previous
models have investigated the effect of steel grade on
initial solidification, such as the deformed shape of
solidifying droplets[40] or continuously-cast shells.[24]

The current work models the macroscale thermal–me-
chanical behavior during the initial solidification of a
steel casting process; it presents verification using an
analytical solution, and then applies the model to
explore the fundamental differences between steel
grades, in the context of a typical continuous steel
casting process.

III. HEAT FLUX

In the continuous casting process, the instantaneous
rate of heat leaving the surface of the solidifying steel
shell (heat flux), _qInst (MW/m2) can be estimated as a
function of time down the mold, t, by thermocouples
embedded in the mold wall. In addition, the average
heat flux leaving the mold �_qAvg (MW/m2) can be found

by measuring the increase in temperature and flow rate
of the cooling water, and knowing the surface area of
the mold in contact with the steel. This average can be
converted to the total heat removed, �QTot (MJ/m2),
during the ‘‘dwell time,’’ tdwell, spent by the steel in the
mold:

�QTotðMJ=m2Þ ¼ �_qAvgðMW=m2Þtdwell ; tdwell ¼ zdwell=Vc

½1�

where zdwell is the working mold length, and Vc is the
casting speed, assumed to be constant. Measurements of
total mold heat removal, �QTot, from the previous
work[28,30,41–46] are plotted vs dwell time in Figure 1.

It is convenient to express QTotin the following form,
with time down the mold:

QTot ¼ �abn þ aðtþ bÞn ½2�

The time average heat flux in the mold then is given as
follows:

�_qAvg ¼
QtotðtdwellÞ

tdwell
¼ �_q0 þ

a

tdwell
ðtdwell þ bÞn ½3�

where �_q0 ¼ �abn=tdwell. If b = 0, Eq. [3] simplifies to

�_qAvg ¼ �_q0 þ aðtdwellÞn�1: ½4�

The coefficients for the average heat flux profiles in
previous measurements are given in Table I, according
to this equation form. The corresponding instantaneous
heat flux profile down the mold is found by differenti-
ating Eq. [2]:

_qInst ¼
d

dt
QTot ¼ n� aðtþ bÞn�1: ½5�

By including non-zero b in Eq. [5], this form has a
time-shift that avoids the unrealistic high instantaneous
heat flux that is otherwise produced at small times.
Thus, the equation form with non-zero b adopted here
has the advantage of capturing the approximately linear
drop in instantaneous heat flux observed at short times
(<1 second) in strip casting processes.[30]

In this work, two different profiles of heat flux (HF)
down the mold are used to simulate typical casting
conditions, by fitting measurements for ‘‘standard’’ and
‘‘low’’ heat flux conditions to the above equation forms.
The total heat removed using these two profiles is given
by Eq. [2], and included in Figure 1. Coefficients for
these two profiles are included in Table I for the time
average and instantaneous forms, given by Eqs. [3] and
[5], respectively.
The Standard-HF curve was found by fitting all of the

data points in Figure 1 and the Low-HF curve was
generated by excluding the higher HF data of Duvvuri
et al.[46] The Low-HF curve is used for peritectic steels,
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Fig. 1—Measured heat removed and fitted curves.
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which have lower heat flux, owing to their deeper
oscillation marks, surface depressions,[47] and usually
higher slag crystallization temperatures.[48] Peritectic
steels are difficult to cast, due to the mechanical behavior
during the peritectic transformation[8,11]; lowering heat
removal is onemethod to lessen castability problems such
as longitudinal cracks and depressions.[49]

Figure 2 compares average heat flux formulas from
previous literature with those generated for the current
work. The standard and low average heat flux curves are
plotted using solid lines in black and red, respectively;
the corresponding instantaneous heat flux curves are
also included, shown with filled diamonds. Note that at
any given time down the mold, the instantaneous heat
flux is always significantly less than that on the
time-average curve, at that dwell time. This difference
is a natural consequence of a function that decreases
with time.

IV. MODEL DESCRIPTION

This section describes the computational model used
in this work, including the domain, heat transfer model,
stress model, steel grades studied, and solution details.
The solidifying steel is envisioned here as a thin plate
constrained against bending. In continuous casting, the
shell solidifying in the mold is pushed against the mold
hot face by ferrostatic pressure, so this domain repre-
sents a typical vertical section through the wide faces of

a slab caster, away from the corner region. With perfect
contact against the mold wall and uniform solidification,
the domain is simply a thin strip ‘‘drilled’’ through the
shell thickness, as shown in Figure 3.
The model uses a Lagrangian formulation that follows

a slice of material moving down through the mold at the
casting speed. This is reasonable for continuous casting of
steel, because the advection of heat dominates over the
axial heat conduction,[50] which is demonstrated by the
large Péclet number of the process,

Pe ¼ LVc=a: ½6�

Inserting typical values for: L the length scale (~0.8
m), Vc the casting speed (e.g., 3 m/min), and a the
thermal diffusivity (~7 9 10�6 m2/s) gives Pe of about
6 9 103, which greatly exceeds 1. This criterion breaks
down at the meniscus region, (L< ~2 mm), where this
approach is already inaccurate because other important
phenomena such as mold oscillation and fluid flow are
being ignored.

A. Simulation Domain

The domain is a thin strip of finite elements extending
through the thickness of the solidifying steel and liquid,
as shown in Figure 3, and modeled as three rows of 400
finite elements each, 0.1 mm by 0.1 mm as shown in
Figure 4.
A domain length of 40 mm was chosen to investigate

shell thicknesses of up to about 15 mm, in order to have

Table I. Heat Flux Profile Coefficients

Profile q0 a b n

Wolf (slag)[45] — 7.3 — 0.5
Wolf (oil)[45] — 9.5 — 0.5
Li (Billet)[30] — 9.57 — 0.496
Li (Slab)[30] — 4.05 — 0.67
Lorento[28] — 5.88 — 0.5
Brimacombe[41] 2.68 -0.22 — 0.5
This work (Standard) — 12.72 1.032 0.5
This work (Low) — 9.92 1 0.5
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Fig. 3—Initial solidification of a continuous cast slab (cutaway)
showing model domain.
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enough liquid in the domain to avoid any influence from
the far-field boundary condition.[50]

B. Heat Transfer Model

The two-dimensional transient heat conduction,
Eq. [7], is solved for the temperature field in the
solidifying shell:

q
@H

@t

� �
¼ r � ðkrTÞ; ½7�

where q is the temperature-dependent mass density, k is
the isotropic temperature-dependent thermal conductiv-
ity, and H is the temperature-dependent specific
enthalpy which includes the latent heat of phase
transformations, such as solidification and d-ferrite to
austenite. Two-dimensional elements were used to gain
experience for future simulations with horizontal slice
domains that include the strand corner region.

The instantaneous heat flux profiles, given by Eq. [5]
and shown in Figure 2, are applied on the outer surface
of the steel strand, while the three other surfaces are
insulated, as shown in Figure 4.

The initial temperature of the domain for each case is
set 5 K (5 �C) above the liquidus temperature of the steel
grade, to facilitate comparison between grades. This
fixed low superheat is typical of that removed from the
wideface of slab casters, considering fluid flow in the
liquid pool.[51] Fluid flow within the liquid pool creates a
non-uniform superheat distribution in the melt, but this
effect is minor when the pouring temperature is close to
the liquidus temperature and thus is ignored in this
work.

C. Stress Model

During initial solidification, the strains are on the
order of only a few percent,[52] so the small strain
assumption is adopted in this work. The mechanical
behavior of the solidifying steel is governed by the
quasi-static momentum balance given in Eq. [8].

r � rþb ¼ 0 ½8�

where r is the second-order Cauchy stress tensor, and
b is an applied body force (equal to zero for this

work). Total strain rate is divided into elastic, inelastic,
and thermal components,

_e ¼ _eel þ _eie þ _eth ½9�

where inelastic strain includes the combined effects of
plastic strain and creep. Stress and strain are related by
the unified constitutive equations for the steel grade,
given in Section VI–E. Further details on the model
formulation are given elsewhere.[23,53]

The constraint against bending is enforced kinemat-
ically: in the plane (about the z-axis) with coupling
equations, and out of the plane (about the x- and y-axes)
by using generalized plane strain finite elements. This
technique ensures that the domain thickness and width
uniformly expand or contract, modeling the effect of
ferrostatic pressure by keeping the strand flat against the
mold but without including the ferrostatic pressure
itself. With this treatment, stress in the liquid is almost
zero.
The mechanical behavior of the liquid is a challenge in

modeling solidification with a fixed grid. Modeling the
liquid as a Bingham plastic with a yield stress that is too
weak can be difficult to converge numerically.[23] Con-
versely, if the liquid is modeled as too strong, conver-
gence is easier, but may give unrealistic results by not
allowing the solid to shrink as it would naturally. In this
work, material points with fraction of liquid greater
than zero are modeled as an elastic perfectly-plastic
material with a yield strength of 10 kPa. Finally, the
traction-free boundary condition at the end surface of
the domain enables the domain length to change with
time, thereby accounting for the flow of liquid into and
out of the strand cross section, as it can in the real
process. This treatment avoids the problems of unphys-
ical constraint which otherwise would accompany the
constant-mass condition that is inherent in the model.

D. Phase Fraction Calculation

Phase fractions are calculated as a function of temper-
ature according to the steel composition, using the lever
rule on a pseudo-binary phase diagram that approximates
the real multicomponent alloy system. A pseudo-binary
phase diagram is constructed based on 15 points in

Fig. 4—Thermal and mechanical boundary conditions.
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temperature-composition space that change with alloying
elements.[14,23] Figure 5 shows the high-temperature lin-
earized phase diagram based on the alloy content of the
typical low-carbon steel given in Table II.

In the non-equilibrium three-phase region, a rule for
ternary systems is used.[54] This method provides the
mass fractions of liquid, d-ferrite, and austenite (c) for
each grade at any temperature during cooling. These
phase fractions are then used to determine material
properties as explained in Section VI.

E. Solution Details

The governing equations are solved using the finite
element method[55] in ABAQUS/Standard (implicit).[56]

The transient analysis was performed in two steps
consisting of a 30-second heat transfer analysis, fol-
lowed by a 30-second mechanical analysis. The implicit
Euler method is used to integrate the transient heat
conduction equation and the stress equilibrium equa-
tions are solved incrementally in time using Newton’s
method.[56] Within each time step, an efficient two-level
(local–global) implicit method is used to integrate the
highly non-linear constitutive equations at each material
point, using 2 9 2 Gauss quadrature.[52] The Prandtl–
Reuss equations are used to extend the uniaxial behav-
ior defined by the constitutive models to three dimen-
sions; further details of this method are provided
elsewhere.[23,53,56]

Thermal boundary conditions are applied using the
ABAQUS user subroutine DFLUX.[57] The calculated
temperature field at each time step is input to the
mechanical analysis to calculate the thermal strain. This
‘‘one-way coupled’’ method is appropriate for the
uniform heat transfer with ideal mold contact conditions
assumed here.[58] DC2D4 4-node linear diffusive heat
transfer quadrilateral elements were used for the thermal
analysis and CPEG4H 4-node hybrid bilinear general-
ized plane strain quadrilateral elements were used for
the stress analysis.

The time step sizewas allowed to vary from0.00001 to 1
second, which is controlled to keep the maximum
temperature change per time step within 10 K
(10 �C).[56] For the small 3 9 400 element mesh, simula-
tions were run on one core of a Dell Precision T7600
workstation with 2 Intel Xeon 1.8 GHz quad-core pro-
cessors and 64GB ofDDR3 SDRAMand required about
2 hours of wall clock time each.

V. STEEL GRADES STUDIED

Four steel grades were investigated in this work:
ultra-low carbon (ULC) with 0.003 wt pct C, low-carbon
(LC)with 0.045wt pctC, peritectic (P)with 0.13wt pctC,
and high-carbon (HC) with 0.47 wt pct C. The nominal
composition of each grade is given in Table II and the
phase transition temperatures are given in Table III.
These grades were chosen to capture the range of different
phase-dependent behavior of plain-carbon steel grades,
i.e., nearly pure iron, hypo-peritectic steel (non-peritectic
steel on the low-C side of the peritectic reaction), peritectic
steel, and hyper-peritectic steel. Other alloying elements
were selected to make the grades typical of commercially
produced steels.
Figure 6 shows the calculated phase fractions with

temperature for all four grades investigated. As Figure 6
indicates, the liquid fraction decreases parabolically as
the steel cools from its liquidus temperature. The
transition temperatures and phase fractions predicted
for these four steels match reasonably well with the
CON1D software package[59] as well as with a more
sophisticated microsegregation model developed from
measurements.[60]

The ULC and LC grades transition fully into d-ferrite
from liquid, which persists for about 140 K (140 �C) for
ULC and about 90 K (90 �C) for LC, before transition-
ing into austenite. The ULC has shorter transition
regions than other steels, owing to the lack of alloy
content. The higher carbon steels both experience a brief

Table II. Composition (Weight Percent) of the Four Steel Grades Examined in this Work

Steel C Mn Si S P Cr Ni Al Ti Cu

Ultra-Low Carbon 0.003 0.08 0.220 0.01 0.01 0.01 0.01 0.04 0.05 0.01
Low Carbon 0.045 0.20 0.015 0.01 0.01 0.01 0.01 0.04 0.05 0.01
Peritectic 0.130 0.50 0.020 0.01 0.01 0.01 0.01 0.04 0.05 0.01
High Carbon 0.470 0.75 0.005 0.01 0.01 0.01 0.01 0.04 0.05 0.01

Table III. Transition Temperatures (K (�C)) of the Four Steel Grades Examined in this Work

Steel Pour Liquidus Solidus Mushy Range d start d end c start

Ultra-Low Carbon 1810 (1537) 1805 (1532) 1794 (1521) 11 1794 (1521) 1652 (1379) 1636 (1419)
Low Carbon 1806 (1533) 1801 (1528) 1778 (1505) 23 1778 (1505) 1692 (1419) 1658 (1385)
Peritectic 1797 (1524) 1792 (1519) 1752 (1479) 40 1757 (1484) 1752 (1479) 1719 (1446)
High Carbon 1766 (1493) 1761 (1488) 1692 (1419) 69 1755 (1482) 1751 (1478) 1692 (1419)
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d-phase region, which increases and decreases without
reaching 100 pct. During the decrease in d phase, the
peritectic steel experiences the peritectic reaction, when d
ferrite and liquid both decrease sharply and form
austenite.

VI. MATERIAL PROPERTIES

A. Enthalpy and Heat Capacity

The specific enthalpy (kJ/kg) curve used in this work
to relate heat content and temperature is obtained by
integrating the isobaric specific heat capacity (kJ/kg K)
curve fit to measurements,[61]

Hl ¼ 824:6157TðKÞ � 104; 642:3þ DHl
mix

Hd ¼ 0:8872TðKÞ2 þ 441:3942TðKÞ þ 50; 882:26

Hc ¼ 0:0748901TðKÞ2 þ 429:8495TðKÞ þ 93; 453:72þ DHc
mix

;

½10�

where

DHl
mix ¼ 18;125ðpctCÞ þ 1;966;120

ðpctCÞ2

43:839ðpctCÞ þ 1201:1

DHc
mix ¼ 36;601ðpctCÞ þ 1;907;930

ðpctCÞ2

43:839ðpctCÞ þ 1201:1

:

½11�

Mixed phase regions are calculated using a weighted
average based on the mass fraction of the phases
present:

H ¼ Hlfl þHdfd þHcfc; ½12�

where fl, fd, and fc are the mass fractions of liquid,
d-ferrite, and austenite phases, respectively. Equa-
tions [11] through [13] are plotted in Figure 7(b) for
the four steel grades investigated in this work.

B. Thermal Conductivity

The temperature-dependent thermal conductivity, k
(W/m K) of plain carbon steel was fitted from measured
data[62] and is given by
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kl ¼ 39:0

kd ¼ ð21:6þ 0:00835Tð�CÞÞð1� ðF1ðpct CF2ÞÞÞ
kc ¼ 20:14þ 0:00931Tð�CÞ

; ½13�

where

F1 ¼ 0:425� 0:0004385Tð�CÞ
F2 ¼ 0:209� 0:00109Tð�CÞ

½14�

Thermal conductivity of mixed phase regions is
calculated using a mixture rule. Figure 7(a) shows the
isotropic conductivity for the four steel grades
investigated.

C. Mass Density and Thermal Linear Expansion

Curve fits for experimental data of mass density
(kg/m3)[19,63] yields

ql ¼ 7100� 73:2ðpct CÞ � ð0:828� 0:0874ðpct CÞÞðTð�CÞ � 1550Þ

qd ¼
�0:4724Tð�CÞ þ 8; 010:71

ð1:0� 0:01ðpct CÞð1:0þ 0:01343ðpct CÞÞ3

qc ¼
�0:5091Tð�CÞ þ 8; 105:91

ð1:0� 0:01ðpct CÞð1:0þ 0:008317ðpct CÞÞ3

½15�

In regions with mixed phases, the mass density is
calculated using a phase-fraction weighted average of the
phases present. The temperature-dependent mass density
of the four steel grades investigated is shown inFigure 7(c).

The Thermal Linear Expansion (TLE) function is
obtained from solid-phase mass density measure-
ments[61] and liquid density measurements,[63] and is
given by Eq. [16] using the values from Eq. [15]
depending on the phases present.

TLE ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
qðT0Þ
qðTÞ

3

s
� 1 ½16�

where T is the current temperature, and T0 is a reference
temperature set to 1780 K (1507 �C) for all grades in this
work. Figure 7(d) compares the TLE curves of all four
grades. The steep drops for each grade correspond to
phase changes. In this work, the TLE is assumed to be
isotropic.

D. Elastic Constants

The temperature-dependent Young’s modulus data[64]

used in this work is shown in Figure 8, and is the same
for all grades.

The Young’s modulus of the liquid phase is set to 10
GPa. The Poisson’s ratio is taken constant at m = 0.3 in
this work. The measured Poisson’s ratio that approaches
about 0.5 at high temperatures is achieved with this
model, by considering the large extent of incompressible
creep strain (m = 0.5) that accompanies the elastic strain
during tests.[65]

E. Constitutive Models

The elastic visco-plastic constitutive model used here
includes both strain-rate-independent plasticity and
time-dependent creep; as creep is significant at the high
temperatures of the solidification processes and is
indistinguishable from plastic strain.[23] The inelastic
behavior of each steel phase is described by its own
constitutive model, and isotropic behavior is assumed.
When the liquid fraction of a material point is greater

than zero, a perfectly-plastic material model is used,
with ryield = 10 kPa.[66] This liquid strength introduces a
small error that increases with increasing yield strength,
increasing size of the liquid portion of the domain, and
increasing elastic modulus.
The d-ferrite is modeled with the Zhu modified power

law[23,67]:

_�ein�dð1=sÞ ¼ 0:1FdjFdjn�1; ½17�

where

Fd ¼
C�r

fC
TðKÞ
300

� ��5:52

1þ 1000 �einj jð Þm

fC ¼ 1:3678� 104ðpct CÞ�5:56�10�2

m ¼ �9:4156� 10�5TðKÞ þ 0:349501

n ¼ ð1:617� 10�4TðKÞ � 0:06166Þ�1

½18�

The austenite phase uses model III from
Kozlowski[68]:

_�einð1=sÞ ¼ fpct C Fc

�� ��f3�1
Fc exp

�4:465� 104

TðKÞ

� �
½19�

where accumulated inelastic strain, �ein, acts as the
structure parameter; Fc acts as a strain-hardening
back-stress term to achieve the Bauschinger effect and
plastic shakedown in the mechanical behavior during
cyclic loading[69]
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Fig. 8—Temperature-dependent Young’s modulus of steel.
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Fc ¼ C�r� f1�einj�einjf2�1

f1 ¼ 130:5� 5:128� 10�3TðKÞ
f2 ¼ �0:6289þ1:114� 10�3TðKÞ
f3 ¼ 8:132� 1:54� 10�3TðKÞ
fpct C ¼ 4:655� 104 þ 7:14� 104ðpct CÞ þ 1:2� 105ðpct CÞ2

½20�

where C takes on a value of 1 or �1 depending on the
sign of the effective inelastic strain.[52] Eqs. [18] and [19]
were developed to match tensile-test measurements[20]

and creep test data[22] for austenite, and Eqs. [16] and
[17] for ferrite. Further details of these two models can
be found elsewhere.[23,52]

The d-ferrite is approximately one order of magnitude
weaker than austenite at the same temperature[20]; so a
weighted mixture rule is not appropriate in regions
containing both phases.[52] Thus, the d-ferrite constitu-
tive model is used in mixed phase regions whenever the
fraction of d-ferrite is greater than 10 pct.

VII. MODEL VERIFICATION AND VALIDATION

Accurate models require: (1) verification against a test
problem with a known solution, to demonstrate accu-
rate model implementation and resolution, and (2)
validation with experimental measurements to show
that the model formulation, properties, and input data
are reasonable.

The model in this work was verified using the
analytical solution derived by Weiner and Boley.[70]

This problem considers solidification from a fixed-tem-
perature boundary of a semi-infinite plate, consisting of
an elastic-perfectly-plastic material that is initially liq-
uid. The plate is constrained against bending but
otherwise free to shrink. In this work, the constants
and parameters used to approximate this simplified
verification problem are depicted in Table IV.

The domain is the same thin and narrow strip of 400
elements through the plate thickness used in this work to
investigate the effect of steel grade. The surface is
suddenly quenched at time zero, which causes the
domain to start cooling. Because the liquid has

negligible strength, and thus carries negligible stress,
during this initial cooling step, the surface shrinks
almost stress-free. As time progresses, the rest of the
domain cools and the hot interior tends to shrink more
than the colder surface. As explained in Section IV, the
domain is constrained to keep the upper and lower edges
parallel. This constraint opposes the tendency of the
domain to shrink into a ‘‘wedge,’’ which generates
tension in the interior, with corresponding compression
arising in the surface region to maintain equilibrium.
The average stress must be zero because the plate edges
are unconstrained.
Results of the numerical and analytical solutions are

compared in Figure 9. The temperature and stress
profiles are plotted along the lower edge of the domain
from the chilled end toward the free end. The temper-
ature in the liquid remains constant, while the temper-
ature profile through the solid has an almost constant
gradient that decreases with time. The stress profile
shows the expected behavior of compression at the

Table IV. Properties Used in Verification Problem

Property Value Unit

Thermal conductivity 33 W/m K
Mass density 7500 kg/m3

Young’s modulus (solid) 4000 MPa
Young’s modulus (liquid) 1400 MPa
Poisson’s ratio 0.3 —
Thermal expansion 2 9 10�5 1/K
Pour temperature 1769 (1496) K (�C)
Fixed wall temperature 1273 (1000) K (�C)
Liquidus temperature 1768.1 (1495.1) K (�C)
Solidification temperature 1768 (1495) K (�C)
Solidus temperature 1767.9 (1494.9) K (�C)
Latent heat 272 kJ/kg
Specific heat capacity 661 J/kg K
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Fig. 9—Comparison of Weiner & Boley and ABAQUS temperature
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surface increasing to tension near the solidification
front, and decreasing to zero in the liquid. Both the
temperature and stress results match closely at all
positions and times, which verifies the model.

For model validation, the thermal–mechanical model
in this work was previously compared with the exper-
imental measurements of force on a solidifying 0.315 pct
C steel shell in a Submerged Split-Chill Contraction Test
apparatus (Fig. 11 in Reference 71). The model predicts
zero force until 100 pct solid is reached, while the
measurements show some strength in the liquid at small,
non-zero, liquid fractions. Once fully solidified, the
model agrees both qualitatively and quantitatively
within 10 pct until the measured force drops due to
internal failure mechanism(s), which are not included in
the model. In a separate modeling study, the model in
this work was found to produce similar mechanical
behavior to that using the Anand constitutive model for
0.27 pct C steel.[52] However, it is clear that further
experimental validation of the model in this work is
needed, especially for different steel grades and
conditions.

VIII. MESH RESOLUTION STUDY

A mesh study was conducted for realistic solidifica-
tion of LC steel with standard heat flux, to demon-
strate that the solution is independent of the
discretization. The number of elements through the
solidification direction (x) was varied, while three
elements were maintained through the domain thick-
ness. The element aspect ratio was fixed at 1 by
keeping all elements square. For example, the 3 9 10
element mesh has 4-mm square elements, so the
domain thickness was 12 mm.
Figure 10 shows the results for six different mesh

refinements after 10 seconds of solidification. These
results indicate that while 1, 2.5, and 4 mm elements can
accurately reproduce the temperature history, shown in
Figure 10(a), a much more refined mesh is necessary to
properly resolve the stress and strain behavior, which is
shown in Figure 10(b) through (d).
While 4 mm elements capture the expected behavior

of compression at the surface and tension toward the
solidification front, the accuracy of the stress

Fig. 10—Mesh study results through shell thickness for low-carbon steel (0.045 pct C) – 10 s below meniscus: (a) Temperature, (b) Y-stress,
(c) Fluid strain, (d) Inelastic strain.
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predictions depends strongly on the number of ele-
ments through the mushy zone and other phase
transition regions, where stress changes sharply. The
size of the mushy zone is strongly grade-dependent and
can vary by almost an order of magnitude. For the LC
steel shown, the mushy zone is only about 2 mm wide
at 10 seconds and with elements larger than that size,
the mushy zone could be contained within a single
element. In addition, the d-ferritefiaustenite region is
only about 1 mm wide, so the 1-mm element mesh just
barely captures the details. This mesh coarseness causes
accuracy problems, because properties and ther-
mal–mechanical behavior are very non-linear during
phase changes.

The grid-independent stress results, shown in
Figure 10(b), are quite accurate. The liquid region has
almost zero stress, although there is some slight com-
pression due to the artificial yield stress of the liquid
combined with the domain shrinkage squeezing the
liquid toward the stress-free end upon surface
solidification.

The inelastic strain results, shown in Figure 10(d), are
the least accurate. The 4-mm element mesh captures the
general behavior in the austenite near the surface, but
overpredicts the strain in the mushy zone and into the
liquid. Thus, mesh selection should be based on achiev-
ing accurate mechanical behavior, including the inelastic
strain. Sufficient elements are needed to resolve the
phase transition regions, especially if they are areas of
interest.

In this work, 0.1 mm elements were chosen (3 9 400
element mesh) to capture the relevant stress phenomena,
to within 0.3 pct and inelastic strain within 0.9 pct, at
the maximum location, at 10 seconds, while retaining
reasonable computation speed.

IX. TYPICAL RESULTS FOR LC STEEL

Typical results for low-carbon steel are used to show
the thermal–mechanical behavior predicted by the
model. Figure 11 shows the temperature, thermal strain,
fluid strain, and inelastic strain, and the stress results are
presented in Figure 10(b).

A breakdown of the total strain into its components
of elastic, thermal, fluid, and inelastic strain profiles at
10 seconds below the meniscus is given in Figure 12.

Stress and strain components are shown in the
direction tangential to the surface (Y–Y component).

A. Shell Growth and Temperature

The temperature contours in Figure 11(a) show that
shell growth, s, follows the well-known s ¼ k

ffiffi
t

p

behavior. At 30 seconds, the low-carbon steel has a
total shell thickness of about 16 mm with the mushy
zone extending just 3 mm beyond that. The austenite
(c) portion of the shell is slightly more than 10 mm
thick, extending inwards from the surface; the d-ferrite
region is about 3.5 mm thick. The d fi c transition
region remains only about 1 mm for the entire
simulation.

B. Stress

Compression develops at the surface and tension is
generated at the solidification front, as discussed in the
Weiner and Boley problem. Compression at the surface
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Fig. 11—0.045 pct C low–carbon steel contours: (a) Temperature,
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3786—VOLUME 48A, AUGUST 2017 METALLURGICAL AND MATERIALS TRANSACTIONS A



increases with time, as the entire shell attempts to
further shrink and is opposed by the growing region of
colder stronger solid steel.

C. Elastic Strain

Elastic strain is directly proportional to the stress and
displays compression at the surface with tension toward
the solidification front. Most of the stress and elastic
strain are carried in the austenite, with very little observed
in the d-ferrite region due to the lower strength of the
phase. Elastic strains are always less than ~0.05 pct,[72]

which is very small relative to the other strains.

D. Thermal Strain

The thermal strain dominates the mechanical behav-
ior, going further into compression with time, i.e.,
decrease in temperature. This behavior is accentuated
through transition regions, where the changes in density
are most abrupt and drive negative thermal expansion;
the largest being the initial contraction of liquid-to-solid
transformation.

E. Fluid Strain

The fluid strain (also called ‘‘flow strain’’[23]) is the
inelastic strain generated in the liquid, which occurs to
accommodate the domain shrinkage, and represents a
measure of liquid feeding. Feeding difficulties can lead
to porosity between dendrites[73] if the liquid is unable to
flow to fill the interdendritic spaces. After solidification
is complete, the fluid strain remains constant with time,
and further inelastic strain builds up in the solid phases.

Within the liquid region, the fluid strain is always
compressive, which indicates flow out of the region. This
compression is a real consequence of the constraints on
the domain, which require the upper and lower edges to
remain parallel; shrinkage of the solid portion of the
domain squeezes the liquid portion of the domain as
well, causing liquid to flow outwards away from the
solidification front. In addition to generating fluid
strain, this squeezing initially causes the length of the

domain to increase rapidly (as the rapid surface cooling
causes shrinkage of the strong cold shell at the surface,
which dominates the strength and behavior of the entire
domain). Later, the domain length shrinks, as the
surface cools and shrinks more slowly than the interior.

F. Inelastic Strain

Low levels of tensile inelastic strain begin to develop
in the d-ferrite region and increases drastically during
the transition to austenite. At the surface, the rapid
initial solidification and very thin mushy zone causes
more compressive thermal strain, tensile stress, and
tensile inelastic strain. In the case of the low-carbon steel
shown, this tensile inelastic strain persists at the surface,
even after 10 seconds.

G. Total Strain

Driven largely by the thermal strain, the total strain
becomes increasingly compressive during solidification as
the domain cools and shrinks. The total strain naturally
remains constant through the shell thickness and accom-
panying liquid in the domain, as required for a plate that
is constrained from bending. Total strain is the important
quantity to match when designing mold taper.

X. EFFECT OF STEEL GRADE

The temperature, stress, and strain results of the four
different steel grades are compared in Figures 13, 14, 15,
16, 17. The peritectic steel grade was simulated with
both the same ‘‘higher’’ heat flux as the others, and with
the low heat flux, more typical of this grade in practice.

A. Shell Growth and Temperature

Comparing the peritectic steel results in Figures 13(c)
and (d) shows that increasing heat flux causes the shell
thickness to increase by about 20 pct (represented by
corresponding increases in both the solidus and liquidus
contour positions).
At the same time, the higher heat flux also causes a

lower surface temperature, owing to the steeper tem-
perature gradient, as shown in Figure 14.
Increasing carbon content causes increased thickness

of the mushy zone, according to the increasing temper-
ature range between the liquidus and solidus tempera-
tures, as shown in the left side of Figure 13. With the
same superheat, the liquid temperature decreases with
increasing carbon content, as shown in the top right of
Figure 14, so the temperature profiles of the four grades
become correspondingly lower.
The effect of steel grade on shell thickness is

complicated, because it depends on the thermal prop-
erties, the heat flux, and the definition of shell
thickness. Except for the peritectic steel, increasing
the carbon content increases the liquidus thickness and
decreases the solidus thickness, due to the increase in
mushy zone thickness.
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B. Stress

For all four steels, the general stress profile exhibits
compression at the surface, increasing to tension near
the solidification front, and down to zero in the liquid,
as shown in Figures 13 and 15. At early times in all
steels, however, a brief tensile peak appears at the
surface, due to the rapid cooling and shrinkage, as
shown in Figure 16(b). This rapid shrinkage generates a
corresponding very mild compression region inside the
d-ferrite for a brief period, which can be seen in the top
left of Figures 15(a) and (b) stress frames.

As time increases beyond 2 seconds, surface stress
becomes compressive in all steel grades. As the steel
continues to cool and strengthen, the magnitude of this

surface compression increases. For the same reason,
decreasing the heat flux (in the peritectic steel) causes
higher temperatures and lower absolute stress levels,
both at the surface and in the interior.
Figure 15 shows the low stress in the d-ferrite when-

ever that phase appears, which is due to its low strength
and inability to carry any significant load. Moving
towards the left, a sharp increase in strength from
d-ferrite to austenite is observed, which is accompanied
by a pointed peak where the crystal structure changes
from BCC to FCC. Although this peak is not a
numerical error, it is an artifact that disappears when
the phase transition occurs over a wide temperature
range. Naturally, this peak is missing from high-carbon
steel, which has no delta phase, so its stress transition is
smooth across the austenite near the solidification front.

C. Strain

Contours of the thermal, fluid, and inelastic strain
components are compared for the four steel grades in
Figure 16.
The dominant component, thermal strain, increases in

magnitude as temperature decreases. Thus, the greatest
magnitude thermal strain is found at the surface, where
it increases with decreasing carbon content.
The fluid strain evolution in all grades is similar to

that discussed for low-carbon steel previously. Fluid
strain is always negative, indicating shrinkage. The
greatest magnitude fluid strain is observed in the
peritectic steel with standard heat flux, owing to the
greater shrinkage of this grade for the same high heat
flux.
The results in Figure 17 show the initial tensile peaks

and histories of the inelastic strain decrease in magni-
tude with increasing carbon content. These increased
tensile peaks result in the lower carbon steel grades
(below 0.13 pct C) remaining with positive inelastic
strain at the surface, even after 30 seconds when the
higher carbon grades have become negative. These
findings agree with previous results.[26] The peaks are
likely caused by the high initial inelastic strain that arises
in the weak d-ferrite phase during the initial rapid
cooling, shrinkage, and short tensile–stress peak that
arises at the surface, as observed in Figure 17(b). The
inelastic strain peaks persist longer in correspondence
with the extent of the short tensile peak.

XI. GRADE-BASED TAPER PRACTICE

The results of this work indicate some of the
qualitative differences between different alloys, and have
implications for optimal taper practice in continuous
casting. Proper taper practice is important to mold
operation to ensure uniform heat transfer between the
mold and shell and to reduce the likelihood of surface
defects and breakouts. Shrinkage of the steel shell is
accommodated by tapering the mold to maintain
contact between the edges of the shell and the mold
walls. Insufficient taper can lead to reduced or non-uni-
form heat transfer between the strand and the mold,
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Fig. 16—Thermal, Fluid, and Inelastic strain contours for five casting situations investigated: (a) Ultra-low-carbon steel with Standard HF, (b)
Low-carbon steel with Standard HF, (c) Peritectic steel with Standard HF, (d) Peritectic steel with Low HF, (e) High-carbon steel with Standard
HF.
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which can lead to corner rotation, shell thinning, and
narrow face bulging.[74] Excessive taper can lead to
accelerated mold wear, or even buckling of the shell.[74]

Both taper problems can cause gutter, longitudinal
cracks, and breakouts.[74]

Figure 18 shows the ideal taper profiles for all casting
situations, calculated with a casting speed of 2 m/min.
These taper profiles are based on the total shrinkage of
the shell, which is indicated by the total Y–Y strain and

increases at a decreasing rate with time down the mold.
This shrinkage is controlled mainly by the drop in
surface temperature because the shell at the surface is
coldest and strongest. All of the steel grades experience
more shrinkage near the top of the mold, because of this
drop in temperature, so the ideal taper profile should be
curved (convex toward the molten steel).
For the same heat flux, the peritectic steel experiences

the greatest shrinkage and so it requires more taper,
while the other three steels have similar, but lower ideal
taper profiles. This large shrinkage accompanies the
d-ferrite to austenite phase transformation, and occurs
in the solid at high temperature in the peritectic steel,
while the shell is still hot and weak, and unable to resist
the shrinkage. However, with decreased heat flux, that is
typical of the real commercial process, the peritectic
steel experiences about 30 pct less shrinkage and thus
needs less taper. The dependence of taper on heat flux
indicates that casting speed and mold powder should
have a greater effect on ideal taper than steel grade,
which is consistent with previous findings.[29]

This simple model can help in the calculation of taper
profiles for different steel grades to maintain the desired
contact over the entire mold length. While fixed linear
taper of the mold is a common practice in industry, it is
clear that the ideal shrinkage profile of the shell is
non-linear, which agrees with previous work.[75] The
total strain profiles presented here are only a rough
starting point for designing ideal taper. Designing taper
in a real operating caster requires consideration of many
other factors such as friction with the mold walls, creep
expansion of the shell width due to ferrostatic pressure
on the unmodeled mold faces, mold distortion,[76] and
mold wear.[77]

XII. CONCLUSIONS

A thermal–mechanical model of solidification of a flat
steel shell has been developed and applied to investigate
the effect of steel grade on temperature, stress, strain,
ideal taper, and shell development during the early
stages of solidification in a frictionless mold. The model
features realistic boundary conditions based on previous
literature, and realistic thermal and mechanical proper-
ties that vary with temperature, phase fraction, and
carbon content. Four different steel grades were inves-
tigated: ultra-low carbon (0.003 pct C), low carbon (0.04
pct C), peritectic (0.13 pct C), and high carbon (0.47 pct
C), simulating 30-second dwell times. Specific findings
are as follows:

� The initial shell solidification rate increases with
carbon content, for the conditions of fixed heat flux
profile used in this work.

� All steel grades follow the same general solidification
behavior of compression at the surface with tension
toward the solidification front.

� Thermal strain dominates the mechanical behavior.
Initially, fast cooling causes tensile stress and
inelastic strain at the surface of the shell, with slight
complementary compression beneath the surface,

Fig. 17—Surface profiles for five casting situations investigated:
(a) Thermal strain, (b) Y-stress, (c) Inelastic strain.

Fig. 18—Ideal taper profile for five casting situations investigated.
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especially with lower carbon content. As the cooling
rate decreases, the surface then reverses into com-
pression, with a tensile region developing subsurface.

� In all steel grades, persistent positive inelastic strain
at the surface is likely caused by the brief tensile
peaks arising from the rapid initial surface cooling
and accompanying steep thermal gradient.

� Initial tensile inelastic strain peaks and the subse-
quent inelastic strain history decrease in magnitude
with increasing carbon content.

� The stress generated in the d-ferrite phase is always
very small, owing to the low strength of this phase.

� More stress and inelastic strain are eventually
generated in the high-carbon steel, because it is
mainly composed of high-strength austenite.

XIII. FUTURE WORK

This work is the first step in the development of a
comprehensive transient 3D model of thermal–mechan-
ical behavior during continuous casting of steel slabs,
which will include mold distortion, corner effects, and
non-uniform heat flux around the mold perimeter. In
this modeling approach, the properties of different steel
grades depend mainly on the phase fraction histories.
This enables predictions of any steel grade knowing only
the phase fraction histories, and so does not require
extensive experimental testing. Validation of this
approach with measurements would be helpful, and is
intended as future work.
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