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Abstract: This study first investigated cracks on the surface of an actual steel strip. Formulating the Anand model in ANSYS software, we
then simulated the stress field in the molten pool of type 304 stainless steel during the twin-roll casting process. Parameters affecting the
stress distribution in the molten pool were analyzed in detail and optimized. After twin-roll casting, a large number of transgranular and in-
tergranular cracks resided on the surface of the thin steel strip, and followed a tortuous path. In the molten pool, stress was enhanced at the
exit and at the roller contact positions. The stress at the exit decreased with increasing casting speed and pouring temperature. To ensure high
quality of the fabricated strips, the casting speed and pouring temperature should be controlled above 0.7 m/s and 1520°C, respectively.
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1. Introduction

Twin-roll casting is a sustainable, environmentally
friendly technology that is compatible with iron and steel
recycling [1-4]. However, metal strips fabricated by the
twin-roll strip casting process are prone to cracking. These
cracks seriously degrade the mechanical properties of the
strips, rendering them unsuitable for subsequent processing
and application [5-6]. Cracking of the strip surface is asso-
ciated with the stress state during solidification. Therefore,
the stress in the thin steel strip during twin-roll casting is an
important determiner of strip quality.

To date, most studies on thin steel strips manufactured by
twin-roll casting have focused on the temperature field
[7-8], thermal-flow coupling [9-12] and thermal-me-
chanical coupling [13-14]. Little attention has been paid to
the internal stresses developed in the strip and molten pool
[15-16].

Since few mechanical models of the twin-roll casting
process have been published, simulations are based on nu-
merous assumptions and are consequently imprecise. For
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instance, the mechanical behavior of thin steel strips is usu-
ally simulated by the elastic-plastic model, which neglects
physical phenomena as the strip solidifies. To better model
this behavior, new constitutive relations that reflect the
physical phenomena during twin-roll casting should be es-
tablished. Constitutive relationships have been extensively
investigated, and a variety of constitutive models have been
proposed. Among them, the unified Anand model is consid-
ered especially appropriate for many situations [17-18]. Hu
and Ju [19] reported that the Anand model is suitable for
analyzing molten pools and large deformation stresses.
Therefore, in this work, we apply the Anand model to the
stress field in a 3D molten steel pool, and find the optimal
parameters that minimize cracking. Using the simulated re-
sults to guide the actual production, the twin-roll casting
process could be easily and adequately controlled to yield
high-quality products.

2. Experimental

The twin-roll casting machine comprises two rollers,
filled with cooling water, that rotate in opposite directions
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with the same angular velocity, and side dams on both sides.
The molten steel is first injected into the space between the
two rollers and side dams to form a molten pool, and is
eventually solidified into a casting strip by cooling under
roller contact. A schematic of the twin-roll casting process is
shown in Fig. 1(a). In this work, type 304 stainless steel
strips of 2.0 mm in thickness were cast in a copper
twin-rolling apparatus. The chemical composition of 304
stainless steel is listed in Table 1.
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Fig. 1. Schematics of the twin roll casting process (a) and 1/4
finite element model of the molten pool (b).
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Table 1. Chemical composition of AISI 304 stainless steel
wt%

C Si Mn P S Cr Ni Mo
006 07 12 003 0014 18 8 0.18

Cracks were visible on the surfaces of the stainless steel
strips fabricated by twin-roll casting. Samples were excised
from the cracked regions and etched by aqua regia (HNO; +
3HCL) for approximately 2 min. The etched samples were
observed under an Axiovert 200 MAT optical microscope
(OM) and an S4800-1I field emission scanning electron mi-
croscope (FESEM) with energy dispersive spectroscopy
(EDS).

To obtain sensible parameters for modeling, the speci-
mens were machined into $10 mm x 15 mm cylinders and
hot compressive experiments were conducted in a Glee-
ble-3500 thermo-simulation machine (Dynamic Systems
Inc. (DSI) in USA). In the real twin-roll casting process, the
molten steel is rolled into a sheet within a short time, before
the steel can appreciably cool. Consequently, the selected
deformation temperatures were 1100, 1150, 1200 and
1250°C. During injection into the molten pool, the liquid
steel is subjected to slight deformation under a small extru-
sion force. However, at the exit, where the extrusion force is
much higher, the steel strip is severely deformed. To capture
this wide range, the strain rates in the hot compressive ex-
periments were varied over five orders of magnitude (0.001,
0.01, 0.1, 1, and 10 s™") with a maximum deformation of

50%. The stress—strain curves under different temperatures
and strain rates were recorded by computer.

3. Simulation methods
3.1. Establishment of FE model

The sizes of the manufactured products were retained in
the geometrical models. Since the pool is symmetric in the
length and width directions, it was represented by a quarter
of the real molten pool. Simulations were conducted in the
professional softiware ANSYS ICEM CFD. The hexahedral
grids of the model were meshed with 22740 elements and
20614 nodes. The finite element model of the molten pool
and mesh generation are shown in Fig. 1(b). On this grid,
the stress distribution of the molten pool under different
casting speeds (0.3, 0.5, 0.7, 1.0 mm/s) and pouring tem-
peratures (1480, 1500, 1520, and 1540°C) were simulated
by ANSYS software.

The material parameters of 304 stainless steel strips are
shown in Table 2. Here, p, M, c, 7, and A denote the density,
molar mass, specific heat, dynamic viscosity and thermal
conductivity, respectively.

Table 2. Material parameters of AISI 304 stainless steel

p/ M/ c/ n! 1/
ilsgﬂﬁ) (gmol™ (kg'K™ (kg-m"l-s") W-m'K™
7060 55.2 809.27 0.00685 3351

Before simulating the stress field, the temperature field,
previously obtained by thermal-flow coupling, was imported
into the model as a parameter [20].

3.2. Anand model

The Anand model is a unified viscoplastic constitutive
equation proposed by Anand and Brown [21-23]. The
model incorporates time-dependent creep (transient and
steady-state), and time-independent plastic strain simulta-
neously generated during the deformation process. Two ba-
sic features of this model become immediately apparent.
Firstly, no explicit yield conditions or loading/unloading
criteria are required. Plastic strain is assumed wherever the
stress is non-zero, although the plastic flow rate may be
immeasurably small at low stress points. Second, the iso-
tropic resistance to plastic flow, which depends on the in-
ternal state of the material, is represented by a single scalar.
The behavior of highly deformed materials may be conven-
iently described by the unified constitutive equation. Large
deformation also enables more direct matching of material
parameters to experimental data.
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3.2.1. Governing equations
In the Anand model, flows are expressed by

. o\ . o i
£, = Aexp(—ﬁ)[smh(é?)] 1)

where g, is the inelastic strain rate, 4 is a pre-exponential
factor, Q is the activation energy, R is the universal gas con-
stant, and 7T is the temperature. The stress multiplier and
equivalent stress in steady plastic flow are denoted by £and
o, respectively, s is the deformation resistance (in units of
stress), and m is the strain rate sensitivity.

The intemal variable § evolves as

§=h{0sT)é, —#(s,T) Q)
The first term on the right-hand side of Eq. (2) is the
strengthening function, given by

: -sign(l—i,)]-s'p, a>1 3)
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where Ay is the hardening/softening constant, g is the strain
rate sensitivity of hardening/softening, s~ denotes the satura-
tion value of s for a given temperature and strain rate, »
specifies the sensitivity of the strain rate to the saturation
value of the deformation resistance, and § is a coefficient.

The second term on the right-hand side of Eq. (2) is the
static recovery function, here set to zero.

Eqgs. (1)(4) are the basic equations of the Anand model.
Collectively, they describe the characteristics of a material;
namely, its temperature dependence, strain rate history and
strain strengthening in all directions.

At a given temperature and strain rate, when the plastic
deformation rate is proportional to loading strain rate, the
material deformation reaches the steady plastic flowing state
and the stress o saturates at o. Moreover, at a given tem-
perature and loading stress, when the saturated stress in a
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viscoplastic material equals the loading stress, the plastic
flow reaches steady state, and the deformation resistance s
saturates at s

In the Anand model, the steady-state plastic flow is given
by

o\ TVm
== Aexp(—R—QTj[sinh(fj—_H )

where ¢ is the loading strain rate.
From Eq. (4), the saturated stress o is obtained as

o’ =£|:i’~exp(£ﬂ sinh™ l:iexp(gﬂ
£l 4 P\RT 4 P\ RT ©

Isotropic hardening mechanisms such as dislocation den-
sity, solid solution hardening, and subgrain and grain size
effects are encapsulated into a single internal variable in the
Anand model, and the deformation resistance is proportional
to the equivalent stress:
oc=c¢s, c<lI] @
where c is a function of the strain rate and temperature, and
is given by

c= ésinh‘l [(%’-exp(Q/RT)T} ®)

Therefore, the stress in the Anand model can be written as
1-a

o=0" —{(o" -cs’ )H +(a—l)[(cho)(o" )—a]ep }V( ! )

According to the stress-strain curves at different tem-
peratures and the strain rates obtained from hot compressive
experiments, the ultimate strength o;, can be assumed as the
saturated stress when determining the steady stress. Conse-
quently, the nine parameters of the Anand model, namely, Q,
A, & §,m, n, a, hy, and s,, can be calculated by nonlinear
least square fitting of the deformation law of 304 stainless
steel at high temperature. The parameter values so obtained
are listed in Table 3.

Table 3. Parameters of the Anand model

0/ (-mol™) Al & §/MPa

m n a hy/MPa 5o/ MPa

372555 2.0371 x 10" 325 125.1

1.43 2.174 L5 3093.1 35

3.2.2. Verification of the Anand model

To verify the applicability of the Anand model to the
current work, the stress—strain curves of 304 stainless steel
samples at 1250°C were simulated by ANSYS. The
stress—strain curves are plotted in Fig. 2. The size of the
model, taken from the axial cross section of the actual com-
pressed sample, is 5 mm x 15 mm. The loading conditions

were as follows: (i) the displacement on the left side of
model is constrained and the displacement along the X axis
is zero, i.e., OU/8X =0, where U denotes displacement;
(ii) the system is assumed symmetric about the X axis of the
lower boundary, i.e., the displacement along the Y axis is
zero; (iii) the displacement load of 7.5 mm towards the left
is assigned at the nodes on the right side of the model. As
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evidenced
stress—strain curves in the high temperature zone are highly
consistent, confirming the reliability of the Anand model.

in Fig. 2, the simulated and measured
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Fig. 2.
stress—strain curves.

Comparison between the simulated and measured

4. Results and analyses
4.1. Observation of cracks in the thin steel strip

Within the scope of the plate width, the surface of the

thin steel strip was marked with cracks up to 100 mm length.

The microscopic morphologies of the surface cracks are
shown in Fig. 3. Larger cracks in Fig. 3(a) are nearly 100
um wide. The cracks follow a tortuous rather than a straight

path, and larger cracks typically branch into numerous mi-
cro-cracks. These defects mainly arise from nonuniform so-
lidification of the strip surface [24], and are initiated at
points of hysteretic solidification. Since the speed of cooling
is nonuniform, the material shrinks inhomogeneously, re-
sulting in local stress concentration. Cracking occurs when
the local stress exceeds the ultimate strength of the material.
Under mechanical stress, the cracks propagate and develop
to form different morphologies. Detailed observation re-
vealed that most of the cracks were transgranular (i.e.,
passed through the grain) (Fig. 3(b)), but a number of inter-
granular cracks were also present (Fig. 3(c)). Transgranular
cracks usually develop under stress, while intergranular
cracks, which destructively traverse the grains, are induced
by external forces. Figs. 3(b) and 3(c) also reveal numerous
spherical and strip-like inclusions (delineated by rectangles).
From the EDS analysis, the inclusions were found to chiefly
contain Mg, Al, Mn, Cr, Ca, and O. Thus, they are specu-
lated to comprise complex oxides, such as MgO, AlLOs,
MnO, Cr,0Os, and CaO. Inclusions exist as independent
phases in the steel, destroying the continuity of the matrix.
Accordingly, they accelerate the formation and expansion of
cracks when local stress is applied. Therefore, elucidating
the stress distribution in thin steel strips during the twin-roll
casting process is important for understanding how cracks
form and extend, predicting their location, and preventing
their occurrence.

Fig.3. Crack morphologies of the casting strip: (a) cracks extending into numerous micro-cracks by a tortuous path and branches,

(b) transgranular cracks, and (c) intergranular cracks.
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4.2. Simulation of stress fields in thin steel strips

Fig. 4 displays the simulated stress field in the molten
pool. Higher stress concentrates chiefly at the exit and the
roller contact positions. During twin-roll casting, the liquid
in contact with the rollers dramatically cools under the ac-
tion of cooling water, and a high-stress shell forms on the
roller surface as the metal solidifies and is extruded by the
rollers. The liquid at the exit solidifies because most of the

heat is extracted by the rollers, generating large tensile stress.

In Fig. 4(b), lines A, B, and C indicate the center line, the
direction of thickness of the thin steel strip, and the
strip-roller contact surface at the exit, respectively.

Fig. 5 shows the von Mises equivalent stress distributions
of lines A, B and C in strips cast at different speeds. The
overall stress along all three lines decreases with increasing
casting speed. The largest stress along line A is localized

Int. J. Miner. Metall. Mater., Vol. 21, No. 7, Jul. 2014

near the edge (Fig. 5(a)), while along lines B and C it ap-
pears near the center (Fig. 5(b)) and the edge (Fig. 5(c)) of
the strip, respectively.
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Fig. 4. Stress field of the molten pool (a) and an enlarged
drawing of the exit (b).
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Fig. 5. Stress distributions of line A (a), line B (b), and line C (c) along the exit at different casting speeds.

Fig. 6 shows the von Mises equivalent stress distribution
of lines A, B and C in strips cast at different pouring tem-
peratures. Similar to casting speed, as the pouring tempera-

0.8

ture increased, the overall stress decreased along lines A, B,
and C. Pouring temperature exerted no effect on the sites of
maximum Stress.
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Fig. 6. Stress distributions of line A (a), line B (b), and line C (c) along the exit at different pouring temperatures.

4.3. Parameter optimization of twin-roll casting

Surface cracking has always been a problem in twin-roll

casting technology. However, most research on strip crack-
ing has focused on experimental evaluation. By applying
continuous casting theory, we can optimize the technical
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parameters to control the critical stress during the rolling
process.

Ramacciotti [25] reported that cracks are generated on
the casting block under extensive tensile stress in the trans-
verse and longitudinal directions. He also proposed suspi-
cious factor criteria for deciding whether cracks will appear,
i.e., the casting blank surface remains crack-free if the sus-
picious factors are less than 1.

The suspicious factors of crack formation are defined as

follows:
TCL =0, 6; ) (10)
LCL=[0, /0] (L

where T.C.I. and L.C.I are the suspicious factors of trans-
verse and longitudinal cracking, respectively, oy and oy are
the simulated stress components along the X and Y axes, re-
spectively, and o, is the critical stress, given by

or =k(Tw - T)* (12)
where Ty, is the regular solidus temperature, 7 is the simu-
lated temperature distribution, xis a proportionality constant

(1.27% MPa-K™*?), and ¢ is a constant (0.5).
The effects of casting speed and pouring temperature on
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the distribution of suspicious factors can now be discussed
in detail.
4.3.1. Casting speed

Fig. 7 shows the transverse and longitudinal suspicious
factor distributions of lines A and C at different casting
speeds. To determine these distributions, the stress distribu-
tions were inserted into Egs. (10) and (11). At casting
speeds of 0.3 m/s and 0.5 m/s, most of the T.C.I. values
along both lines exceed 1, indicating that transverse crack-
ing will likely occur (see Figs. 7(a) and 7(b)). At 0.7 m/s,
most of the T.C.I. values are constrained within 1. At the
highest casting speed (1.0 mmy/s), all values are below 1. At
a casting speed of 0.5 m/s, most of the L.C.I. values exceed
1 along line A, but are typically below 1 along line C (see
Figs. 7(c) and 7(d)). At casting speeds below 0.5 m/s, the
L.C.I values generally exceed 1 along both lines. By con-
trast, a casting speed of 0.7 m/s is sufficient to constrain all
L.C.I. values of lines A and C within 1. In conclusion, the
casting speed should be controlled above 0.7 m/s to ensure
high strip quality.
4.3.2. Pouring temperature

Fig. 8 plots the transverse and longitudinal suspicious
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Fig. 7. Suspicious factors of crack formation at different casting speeds: (a) T.C.L. along line A; (b) T.C.L. along line C; (c) L.C.L.

along line A; (d) L.C.L. along line C.
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Fig. 8. Suspicious factors of crack formation at different pouring temperatures: (a) T.C.L. along line A; (b) T.C.L. along line C; (c)

L.C.L. along line A; (d) L.C.L. along line C.

factor distributions of lines A and C at different pouring
temperatures. At 1480 and 1500°C, most of the T.C.I. val-
ues exceed 1 along both lines (see Figs. 8(a) and 8(b)). The
T.C.I values of both lines typically fall below 1 when the
pouring temperature exceeds 1520°C. At a pouring tem-
perature of 1540°C, all T.C.L values of both lines are con-
strained within 1. The L.C.I. values along line A typically
exceed 1 at 1500°C, whereas those along line C are chiefly
below 1 at this temperature (see Figs. 8(c) and 8(d)). At
pouring temperatures below 1500°C, the L.C.I. values along
both directions are generally larger than 1, but at 1520°C, all
L.C.I values of both lines are constrained within 1. There-
fore, the pouring temperature should be controlled above
1520°C to ensure high quality.

5. Discussion

Previously, we investigated the temperature field in
stainless steel during twin-roll casting [8], and revealed that
the position of the freezing point depends on both the roll
gap (strip thickness) and roll radius. As the roll gap in-
creases or the roll radius reduces, the position of the freezing

point shifts toward the exit and the temperature at the exit of
the strip increases, which encourages the steel break phe-
nomenon. Thus, to prevent steel breakage, the freezing point
should be elevated. Without altering the other conditions,
reducing the pouring temperature will reduce the tempera-
ture of the whole molten pool, thereby raising the freezing
point. Similarly, if the casting speed is reduced, more heat is
extracted by the rollers, the temperature of the whole molten
pool is reduced, and the freezing point consequently rises.
That is, the critical pouring temperature and casting speed
can be achieved by widening the roll gap and reducing the
roller radius.

6. Conclusions

(1) Numerous cracks were formed on the surfaces of steel
strips fabricated by twin-roll casting. The cracks followed a
tortuous path and frequently forked into a multitude of mi-
cro-cracks. Further observation revealed both transgranular
and intergranular cracks.

(2) Regions of high stress in the molten pool are the exit
and roller contact positions. The overall stress at the exit de-
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creased with increasing casting speed and pouring tempera-

ture.

(3) To preserve the integrity of the strips, the casting
speed and pouring temperature should be controlled above
0.7 m/s and 1520°C, respectively.
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