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Abstract: Based on the three-dimensional field of molten
pool and twin-roll strip casting experiments, this work
verified the cracking mechanism of the strip by estab-
lishing mathematical model and rolling experiments. The
results showed that due to the instability of the thermo-
physical field of the molten pool and the inconsistency of
kiss curve height, the newly solidified strip will undergo
incompatible deformation through the rolling. The stress
concentration will appear around the large reduction area
and then form slip bands. When plastic strain exceeds the
limit of the metal, the oblique cracks will appear in the slip
bands periodically or completely penetrate the strip. In
addition, tensile cracks could also be produced by incom-
patible deformation. Therefore, keeping the uniformity
and stability of the thermal physical field in molten pool
is the key factor to restrain cracks.

Keywords: twin-roll strip casting, mathematical model,
kiss curve, oblique crack

1 Introduction

The twin-roll strip casting (TRC) uses a pair of relatively
rotating rollers as crystallizers to solidify and roll the
liquid metal to a strip in a short time [1,2] (Figure 1). How-
ever, this technology is not mature enough [3,4]. The crack
problem has a very harmful effect on the mechanical
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properties of the strip [5]. However, the causes of cracks
are complex and variable, such as chemical composition,
thermal stress, grain dislocation and other factors [6,7].

Harada et al. [8] found that higher casting speed and
higher cooling rate can reduce the occurrence rate of
cracks on the strip surface effectively. El-Bealy [9] also
proved that the interdendritic crack is related to cooling
conditions and strain distribution. Xu et al. [10] believed
that the crack sources mainly appear at the grain boundary
of the strips’ surface and propagate along the grain
boundary, and the rapid solidification of small-size grains
would be helpful for the crack propagation. However, Hu
et al. [11] researched high silicon steel and found that the
number of oblique and longitudinal cracks are far more
than the transverse cracks on the strip surfaces, and the
transverse and longitudinal cracks have caused transgra-
nular fracture, he also pointed out that the uneven heat
transfer is the main factor leading to surface cracks. Kim
et al. [12] reported that the thermal conductivity of semi-
solid area in molten pool is so weak, which leads to the
interlayer cracks. He also pointed out that the rolling
force should be increased to move the semi-solid area
up, which could restrain the cracks. However, Zang et al.
[13] believed that if the rolling force is increased, the defor-
mation of strip will be enlarged, and the as-cast strip will
be prone to cracking more easily. Therefore, the rolling
force cannot be excessive during the TRC process.

In fact, most of the strip cracks are oblique cracks
(Figure 3). So the crack problems are difficult to be solved
in the two-dimensional field [13]. In the three-dimen-
sional field, this work studies the cracking mechanism
through experiments and mathematical models, based
on the molten pool temperature field, material deforma-
tion and cracking theory.

2 Analysis of TRC cracks

Based on the ®265 x 120 strip casting mill (Figure 2) with
copper alloy crystallization rollers, the thin casting strip
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Figure 1: The TRC processing.

Figure 2: The TRC mill.

has been carried out. As shown in Figure 3, cracks often
occur on casting strip forming crack bands (such as edge
crack bands). In order to study the causes of the cracks,
the fracture morphology of the cracks was analyzed by
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stereomicroscope (Figure 4). The results show that there
is a certain thickness of oxide layer on the fracture sur-
face, which indicates that the crack was generated in the
high temperature period, which is similar to the experi-
mental results of Hu et al. [14].

However, there are obvious directional plastic defor-
mation marks on the oblique crack fracture, and the flow
traces are basically parallel to the crack direction. It
means that the crack in this region grew by the action
of shear force mainly. So these oblique cracks are sliding
mode cracks, and the crack band is shear slip band.
In general, slip band is hard to be formed during the
solidification, so it should be produced during rolling
deformation.

Although the kiss point (KP) and solidification inter-
face can be obtained clearly in the two-dimensional field,
due to the uneven distribution of flow and temperature in
the molten pool, it is difficult to get a parallel and smooth
kiss curve in the three-dimensional field. As shown in
Figure 5a, the KP may be moving up the area which has
low flow rate or efficient heat transfer (such as point A).

(@)

(b)

Figure 3: The crack of cast-rolling strip: (a) Surface oblique cracks and (b) edge cracks.
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Figure 4: Fracture morphology of the oblique crack.

On the contrary, the KP will decline where there is large
flow rate or weak heat exchange (such as point B) [15].

So different positions correspond to different rolling
reductions (Figure 5b). The rolling reduction (Ahy) is as
follows:

Ahy = ZR[l - cos(arcsin%)], 1)

where R is the radius of crystallization roller, Iy is the
height of KP. So, it can be seen that the rolling reduction
only depends on the height of KP. So the deformation and
cracking mechanism of casting strip could be proposed as
Figure 5c. Since the roll gap is a fixed value, the raising of
KP position means the increase in rolling deformation, so
the rolling area will produce incompatible deformation
and form slip bands which is easy to crack.

3 Rolling experiment of cracks

In order to verify the cracking mechanism in this study,
rolling experiments of cracks were designed by using
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as-cast A3003 aluminum alloy slab with uneven thick-
ness (Figure 6). To ensure that the experimental condi-
tions are close to the twin-roll casting process, the alloy
slab had been heated to 600°C (close to solidus tempera-
ture) for rolling, the specific experimental parameters are
shown in Table 1.

As shown in Figure 7, the experimental results show
that the metal strip changes from the rectangular shape
into a long polygon, the deformation is incongruous.
The central thick area mainly endures bearing stress,
which is much larger than the thin areas. The thick
area material flows transversely and extrudes the sur-
rounding region, resulting in forming complex shear
slip bands near the juncture between thick and thin
areas. Figure 7 also shows that there are obvious oblique
macro cracks near the junctures, which are distributed
periodically or completely penetrable. In addition, many
tiny micro-cracks also appear in the slip area.

The TRC technology belongs to sub-rapid solidifica-
tion, the liquid metal solidifies so fast that the solidifica-
tion defects cannot be filled in time. So there are many
defects in casting structure frequently, the intermolecular
dislocation defects are numerous, and the crack sources

=t Thin area

- Thick area

Figure 6: As-cast 3003 aluminum alloy slab.
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Figure 5: The mechanism of casting strip crack: (a) uneven kiss curve of molten pool; (b) material deformation tendency by rolling; (c) traces

of material deformation cause cracks.
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Table 1: Crack experimental parameters of strip rolling
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Project Parameter Project Parameter
Initial rolling temperature 600°C Experiment material A3003 (as-cast)
Roller diameter 265 mm Thickness of slab thick area 4.5mm

Roll gap 2.0 mm Width of slab thick area 30 mm

Rolling speed 30 mm-s! Thickness of slab thin area 2.1mm

Figure 7: Crack experimental results by rolling.

may occur randomly. But the cracks are mainly concen-
trated in the transition area between thick and thin areas.
The main reason is that the material in the transition
area not only has lots of longitudinal deformations, but
also has a large number of transverse deformations, so
that the accumulation strain is larger than other areas.
According to crack theory, the slip bands easily generate
stress concentration at the intermolecular dislocation
defects, forming many tiny micro-cracks first. Then, the
micro-cracks continue to expand and interconnect to
form macro-cracks under external pressure. The incom-
patible deformation and deformation potential energy
will promote the slip cracks’ growth [16], but the crack
growth can release a part of potential energy. When
the two effects reach equilibrium, the cracks will stop
growing. However, the incompatible deformation and
deformation potential energy may accumulate on the
slab surface again with the rolling, until a new crack
appeared. Therefore, the oblique cracks of the experi-
mental strips will be periodically distributed, and the
cracks may penetrate strips completely when deforma-
tion potential energy is excessive [17].

In addition, the material structure is mainly high tem-
perature solid solution when the metal is just solidifying
during the casting process. The plastic and slip property
of the high temperature metal is unstable relatively, and
easy to be changed by the temperature, which makes the

processing more complex. Therefore, the incongruous
deformation of the material is the main factor to produce
cracks.

4 Mathematical model of strip
casting and cracking

4.1 Constitutive equation of the materials

Based on the assumption of this work, the mathematical
model of TRC cracks is established. The strength of the
metal is weak when the temperature is little lower than
the solidus temperature, so the metal is elastic viscoplastic
material [18]. The constitutive equation is as follows:

_l+v 14
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where € is the strain of the metal; o is the stress; v is
Poisson’s ratio; i and j are the direction vectors; E is
the Young’s modulus; A is the viscoplastic factor, which
depends on the viscosity and Mach number of the metal;
Ap is the plastic flow factor; F(gp) is the plastic loading
function; and 7 is the viscoplastic factor of the metal.

4.2 Heat transfer model

The influence of contact stress on interface heat transfer
is very obvious. Liu et al. [19] presented a high precision
heat transfer theory for aluminum alloy.

h =hy + he, 3)

where h, represents the heat transfer across the air gap
with zero pressure and typically has a low value, h.
represents the contact under pressure between two solid
surfaces.
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KN
he = a%, (4)
where a is a model parameter, K is the harmonic mean
thermal conductivity of the contact solids, R is the root
mean square of surface roughness of the contact solids

and Np is a pressure-dependent parameter.

4.3 Crack propagation theory

As shown in Figure 8, it is assumed that point O is
the original position of the shear crack and the crack
surface is subjected to a pair of tangential stresses g,
the crack is growing along direction ¢ with the velocity
v(y = 0). And the stress of the area far away from the

y
I 0 ¢
e——— e
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/ v

Figure 8: Force analysis of crack propagation.
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crack is relatively small and can be ignored. So, the
cracking process can be considered as semi-infinite crack
model. For point O, the stress intensity factor Ky is

. q |2
Kp=1 2 ,+0) ==, |—. 5
I {%{v 1 0yy(€, +0) 2,/1_[1 (5)

The propagation conditions of sliding crack are cal-
culated as follows:

Ki =2 K, (6)

where K. is the limit factor of the materials. In addition,
the crack length (I) increases with the crack growth, so
Ky will decrease and cracks can stop propagating at
some time.

4.4 Numerical simulation model

An equal scale mathematical model corresponding to the
experimental conditions is established (Figure 9), and
mesh encryption is carried out at key locations such as
the junction area of the model. For the quasi-static pro-
blem of rolling, the explicit algorithm is used to analyze
the deformation distribution and deduce the cracking
trend and change. The process conditions of numerical
simulation model are identical with the crack experiment
of strip rolling (as shown in Table 1).

Figure 9: The mesh of mathematical model.
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5 Result analysis of mathematical
model

5.1 Result analysis of simulation model

The temperature field distribution shows differences
between thin and thick areas (Figure 10). Because heat
transfer is associated with contact stress, the thick area
has larger contact area, contact stress and heat transfer.
The temperature of the thick area is about 36.3°C lower
than others, which means that the thick area metal
has high stress intensity to extrude the surrounding
areas. In addition, the temperature difference may lead
to uneven shrinkage through subsequent processing,
which will promote the crack propagation.

After rolling, the metal with thin areas is subjected to
tension, but thick area is under compressive force (Figure 11),
slip bands emerge near the junction. So, the Tresca

NT11
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+5.125e+02
+5.095e+02
+5.065e+02
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+4.944e+02
+4.914e+02

Figure 10: Temperature distribution of simulation model (°C).

S, Tresca

(Avg: 75%)
+2.671e+01
+2.454e+01

Periodical stress

+2.852e+00
+6.834e-01

Figure 11: Tresca stress distribution of simulation model (MPa).
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stress is the key parameter for cracks. Figure 11 also
shows that periodical Tresca stress emerges at the slip
bands. According to crack theory, if K > K., the oblique
cracks in the experimental strip may be distributed at
the slip bands periodically, which is basically consistent
with the experimental results (as shown in Figure 7). It
can be seen that the cracks are closely related to the
temperature distribution in the molten pool, and the
distribution of temperature could also be reflected by
the crack trace of the strip.

The plastic strain of slip bands is much larger than
others (Figure 12), because the uneven deformation can
extrude the material to flow transversely. Slip bands are
subjected to not only longitudinal deformation but also
transverse deformation; therefore, the plastic strain is
concentrated at the slip bands, which tends to crack, or
even break. In addition, the cracks will further grow to
small reduction area because of its tension, which is
similar to the experimental results.

5.2 Analysis of non-uniform rolling
reduction

This work further studies the effect of different rolling
reductions on temperature and strain. This work set the
thickness of center area as 3.3, 3.9 and 4.5 mm (altitude
differences of kiss curve are 9.5, 12.2 and 14.5 mm), and
the same boundary conditions of Table 1. The results of
temperature and strain are shown in Figures 13 and 14.
After rolling, thick area temperature is lower than
the rest of the areas. With the decrease in the rolling

PE, Max. Principal
(Avg: 75%)
+1.003e+00
+9.199e-01
+8.366e-01
+7.532e-01
+6.699e-01
+5.865e-01
+5.032e-01
+4.198e-01
+3.365e-01
+2.532e-01
+1.698e-01
- +8.647e-02
+3.124e-03

Figure 12: Plastic strain distribution of simulation model.
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Figure 13: Temperature distribution of strip in transverse direction.
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Figure 14: Plastic strain distribution of strip in transverse direction.

reduction, the temperature at the central area increases
gradually, while the temperature of thin areas is not
changed much, because the rolling reduction has no
significant change. However, the strain results show a
different trend. The plastic strain of slip area is the
maximum, and its distribution is in the shape of “M.”
The maximum plastic strain increases linearly with the
increase in strip thickness, and when the strain exceeds
the allowable limit [20] of the metal at high temperature,
the slip area will crack first and extend to the thin areas,
because the thin areas bear the tensile stress. The amount
of uncoordinated deformation is directly determined by
the altitude difference of KP curve. Therefore, controlling
the stability of KP curve is the key factor to suppress crack
generation.

In addition, the higher rolling speed and larger strain
rate could reduce the plastic properties of metal, which

DE GRUYTER

may increase cracking tendency for some materials with
poor plasticity.

6 Conclusion

(1) The main influencing factor of the TRC crack is the
thermal physical field. The altitude difference of
kiss curve will lead to different rolling reductions
and different heat transfer conditions in each area,
which will result in uneven structure of the strip.
While the small reduction area is subjected to ten-
sion, and the large deformation area is under com-
pressive stress after rolling, then slip bands will
emerge between the two areas, and the slip bands
are easier to crack.

(2) If the stress or plastic strain in the slip bands exceeds
the limit of the material, many tiny micro-cracks will
appear in the slip bands first. With the increase in
the deformation potential energy, these micro-cracks
continue to grow and connect with each other, which
result in macro-cracks. The macro-cracks will be
distributed periodically or penetrated completely
and may continue growing to small reduction area
because of its tension.

(3) Reducing the altitude difference of kiss curve
can suppress the difference in stress, temperature
and strain effectively, which reduces the cracking
tendency.
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