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Abstract

A vertical-type high-speed twin-roll caster can cast strips at a speed of 60 m/min. However,
ripple marks, which are typical surface defects on strips cast using a twin-roll caster, also
appear on strips cast using this caster. In the present study, Al-5%Mg was used because
severe ripple marks occur on Al-5%Mg strips. The influences of the molten-metal head
(50, 100, and 150 mm), which is a characteristic parameter for this caster, the molten-metal
temperature (645, 685, and 735 °C), and the nozzle thickness on ripple marks were inves-
tigated. The nozzle thickness was an important factor in eliminating ripple marks, and a
nozzle thickness of 3 mm was suitable for eliminating them. No relationship was found
between ripple marks and surface cracks. The surface cracks decreased as the roll load
decreased, and a roll load of 5 N/mm was suitable. Based on the obtained results, the op-
timum nozzle shape and casting conditions for casting strips without ripple marks or
cracks were clarified.

Keywords: vertical-type high-speed twin-roll caster; ripple mark; Al-Mg alloy strip;
adhering of solidified metal; melt head; nozzle thickness

1. Introduction

A twin-roll caster (TRC) can cast strips directly from molten metal in a single process
[1], which has the advantage of reducing process complexity and saving energy. A disad-
vantage of a conventional twin-roll caster for aluminum alloys (CTRCA) is its low produc-
tivity due to its slow roll speed [2-5]. Increasing the roll speed can improve productivity,
which also leads to energy savings. A vertical-type high-speed twin-roll caster (VHSTRC)
was developed to increase the roll speed [6,7]. In developing the VHSTRC, attention was
paid to the roll material, the use of a parting material on the roll, and the molten-metal
head. The roll material for a CTRCA is steel for hot rolling, whereas that for a VHSTRC is
a copper alloy for rapid solidification and an increased roll speed. A parting material is
used in a CTRCA to prevent the strip from sticking to the roll, but it is not required in a
VHSTRC because the strip does not stick to the copper alloy roll.

Ripple marks are typical surface defects in strips cast using a TRC, and preventing
their occurrence is very important. In a CTRCA, the molten-metal head is set at a lower
position to reduce ripple marks [3,4]. In a VHSTRC, the molten-metal head is set at a po-
sition higher than 50 mm to improve the contact between the roll and the molten alumi-
num alloy. The cooling ability of a VHSTRC is better than that of a CTRCA because of this
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setup; as a result, the roll speed for a VHSTRC is higher than that for a CTRCA. In general,
the roll speed for a CTRCA is lower than 5 m/min [8-13], whereas that for a VHSTRC is
higher than 20 m/min [6,7]. There are many differences between a CTRCA and a VHSTRC
in terms of the casting process. There have been several reports concerning ripple marks
on strip cast using a CTRCA [14-18]. It is predicted that the ripple marks and the casting
conditions that influence ripple marks in a VHSTRC [19] are different from those in a
CTRCA [2]. The casting conditions that may influence ripple marks in a VHSTRC are as
follows: roll speed, molten-metal head, molten-metal temperature, roll material, and part-
ing material. A higher roll speed is the most important characteristic of a VHSTRC, so it
would not be meaningful if ripple marks were suppressed only at lower speeds. The roll
speed in this study was set at 60 m/min. A copper alloy roll with no parting material was
generally used to increase the roll speed in the VHSTRC. The molten-metal head and the
molten-metal temperature are adjustable and fundamental conditions. The effects of these
conditions on ripple marks have not been clarified; therefore, they were investigated in
this study. The nozzle is usually made from a steel plate with an insulating sheet adhered
to it, and the nozzle contacts the roll in the VHSTRC. In this study, the effect of a gap
between the nozzle and the roll on ripple marks was investigated. The effect of nozzle
thickness on ripple marks has not received sufficient attention, and it was also investi-
gated in this study. The relationship between ripple marks and surface cracks was inves-
tigated. The influence of roll load on the occurrence of surface cracks was also investigated.
In the present study, Al-5%Mg was chosen because ripple marks in Al-5%Mg are more
severe than those in other aluminum alloys [19,20].

The purpose of this study is to clarify the casting conditions and nozzle configuration
type that are useful for eliminating ripple marks in strip casting using a VHSTRC.

2. Experimental Methods

A schematic drawing of the VHSTRC is shown in Figure 1. The VHSTRC was de-
signed and assembled by students in our laboratory at the Osaka Institute of Technology.
The rolls were made of pure copper. The roll diameter and width were 300 and 100 mm,
respectively. The common experimental conditions were as follows. The roll speed was
60 m/min. The initial roll load before pouring the molten metal was set at 150 N/mm using
a coil spring. The roll load was 150 N/mm except when its influence on crack occurrence
was being investigated. The initial roll gap was 1 mm. The solidification length was 100
mm. The nozzle was made from a mild-steel plate and an insulating sheet. Four types of
nozzle configurations, A, B, C and D, were tested, as shown schematically in Figure 2 and
summarized in Table 1. For the Types A-C nozzle configurations, the thicknesses of the
nozzle, steel plate, and insulating sheet were 11, 3, and 4 mm, respectively, and the noz-
zle—roll gaps were 0, 1, and 4 mm, respectively. The Type A nozzle configuration is the
basic nozzle—roll gap configuration in a VHSTRC. For the Type D nozzle configuration,
the thicknesses of the nozzle, steel plate, and insulating sheet were 3, 1, and 1 mm, respec-
tively, and the nozzle-roll gap was 0 mm. Boron nitride (BN) spray was used on the insu-
lating sheet as a parting material. The composition of the Al-5%Mg alloy used in the pre-
sent study is shown in Table 2.
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Figure 1. Schematic diagram of vertical-type high-speed twin-roll caster.
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Figure 2. Schematic diagram of nozzle configuration types used in this study. The thicknesses of the
mild-steel plate, the insulator sheet and the gap between nozzle and the roll are summarized in
Table 1.

Table 1. Thicknesses of nozzle, mild-steel plate and insulator sheet. Nozzle configuration types are

shown in Figure 2.

Nozzle Configu- Nozzle  Mild-Steel Insulating  Gap Between Nozzle Tip

ration Type (mm) Plate (mm) Sheet (mm) and Roll (mm)
A 11 3 4 0
B 11 3 4 1
C 11 3 4 4
D 3 1 1 0

Table 2. Chemical composition of Al-5%Mg alloy (mass%).

Cu Si Mg Zn Fe Mn Ni Ti Cr
0.05 0.10 4.95 0.01 0.21 0.42 0.01 0.01 0.10

To investigate the effect of the molten-metal head on the formation of ripple marks,
the Type A nozzle configuration was used with molten-metal heads of 50, 100, and 150
mm. The molten-metal head is defined as the distance from the molten-metal surface to
the tip of the nozzle, as shown in Figure 1. The molten-metal temperature was 735 °C.

To determine the influence of the molten-metal temperature on ripple mark for-
mation, the Type A nozzle configuration was again used with a molten-metal head of 150
mm, and the pouring temperature of the molten metal was 645, 685, or 735 °C.

When the effect of the nozzle-roll gap on ripple mark formation was investigated,
the Types A, B, and C nozzle configurations were used. The molten-metal head was set at
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Solidified thin metal (STM)

?

100 mm to prevent leakage of molten metal from the nozzle-roll gap in the Types B and
C nozzle configurations. The molten-metal temperature was 735 °C.

When the influence of nozzle thickness on the occurrence of solidified metal and rip-
ple marks was investigated, the Type D nozzle configuration was used. The molten-metal
head was 100 mm, and the molten-metal temperature was 735 °C. To investigate the effect
of roll load on crack formation, the Type D nozzle configuration was used. The molten-
metal head was 100 mm, and the molten-metal temperature was 645 °C. The roll load was
5,10, 20, or 50 N/mm.

Photographs for visual inspection of the surfaces of the cast strips were taken with a
camera (COOLPIX W300, NIKON, Shinagawa, Tokyo, Japan). Penetrant tests and bend-
ing tests were carried out to investigate the influence of ripple marks on crack formation
and the ductility of the strip surface, respectively. A schematic diagram of the bending
test is shown in Figure 3. A universal testing machine (UEH-30, SIMADZU, Nakagyo-ku,
Kyoto, Japan) was used for the bending test. The bending directions were the casting di-
rection and the width direction of the strip.

Molten-metal penetration through the nozzle-roll gap was investigated from the so-
lidified thin metal (STM) that had adhered to the insulating sheet after casting, as shown
in Figure 4.

Bending direction i/ L=2r +2t
—> Strip r=15mm
¢ L t: strip thickness

Figure 3. Schematic diagram of bending test.

Top view

Nozzle

Tip of nozzle Tip of nozzle

\
Roll
Roll Roll
View from View from

side dam side nozzle side

(b)

Figure 4. Solidified thin metal (STM) adhered to insulating sheets of nozzle and side dam. (a) STM
after casting. Side dam on near side is removed. (b) Schematic diagram of overview of STM.

3. Results
3.1. Effect of Molten-Metal Head on Strip Surface

The effect of the molten-metal head on the strip surface is shown in Figure 5. The
Type A nozzle configuration was used. The upper panels show the cast strip, and the
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As-cast

Penetrant tested

lower panels show the penetrant-tested surface. The dull areas (areas with poor metallic
luster and white areas) are defined as ripple marks in this study and are indicated by black
arrows in Figure 5. Ripple marks occurred regardless of the molten-metal head, and they
had rough edges and non-uniform lengths in the casting direction. However, the degree
of undulation of the ripple marks appeared to increase with increasing molten-metal head,
and the interval between the ripple marks also increased with increasing molten-metal
head. In the images after penetrant testing, the red regions indicate cracks, which seem to
occur in areas other than the ripple marks (white areas). The number of cracks increased
with increasing molten-metal head. The reason why cracks occur between the ripple
marks is discussed in the Section 4.

Molten-metal head

Casting direction —»

Figure 5. Effect of molten-metal head on strip surface. Upper panels show as-cast strip, and lower
panels show penetrant-tested strips. The Type A nozzle configuration was used. The roll speed was
60 m/min. Molten-metal temperature was 735 °C. The roll load was 150 N/mm. The solidification
length was 100 mm. In the as-cast strips, black arrows indicate ripple marks. In the penetrant-tested

strips, red areas indicate cracks.

The outer surfaces of the cast strips after the bending test are shown in Figure 6. The
cast strips were bent in both the casting direction and the width direction of the strip.
When the molten-metal head was 150 mm, and the bending direction was the casting di-
rection, a crack was formed in the width direction, as indicated by the black arrow. Such
cracks were found to be very rare for this molten-metal head, with most cracks occurring
in the casting direction. This width-direction crack might have originated in a brittle area
during bending. Bending did not give rise to casting-direction cracks, and existing casting-
direction cracks did not increase in width during the bending test. The relationship be-
tween ripple marks and cracks in the width direction is, therefore, not clear.
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Molten-metal head
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Figure 6. Effect of molten-metal head on appearance of outer surface of bent cast strip. The casting

conditions are the same as in Figure 4. The black arrow indicates a crack formed by bending. The

yellow arrow indicates a crack that already existed on the cast strip.

When the molten-metal head was 100 mm, and the bending direction was the casting
direction, an existing width-direction crack opened slightly (shown by the yellow arrow),
and no width-direction cracks were formed. When the molten-metal head was 50 mm,
and the bending direction was the casting direction, cracks did not occur.

When the bending direction was the width direction, existing casting-direction
cracks did not increase in width. It is thought that no new cracks were formed by bending
for this molten-metal head.

3.2. Effect of Molten-Metal Temperature on Strip Surface

The effect of the molten-metal temperature on the cast strip surface is shown in Fig-
ure 7. The Type A nozzle configuration was used with a molten-metal head of 150 mm.
Ripple marks became clearer, and the metallic luster between them became more dull as
the molten-metal temperature increased. The dull condition may have spread thinly from
the dull areas (ripple marks) to the lustrous areas (between ripple marks). In the penetrant
test, the molten-metal temperature influenced the direction and size of cracks. When the
temperature was 645 °C, the crack direction was the width direction, and the crack size
was the largest among the three molten-metal temperatures. When the temperature was
685 °C, the size and number of cracks were the smallest, and few cracks existed in either
the casting direction or the width direction. When the temperature was 735 °C, the direc-
tion of most cracks was the casting direction. The size of the casting-direction cracks at
735 °C was close to that at 645 °C.
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As-cast

Penetrant-tested

Molten-metal temperature

10 mm

Casting direction —»

Figure 7. Effect of molten-metal temperature on appearance of strip surface. Upper panels show cast
strips, and lower panels show penetrant-tested strips. The Type A nozzle configuration was used.
The roll speed was 60 m/min. The roll load was 150 N/mm. The molten-metal head was 100 mm.
The solidification length was 100 mm. In the as-cast strips, black arrows indicate ripple marks. In

the penetrant-tested strips, red areas indicate cracks.

The bending test was conducted on the cast strips shown in Figure 7, and the outer
surfaces of the bent strips are shown in Figure 8. When the molten-metal temperature was
645 °C and the bending direction was the casting direction, an existing crack did not in-
crease in open width (shown by the yellow arrow), and no width-direction crack was ob-
served. When the molten-metal temperature was 685 °C, cracks did not occur in either the
casting direction or the width direction. The results for a molten-metal temperature of
735 °C in Figure 8 are the same as those for a molten-metal head of 150 mm in Figure 6.
Cracks occurred during bending in the casting direction. When the bending direction was
the width direction, existing casting-direction cracks did not increase in open width. It is
thought that no new cracks were formed during bending. When the molten-metal tem-
perature was 685 °C, few cracks were formed, and the brittle area may have been smaller.

Molten-metal temperature
645 °C 685 °C

Casting direction

—
Bending direction
Width direction
of strip
—

Figure 8. Effect of molten-metal temperature on appearance of outer surface of bent cast strip. The
casting conditions are the same as in Figure 7. The black arrow indicates a crack formed by bending.

The yellow arrow indicates a crack that already existed on the cast strip.
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3.3. Effect of Nozzle—Roll Gap

The effect of the nozzle-roll gap on the strip surface was investigated using Types A,
B, and C nozzle configurations. The molten-metal temperature was 735 °C, and the mol-
ten-metal head was 100 mm. The surfaces of the cast strips are shown in Figure 9. In the
Types A, B, and C nozzle configurations, the gaps between the nozzle and the roll were 0,
1, and 4 mm, respectively, and the gap was found to influence the ripple marks. The lus-
trous area between ripple marks also decreased in the same order. The shape and distri-
bution of the ripple marks for the Type C nozzle configuration were different from those
for the Types A and B nozzle configurations. For the Type B nozzle configuration, the
molten metal did not leak through the gap between the nozzle and the roll. This condition
is schematically shown in Figure 10a. For the Type C nozzle configuration, the molten
metal did leak through the gap, as shown in Figure 10b. For the Type C nozzle configura-
tion, the leaked molten metal formed a pool outside the nozzle. The ripple marks might
have occurred at the meniscus of the pool, which was not restricted by the nozzle. This
might be the reason why the ripple marks for the Type C nozzle configuration were very
different from those for the Types A and B nozzle configurations.

Nozzle configuration type

20 mm

i

—y RS -'ii‘Ai;'f‘,;::""t i W |
& »?(ﬁ'kﬁ FRoh MR By T e el ]

Casting direction ——»

Figure 9. Effect on appearance of surface of cast strip. Upper panels show as-cast strips. Lower pan-
els show penetrant-tested strips. Red areas are cracks. Roll speed was 60 m/min. Molten-metal tem-
perature was 735 °C. Molten-metal head was 100 mm. Roll load was 150 N/mm. Solidification length
was 100 mm.

Nozzle Nozzle

Leaked molten metal

Meniscus

Molten metal Molten metal

Roll
Roll

Meniscus

(a) (b)

Figure 10. Schematic diagram showing molten metal near the nozzle. (a) Type B nozzle configura-

tion; (b) Type C nozzle configuration.

For the Type B nozzle configuration, there was a 1 mm gap between the nozzle and
the roll, and the molten metal did not leak through the gap. Ripple marks occurred even
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when the nozzle was not in contact with the roll. One possible cause of ripple-mark for-
mation is oscillation of the meniscus of the molten metal, as described in the Section 4.
This can explain the existence of the lustrous areas between ripple marks. This type of
ripple mark occurred regardless of whether the nozzle was in contact with the roll. When
the Type C nozzle configuration was used, there was a 4 mm gap between the nozzle and
the roll, and the molten metal leaked through the gap, producing a pool of molten metal.
The dull area was wider than that for the other nozzle configurations. The ripple marks
were small in both the width direction and the casting direction. It is considered that the
meniscus oscillated and became covered with an oxide film or semisolid layer, producing
dull areas.

The results of the penetrant tests are shown in the lower panels in Figure 9. For the
Types A and B nozzle configurations, cracks occurred in the lustrous areas, and the crack
direction was close to the casting direction. For the Type C nozzle configuration, the size
and distribution of the cracks were different from those for the Types A and B nozzle
configurations. The reason for this is not clear at present.

A bending test was conducted on the strips shown in Figure 9, and the results are
shown in Figure 11. Cracks did not occur during bending, indicating that the surface con-
dition did not influence crack formation. Yellow arrows indicate cracks that already ex-
isted on the cast strip.

Nozzle configuration type

Type B Type C

Casting direction

—
Bending direction
Width direction
of strip
—

Figure 11. Effect of nozzle type on outer surface of bent cast strip. Yellow arrows indicate cracks

that already existed on the cast strip.

3.4. Effect of Nozzle-Thickness

Roll casting was attempted using the Type D nozzle configuration to investigate the
influence of nozzle thickness on the ripple marks. The strip-casting conditions were as
follows: the molten-metal temperature was 645 °C, the molten-metal head was 100 mm,
and the roll load was 150 N/mm. The surface of the cast strip and the penetrant-tested
surface are shown in Figure 12. The ripple marks that existed on strips cast using the Types
A and B nozzle configurations in Figure 9 did not appear on the strip cast using the Type
D nozzle configuration. These results show that the thin nozzle is effective for preventing
the occurrence of ripple marks. The results of the penetrant test show that cracks occurred
even though ripple marks did not occur. This means that there is no strong correlation
between ripple marks and cracks.
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; : 2 20 mm

() (b) Casting direction ————»

Figure 12. Surface of cast strip using the Type D nozzle configuration shown in Figure 2 and Table
1. (a) is the as-cast strip. (b) is the penetrant-tested strip. Red areas indicate cracks. Molten-metal
temperature was 735 °C. Molten-metal head was 100 mm. Roll load was 150 N/mm. Solidification
length was 100 mm.

A bending test was conducted on the cast strip shown in Figure 12, and the outer
surface of the bent strip is shown in Figure 13. When the bending direction was the casting
direction, an existing crack did not increase in width, and no crack occurred during bend-
ing. When the bending direction was the width direction of the strip, the width of an ex-
isting casting-direction crack increased slightly (shown by the yellow arrow), and no new
crack occurred during bending.

Bending direction

T

e # 0 —
Casting direction 3, Width direction of strip >
Figure 13. Effect of nozzle type on outer surface of bent cast strip. Cast strip shown in Figure 12a

was used. Yellow arrow indicates cracks that already existed on the cast strip.

The effect of roll load on the occurrence of cracks was investigated using the Type D
nozzle configuration. The molten-metal temperature was 645 °C, the molten-metal head
was 100 mm, and the roll load was 5, 10, 20, or 50 N/mm. The surfaces of the cast strips
and the results of the penetrant test are shown in Figure 14. Ripple marks did not occur
when the roll load was decreased. The amount of cracking decreased as the roll load de-
creased. When the roll load was 5 N/mm, most of the cracks were eliminated. The roll load
is the dominant factor in crack formation. For the Al-5%Mg alloy, a thin nozzle and a small
roll load are, therefore, effective for preventing ripple marks and cracks.
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= o e o
5 N/mm 10 N/mm 20 N/mm 50 N/mm

Figure 14. Surface of cast strip (upper panels) and penetrant-tested surface (lower panels). Red areas
are cracks. The Type D nozzle configuration was used. Roll loads were 5, 10, 20 and 50 N/mm. Mol-
ten-metal head was 100 mm. Molten-metal temperature was 645 °C. Solidification length was 100

mm.

3.5. Solidified Thin Metal Adhered to Insulating Sheets of Nozzle and Side Dam

The STM near the nozzle tip (upper panels) and the surfaces of the cast strips (lower
panels) for the Types A, B, and D nozzle configurations in Figure 2 are shown in Figure
15, and the casting conditions are summarized in Table 3.

Nozzle configuration type
Type A Type A

Nozzle si ' 2
1
View of STM from

side dam side
(b) (0)

Figure 15. Solidified thin films (STMs) near nozzle tip (upper panels) and surfaces of cast strips

Type A

10 mm

Surface of cast strip
50 mm

(d) (e)

Casting direction

(lower panels). Casting conditions for (a—e) are summarized in Table 3.

Table 3. Casting conditions in Figures 15 and 16.

Molten-Metal

Panel in Figure 15Nozzle Configuration TypeMolten-Metal Head (mm)Temperature ©C)

Corresponding Figure Showing Surface Appearance

(a) Type A 150 735 Figure 5
(b) Type A 50 735 Figure 5
(o) Type A 150 645 Figure 8
(d) Type B 100 735 Figure 11
(e) Type D 100 735 Figure 12
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View

=

View of STM from
nozzle side

(b)

Contact area with

nozzle

Adhesion of

SO

In Figure 15a—c, the nozzle configuration is Type A; that in Figure 15d is Type B; and
that in Figure 15e is Type D. Molten-metal penetration through the gap between the noz-
zle and the roll is influenced by the molten-metal head, the molten-metal temperature,
and the nozzle position relative to the roll. For the Type A nozzle configuration, the mol-
ten metal was expected to penetrate close to the contact position between the nozzle and
the roll. In Figure 15a, the molten-metal head was 150 mm, and the molten-metal temper-
ature was 735 °C. In Figure 15b, the molten-metal head was 50 mm, and the molten-metal
temperature was 735 °C. The molten-metal head in Figure 15b was lower than that in Fig-
ure 15a. In Figure 15¢, the molten-metal head was 150 mm, and the molten-metal temper-
ature was 645 °C. The molten-metal temperature in Figure 15¢c was lower than that in Fig-
ure 15a. The molten metal penetrated deeply when both the molten-metal head and mol-
ten-metal temperature were high, as shown in Figure 15a. The molten-metal penetration
in Figure 15b,c was shallower than that in Figure 15a. This means that both the molten-
metal head and molten-metal temperature influence the penetration of molten metal be-
tween the nozzle and the roll. When the molten-metal head is higher, the pressure of the
molten metal at the tip of the nozzle becomes higher, and the molten metal penetrates
deeply. When the molten-metal temperature is higher, the flow distance before solidifica-
tion becomes longer, and the molten metal penetrates deeper. In Figure 15d, the nozzle
configuration was Type B, there was a 1 mm gap between the nozzle and the roll, and it
appeared that the molten metal did not penetrate this gap. Alternatively, the molten metal
penetrated and a small pool formed, but the pool temperature did not decrease before the
STM was formed on the surface of the insulating sheet of the nozzle. In Figure 15e, the
nozzle configuration was Type D, the molten-metal head was 100 mm, and the molten-
metal temperature was 645 °C. The molten metal penetrated only very shallowly because
of the thin nozzle, as the curvature at the tip of the nozzle was small.

Observations from the roll side of the STM near the tip of the nozzle under the con-
ditions in Table 3 are shown in Figure 16. The labels (a-e) in Figure 16 correspond to those
in Figure 15. In Figure 16a, adhesion of solidified metal to the tip of the nozzle (ASMTN)
occurred. In Figure 16b,c, small amounts of ASMTN were observed. No ASMTN was ob-
served in Figure 16d,e. Comparing the results in Figure 15 with those in Figure 16, it is
estimated that the ASMTN became larger as molten-metal penetration between the nozzle
and the roll became larger.

o’ - \ Ld
L e A T SR

lidified metal

10 mm

Metal film

Figure 16. Adhesion of STM at nozzle tip. Nozzle configuration types: (a—c) Type A, (d) Type B, and
(e) Type D. Casting conditions for (a—e) are summarized in Table 3.
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4. Discussion
4.1. Molten-Metal Penetration Through the Nozzle—Roll Gap and Ripple Marks

Based on Figures 15 and 16, the influence of the molten-metal head, molten-metal
temperature, and nozzle configuration on molten-metal penetration is schematically illus-
trated in Figure 17. Molten-metal penetration increases as the molten-metal head and mol-
ten-metal temperature increase. As molten metal penetrates more deeply, the gap be-
tween the nozzle and the roll decreases, making solidification of the molten metal and
growth of the ASMTN easier.

Type A nozzle configuration

Type B nozzle configuration
A yp g

- N\

Nozzle Molten metal
Meniscus — ASMTN — ASMTN

Strip — Strip — Strip _— Strip
Molten-metal head .
Low > High
Molten-metal temperature
Low B High

Figure 17. Schematic diagram showing effects of the molten-metal head and the molten-metal tem-

perature on adhesion of solidified metal at the tip of the nozzle tip.

In Figures 15 and 16, the area between the ripple marks becomes dull as molten-metal
penetration and the amount of ASMTN increase. The ASMTN may be the cause of the
dullness between ripple marks. Based on Figure 16a,e, the occurrence of ripple marks does
not appear to be determined only by the existence of solidified metal. The ripple marks
undulate as the molten-metal head and molten-metal temperature increase, as shown in
Figures 5 and 8, and the edge of the ASMTN also undulates as the molten-metal head and
molten-metal temperature increase, as shown in Figure 16a. This shows that there is a
correlation between the undulations of the ripple marks and the tip of the ASMTN. It is
considered that the ripple marks may occur at the tip of the ASMTN. When no solidified
metal exists, ripple marks are likely formed by oscillation of the meniscus, as shown in
Figure 18. The oscillation of the meniscus may be constant in the width direction at the tip
of the nozzle, and the ripple marks, therefore, do not undulate. In Figure 18, an oxide film
or semisolid layer is seen to form at the outer surface of the meniscus. As the meniscus
becomes elongated from Figure 18a to b, the oxide film or semisolid layer is dragged un-
der the molten metal by the rotating roll, and the molten metal solidifies on the oxide film
or semisolid layer. The elongated meniscus is broken or detached from the tip of the noz-
zle, and the molten metal directly contacts the roll, as shown in Figure 18c. The oxide film
or semisolid layer becomes the ripple mark, which appears as a dull area. The area where
the molten metal contacts the roll becomes the lustrous area. This process is repeated, and
ripple marks occur.
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Figure 18. Schematic diagram showing occurrence of ripple marks when meniscus forms between
the nozzle and the roll. Oscillation of the meniscus and dragging of the broken oxide film or semi-

solid layer proceed in (a—c).

Figure 19 shows an illustration of the possible ripple mark formation mechanism
when ASMTN occurs, causing the strip surface to become dull. A semisolid layer exists
on the ASMTN, as shown in Figure 19. The thin semisolid layer is dragged between the
roll and the molten metal, as shown in Figure 19a. The tip of the semisolid metal is broken,
as shown in Figure 19b. The thickness of the back part of the broken semisolid metal is
slightly larger than that of the thin semisolid layer in front of it. The broken semisolid
metal becomes the ripple mark, as shown in Figure 19c. This process is repeated, and rip-
ple marks are formed.

The predicted influence of the nozzle thickness on the formation of the meniscus and
ASMTN is shown in Figure 20. The size of the meniscus and the amount of ASMTN de-
crease as the nozzle thickness decreases, because the area between the tip of the nozzle
and the roll becomes smaller as the nozzle becomes thinner. When the nozzle thickness is
less than 3 mm, the meniscus and ASMTN that influence the occurrence of ripple marks
may not exist.

Solidified metal Semisolid layer

Released semisolid layer

Roll

N o A\ \

Ripple mark
Solidified layer

@) (b) (c)

Figure 19. Schematic diagram showing occurrence of ripple marks when solidified metal adheres to

nozzle tip. Dragging of the broken semisolid layer proceeds in (a—c).
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Figure 20. Schematic diagram of prediction of influence of nozzle thickness on formation of menis-
cus and AMSTN. (a) Meniscus; (b) ASMTN.

4.2. Ripple Marks and Surface Cracks

When ripple marks occurred, cracks were formed in the lustrous areas, as shown in
Figures 5, 7 and 9. Heat transfer between the solidified layer and the roll in the lustrous
areas may be greater than that in the dull areas because the semisolid film in the dull areas
may provide heat resistance between the molten metal and the roll. There was no differ-
ence in thickness between the lustrous areas and the dull areas because the thickness be-
came uniform due to the roll load. However, the solidified layer in the lustrous areas is
thicker than that in the dull areas, and the forming load in the dull areas may be smaller
than that in the lustrous areas at the roll bite. Cracking may, therefore, be suppressed by
using a smaller roll load. This is consistent with the result shown in Figure 14, which
shows that cracking decreased as the roll load decreased.

5. Conclusions

This study clarified the casting conditions suitable for eliminating ripple marks in the
strip casting of Al-5%Mg using a vertical-type high-speed twin-roll caster. Al-5%Mg was
used because it is very susceptible to ripple mark formation. Al-5%Mg was cast at 60
m/min.

The formation of ripple marks was influenced by the molten-metal head, molten-
metal temperature, and gap between the nozzle and the roll. These casting conditions did
not directly affect ripple mark occurrence; rather, they affected the morphology of the rip-
ple marks. The thickness of the nozzle affected the occurrence of ripple marks. When the
thickness of the nozzle was reduced from 11 mm to 3 mm, the ripple marks were elimi-
nated.

When the nozzle tip was in contact with the roll, penetration of the molten metal into
the gap between the nozzle and the roll increased as the molten-metal head and molten-
metal temperature increased. The amount of solidified metal adhered to the tip of the
nozzle increased as the penetration of molten metal into the gap between the nozzle and
the roll increased. The solidified metal adhered to the tip of the nozzle affected the occur-
rence and morphology of the ripple marks. When the nozzle thickness was 3 mm, adhe-
sion of solidified metal to the tip of the nozzle did not occur; as a result, ripple marks did
not occur.

When there was a gap between the nozzle tip and the roll, solidified metal did not
adhere to the tip of the nozzle, but ripple marks occurred.
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No correlation was found between ripple marks and cracks. The roll load affected the
occurrence of cracks. The cracks decreased as the roll load decreased. Most of the cracks
were eliminated when the roll load was reduced from 150 N/mm to 5 N/mm.

In the roll casting of Al-5%Mg at 60 m/min, a nozzle thickness of 3 mm and a roll load
of 5 N/mm were, therefore, found to be suitable for casting strips without ripple marks or
cracks.
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