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A B S T R A C T

During the solidification of stainless steel, the mechanical behavior of the solidifying shell follows nonlinear
elastic-viscoplastic constitutive laws depending on metallurgical phase fraction calculations (liquid, ferrite and
austenite). A multiphysics model that couples thermal and mechanical behavior in a Lagrangian reference frame,
including both classical time-independent plasticity and creep, with turbulent fluid flow in the liquid phase in an
Eulerian frame, is applied to determine realistic temperature and stress distributions in the solidifying shell of
stainless steel in a commercial continuous caster. Compositional effects are incorporated through the use of
phase diagrams to define the phase fraction variations with temperature during the process. The behavior at
these high temperatures can be adequately captured using specific constitutive equations for each phase and
careful decisions about switching between them. Results for a 409L ferritic stainless steel show that, due to its
phase fraction history, solidification stresses differ significantly from those in plain carbon steels. Specifically,
they include a secondary sub-surface compression peak due to phase change expansion between γ-austenite and
δ-ferrite through the thickness of the shell.

1. Introduction

While developments in advanced manufacturing processes, such as
metal-based additive manufacturing are ongoing, the manufacturing
field is still dominated by more traditional metal solidification pro-
cesses, such as: ingot and foundry casting, welding, and particularly
continuous casting. Advancement of these mature processes depends on
improved quantitative understanding, such as that gained from ad-
vanced computational models. These processes are driven by many
coupled phenomena, including heat transfer, fluid flow with turbu-
lence, phase transformations, thermal distortion, and thermo-mechan-
ical stress development.

Over 96 % of the world’s steel is made with the continuous casting
process, according to recent statistics by (World Steel Association,
2017). Experiments are limited due to the harsh conditions inside the
liquid and solidifying steel, and the many process variables which affect
the complex phenomena in the process. Thus, numerical modeling
presents an ideal tool to better understand and help to find ways to
reduce defects, increase productivity, and improve this important pro-
cess. Tremendous advances in high performance computing technology
and numerical algorithms in the last 25 years have enabled more

realistic and accurate modeling of liquid steel flow and the solidifying
shell, but finding multiphysics computational approaches that are both
efficient and accurate remains a big challenge. Chronic defects affecting
this process include cracking and surface depression problems, which
often correspond to mismatches between solidification contraction and
mold taper. (Zappulla and Thomas, 2017) have shown how this can
increase the size of the solid shell/mold interfacial gap, which reduces
heat transfer between the mold plate and steel shell, leading to locally
hot and thin portions of the shell. These thin spots cause stress con-
centration, resulting in depressions, longitudinal cracks, and sometimes
even breakouts, due to ferrostatic pressure from the liquid pool exerted
onto the thin and weakened shell at mold exit.

Elastic, rate-independent plastic constitutive models are generally
adequate for engineering purposes at ambient temperatures for most
metallic materials. However, at high temperatures, most metal alloys
exhibit time-dependent inelastic behavior, similar to a viscous fluid,
and solidification adds further complication. Therefore, better con-
stitutive models are needed to describe the elastic-viscoplastic behavior
during metal solidification processes such as the continuous casting of
steel.
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1.1. Constitutive modeling of metal solidification

An important analytical solution for the generation of thermal
stresses in a general one-dimensional metal solidification process was
derived by (Weiner and Boley, 1963) using a simple elastic rate-in-
dependent plastic constitutive model. (Kristiansson, 1982) later added a
creep law to account for the time-dependent inelastic behavior at high
temperatures. In the last two decades, more fundamental but compu-
tationally demanding viscoplastic models, with and without yield sur-
faces, have been used to model realistic vertical-type semi-continuous
aluminum direct-chill (DC) casting and steel continuous-casting pro-
cesses. (Inoue and Ju, 1992) used a modification of Perzyna's con-
stitutive equation to model elastic-viscoplastic constitutive behavior
during aluminum DC casting. (Celentano, 2002) derived a yield-sur-
face-based viscoplastic model with microstructure evolution and ap-
plied it to aluminum casting. (Paquet et al., 2011) incorporated rate-
dependent behavior by using a viscoplastic model based on overstress
in their homogenization model of cast aluminum alloys.

Unified viscoplastic constitutive models, which treat rate-in-
dependent plastic strain and rate-dependent creep together as inelastic
strain, are particularly popular in steel casting. (Anand, 1982) devel-
oped the first such model based on several evolving internal state
variables, that has been used in several thermo-mechanical models of
metals on elevated temperatures. A decade later, (Kozlowski et al.,
1992) introduced a simple constitutive equation to model the austenite
phase of steel, relating inelastic strain, as a single structure parameter,
to strain rate, stress, temperature, and steel grade via carbon content.
To model the weaker, body-centered cubic (BCC) δ-ferrite phase of
steel, (Zhu, 1996) devised a power law based constitutive model to
incorporate the much higher creep rates of this phase, compared to the
stronger, face-centered cubic (FCC) austenite phase. These constitutive
models have been popular since their inception, having been either
used or reviewed in many steel solidification papers, such as by (Huespe
et al., 2000), (Li and Thomas, 2004), (Koric and Thomas 2006), (Groza
et al., 2007), (Safari et al., 2013), (Qin et al., 2018). (Huespe et al.,
2000) and later (Koric and Thomas, 2008) compared the Anand and
Kozlowski-Zhu models against steel solidification experiments and
found similar behavior for both models; although the Kozlowski-Zhu
model produced results much closer to experiments for low carbon
steels. (Pierer et al., 2005) also found that the Kozlowski model agreed
well with several other steel solidification constitutive models and ex-
periments.

In order to efficiently incorporate these highly nonlinear con-
stitutive models at the local level (integration points), (Koric and
Thomas, 2006) incorporated a bounded Newton-Raphson method at the
integration points, into the global-level finite-element solution metho-
dology in ABAQUS, which provided a tenfold performance increase in
solving solidification thermo-mechanical problems. This approach is
used in the current work. (Koric et al., 2009) later developed an explicit
finite-element formulation of this method, and showed its benefits over
the implicit method for large three-dimensional solidification problems
with regard to high performance computing.

1.2. Multiphysics approaches

Turbulent fluid flow of molten steel with heat advection and
thermo-mechanical behavior of the solidifying shell are traditionally
modeled independently, with separate numerical methods (finite vo-
lume vs. finite element) and reference frames (Eulerian vs. Lagrangian).
(Lee et al., 2000) followed by (Teskeredžić et al., 2002) have applied
full coupling of these phenomena in a multiphysics frame on simplified
casting geometries, but did not compare results with either analytical
solutions or experiments. Another multiphysics approach to couple
these phenomena is to focus on the solidification front to separate the
fluid flow and thermo-mechanical models. The temporal and spatial
distribution of superheat flux calculated to exit the solidification-front

walls of the domain used by the thermal turbulent flow simulation can
be implemented into the thermo-mechanical model of the solidifying
steel shell growing in the mold region with a domain that includes only
a portion of the fluid region. Because the mechanical behavior has
minimal influence on the fluid flow, the two models are only one-way
coupled, which enables significant computational savings.

(Koric et al., 2010b) devised and validated a new enhanced latent
heat method to introduce spatial and temporal superheat flux data into
a Lagrangian thermo-mechanical finite-element model of the solidifying
shell and mold. The new modeling approach was demonstrated by
(Koric et al., 2010a) via simulation of the multiphysics phenomena in a
commercial continuous beam-blank casting of carbon steel grades, and
the predictions show good matches with both an analytical solution to a
one-dimensional test problem and with plant measurements of shell
thickness profiles from a commercial caster.

For thermo-mechanical modeling of stainless steel alloys, most
previous works have focused on various phenomena lower than soli-
dification temperatures while only (Palumbo et al., 2015) and (Safari
et al., 2013) have treated solidification of stainless steel grades but
without any coupling with the fluid flow physics.

Regardless of the method, multiphysics modeling of solidification
processes is a complex task. Phase-transformation laws are strongly
dependent on chemical composition, and often differ between heating
and cooling. Another issue is the lack of reliable thermo-mechanical
properties in the literature for stainless steel at high temperature and
low strain rate, which often leads to neglecting the phase dependence of
the steel properties. We believe that this paper presents the first com-
plete macro-scale model of stainless steel casting that couples thermo-
mechanical analysis in solidifying stainless steel, based on thermo-
elastic-viscoplastic phase dependent constitutive laws, with the turbu-
lent thermal fluid flow of liquid steel, and thermal-mechanical de-
formation of the mold. This work presents a combined multiphysics
modeling methodology for solidification processes, featuring a con-
stitutive model where the compositional effects depend only on the
phase fraction evolution, as well as a procedure to capture the im-
portant effects of heat transfer, turbulent fluid flow, and solidification
on the thermo-mechanical behavior.

2. Multiphysics model formulation

The solidifying steel shell behavior is simulated here with a so-
phisticated, and computationally intensive, multiphysics model with
several sub-models incorporating together a thermo-mechanical model
of the solidifying steel shell (Section 2.1), a turbulent thermal fluid flow
model of the liquid steel (Section 2.2), and a model of thermal distor-
tion of the mold (Section 2.3), as shown in Fig. 1. In addition to their
mechanical coupling, the shell and mold models are coupled thermally
via a detailed model of the interfacial gap (Section 2.4). A validated
heat transfer-solidification model CON1D, described by (Meng and
Thomas, 2003), is used to provide the initial shell thickness profile for
the fluid flow model and initial heat fluxes for the mold distortion
model. The calculated heat fluxes due to the effect of superheat trans-
port in the turbulent fluid flow model are incorporated into the thermo-
mechanical model via the enhanced latent heat method, described in
more detail in Section 2.2. In addition to this thermal coupling, the
mechanical effect of fluid flow on the deformation of the solidified shell
is considered by applying the ferrostatic pressure load that pushes the
newly solidifying shell toward the mold, discussed in Section 2.4. Since
the improved shell profile from thermo-mechanical model has little
effect on superheat results in the fluid flow model, a single iteration of
this model system is often sufficient to produce accurate multiphysics
results.

2.1. Solidifying shell model

In many solidification processes, such as the continuous casting of
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steel, one dimension of the casting is much longer than the others, and
is otherwise unconstrained. In this case, it is quite reasonable to apply a
condition of generalized plane strain (also called 2.5D model) in the
long casting direction (z), and to solve a two-dimensional thermo-me-
chanical problem in the transverse (x-y) plane. (Koric et al., 2009) and
others have demonstrated how this condition enables a two-dimen-
sional computation to accurately produce the complete three-dimen-
sional thermal-stress state, so long as there is no axial bending, as in the
case here. A transverse Lagrangian generalized-plane-strain two-di-
mensional (2D) slice model, shown in Fig. 2, is applied to simulate the
solidifying steel shell in the slab mold during continuous casting, which
travels down the mold at the casting velocity. The domain is an L-shape
of a ¼ strand section next to the mold wall which is thick enough to
model double the expected thickness of the solidifying shell at mold
exit. This approach avoids unnecessary and computationally intensive
calculation of the liquid behavior away from the mold wall. More im-
portantly, it avoids non-physical mass conservation by enabling
shrinkage of the unmodeled liquid region due to pushing fluid out of the
slice.

From the work of (Zappulla et al., 2017), a second “1D-slice” shell
model was used to verify thermal stress behavior in simplified

conditions. This slice model is seen as a thin strip “drilled” into the
solidifying shell, and assumes uniform solidification and full contact
with the mold wall.

In the Lagrangian reference frame, the temperature distribution in
the strand is obtained from numerical solution of the three-dimensional
(3D) transient heat conduction equation:

⎛
⎝

∂
∂

⎞
⎠

= ∇⋅ ∇ρ H
t

k T( )
(1)

where ρ is the mass density, H is specific enthalpy, which includes the
latent heat of phase transformations (solidification, and δ-ferrite to
austenite), and k is the isotropic thermal conductivity. All of these
properties are highly temperature dependent.

The strains during solidification are typically small (< 2 %), but the
capability to handle finite rotations is necessary to model some parts of
the shell in a continuous-casting process. The quasi-static equilibrium
equation describes the mechanical behavior of the strand:

∇⋅ + =σ x b 0( ) (2)

where σ is the Cauchy stress tensor and b is the body force density
vector due to gravity. These equations were solved in a fixed finite-
element mesh using the commercial stress software, ABAQUS
(ABAQUS, 2013).

2.2. Fluid flow model and fluid/shell interface treatment

A 3D thermal turbulent fluid flow model of the molten steel pool is
solved in an Eulerian reference frame for velocity and temperature
fields, and superheat flux distributions at the steel shell front. The
model domain includes the tundish bottom, nozzle, and top three-me-
ters of the molten steel pool both in the strand and mold. The continuity
equation that represents the mass conservation of the molten steel is
given as follows:

∇⋅ =vρ( ) Sm (3)

where ρ is the mass density of liquid steel and v is time-average velo-
city, and Sm is a mass sink to model the liquid lost due to crossing the
solidification front. This term is applied only to the computational cells

Fig. 1. Flow chart for multiphysics model.

Fig. 2. Model domain of solidifying steel shell.
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on the solidification front, according to the methodology of (Yuan et al.,
2004).

Momentum conservation is satisfied by solving the time-averaged
momentum balance:

⎡
⎣

∂
∂

+ ⋅ ∇ ⎤
⎦

= ∇⋅ +v v v σ Sρ
t

( ) mom (4)

where the Cauchy stress σ is represented by the standard constitutive
relationship for turbulence:

= ∇ + ∇ −C
ε

σ v v IK ( ( ) ) pμ
T

2

(5)

where p is pressure, constant Cμis 0.09; K is turbulent kinetic energy,
and ε is its dissipation rate, which are found by solving two additional
partial differential equations according to the standard −K ε model by
(Launder and Spalding, 1974). I is the identity tensor. Smom is a mo-
mentum sink term added to the same interface cells as Sm to account for
solidification of the molten steel as explained by (Yuan et al., 2004).

Boundary conditions are fixed velocity at the inlet, no-slip condi-
tions on the top surface beneath the slag layer, and on the walls which
represent the solidification front, and pressure outlet conditions at the
strand exit. The energy conservation equation for molten steel flow,
which includes advection terms into Eq. (1), is:

⎡
⎣

∂
∂

+ ⋅∇ ⎤
⎦

= ∇⋅ ∇
t

kvρ H H ( T)
(6)

Temperature was fixed to the liquidus temperature on the domain
boundaries representing the solidification front that surrounds the li-
quid pool. These equations were solved using the commercial
Computational Fluid Dynamics (CFD) software package, ANSYS Fluent
(ANSYS et al., 2012)

According to the method of (Koric et al., 2010a), additional latent
heat ΔHf is calculated to represent superheat flux ″q supertransported by
the molten steel flow to the solidification front, based on the Stefan
interface condition:

=
″

ΔH
q

ρ v| |f
super

solid interface (7)

This ΔHf is additional latent heat added to the enthalpy in Eq. (1)
via a user subroutine UMATHT in (ABAQUS, 2013). The discrete data of
the superheat flux distribution, that is calculated at the boundaries of
the 3-D Eulerian fluid flow model, is converted via multi-dimensional
interpolation to a function of space and time (or distance below me-
niscus) for the mushy zone material points in the Lagrangian thermo-
mechanical model as described by (Koric et al., 2010b). The solidifi-
cation front velocity vinterface is calculated analytically according to
(Koric et al., 2010a), based on the classic analytical solution for solid-
control solidification with superheat from (Dantzig and Tucker, 2001).

2.3. Mold distortion model

As the solidifying steel shell moves down in the casting direction,
heat leaving its surface is continuously extracted by water-cooling that
flows through rectangular slots and channels in the copper mold. The
mold also supports the steel shell and determines the shell shape. In this
multiphysics model, a separate 3D finite-element model of a symmetric
quarter of the mold system was developed to consider the influences of
narrow face mold distortion and different mold surface temperatures.
The mold geometry includes taper of the mold narrow face, which is
applied to accommodate shrinkage of the solid steel shell. This meth-
odology has been used in previous work by (Hibbeler et al., 2012). In
addition to calculating the temperature, this model also calculates
thermal distortion of the mold, which is applied with its taper as a
boundary condition on the contact surface of the solidifying shell model
via the DISP subroutine in ABAQUS. The shell solidification model in

turn provides heat flux as a thermal boundary condition for this model,
as presented in Fig. 1.

2.4. Boundary conditions and shell/mold interface treatment

Full thermal-mechanical coupling between the mold and solidifying
steel shell is applied in this multiphysics model system to find the heat
transferred across the interfacial gap, which in turn greatly depends on
the gap size calculated from the mechanical solution. As the shell cools
and shrinks, an air gap may open up near the corners due to non-op-
timized mold taper. Gap formation greatly affects final product quality,
especially if it causes insufficient heat removal, a thinner shell, and
defects such as longitudinal cracks, or even a catastrophic breakout if
the molten steel penetrates through the shell. In this work, a resistor
model is used to calculate heat transport across the interfacial gap. To
find accurate interfacial heat fluxes, measurements of mold thermo-
couple temperatures and heat flux from water heatup are needed. For
some previous models, such as (Şahin et al., 2006), (Cheung et al.,
2009) and (Bertelli et al., 2016), an inverse heat conduction problem
(IHCP) is solved to match the surface boundary conditions with specific
plant measurements. In the current work, the two-way thermal-me-
chanical coupling between the solidifying steel shell and mold is
modeled in detail to find the heat transferred across the interfacial gap
between the mold and steel shell, which depends strongly on the local
gap distance calculated from the mechanical solution. Measurements
are used here for model calibration and validation.

The gap heat flux, qgap, includes two parallel contributions, from
radiation, hrad, and conduction, hcond:

= − ∂ ∂ = − + −nq k T h h T T/ ( )( )gap rad cond shell mold (8)

where n is the normal surface unit vector. The heat transfer coefficient
due to radiation through the semi-transparent liquid part of the slag is:

=
+ −

+ +h σ T T T T
1

( )( )rad
SB

ε ε

shell mold shell mold1 1
2 2

shell mold (9)

where the Stefan-Boltzmann constant, σSB is × − − −5.6704 10 Wm K8 2 4, εshell
and εmold are the shell and the mold surface emissivities, taken to be 0.8;
Tshell andTmold are the surface temperatures. The heat transfer coefficient
due to conduction is calculated with four resistances connected in
series:

= +
−

+ +
h h

d d
k

d
k h

1 1 ( ) 1
cond mold

gap slag

air

slag

slag shell (10)

where the first resistance, h1 mold, is for contact between the mold hot
face surface and the solidified mold-slag layer; the next resistance is due
to conduction through the local air layer, dgap, calculated from the
thermal-mechanical model displacement results. The third resistance is
conduction through the slag layer, and the final resistance is a tem-
perature-dependent contact resistance between the slag and the outer
surface of the steel shell. The specific parameters for this resister model,
given in Table 1, are taken mainly from (Meng and Thomas, 2003).
These calculations are performed with CON1D and also calculated in
the (ABAQUS, 2013) models via the GAPCON user subroutine.

Ferrostatic pressure in the liquid steel pool, that pushes the con-
tinuously solidifying shell towards the contact surfaces of the mold, is
implemented into the solidifying steel shell model via the DLOAD
subroutine as a distributed load which increases linearly with vertical
distance (time) down the mold. This methodology is described in more
detail by (Zappulla, 2016). Mechanical interaction between the shell
and the mold contact surfaces is accounted for using coulomb friction
with a friction factor of μ=0.15 based on measurements by (Meng
et al., 2006). Sliding contact that permits gap formation without per-
mitting penetration is enforced using the contact algorithm in ABAQUS
with the mold hotface as the “master” surface and the shell exterior as
the “slave” surface.
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3. Viscoplastic model of solidifying steel

The total strain in this elastic-viscoplastic model is split into three
components, written in rate form as:

= + +ε ε ε ε˙ ˙ ˙ ˙el th ie (11)

where tensors ε̇ , ε̇ , ε̇el th ie contain the components of the elastic, thermal
and inelastic (both rate-independent plascticity and rate-dependent
creep) strain rates. The stress and strain rates then are related by the
constitutive equations:

= −σ D̲̲ ε̇ α ε̇˙ : ( - Ṫ )ie (12)

where D contains the isotropic elasticity constants based on the tem-
perature-dependent elastic modulus and Poisson ratio, as given in
(Koric and Thomas, 2008). The thermal strain term depends on the
isotropic temperature-dependent thermal expansion α coefficient
tensor, found from the temperature-dependent density, as explained by
(Koric and Thomas, 2006), and the evolving temperature distribution
calculated from the transient thermal model results, T.

In case of finite deformation, the objective stress rate is provided by
the Jaumann stress rate σ̂ :

−= +σ̂ σ̇ σ W W σ: : (13)

where W is the anti-symmetric part of the velocity gradient.
Even though there is no explicit yield condition, like in classical

plasticity, inelastic effects are assumed to follow “J2 plasticity" with
isotropic hardening. The inelastic strain rate ε̇ie is found assuming the
Prandtl-Reuss equations:

= ′σε̇ ε̇̄ 3
2 σ̄ie ie (14)

where σ̄ is the effective or Von Mises stress:

= ′ ′σ σσ̄ 3
2

:
(15)

while ′σ is a deviatoric stress tensor defined by:

′ = − pσ σ I1
3 (16)

and the pressure portion of the Cauchy stress tensor is:

= tr σp 1
3

( ) (17)

Unified viscoplastic models treat creep and plasticity as a combined
"inelastic strain", whose instantaneous rate of change depends on the
current stress, temperature, and “structure”. Structure is represented by
one or more scalar or tensor state variables, which evolve with time,
and can include phenomena such as rate of phase transformation. (Lush

et al., 1989) obtained traditional elastic-viscoplastic models when in-
elastic strain is selected as the structure parameter. Thus, the current
model employs such a unified constitutive model, with inelastic strain
as the single structure parameter. Here, inelastic strain rate ε̇̄ie is related
to stress, temperature, inelastic strain, and carbon content, %C:

=ε f σ T ε C¯̇ ( ¯ , , ¯ , % )ie ie (18)

Separate relations are used for each metallurgical phase: austenite,
ferrite, and liquid.

3.1. Austenite constitutive model

For the austenite phase, a unified formulation proposed by
(Kozlowski et al., 1992) is used, which matches both the creep test data
of (Suzuki et al., 1988) and the tensile test data measured by (Wray,
1982):

⎜ ⎟= − ⎛
⎝

− ⎞
⎠

=
= ×
= + ×
= ×
= + +

− −ε f σ MPa f ε ε Q
T K

Q
f T K
f T K
f T K
f %C %C

¯̇ [sec ] ( ¯ [ ] ¯ |¯ | ) exp
[ ]

where:
44,465

130.5-5.128 10 [ ]
-0.6289 1.114 10 [ ]
8.132-1.54 10 [ ]
46,550  71,400( )  12,000( )

ie C ie ie
f f

1

2

3

C

1
1

1

-3

-3

-3

2

2 3

(19)

whereQ is an activation energy constant, σ̄ (MPa) is Von Mises effective
stress, empirical functions f1, f2, f3, fC depend on absolute temperature
(K), and %C is carbon content (weight percent), which is one of the
ways that steel grade (composition) is represented. (Li and Thomas,
2004) showed that Eqn. (19) allows an algorithmic approximation of
kinematic hardening, where σ̄ and ε̇̄ie are signed according to the largest
principal stress and strain rate component respectively. They demon-
strated reasonable agreement with some cyclic fatigue test data at high
temperatures.

Originally fitted to tensile-test and creep data for plain carbon steel,
Fig. 3 compares the Kozlowski model III constitutive equation with data
points measured by (Wray, 1982) for plain carbon steel at two different
temperatures. The form of this austenite constitutive model is rather
restrictive to allow inclusion of realistic behavior during cyclic loading,
such as kinematic hardening, and the Bauschinger effect.

Table 1
CON1D interfacial gap parameters.

Interfacial gap parameter Value Unit

Solidification temperature of slag 1083 °C
Conductivity of slag 1.5 W/m·K
Contact resistance of slag layer/mold 5.0× 10-9 m2·K/W
Dynamic viscosity of slag at 1300 °C 1.8 P
Exponent for temperature dependence of viscosity 0.9 -
Density of slag 2500 kg/m3

Absorption factor of slag 250 1/m
Refraction index of slag 1.5 -
Emissivity of slag 0.9 -
Mold powder consumption rate 0.399 kg/m2

Oscillation mark depth 0.324 mm
Oscillation mark width 1.5 mm
Mold oscillation frequency 2.5 cps
Mold oscillation stroke 6.6 mm
Ratio of solid slag velocity/casting speed (WF) 0.16 -
Ratio of solid slag velocity/casting speed (NF) 0.167 -

Fig. 3. Austenite constitutive model for plain carbon steel (Wray, 1982) com-
pared with stainless steel data (Venugopal et al., 1993) (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).
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3.2. Ferrite constitutive model

For the δ-ferrite phase, a power law constitutive model proposed by
(Zhu, 1996), is implemented, as given in Eqn. (20). This model was
fitted to match tensile-test measurements of plain carbon steel made by
(Wray, 1976).

=
+

= ×
= × +

=
×

×

ε σ MPa

f ε

f C C
m T K

n
T K

¯̇ (1/sec) 0.1 | ¯ ( )

(%C)( ) (1 1000¯ )
|

where:
(% ) 1.3678 10 (% )
-9.4156 10 ( ) 0.3495

1
1.617 10 ( )-0.06166

ie

δc
T K

ie
m

n

δc

( )
300

-5.52

4 -5.56 10

-5 o

-4 o

o

-2

(20)

Fig. 4 shows this ferrite model integrated within the relevant low
strain range for a variety of constant temperatures and strain rates. For
the same conditions, this phase is almost an order of magnitude weaker
than austenite. As with the austenite model, the ferrite model is also
restrictive to accommodate kinematic hardening and the Bauschinger
effect in cyclic loading, which increases the difficulty of fitting the
model accurately. Compositions for all steel grades discussed in this
work can be found in Table 2.

3.3. Liquid and mushy phase constitutive model

Similar to the works of (Koric and Thomas, 2006) and (Zappulla
et al., 2017), the liquid and mushy zones are modeled with an isotropic
elastic-perfectly-plastic rate-independent constitutive model, using a
small, constant yield stress of 0.01MPa, whenever temperature exceeds
the solidus temperature.

3.4. Phase based constitutive model selection

As different steel phases have greatly different mechanical proper-
ties, the choice of constitutive model in this work depends on the phase-

fraction evolution with temperature of the particular steel grade of
interest, and the transition between phases, as described by (Zappulla
et al., 2017). In two-phase regions, most thermal and mechanical
properties are modeled based on a simple weighted average summation
based on phase fraction. Constitutive equations are handled differently.

In austenite/ferrite mixtures, the Zhu model for ferrite is applied in
the solid when the ferrite volume fraction exceeds 10 %. Otherwise, the
Kozlowski Eqn. (19) is used. This criterion was chosen over a mixture
law based on phase fractions, because time-dependent inelastic re-
sponse in the ferrite phase governs the local mechanical behavior if the
ferrite domain is unbroken. The previous work of (Hibbeler and
Thomas, 2011) found that a transition of 10 % matched quite well with
a more complicated transitional model using an Eshelby tensor with
multiple phases. Details on the method devised to integrate these highly
nonlinear constitutive equations are explained in (Koric and Thomas,
2006), and were implemented via the UMAT subroutine in ABAQUS.

Fig. 5 shows the results of both constitutive models, integrated for
the same conditions as data measured by (Venugopal et al., 1993) for
316L stainless steel. The austenite is observed to be about 10X stronger
than the corresponding ferrite, and the Kozlowski model agrees with
the measured data.

4. Phase-based material properties for stainless steel

The composition of steel greatly influences its mechanical proper-
ties. Due to the many different types of steel, comprehensive mechan-
ical-property experimental-data for the range of high temperatures, low
strains, and low strain rates of interest in casting processes is difficult to
find for any given steel grade. Although plain carbon steels are defined
by their carbon content, they also contain up to several weight percent
of many other alloying elements, which depend heavily on the specific
grade. Higher alloy steels such as next generation Advanced High-
Strength Steels, tool steels, and stainless steels have substantially higher
amounts of specific alloying elements (such as Si, Mn, Cr, and Ni) in
order to achieve specific enhanced properties such as ductility-to-
strength ratio, hardenability, hot working strength, and corrosion

Fig. 4. Delta-ferrite constitutive model results for plain carbon steel (lines) compared with measurements (symbols) by (Wray, 1976) at 2 temperatures, and 3 strain
rates, for two steel grades (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 2
Compositions (wt.%) of steel grades used in the present work.

Steel grade C Mn Si S P Cr Ni Al Ti N

Plain Carbon 1 (Wray, 1982) 0.051 0.82 0.28 0.018 0.001 - - < 0.002 - 0.001
Plain Carbon 2 (Wray, 1976) 0.028 0.01 0.006 0.004 0.001 - - 0.001 - 0.001
Electrical (Wray, 1976) 0.017 0.01 3.01 0.004 0.001 - - 0.002 - 0.003
316L SS (Venugopal et al., 1993) 0.02 1.7 0.77 0.007 0.04 18.2 11.6 - - -
409L SS 0.005 0.27 0.54 0.001 0.0224 11.2 0.1 0.003 0.22 0.008
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resistance.
Originally fit to data for specific plain carbon steels, both the aus-

tenite and ferrite models of the Kozlowski-Zhu constitutive laws exhibit
good agreement with tensile-test data for other types of steel when the
temperature, strain rate, and phase evolution are the same. Fig. 3 in
section 3.1, which shows the austenite constitutive model and some of
its plain-carbon fitting data, also compares the predictions of this model
with tensile-test measurements for 316L stainless steel obtained by
(Venugopal et al., 1993) at the appropriate temperature and strain rate.
As also shown in Fig. 5, the agreement is remarkable and significant,
considering the very different composition of this steel. Furthermore,
Fig. 4 in section 3.2, which shows the δ-ferrite constitutive model and
some of its fitting data, also compares the predictions of this model with
tensile-test measurements for a high-silicon electrical steel, which falls
in the ferrite regime. Again, a very close fit is obtained for this very
different steel grade.

Very little mechanical property data can be found for specific steels
at elevated temperatures. High temperature stress-strain data for the
temperature-, strain-, and strain-rate conditions encountered during
continuous casting for 409L could not be found in the literature.
However, while high temperature steel properties depend on compo-
sition, the specific phase at a given temperature is substantially more
relevant to its behavior as shown by the results presented above.
Therefore, finding the proper phase diagram, more specifically the
phase fraction history of a given steel grade, and using phase specific
constitutive equations is a sufficient and more convenient method for
determining mechanical behavior during solidification, without the
necessity of performing complete mechanical testing in this regime.
This method has been previously validated by (Rowan et al., 2011)
comparing predictions using the Kozlowski-Zhu constitutive laws with
force measurements in solidifying steel shells. Other similar studies,
including those by (Koric et al., 2010a) and (Zappulla and Thomas,
2017) have applied this approach to investigate various aspects of the
continuous casting process.

As with all steels, stainless steels can exhibit a wide range of thermal
and mechanical properties during solidification. The steel of interest in
this work, 409L, is a specific type of ferritic stainless steel. Stainless
steels as a group are designed to withstand corrosive environments, due
to high chromium and nickel contents, which help to create a strong
protective oxide layer adhered tightly to the surface. These higher alloy
contents also strongly affect phases as well as micro constituents, and
depending upon the exact chemical composition of the steel, the high-
temperature microstructure during casting may consist of austenite,
ferrite, or a mix of the two phases.

Based on its composition shown in Table 2, the evolution of the

volume fractions of each phase with temperature during solidification
and cooling of 409L stainless steel are shown in Fig. 6, calculated from
the appropriate multi-dimensional equilibrium phase diagram based on
free-energy minimization with JMatPro (Senta Software Ltd., 2016).
Specific transformation temperatures are given in Table 3.

Compared to plain carbon steel grades, the phase history of 409L
stainless has substantially different austenite and ferrite regions.
Whereas in plain low-carbon steels, solidification to δ-ferrite is followed
by complete transformation into austenite, in this particular ferritic
stainless steel, ferrite is still stable all the way to room temperature.
Fig. 6 shows that the cooling steel only partially transforms into aus-
tenite, reaching a maximum austenite fraction of about 60 % at
∼1000 °C, followed by a complete transition back into ferrite.

The temperature-dependent thermal properties: conductivity and
enthalpy, shown in Fig. 7, are calculated by JMatPro (Senta Software
Ltd., 2016) and input into ABAQUS subroutines. The temperature-de-
pendent elastic modulus, density, and thermal linear expansion are
shown in Fig. 8.

Decreasing temperature leads to increases in density and elastic
modulus as the crystal structure become more tightly packed and
stiffer. In addition, as the steel changes phase from ferrite to austenite,
and thus from body-centered-cubic to close-packed face-centered-cubic,
the atomic packing fraction also increases, so the density further in-
creases, as the lattice spacing becomes smaller.

This is accompanied by corresponding decreases in the thermal
linear expansion, which is inversely related to the cube root of the
density at a given temperature.

5. Results and discussion

5.1. Multiphysics model of stainless-steel slab caster

The coupled multiphysics model, including the Kozlowski-Zhu
constitutive laws, was employed to quantify the thermo-mechanical

Fig. 5. Constitutive models of austenite and ferrite for 316L stainless steel with
experimental data (Venugopal et al., 1993).

Fig. 6. Phase fractions for 409L stainless steel.

Table 3
Transition temperatures for 409L stainless steel.

Stainless Steel 409L

Pour temp. 1555.00 °C
Liquidus temp. 1508.63 °C
Solidus temp. 1481.93 °C
Mushy zone 26.7 °C
Austenite start 1180 °C
Austenite end 753 °C
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nature of solidifying 409L stainless steel in a commercial continuous
slab caster with a 220mm (thickness) x1260mm (width) strand, cast at
1m/min casting speed in a straight mold with a working length of
0.8 m and 120mm nozzle submergence depth. The slice domain of the
shell model in Fig. 2 begins at the meniscus, with a uniform pouring
temperature, and no initial displacement, strain, or stress. The 2D do-
main is discretized with ∼24,000 four-node, temperature-displacement
generalized plane-strain elements, providing an average element size
(0.3 mm) – which is sufficient to capture thermo-mechanical solidifi-
cation phenomena on a fixed grid according to (Zappulla et al., 2017).
The 1D domain has a uniformly refined mesh of 0.1mm square ele-
ments. The “slice” model approach is justified for the heat transfer
analysis, due to insignificant axial (casting direction) conduction
compared to heat advected by the casting velocity, i.e. large Péclet
number. (Li and Thomas, 2004) and later (Koric et al., 2010a) have
found that generalized plane strain, with constant axial strain and
negligible out of plane bending, is capable of reproducing the complete
3D stress state in continuous casting modeling, and is therefore applied
as a suitable 2D mechanical approximation in this work as well.

5.2. Thermal flow in liquid pool

Fig. 9 shows time-averaged flow patterns and temperature dis-
tributions in the liquid steel at horizontal and center-middle planes in
the mold, calculated from the 3D turbulent thermal fluid flow model.
Owing to the lower casting speed of stainless-steel casters, (relative to
typical plain-carbon steel casters), the jet is angled upward (5° up), in
order to increase surface velocity into an optimum range for good steel
quality reviewed by (Dauby, 2012).

The distribution of superheat is governed by the flow pattern in the

mold region. The jet flowing from the nozzle traverses the mold interior
to impact upon the narrow faces, transferring most of the superheat to
the solidifying steel shell on the narrow faces. The jet then separates to
flow upward towards the top surface and down the narrow faces deep
into the strand. The temperature of the flowing steel continuously drops
as superheat is removed at the solidification front, so the stagnant re-
gions in the center of the lower recirculation zones are coldest.

The mold flow causes an uneven distribution of superheat flux,
showing a peak at a region in the middle of the narrow face and
200mm below meniscus, as shown in Fig. 10. The superheat flux de-
livered to the solidification front at the wide faces is observed in this
figure to be much smaller.

The heat flux removed from the outer surface of the solidifying
shell, across the interfacial gap and into the mold, is naturally much
larger than the superheat flux, and depends on the difference between
the calculated mold-wall shape and the shrinking steel-shell size.

5.3. Heat flux in the mold and model validation

Measurements were obtained from the operating caster to enable
calibration and validation of the heat transfer model. This includes the
measured heatup of the cooling water between entering and leaving the
mold wide faces and narrow faces and the measured temperatures from
thermocouples in the mold walls during ∼3 hours of nearly steady
casting in the real plant. Fig. 11 shows time histories of average heat
flux leaving the mold, which are calculated from the water heatup,
knowing the water flow rate, and the total mold surface area. The time
averages of these heat fluxes are also given.

Fig. 7. Thermal properties of 409L stainless steel: (a) conductivity and (b)
enthalpy.

Fig. 8. Mechanical properties of 409L stainless steel: (a) elastic modulus, (b)
density, (c) thermal linear expansion.
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Fig. 12 shows plant measurements from 13 thermocouples (TCs)
located 110mm below the meniscus, and 20mm beneath the mold hot
face. The time- and spatial- averages of these temperature histories are
also included in Fig. 12(b). The thermocouple data of TCs 4-10 located
in the central wide face region away from the corners average 120.4 °C
with standard deviation of 3.7 °C.

The average heat flux across the interface between the steel shell
and the mold hot face predicted by the CON1D model, is calculated by
integrating the interface heat flux profile along the casting direction,
shown in Fig. 10, and dividing by the total mold length (900mm) and
width. These calculated average heat fluxes agree reasonably with the
measurements: WF: 1.10 (predicted) vs. 1.24 (measured) MW/m2 and
NF: 1.15 (predicted) vs. 1.25 (measured) MW/m2. Furthermore, the
temperature in the mold wide face predicted at the thermocouple lo-
cation exactly matches the measured average thermocouple data, as
shown in Fig. 13. Matching both average mold heat flux and thermo-
couple temperatures in the upper mold is significant because it suggests
that the entire heat flux profile cannot be too far from reality. This was
achieved by careful adjustment of model thermal parameters in Table 1
such as the ratio of solid slag velocity/casting speed.

The non-uniform superheat distributions, caused by the mold flow
pattern, results in local thinning and temperature variations in the so-
lidifying steel shell which greatly affects thermal stress behavior in the
shell, and quality of the final steel products. As described previously,

the superheat profile on the narrow-face centerline is higher than on the
wide face, which makes the shell thickness of the narrow face sub-
stantially thinner than the wide face, as shown in Fig. 14. This is also
influenced by heat transfer through the interfacial gap between the
steel shell and mold contact surface. Fig. 13 shows that the shell surface
temperature starts to decrease faster at ∼400mm below the meniscus,
which is accompanied by corresponding decreases in slope of the mold
wall temperatures. This is due to decreasing gap thickness, from better
contact between the steel shell and the mold surfaces at that location.
The model predictions of both shell thickness and mold temperature
profiles are quantitatively verified by comparing the models (CON1D
and ABAQUS), in addition to the validation of CON1D with plant
measurements already discussed.

5.4. Stress and deformation in solidifying steel shell

Fig. 15 shows temperature and hoop stress profiles down the surface
of the wide face and narrow face in the mold. The hoop stress acts
tangentially to the surface around the strand circumference. Note that
the hoop stress directions are different for the two mold faces in the
global coordinate system (ie x direction on WF and y direction on NF).
Both locations experience similar but slightly different temperature
histories, with the wide face dropping to a lower temperature by mold
exit, while the narrow face remains hotter as a result of the higher

Fig. 9. Molten-steel flow patterns and temperature distributions at (a) horizontal plane 180mm below the meniscus and (b) center plane between the wide faces in
the mold.
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superheat flux from the liquid. Stress results are qualitatively similar
with both locations experiencing two tensile stress peaks. The first peak
is initiated from the rapid shrinkage associated with the phase trans-
formation from ferrite to austenite. The second peak is due to the small
but sudden increase in cooling rate at the surface as a result of renewed
contact with each respective mold wall. The delay in the compression of
the narrow face is due to its higher temperature, and after a longer
time, the surface stress there also drops back into compression.

Fig. 16 gives hoop stress results through the shell thickness at var-
ious times during solidification. The expected thermo-mechanical be-
havior for plain carbon steel, observed by several previous researchers
including (Zappulla et al., 2017), is compression at the chilled surface,
transitioning into tension towards the solidification front, and then to
nearly zero (the ferrostatic pressure) in the liquid. This behavior is also
seen in the analytical solution of thermal stress during solidification of a
single-phase material by (Weiner and Boley, 1963). In addition, a ten-
sile peak often appears at the surface at early times when the cooling
rate is high. The new stainless steel results generally exhibit both of
these behaviors. However, as discussed previously and shown in
Fig. 15, a secondary tensile peak appears at the surface, at later times.
Another second tensile peak is also seen to appear inside the shell near

the solidification front, moving further beneath the surface with time
(Fig. 16).

Fig. 17 shows a single snapshot of hoop stress through the thickness
at 60 s below the meniscus of the wide face centerline, using the re-
fined-mesh slice model. This snapshot also includes the phase fractions,
in order to understand the stress profile. The difference between the
classic behavior of plain carbon steels, surface compression and sub-
surface tension, is a second compression peak, which is explained by
some austenite transforming back into ferrite between 3 and 8mm
beneath the surface, as shown in the inlaid plot of the austenite and
ferrite phase fractions. The region transforming back into ferrite ex-
periences an expansion from a FCC to BCC crystal structure, and is
forced into compression by the surrounding stronger material: the
austenite-rich region on the inside, and the ferrite region at the surface
(which becomes much stronger at the lower temperatures). This new
compression peak divides the usual subsurface tensile region into two
stress peaks. The first interior peak coincides with the maximum phase
fraction of austenite (the stronger phase) and the second is generated
within the δ-ferrite region due the cooling (compressive) surface region.

These results show that differences in phase transformations be-
tween steel grades have a great effect on their stress evolution during
solidification. In addition, changes in surface cooling rate are observed
to have an equally-important effect on stress evolution at the surface.
When considered together with the work by (Zappulla et al., 2017) on
the grade effects in plain-carbon steels during solidification, the me-
chanical behavior of solidifying steels becomes more clear.

Fig. 18 shows the deformed shell and its temperature contours at
various times in the mold, calculated using the L-shaped domain,
(Fig. 2). The shell contracts and shrinks away from the mold most at the
corner region, which has the lowest temperatures due to 2D heat
transfer and is strong enough to support the internal ferrostatic pres-
sure. Similar corner behavior is reported in many previous works such
as by (Li and Thomas, 2004) and subsequently by (Koric et al., 2010a).
Shrinkage of the wide-face shell is more than the narrow-face mold
taper can compensate within ∼100mm below the narrow face me-
niscus, (Fig. 18a), and near mold exit, (Fig. 18d), so bulging is often
experienced at those locations. Such bulging can lead to surface de-
pressions, cracks and other problems below the mold, as explained
previously by (Thomas et al., 1996) followed by (Li and Thomas, 2002).
Improved taper design of the narrow faces, as suggested by (Thomas
and Ojeda, 2003) can help lessen these problems.

5.5. Computational considerations

Combined nonlinearities from the highly nonlinear material re-
sponse, coupled distribution of superheat from the CFD model, and
complex boundary and contact conditions between the shell and mold
lead to significant ill‐conditioning of the coupled thermo-mechanical
global finite element stiffness matrix. ABAQUS uses the Newton-
Raphson method to bring the system of nonlinear finite-element
equations into equilibrium within each quasi-static increment. The di-
rect multi frontal solver, used to solve linearized equations in ABAQUS/
standard, is parallelized with the hybrid MPI/OpenMP implementation.
The 150,000 DOF thermo-mechanical model took several days on 4
nodes (96 cores) of the 2016 iForge system at NCSA to reach 48 s of
total simulation time down the mold length. The CFD and 3D Mold
calculations were larger, but with fewer nonlinearities and better par-
allel scalability on HPC.

(Koric and Gupta, 2016) have recently benchmarked a similar
multi-frontal solver on a large supercomputer, and effectively scaled the
solution time on several thousand processors. This shows that the ac-
curate modeling of multiphysics solidification problems, such as pre-
sented in this work, is becoming increasingly feasible, using high per-
formance, parallel computing resources.

Fig. 10. Calculated interfacial and superheat flux profiles down mold cen-
terlines.

Fig. 11. Heat flux measurements from heatup of mold cooling water.
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6. Conclusions

A multiphysics model for the study of stainless steel alloy solidifi-
cation processes has been developed, which features phase-dependent
constitutive equations. Specifically, the thermo-mechanical behavior of
a solidifying stainless-steel shell in a straight-walled continuous casting
mold is simulated using thermo-elastic-viscoplastic constitutive models
for the austenite, ferrite, and liquid phases during the solidification
process, which are tightly coupled with phase fraction calculations, as
well as with highly nonlinear temperature-dependent properties.

These constitutive equations, which were originally fitted from data
for plain carbon steel, are shown to reproduce tensile-test measure-
ments for stainless steels as well, so long as the phase, temperature, and
strain rate are the same. While high temperature steel properties de-
pend greatly on composition, the specific phase at a given temperature
is the reason for this behavior. Using phase-specific constitutive equa-
tions is a sufficient and more convenient method to determine me-
chanical behavior of solidifying steel without the need for complete
mechanical testing data in this difficult regime.

The simulation results show that the stresses arising during solidi-
fication of a 409L ferritic stainless steel shell include a second sub-
surface compression peak through the shell thickness, due to the late

Fig. 12. Thermocouple measurements: (a) locations and (b) temperature histories of thermocouples inserted on the mold wide face.

Fig. 13. Calculated mold and shell temperature results (wide face) with ther-
mocouple validation.

Fig. 14. Shell thickness results from CON1D and ABAQUS.
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phase change expansion from γ-austenite back to δ-ferrite, which is not
seen in plain carbon steel. In addition to the phase change peak, it is
found that abrupt changes in heat transfer, such as produced in this
example by increases in the size of the evolving the shell/mold gap, and
by the turbulent fluid flow, also lead to spikes in tensile stresses at the
surface. This multiphysics model can predict the evolving temperature
distribution, shrinkage, shape and stress during solidification of steel
for different compositions, including stainless steel. It can be used to
better understand the fluid flow and thermo-mechanical behavior, and
to optimize the continuous casting process, such as by providing ideal
mold taper profiles to minimize the formation of defects such as de-
pressions, hot spots and cracks.

7. Future work

More work is needed to apply and couple additional physical phe-
nomena into more comprehensive modeling systems, designed for a
particular industrial solidification process of interest. While it is clear
that the phase-dependent constitutive behavior approach demonstrated
here is a valid method for handling these different steel grades, as
newer advanced high strength steels grow in interest, more experi-
mental measurements of mechanical behavior are needed to confirm
this finding. Specifically, more tensile tests, creep tests, and reverse
loading tests are needed in the high temperature, low strain, and low
strain rate regimes experienced by these materials in commercial soli-
dification processes. Finally, with the additional effort, multiphysics
models such as this one will become increasingly valuable tools to
understand how defects form, and to optimize solidification processes,
such as stainless-steel continuous casting.
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