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h i g h l i g h t s

� It’s shown the Newtonian cooling in the thin ribbons’ solidification process.
� Are studied the behaviour of the Biot number at the interfaces of the process of CBMS.
� Local vortexes that appear in the surrounding atmosphere.
� A small change in the determination of the local convection coefficient in the liquid/air interface appear.
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a b s t r a c t

This paper shows the change obtained in the Biot number (Bi) during the adhesion interface and the con-
tact between phases, where the cooling and solidification of the ribbon obtained by the CBMS process
occurs. This change shows an increase in the number of Bi according to the tangential velocity of the cop-
per wheel (Vx) in the pressure range of the tests that define the ejection speeds in the nozzle (Vo).
The present study demonstrates that a zone where Vo is close to 2 m/s appears, and a transition of the

Bis/l numbers from magnitudes below unity until this value is exceeded can be observed.
In this study, the Bis/l > 1 values indicate that Newtonian cooling occurs during the ribbon’s solidifica-

tion process and show that the convective forces on the external part of the solidifying mass begin to
influence the amount of heat transferred during the liquid/solid phase in the adhesion zone.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

CBMS is a rapid solidification process primarily used for the
production of thin metal ribbons. This process has gained wide
acceptance as a means of producing amorphous and nanocrys-
talline materials for several technological applications in electron-
ics [1,2].

CBMS is a complex process according to fluid dynamics, given
the importance of the process parameters and their influence on
the final product, regardless of the compositional variables [3].

Different mathematical models of numerical simulation have
been developed to observe important characteristics of the ribbons
according to the tangential speeds of the wheel (Vx), the Gap
between the wheel and the nozzle (G), and the ejection pressure
[4–6] to control the production parameters: belt width (w), thick-
ness (t), rugosity, etc.
The Gap is a fundamental aspect of the modelling that determi-
nes the type of process used [2,7–9].

This work focuses on G > 1 mm and the ejection pressures on
the order of 20 kPa.

The influence of the melt-spinning process variables on the
structure and the physical properties of rapidly quenched alloys
has been discussed in many papers and reviews [3,4,10]; it has
been established that the rates of cooling in the melt-spinning pro-
cess range from 4 � 104 to 5 � 106 K s�1 and depend mainly on the
wheel velocity (Vx) [3,4,11].

In this work, Vx is placed within the mentioned ranges; there-
fore, we can directly relate such data to the change produced in
Bi that relates the convective and conductive forces in the melted
mass cooling process. In a physical sense, the Biot number estab-
lishes a relation between the internal conductive resistance within
a solid and the external convective resistance at the solid/fluid
interface. The solid state, in the studied case, is defined arbitrarily
to have greater than 1014 kg/m s viscosity [3,13]. In analysis of one-
dimensional heat conduction in simple solid bodies (large plate,
long cylinder and sphere) immersed in fluids is of remarkable
importance in heat transfer engineering [12]. In melt spinning
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Fig. 1. CBMS process parameters.

Fig. 2. Triple entrance curve for the Vo values in the nozzle that determine the Bi
number according to the speed of the wheel Vx for G = 2 and Z = 0.7 mm.

Fig. 3. Triple entrance curve for the Vo values in the nozzle that determine the Bi
number according to the speed of the wheel Vx for G = 3 and Z = 0.7 mm.
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process, exist a phase change liquid/solid in the final ribbon metal
film obtained. Therefore there are two potential convective cur-
rents in fluids: the surrounding air and liquid fluid before phase
change. For this reason there other authors using this work
adopted nomenclature to de Biot number: BiS/l [3,9,14,15] and
BiA [16].

The calculated values of the dimensionless numbers are within
those obtained by other authors, enabling us to make the scheme
of the present work (based on the data for the nozzle diameter val-
ues (Z) of 0.7 mm and Gap (G) values of 2, 3, and 4 mm) achieve
similar results.

The result is a triple entrance curve for the values of Vo in the
nozzle; the curve determines the value of Bi according to the speed
(Vx) of the test (see Figs. 1–3).

The values of the graphic are verified regarding their order of
magnitude through a numerical simulation performed using the
finite volume method at different ranges of the curve obtained
OpenFOAM� software and a simplified definition of the nozzle
according to the gap (G) of the tests are used in this work.

With this model, the concordant values of Vo and Vx can be
visualised.

These values define the vorticity in the contact zone, showing
the influence of the coefficient of convective heat transfer (h) when
BiS/l > 1 and BiA > 7.2�10�4.

This is indicative of Newtonian cooling in the solidification pro-
cess of amorphous ribbons, the features of which are already
reported in Pagnola [6,17].

2. Experimental

2.1. Obtained materials

The Mother Ingot and ribbons of amorphous material were
obtained through the procedures reported in Pagnola [17].

These procedures (Fig. 1) were repeated for different tangential
speeds of the copper wheel that vary from 5 to 40 m/s and for dif-
ferent Gaps (G) of 2, 3, and 4 mm. Next, the thickness (t) and width
(w) values were determined:

– For the thickness (t), the following was used: an external
micrometer (Mitutoyo� brand), 0–25 mm with 0.01 mm preci-
sion. Three parts of approximately 100 mm of each ribbon were
selected. Next, each of those parts was measured in 10 places,
and an average was obtained with the thickness values (lm).
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– For the width (w), the following was used: a Vernier type
CALIBRE (Mitutoyo� brand) with 0.02 mm precision. Three
parts of approximately 100 mm of each ribbon were selected.
Next, each of those parts was measured in 5 places, and an aver-
age was obtained with the width values (mm).

The t andw values were considered to perform the adjustments
described in Pagnola [6]. The indicative temperature profile was
obtained from digital image analysis as reported by Bizjan [18],
for this purpose a high-speed Visionresearch Phantom-HD camera
was used with a maximum pixels resolution of 640 � 480, and
maximum frame rate 105.263 fps @ 32 � 16.
Fig. 4. Triple entrance curve for the Vo values in the nozzle that determine the Bi
number according to the speed of the wheel Vx for G = 4 and Z = 0.7 mm.
2.2. Data processing

With these adjustments and the equation of mass conservation
[3], the following is obtained (Eq. (1)):

t
w

¼ p
4
� Z
w

� V0

Vx
ð1Þ

Considering the speed range of the wheel already described, we can
obtain the values of the ejection speed of the molten metal at the
nozzle and correlate V0 with Vx for Gaps of 2, 3, and 4 mm.
Fig. 5a. Profile of molten material in the P1 point. Values for G = 4 mm and
Z = 0.7 mm.
2.3. Biot number estimate

The estimation of the Biot number (Eq. (2)) is performed with
the values of w obtained as the characteristic dimension, consider-
ing a heat-transfer coefficient (solid/liquid) in contact with the
copper wheel (hs/l) equal to 105 W/m2 K [14,15]. The air heat-
transfer coefficient of the rotating well is equal to 71 W/m2 K
[14], and the substrate thermal conductivity (kcu) is equal to
80 W/m K [3,14]. The dimensionless Biot number is calculated by:

Bi ¼ h �w
kcu

ð2Þ

The obtained value of z/w according to the one reported in Pagnola
[6] depends on the speed of the copper wheel Vx according to a
decreasing exponential function for different Gaps between the
wheel and the nozzle.

In the above manner, the Biot numbers (Bis/L and BiA) can be
determined according to the graphic shown in Figs. 2 and 3 for dif-
ferent G and Z values, showing the characteristic curves of each
process.
Fig. 5b. Simulated speeds values involved in the P1 point. Values for G = 4 mm and
Z = 0.7 mm.

Fig. 6a. Profile of molten material in the P2 point. Values for G = 4 mm and
Z = 0.7 mm.
2.4. Simulated values

OpenFOAM� software and a simplified definition of the nozzle
according to the Gaps of the tests were used. For each G value, a
window with the profile of the molten material can be reproduced
(Figs. 5a, 6a and 7a), and another one shows the speeds involved in
the simulated zone (Figs. 5b, 6b and 7b) at different points of the
curves obtained (P1; P2; P3 – see Fig. 4); these data are shown in
Figs. 5–7 for G = 4 mm and Z = 0.7 mm.

It is possible to calculate, according to the speeds in each zone
of the domain, the field of rotational speeds (vorticity) involved in
the surrounding fluid. The case of the rotational speed of the cop-
per wheel of 30 m/s is shown in Fig. 8.

2.5. 1D Newton’s cooling law

The thermal contact between the melt (i.e., the ‘puddle’) and the
wheel surface is quantified by a heat transfer coefficient hs/l

defined as:



Fig 6b. Simulated speeds values involved in the P2 point. Values for G = 4 mm and
Z = 0.7 mm.

Fig. 7a. Profile of molten material in the P3 point. Values for G = 4 mm and
Z = 0.7 mm.

Fig. 7b. Simulated speeds values involved in the P3 point. Values for G = 4 mm and
Z = 0.7 mm.

Fig. 8. P3 values of the field of rotational speeds (vorticity) for the copper wheel
speed of 30 m/s; values for G = 4 mm and Z = 0.7 mm.
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hs=l ¼ qw

ðTPB � TWSÞ ð3Þ

where qw is the heat flux between the puddle and the wheel sur-
face, and TPB and TWS are the temperatures of the puddle bottom
surface and of the wheel surface, respectively [3]; qw is given by:

qw ¼ �kcu � @T
@y

; ðy ¼ 0Þ ð4Þ
3. Results and discussion

3.1. General discussion

In Fig. 1, a transition zone is shown with Bis/l < 1 for ejection
speeds Vo between 1 and 2 m/s, which defines a range of Vx

between 5 and 30 m/s.
Such a zone is shown in Fig. 3 for Vo between 2 and 2.3 m/s and

a smaller range of Vx between 2.5 and 15 m/s with Bis/l < 1.
From this point, and according to the increase in the speed, the

convective forces in the external part of the solidifying mass start
to increase as well, and consequently increase the Bis/l.

This influences the surrounding atmosphere, increasing the BiA
to over 7.2 � 10�4. As a result, the field of rotational speed sud-
denly starts the formation of local whirlwinds, which are linked
to the increase in the convective forces, as reflected in the illus-
trated BiA.

This transition disappears when the Gap increases between the
wheel and the nozzle, as visualised in P3 in Fig. 4, where the vortic-
ity begins as a speed of over 30 m/s because, at that speed, local
vortices appear in the surrounding atmosphere at speeds in the
range of 12–14 m/s (Fig. 7), i.e., 6–7 times the value of Vo.

This situation does not occur for P1 and P2 because they do not
show large local vortices as they have speeds under 2.5 and 5 m/s,
respectively, and are comparable to Vo (see Figs. 5b and 6b), corre-
sponding to Bis/l < 1.

3.2. Particular discussion

During the initial stage of the melt touching the wheel surface,
the melt is just ejected from the nozzle slit and there is no circulat-
ing flow in the melt. When the upstream and downstream menisci
have moved appreciably away from the slit boundary, two circulat-
ing flows are formed in the melt below the crucible walls; this
causes a nonuniform temperature distribution in the melt [16].
The appearance of local vortices in the atmosphere surrounding
the solidifying metal jet increases the convective flow, which leads
to the air flowing along the wheel surface, forming a large zone
recirculation as demonstrated in simulation (Fig. 8). This process
is seen in the increase of BiA, indicating that qw must be corrected
by effect of the local convection in the liquid/air interface as a
result of the increased local vorticity.

Such a small correction is given by Eq. (5) as this will decrease
the qw effect in Eq. (6):

q� ¼ hA � ðTm � TAÞ ð5Þ
where:

hA: 71 Wm�2/K, according Liu et al. [16].
Tm–TPB: Temperature (K).
TA: Surrounding air temperature (K).

Thus, (Eq. (3)) of Newtonian cooling in contact zone is modified
as follows:

hs=l ¼ qw � q�

ðTPB � TWSÞ ð6Þ

This result is according to a decrease in the heat-transfer coefficient
that is established during the different rotation cycles [16], with the
increase in wheel temperature in real process and the temperature
distribution in the melt [18] (see Fig. 1).

4. Conclusions

Various CBMS tests were performed via the rapid solidification
technique to characterise the Biot number in the intervening



M. Pagnola et al. / Applied Thermal Engineering 103 (2016) 807–811 811
interfaces with different ejection conditions. We observed that for
Bis/l > 1 and BiA > 7.2�10�4, the process of convective heat transmis-
sion is influenced, and in Newtonian cooling, indicative vorticidade
appear. This result indicates that the coefficient calculations are
modified according to the dimensional expression described in
Eq. (6). The correction q⁄ that should be made for a mass of molten
metal at Tm = 1600 K and the simulated nozzle of Z = 0.7 mm with
a G = 4 mm is comparable to that of a 60W light bulb.

Such value for the calculated constant hs/l [3,9,14] represents an
error in ±0.0461 Wm2/K in the suggested Newtonian dimensional
model.

In addition, in Figs. 1 and 2, a transition is observed at Bis/l > 1,
with a profile of ejection speeds Vo that plateaus for G = 2 and
G = 3 mm. This situation does not occur with G = 4 mm, where
the variation of Bis/l and BiA is more gradual and without visible
plateaus in Vo. This phenomenon might be attributed to vorticity
decrease in the surrounding air with high gaps, and that the pro-
cess starts to be controlled via ejection velocity, not by pressure
as generally occurs with smaller gaps.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
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