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Abstract: Critical cooling rates for producing metallic glasses were evaluated based on a calculated continuous cooling
transformation (CCT) diagram. Temperature distributions of the melt in molten pool in the vertical type twin-roll casting (VTRC)
process of metallic glasses were simulated, and cooling rates under different casting conditions were calculated with the simulated
results. By comparing the results obtained by CCT diagrams and simulation, the possibility of producing metallic glasses by the
VTRC method and influences of casting conditions on cooling rate were discussed. The results reveal that cooling rate with 3 or 4
orders of magnitude by the VTRC process can be attained in producing Mg-based metallic glasses, which is faster than the critical
cooling rate calculated by the CCT diagram. One side pouring mode can improve the temperature distributions of casting pool.

VTRC process has a good ability in continuous casting metallic glassy thin strips.
Key words: metallic glass; critical cooling rate; twin-roll casting; simulation

1 Introduction

In continuous producing wide metallic ribbon
process, a single wheel or a twin-roller configuration is
commonly adopted. It first came to be a topic of
considerable interest in the 1970s [1,2], and now the
improvements and variations of the process are known as
melt spinning and twin-roll strip casting [3—6]. The melt
spinning process involves the lips of nozzle held very
close to the rotating wheel to attain wide sheets, and this
will make the requirement in nozzle chosen strictly.
Contrarily, in the twin-roll casting process, molten metal
is fed through two rotating rolls, and the formation of the
final strip is controlled by the rolls nip. So, the question
of nozzle is no longer rigorous.

Over the past decade, many studies have been
carried out on the fabrication of bulk amorphous alloy
sheets via twin-roll casting (TRC) method [3—6]. It turns
out that TRC is an available process for producing
amorphous alloy sheets with a wide range of cooling
rates. Well, nearly all the studies so far are based on
horizontal type twin-roll casters. Previous studies

showed that the casting speed of vertical type twin-roll
casting (VTRC) is higher than that of the horizontal type
twin-roll casting (HTRC), and the heat transmission of
the VTRC is more effective [7—10]. As the properties
of Vit-1 alloys (Zr41.2Til13.8Cul2.5Ni10.0Be22.5) are
extensively characterized at low critical cooling rate
(i.e., 1 K/s), they are widely used in the studies of TRC
of bulk metallic glasses processes. And most of them are
HTRC processes with casting speed of 1.6-2.1 m/min
[3,4,6,11]. However, as for the alloys with less
experimental data which could not be tested easily,
numerical computation seems to be a good method
because adjustment of process conditions, observation of
phenomena and obtainment of results are more
convenient. As mentioned above, heat transmission of
VTRC is more effective than HTRC, and a wide range of
variable casting speed could also be attained by VTRC
process. VTRC technique would be an effective method
for producing metallic glass sheets continuously.

As lightweight structural materials, Mg-based alloys
exhibit excellent properties (e.g., high specific strength
and good electromagnetic shield abilities) and are
interesting materials in many fields. Especially Mg-based
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metallic glasses as bioresorbable metals are exhibiting an
increasingly interest in research and development of
biodegradable implants [12]. In this work, based on a
vertical pilot twin-roll caster with roll radius of 150 mm
and roll width of 100 mm, temperature distributions of
the molten pool during casting magnesium alloy under
different conditions were obtained using thermal-flow
simulation method. With the simulated results, the ability
to produce Mg-based metallic glasses by VTRC process
was estimated using a calculated continuous cooling
transformation (CCT) diagram. And the influences of
casting parameters were also discussed.

2 Calculation of time reduced-temperature
transformation and CCT diagrams
2.1 Calculation of time
transformation diagram
The expression “glass”, in its original sense, refers
to an amorphous or non-crystalline solid formed by
continuous cooling of a liquid, while a solid is defined as
any body having a viscosity greater than a somewhat
arbitrary 1x10' Pa-s [13]. The viscosity of supercooled
liquid metals, #(7), is commonly described by the
Vogel—Fulcher—Tammann (VFT) relation:

B D'T,
T)=n,¢€ —|=n,€ 0 1
n(T)=m xp(T_Toj o xp[T_Toj (

where T is an ideal glass transition temperature, B is a
constant depending on materials, 7 is the temperature, 7,
has the relation of #5y=Nah/V, with N,, Avogadro
constant, 4, Planck constant and V, the molar
volume [14]. In this work, V is calculated by the JMatPro
software firstly (as shown in Fig. 1) and values above the
liquidus temperatures are adopted. Then, we can get 7 of

reduced-temperature
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each alloy, as listed in Table 1. It is found that the value
of B is small in liquid metals, and Tj is a substantial
fraction (e.g., ~1/3 to 2/3) of melting temperature 77, [13].
D" is the fragility parameter (1<D’<100). Liquids are
commonly referred to as “fragile” when D'<10 and
“strong” when D ">20 [15].
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Fig. 1 Molar volume of Mg-based alloys

Equation (2) [16] gives a time transformation curve
(C-curve) that
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Table 1 Parameters used for calculation of time reduced-temperature transformation diagram for magnesium alloy

*

Alloy 1o/(Pass) B/K B, D Ty/K Ty T,/K x No.
5056.8 5.6 22 229.8 0.25
6501.6 72 18 361.2 0.4
AZ31 2.62x10°° 2257.5 25 5 451.5 0.5 903  1x10°°
2022.7 2.24 4 505.68 0.56
4695.6 52 13 361.2 0.4
3530 5 11.1 317.1 0.45 a-1
MggoCasZnys 2.89x10°° 3530 5 10.6 331.82 0.47 706 1x107° a-2
4236 6 12.8 331.82 0.47 a-3
5184 8 29.6 174.96 0.27 b-1
Mgg;CasZnyg 2.81x10°° 5184 8 26.7 194.4 0.3 648  1x10° b2
4536 7 212 213.84 0.33 b-3
MgesCunsY o 2.93x107° 5746 7.9 22.1 260 0.36 730 1x10°° c
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expresses the time to transform to crystal as a function of
temperature. Here, & is the Boltsmann constant, x is the
fraction of crystal formed in time 7, and a volume
fraction of 1x107° as a just-detectable concentration of
crystals was used [17]. a¢ is the mean atomic diameter,
N, is the volume concentration of atoms. 7, (=7/T;,) is the
reduced-temperature, and AT (=1-T;) is the reduced-
undercooling of the melt. B, and T}, and 7, are defined as
B/Ty, To/Ty and #¢/Ty, respectively. The first term of
Eq. (2) is considered a constant [16], in this work, it is
0.89x10° K-'m*J. Since B and T, are empirical
parameters and are not known clearly for the alloys
below, they have pronounced effects on the outcome of
the calculations. In order to estimate a more appropriate
C-curve, referring to the data summarized by
TAKEUCHI and INOUE [16,18], several groups of
parameters, which could cover the possible ranges of
C-curves, were adopted for some hypothetical alloys, as
listed in Table 1. These hypothetical alloys are assumed
to have compositions range near the three given alloys
(i.e., AZ31, MggCasZnzs and Mgg,CasZnyg). And the
parameters of MggsCu,sYy, alloy are also listed for
comparison [19]. Comparing the results calculated under
the parameters listed in Table 1, C-curves could be
attained.

2.2 Calculation of CCT diagram

It could be more realistic to construct a CCT curve
instead of a time temperature transformation (TTT) curve
for determining the cooling rate of a
glass-forming material solidified from liquid state
without crystallization [20]. In this work, the additivity
rule has been adopted to relate the transformation
behavior during continuous cooling with the isothermal
transformation data calculated above.

The additivity rule can be expressed by [21]

lowest

LA 3)

i=l ‘i

N

where ¢ is the time spent at a particular temperature and
7; is the incubation time at that temperature. According to
the additivity rule, CCT curve could be gained using the
calculated time reduced-temperature transformation
diagram. And the cooling curves used for calculation are
given by

T(1)=Tn+qt “)

where g is the cooling rate, here it is negative, and ¢ is the
cooling time.

3 TRC simulation

According to the cooling rates and thermal behavior
experienced by the melt, amorphization or crystallization

can occur during the cooling process. In order to get a
better understanding of the behavior of TRC process and
its cooling ability, thermal states under different casting
conditions were computed with the thermal-flow
coupling finite element method [3,8]. Figure 2 shows the
schematic of TRC process, with melt supplied in two
ways (i.e., center pouring mode shown in Fig. 2(a), and
one side pouring mode shown in Fig. 2(b)). Because the
ratio of the width to thickness is quite large, neglecting
the side dams effect, a 2D finite element method (FEM)
model is used. Considering the high speed feeding flow
of liquid metal during the strip casting process, flow
phenomenon in the molten pool is characterized as
turbulent flow. And the following assumptions are made
for steady-state simulations: there is no relative slip
between the roll and strip, and heat transfer coefficient
between them is constant (i.e., 10 and 3 kW/(m*K));
surface temperature of the roller is 373 K; free surface of
the melt is steady. Influences of melt level A, strip
thickness J, casting speed v (i.e., rotating speed) and
pouring temperature 7}, are considered in simulation. And
considering geometric symmetry of the center pouring
mode (i.e., Fig. 2(a)), half of the twin-roll casting model
was employed.

(@ Nozzle

Water cooled roll

Water cooled roll

Fig. 2 Schematic of TRC process: (a) Center pouring mode;
(b) One side pouring mode

Figure 3 illustrates the formation of the molten pool
of the one side pouring mode. The process and
dimensions are specified as follows: the melt is ejected
on one roll using a nozzle, a strip shell forms along the
roll surface, and the strip shell thickness is marked as d,
which has the same value as nozzle. The metal shell of
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this part is cooled by the roll (the metal-roll contact side)
and the atmosphere around it (the metal—air contact side).
As it rolls down towards the nip, the metal shell contacts
to the other side roll, and the height to the nip from this
location is marked as 4. The metal of this part is cooled
by both of the rolls. In Fig. 3(a), 4, which is marked as 4,
depends on the metal shell thickness d and the roll gap.
We can get a larger value of 4 with a smaller roll gap
under a certain metal shell thickness d. In Fig. 3(b), it
forms a molten liquid level. 2 which is marked as #,, is
higher than %, under a same metal shell thickness and
roll gap, and can change independently. With the effect
of roll pressure (i.e., roll separating force), a thinner
solidified strip forms and gets out from the roll nip. The
total height of the molten pool is marked as L.

(@

(®)

Fig. 3 Schematic of molten pool of one side pouring mode:
(a) h, depending on roll gap and d; (b) h,>h, and changing
independently

4 Results and discussion

4.1 Estimation of critical cooling rates using CCT
curves
From Eq. (1), the following equation can be
deduced:

D* D"
T = = - 5
n(T) ﬂoeXp[T/To_J ﬂOeXp(Tr/TOr—l] (6))

When the 7, is reduced to 7., Eq. (5) becomes the
third term expressed within the bracket of Eq. (2). And
we can see that, D’ nor and Ty, are the main factors
influencing the time of nucleation, with the variations of
D" and T,, ¢ changes exponentially. D", the fragility
parameter of the supercooled liquid, relates to the
nucleation and growth rate, and strong liquid behavior
retards the formation of crystals kinetically and
thermodynamically [19,22]. It was found that strong
glass formers exhibit a very small 7, and a very high
melt viscosity, while fragile glass formers show a T, near
T,, as well as low melt viscosities [19]. The Mg-based
alloy MgesCuysY o glass forming liquid in Busch’s study,
in which D" is equal to 22.1, shows a strong liquid
behavior.

The time reduced-temperature transformation
diagrams of Mg-based alloys listed in Table 1 calculated
by Eq. (2) are shown in Fig. 4. According to the above,
alloys with compositions close to AZ31 could have small
D" and Ty near T, > and they may have “C-curves” located
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Fig. 4 Calculated time reduced-temperature transformation
diagrams: (a) Alloys with compositions close to AZ31;
(b) Alloys with compositions close to Mgg,CasZns., (x=13
and 15)
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between the area of the two curves with B, values of 2.24
and 5.2, as shown in Fig. 4(a). The curve with B, of 2.24
has a “nose time” of 7.51x10* s at T, of 0.76 and a
critical cooling rate of 2.88x10° K/s. The curve with
B, of 5.2 has a “nose time” of 1.78x107% s at T. of
0.75 and a critical cooling rate of 1.27x10* Ki/s.
Therefore, according to the time reduced-temperature
transformation curve, a critical cooling rate of four
orders of magnitude was estimated for these alloys.

Mggo-CasZn;s., alloys (x=5 to 20) can be gotten
under a cooling rate of 10 K/s or lower [23], and then
we calculated the probable values of B, and T, of these
alloys. As shown in Fig. 4(b), a series of C-curves were
calculated with parameters listed in Table 1 for the alloys
with compositions close to Mggp.CasZns., (x=13 and
15) alloys. For the alloys a-1, b-1 and b-3, they all have
cooling rates of more than 1000 K/s. For alloy a-1, D is
11.1, which is close to that of fragile liquid; for alloy b-1,
D'=29.6 and for alloy b-3, D'=21.2, which are
classified as strong liquids, with values of Ty, all not
large enough for making cooling rates get down to
10> K/s. From Fig. 4(b), it can be inferred that
Mggo-.CasZns,, alloys (x=5 to 20) have a value of D’
from 10 to 25 and a relatively large Tj, associates with
small D". And it was also found that, for the current
series of alloys, the larger the D" is, the smaller the
reduced nose temperature gets.

Figure 5 shows the calculated CCT curves of the
alloy which has composition close to AZ31 with B, of
2.24 (Fig. 5 (a)) and Mgg,-,CasZn;s., alloy with B, of 7
and T, of 706 K (Fig. 5(b)). It can be found that the
critical cooling rates of the two alloys are 7.99x10* and
1.7x10% K/s, respectively, and they are both lower than
the values attained from time reduced-temperature
transformation diagrams.

4.2 Influence of casting conditions on cooling rate
A rough estimation of the cooling ability of the
vertical type twin-roll caster was made with the
following equation:
AT T, -T;
~ p nip -

Ryyg = —
AVG At h c

where Ry is the average cooling rate in the casting pool,
T, and Ty, are, respectively, pouring temperature and
temperature at the roll nip, 4 is the melt level of molten
pool, and v, is the casting speed. Figure 6 shows the
influences of different casting conditions on the average
cooling rate for casting AZ31 alloy, where CP shows the
center pouring mode, OSP shows the one side pouring
mode. For the OSP mode, molten pool has a shape
shown in Fig. 3(a). And here, we call L the melt level.
From these results we can see that the average cooling
rate under the CP mode is faster than that under the OSP
mode.
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Fig. 5 Calculated CCT diagrams: (a) Alloy with composition
close to AZ31; (b) Alloy with composition close to
Mggo-.CasZn;s,, (x=13 and 15)

Figure 6(a) shows the effect of melt level on Rayg
under casting condition of pouring temperature of 953 K,
casting speed of 0.5 m/s and strip thickness of 0.08 mm.
We can see that with the melt level getting increased, the
average cooling rate becomes smaller. At the melt level
of 5 mm, it is too fast to solidify within such a short
metal-roll contact distance that temperature at the roll nip
is 856.57 K. When the strip thickness (i.e., nip width) is
up to 0.2 and 0.5 mm with a melt level of 10 mm, as
shown in Fig. 6(c), much more heat needs to be
dissipated for the liquid to get fully solidified before it
gets out of the rolls, and the casting process is prevented.
On the other hand, with setting the melt level smaller and
strip thickness thinner, a faster cooling rate could be
attained and temperature at the roll nip is also
appropriated. But, a fully amorphous metal would form
before it passes the roll nip if the temperature is too low.
This will cause a rolling block. From Fig. 6(b), we can
see that the pouring temperature almost has no influence
on the average cooling rate, but it can adjust the
temperature at roll nip, i.e., a lower pouring temperature
leads to a lower nip temperature. As a faster casting
speed causes a faster cooling rate and a higher
nip temperature (Fig. 6(d)), in order to attain a proper nip
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Fig. 6 Effects of casting conditions on cooling rate: (a) Melt level; (b) Pouring temperature; (c) Strip thickness; (d) Casting velocity

temperature under a faster casting speed, we can control
the pouring temperature. However, if the nip temperature
is high enough to make the temperature of the
supercooled alloy still well above T, before it passes the
roll nip area, fully formation of amorphous structure
might not be possible [3]. Therefore, the casting speed
has an upper limit. Incidentally, the cooling rates under
current conditions, as illustrated in Figs. 6(b) and (d), are
all in the order of magnitude of 10* K/s, which has a
same level with the calculated critical cooling rate.

Based on the continuum theory, a special form of
material (or material-time) derivative for any physical
quantity w under motion status in Eulerian coordinate has
been proposed by INOUE et al [24]:

v v, v

7
de ot ox @

where v is the velocity vector of material point, and x is a
vector representing a space-fixed coordinate system.

According to the theory above, in order to analyze
the thermal phenomenon of the molten pool, cooling rate
R(T) at the center of pool is calculated by

dr _or  _ or

R(T):———+v~5 (8)

dt ot

where 7T is the temperature at pool center, y is the
location in the pool height direction, v is the velocity of
the local melt, and ¢ is the time. Temperature
distributions of the molten pool in the center pouring
mode are shown in Fig. 7. Figure 7(a) shows the
temperature distribution of AZ31 alloy (with pouring
temperature of 918 K, casting speed of 30 m/min, strip
thickness of 0.08 mm, melt level of 10 mm) and
illustrates the origin of coordinates used for calculation,
point O is the center of the roll nip. Line D shows the
isothermal line of 677.25 K (7,:=0.75), with a cooling rate
of 3.37x10* K/s calculated by Eq. (8), which has the
same order of magnitude with the calculated critical
cooling rate. Fig. 7(b) shows the temperature distribution
of Mgg-.CasZns., (x=5 to 20) alloys with pouring
temperature of 736 K, casting speed of 3 m/min, strip
thickness of 0.1 mm and melt level of 20 mm. It has a
cooling rate of 2 to 3 orders of magnitude at the “nose
temperature”. We can find that the typical wedge shaped
temperature profile often observed in TRC is completely
absent. It may be because the physical properties of
metallic glasses are different from the parameters used in
normal TRC simulation. And the geometry of the casting
pool is also different (e.g., the roll gap is very small), as
well as the rotation speed of the rolls.
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In order to find out the characteristics of the pool
metals in two pouring modes (i.e., center pouring mode
and one side pouring mode) mentioned above,
temperature distributions of the molten pools during
casting AZ31 alloy were compared and cooling rates at
each temperature were also calculated (Fig. 8). Figure
8(a) shows the results in the center pouring mode and the
following casting conditions: pouring temperature of
918 K, casting speed of 30 m/min, strip thickness of
0.1 mm and melt level of 11.63 mm, with the same value
as h, shown in Fig. 3(a). Figure 8(b) shows the results in
the one side pouring mode and has the same pouring
temperature, casting speed and strip thickness as the
center pouring mode. The value of 4 is 11.63 mm and L
is 15 mm (Fig. 3(a)), and we call this one side pouring
mode mode-I. From these results, we can see that,
around the nose temperature of AZ31 alloy calculated in
Section 4.1, cooling rates of four orders of magnitude
could be attained in both of the two pouring modes. But
in the one side pouring mode-I, we can get a faster
cooling rate than that under the center pouring one. On
the other side, from the point of view of nip temperature,
we can get a lower temperature at the roll nip using the
one side pouring mode-I.

G
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In the twin-roll casting process, one of the most
important factors is the melt level L, and its influence on
the temperature distribution is shown in Fig. 9. And we
call the model used in Fig. 9(b) one side pouring mode-II.
Casting conditions are as follows: pouring temperature of
918 K, casting speed of 30 m/min, and strip thickness of
0.1 mm, and melt levels in the two pouring modes are
listed in Table 2. For the one side pouring mode-II, it has
a strip shell thickness of 1 mm (i.e., d=1 mm).

Figures 9(a) and (b) show the cooling rates along
the center line of the molten pools. We can get a faster
cooling rate with the CP mode when the melt level is not
very high (L=15 mm). However, when the melt level gets
higher, the melt-roll contact area becomes larger, and the
melt is cooled down directly to a low temperature, which
would cause a rolling block. And one of the solution is to
adopt the OSP method to improve the temperature
distribution.

It can be seen from Table 2 that, for a certain melt
level, we can get a faster cooling rate using the CP mode,
and also nip temperature is lower than that in OSP mode.
On the other hand, however, it is not expected to get a
temperature too low at the roll nip due to the special
properties of metallic glass. Fully solidified metallic

7,=390 K
T3=420 K
To=445 K
7)=530 K

(b)

Tg=706 K

Tr=136 K

Fig. 7 Temperature distributions and isotherms of center pouring mode: (a) AZ31 alloy; (b) Mgg,—.CasZn;s., alloys (x=5 to 20)
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Fig. 9 Cooling rates and temperature distributions: (a, b) Cooling rates at center of molten pools in CP and OSP modes, respectively;

(c, d) Temperature distributions in CP and OSP modes, respectively

Table 2 Influence of melt level on cooling rates and nip
temperatures under two pouring modes

Cooling rate at

Meltlevel, 20 25 Ki10%K s T/
L/mm CP OSP CP OSP
11.63 2.83 477.02

15 3.49 3.41 42580  450.76
20 1.92 1.9 38728  488.58
25 32.7 223 37798  433.06
30 37 1.44 37422 406.88
35 1.53 395.61

glass deforms hardly due to its very high strength.
Therefore, we can use the OSP mode to adjust the strip
temperature at nip for a certain melt level.

Figures 9(c) and (d) show the temperature
distributions of the molten pools in the two pouring
modes. The high temperature region in CP mode reduces
rapidly compared with OSP mode as melt level gets
higher. When the melt level is 30 mm, as shown in
Fig. 9(c), mostly of the pool region is at low temperature,
and this is not good for the casting process. In this
situation, it is better to choose the OSP mode.

5 Conclusions

1) The time reduce-temperature transformation
diagrams for Mg-based alloys were calculated using an
empirical equation. CCT diagrams were also calculated
using the additivity rule. The critical cooling rate gotten
by time reduce-temperature transformation diagram is
faster than that gotten by CCT diagram.

2) In the VTRC process, a faster cooling rate can be
attained using the center pouring mode compared with
the one side pouring mode when it forms a metal level in
the molten poll because melt heat of the former is
extracted more efficiently.

3) In the situation of a molten pool with no
formation of metal level (e.g., one side pouring mode-I),
a faster cooling rate could be attained using the one side
pouring mode.

4) Changing the casting conditions or adopting the
one side pouring mode could improve the temperature
distribution of the pool metal, and the rolling block can
be avoided. Cooling rates with 4 orders of magnitude by
the VTRC process under the current conditions can be
attained, which shows that VTRC technique has a
potential ability in continuous fabrication of Mg-based
bulk amorphous alloys in sheet form.
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