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In this study, the planar ﬂow casting (PFC) technique for producing wide amorphous ribbons of Fe71
Si13.5B9Nb3Cu1Al1.5Ge1 alloy is investigated. Various ribbons of the mentioned alloy were produced
through applying different values of wheel speed and ejection pressure. In addition, effects of wheel speed
(13, 23, and 33 m/s) on the structure, degree of amorphicity, and surface quality of the ribbons were
examined. The results showed that the trends of thickness variation with increasing wheel speed and
ejection pressure for Fe71Si13.5B9Nb3Cu1Al1.5Ge1 ribbons are in good agreement with what the Bernoulli
equation in ﬂuid dynamics predicts for the PFC process. Further, based on x-ray diffraction and differential
scanning calorimeter results, it was shown that the degree of amorphicity increases by increasing the wheel
speed. Besides, surface roughness measurements and scanning electron microscope micrographs of the
ribbons revealed that the surface quality of the prepared ribbons improved by increasing the wheel speed.

Keywords

amorphous alloys, planar ﬂow casting (PFC) process,
rapid solidiﬁcation

1. Introduction
The planar ﬂow casting (PFC) process, ﬁrst reported by
Narasimhan (Ref 1), is one of the most popular techniques
among various rapid solidiﬁcation processing (RSP) methods
both in academic and industrial communities due to its
capability to fabricate wide, thin, and continuous ribbons
directly from the melt with amorphous or nanocrystalline
microstructures. The process is used extensively for producing
soft magnetic ribbons for transformer applications and foils for
other applications such as soldering (Ref 2). In the PFC
process, the metal is ﬁrst melted in a crucible by an induction
furnace and then is ejected onto a moving quenching wheel
through a nozzle by applying a pressurized gas into the nozzle
(Ref 3). The nozzle is so close to the wheel that the melt is
constricted at the wheel-nozzle narrow gap and a melt puddle is
formed as a result. Because of the wheel rotation, a thin
metallic ribbon is then expelled from the melt puddle. Tkatch
et al. (Ref 4) reported that due to large amounts of heat transfer
at the wheel-melt interface, the melt undergoes extremely high
cooling rates (between 104 and 107 K/s), leading to the
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formation of amorphous phase (with no long-range atomic
order) in the microstructure.
Geometry, uniformity, and surface quality of ribbons
produced by the PFC process are controlled by cooling wheel
speed (Vs), ejection pressure (P), nozzle slit breadth (d), wheelnozzle gap distance (g), and the molten metalÕs temperature.
Based on BernoulliÕs equation in ﬂuid dynamics (Ref 5), the
dependence of ribbon thickness (t) on the above parameters is
expressed as
 
 
d 2P 1=2
d 2P 1=2
¼K
ðEq 1Þ
t/
Vs q
Vs q
where q is the density of the molten alloy and K is a
coefﬁcient representing simultaneous inﬂuence of the wheelnozzle gap distance, nozzle slot breadth, and the melt superheat
temperature (Ref 5).
A combination of mentioned parameters determines the
surface quality of ribbons. High quality ribbons, having very
smooth upper and lower surfaces, are produced when optimum
amounts of the above parameters for a speciﬁc molten alloy are
applied (Ref 6). Moreover, there are other kinds of patterns
which usually appear on the ribbonsÕ surfaces as a consequence
of using unbalanced processing parameters. Praisner et al.
(Ref 7) illustrated surface patterns of ribbons produced at different
PFC processing conditions and suggested that applying low and
high amounts of the molten metalÕs temperature causes the
formation of dimpled and striated patterns, respectively, while
processing of ribbons at low to moderate and high wheel speeds is
characterized by wavy and herringbone (i.e., ﬁne markings which
are spaced very close to each other) patterns, respectively. Byrne
et al. (Ref 8) analyzed that the wave-like pattern, which appears
frequently over a wide range of processing conditions for various
alloys (Ref 6, 7, 9), originates from the oscillations of the melt
puddle at a natural frequency which is determined by the balance
between liquid inertia and surface tension.
Melt puddle oscillations can capture the air which exists
in the boundary layer of the roller and correspondingly, the

ribbonÕs surface quality is further aggravated by the formation
of peaks and troughs on the wheel side surface of the ribbon
(Ref 8, 10). These anomalies inﬂuence the local thermal
conditions and may adversely affect the cooling rate of the
molten alloy during melt spinning.
Nanocrystalline soft magnetic alloys of nominal Fe73.5
Si13.5B9Nb3Cu1 composition, known as FINEMET alloy, were
innovated by Yoshizawa et al. (Ref 11). In their work,
amorphous ribbons of the above composition were fabricated
using the single roller melt spinning technique and then
subjected to a speciﬁc heat treatment cycle to obtain a
nanocrystalline structure. A homogeneous a-Fe(Si) single
phase was formed with the average grain size of 10-15 nm
dispersed in an amorphous matrix. These alloys possess
superior soft magnetic properties such as high saturation
induction and magnetic permeability and low coercivity to
routine soft magnetic alloys. Several attempts have been made
to optimize magnetic properties of FINEMET-type alloys by
modifying the conventional nominal composition. Shahri et al.
(Ref 12) investigated rapidly solidiﬁed FINEMET (Fe73.5
Si13.5B9Nb3Cu1) ribbons without and with partial substitutions of Al (1.5 at.%) and Ge (1 at.%) elements and observed
an ultrasoft magnetic behavior for FINEMET alloys when Al
and Ge elements were added to the conventional nominal
composition.
The present study examines a fabrication technique of wide
amorphous ribbons of Fe71Si13.5B9Nb3Cu1Al1.5Ge1 alloy by
the PFC process. In this regard, dependence of the thickness
variations upon the wheel speed and applied pressure and also
the effect of the wheel speed on the degree of amorphicity and
surface quality of produced ribbons are investigated.

2. Experimental Procedure
The stoichiometric composition of the alloy used in this
study was Fe71Si13.5B9Nb3Cu1Al1.5Ge1 (at.%). 5-mm-wide
ribbons of the alloy were fabricated using a single roller melt
spinning apparatus operating in the air. For each casting run, a
10 g bar charge of the alloy was prepared using a laboratoryscale vacuum arc remelting (VAR) furnace. The charge was
then placed into an alumina crucible and melted by a 20 kW
induction furnace. Subsequently, the molten alloy was ejected
through the nozzle by supplying a high purity argon gas to the
crucible onto a 25-cm diameter rotating Cu wheel. The nozzle

Fig. 1

was in the form of a rectangular slit with a length of 5 mm and
breadth of 0.4 mm. The casting runs were performed by
applying wheel speeds of 13, 18, 23, 28, and 33 m/s (keeping
the wheel-nozzle gap at 0.2 mm and ejection pressure at
20 kPa) and ejection pressures of 10, 20, and 30 kPa (keeping
the wheel-nozzle gap at 0.2 mm and wheel speed at 23 m/s).
During all PFC runs, the superheat temperature was controlled
by the furnace feedback system.
Structural characterization of ribbons produced at wheel
speeds of 13, 23, and 33 m/s was carried out by the x-ray
diffraction (XRD) technique using Cu-Ka1 radiation. Thermal
stability of the as-spun ribbons, produced at wheel speeds of
13, 23, and 33 m/s, was examined using a METTLER
differential scanning calorimeter (DSC) under ultrapure argon
(99.9999%) atmosphere at a 20 K/min heating rate.
A TIME-TR200 surface roughness tester device was utilized
to measure the surface roughness of both the contact (wheel)
and free sides of the ribbons produced at wheel speeds of 13,
23, and 33 m/s. The device was operated laterally at a tracing
length of 5 mm and cutoff length of 0.8 mm. An arithmetic
average (Ra) value was used as a measure of the surface
roughness. Scanning electron microscope (SEM) micrographs
were also used to examine contact side of the ribbons.

3. Results and Discussion
3.1 Thickness Variation
Figure 1 shows the variation of thickness with increasing
the wheel speed (Vs) and ejection pressure (P). Curves ﬁtted by
a power regression with least squares (R2) of 0.984 and 0.998
reveal that t µ Vs1.08 and t µ P0.514, respectively. Furthermore,
Eq 1 which is taken from BernoulliÕs momentum balance
equation for the PFC process prognosticates that t µ Vs1 and
t µ P0.5. Accordingly, the experimental data obtained in this
research are highly in line with what BernoulliÕs theory
anticipates for the dependence of thickness on the Vs and P
during the PFC process.

3.2 Dependence of Structure and Degree of Amorphicity
of Ribbons on the Wheel Speed
Figure 2 represents XRD multiplot patterns for the contact and
free sides of ribbons produced at different wheel speeds. As can be
seen from this ﬁgure, there are no sharp peaks of crystalline

Variation of thickness with (a) wheel speed and (b) ejection pressure
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Fig. 2

XRD multiplot patterns of (a) free and (b) contact sides of ribbons produced at wheel speeds of 13, 23, and 33 m/s

Table 1 Crystallization data for melt spun alloy obtained
at different wheel speeds
Vs, m/s
13
23
33

2DH, J/g

Tx, °C

65.92
70.15
73.08

507.08
512.79
510.82

Tx crystallization temperature, DH enthalpy of crystallization

Fig. 3 DSC multiplot of ribbons produced at different wheel
speeds (13, 23, and 33 m/s) with a heating rate of 20 K/min

structure corresponding to bcc-Fe(Si) phase reported for Al/Gesubstituted FINEMET ribbons (Ref 13). Therefore, it could be
understood from these ﬁgures that the ribbons prepared at different
wheel speeds have reached to a fully amorphous structure.
Furthermore, for all applied wheel speeds, heat extraction is high
enough to cool down the melt at rates more than the critical rate in
which a very small fraction (106) of liquid could crystallize
(Ref 14). The reported critical thickness (the thickness of the
ribbon containing a fraction of 106 of crystallites) for FINEMETtype ribbons produced by the PFC process at similar conditions to
this research is 100 lm (Ref 15). Note that variation of thickness
for the ribbons produced in the current research occurs in a range
(i.e., 63-25 lm) which is lower than the mentioned critical
thickness. In addition, it should be mentioned that thinner ribbons
should have experienced higher cooling rates than thicker ribbons.
The cooling rate strongly depends on the ribbonÕs thickness and
enhances with increasing the wheel speed due to the decrease of the
ribbon thickness (Ref 4, 16).
Figure 3 shows the DSC multiplot of ribbons prepared at
different wheel speeds. These plots exhibit exothermic peaks
which correspond to the crystallization of amorphous phase.
The magnitudes of crystallization temperature (Tx) and exothermic crystallization energy drawn from DSC graphs are

Journal of Materials Engineering and Performance

listed in Table 1. The data show that crystallization begins at
similar values of crystallization temperature (Tx) for all
ribbons. Further, temperature values at the apex of each plot
are very close to each other (Fig. 3). This behavior has also
been observed for FINEMET ribbons in other investigations
(Ref 13, 17).
As can be seen from Table 1, the exothermic crystallization
energy (i.e., the area under the exothermic peak) of ribbons
rises by increasing the wheel speed. This trend provides good
evidence that the degree of amorphicity of ribbons increases by
applying higher values of wheel speed. Indeed, applying higher
wheel speeds raises the value of entrapped energy in the ribbon
through increasing the number of defects (such as quenched-in
nuclei in groups, excess trapped vacancies, etc.) in the form of
clusters of structural free volumes of the amorphous state,
which are known as a function of the processing conditions
(Ref 17). Greer (Ref 18) has also reported that the rate of
nucleation during annealing treatment is proportional to the
inverse square of the cooling rate. Thicker ribbons are those
being quenched at lower wheel speeds and consequently have
undergone lower cooling rates and would be expected to have a
higher activation energy of crystallization during annealing.

3.3 Dependence of Surface Quality of Ribbons
on the Wheel Speed
Figure 4 shows the surface topography of the wheel side
surface of the ribbons produced at three different wheel speeds.
For the ribbons processed at low (13 m/s) and moderate (23 m/s)
wheel speeds, a wavy pattern is formed on the ribbon surface;
however, for the highest applied wheel speed (33 m/s), the
produced ribbon exhibits a herringbone pattern (containing

of a series of very ﬁne markings). Apparently, the ribbon
produced at the wheel speed of 33 m/s seems to have a smoother
surface than the two other ribbons.
Figure 5 shows the results of surface roughness measurements for ribbonsÕ contact and free sides. As can be realized
from the graph, the higher the wheel speed, the lower the

surface roughness. Moreover, at a constant wheel speed, values
of the measured surface roughness are reduced on the contact
side of the ribbons relative to their free side.

Fig. 4 Surface topography of ribbons produced at low (13 m/s),
moderate (23 m/s), and high (33 m/s) wheel speeds

Fig. 5 Dependence of Surface roughness (Ra) on the wheel speed
for the prepared FINEMET ribbons

Fig. 6

SEM micrographs of contact side of ribbons prepared at wheel speeds of (a) 13, (b) 18, (c) 23, (d) 28, and (e) 33 m/s
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In comparison to data reported for FINEMET ribbons
(Ref 15), values of surface roughness measured for FINEMET
ribbons in the present study are less than the reported data. On
the other hand, the trend of surface roughness reduction with
increasing the wheel speed (Fig. 5) contradicts the trend
reported for FINEMET alloy. Srinivas et al. (Ref 15) have
mentioned that raising the wheel speed increases perturbation in
the melt puddle and as a result, roughness of the surface
increases. Nonetheless, studies of Napolitano and Meco (Ref 10)
on the melt puddle behavior during free jet melt spinning of
Fe-Si-B alloy revealed that surface roughness of the ribbons
reaches a minimum by applying wheel speeds between 20 and
30 m/s and increases rapidly on the either side of this range.
SEM micrographs of ribbonsÕ contact side may evidence the
reducing trend of surface roughness with increasing the wheel
speed (Fig. 6). The micrographs exhibit air pocket morphology
at the contact interface, which is strongly inﬂuenced by the
wheel speed. These air pockets seem to be constituted due to
the entrapment of air at the wheel-melt interface. Air pockets
represent regions of high thermal contact resistance at the
wheel-melt interface as a result of poor contact between the
ribbon and wheel surface. As can be detected from SEM
micrographs, the increase of the wheel speed has reduced the
number of air pockets entrapped, and subsequently contact area
at the wheel-melt interface has increased. This might be due
to the enhancement of heat transfer at the interface by
increasing the wheel speed. Several experimental studies have
found that the heat transfer coefﬁcient at the wheel-melt contact
interface improves by increasing the wheel speed (Ref 19-21).
In addition, a numerical study carried out by Sharif and
Banerjee (Ref 22) also justiﬁes this argument. Therefore, it can
be inferred from the above discussion that an increase in heat
transfer coefﬁcient can enlarge the contact area between the
melt and the wheel and lower air pockets entrapped at the
interface. Consequently, one can expect that surface roughness
decreases by increasing the wheel speed, so that the surface
quality can be improved.
As illustrated in Fig. 6, the number of air pockets is
diminished by increasing the wheel speed. Subsequently, the
contact area of liquid at the wheel-melt interface increases and
more heat can be extracted by the cooling wheel, which leads to
the achievement of higher amounts of cooling rates. Thus, it
could be stated that the degree of amorphicity for the ribbons
enhances by increasing the wheel speed. This ﬁnding is also in
line with the results of the DSC graphs (Fig. 3).

4. Conclusions
Amorphous ribbons of Fe71Si13.5B9Nb3Cu1Al1.5Ge1 (at.%)
alloy with thicknesses less than 70 lm were fabricated with
applying different values of wheel speed and ejection pressure.
The main results can be concluded as follows:
1. It was shown that the trend of thickness variation, t µ
Vs1.08 and t µ P0.514, is very close to the predictions of the
Bernoulli equation for the PFC process t µ Vs1 and t µ P0.5).
2. XRD patterns revealed that for applied wheel speeds of
13, 23, and 33 m/s, a fully amorphous structure is
achieved since no sharp peaks of crystalline phases exist
in the patterns. All produced ribbons are thin enough
(63-25 lm) to hinder the formation of crystalline phases.
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3. DSC results revealed that applying higher wheel speeds/
cooling rates is associated with an increase in the magnitude of enthalpy of crystallization, which correspondingly
substantiates improving of the degree of amorphicity with
increasing the wheel speed/cooling rate.
4. Evaluation of surface roughness measurements and SEM
micrographs revealed that surface roughness decreases by
increasing the wheel speed due to reduction of air pockets at the wheel-melt interface and improvement of heat
transfer.
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