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1 Introduction 

The PFMS process is a continuous casting approach for manufacturing thinner, wider, 
and continuous amorphous/nanocrystalline metal ribbons by rapid solidification tech-
nique [1–3]. This process has been enormously gain interest in industry and academic 
research because of the environmental and economic advantages of final casting 
product [4–6]. On the one hand, Fe-based amorphous ribbons have deficiency of 
long-range structural imperfection, exhibit large elastic strain restriction, excellence 
in strength, good wear, and corrosion resistance [7–10]. On the other hand, nanocrys-
talline ribbons have exclusive combination of enlarged physical, chemical, thermal, 
and mechanical properties [8, 9]. The effect of predominant process parameters such 
as quenching wheel speed (U), nozzle wheel gap (G), melt ejection pressure (P), 
and melting temperature (T) was studied on ribbon surface topography [10–12]. The 
foremost factors for formation of ribbon structure which are including characteristics 
of nucleation, kinetic crystal growth, internal readjustment of heat, and external heat 
extraction [13]. 

The defected casting lines appeared on the surface of the ribbon due to meniscus 
holding subjected to melt motion. Also, they mentioned cross lines were similar 
to the herringbone line but difference wavelength [14]. The dimples and striation 
lines are avoided within the specified range of Stefan number in the 50Pb-50Sn 
alloy. This criterion was not successful for all alloy systems. A continuous cross 
wave or herringbone defect lines were studied by correlating between the meniscus 
frequency and wave lines [15]. Theisen, Huang et al. [16, 17] observed that the
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herringbone defect occurred at lower over pressure than the cross wave line defects. In 
addition, they have scaled herringbone and cross wave lines with capillary frequency
(
σ
/
ρg

3
)1/2 

, where is σ surface tension, g is the nozzle wheel gap, and ρ is density 
of liquid. Despite of above work, the mechanism of herringbone defect formation 
largely remained unclear. 

Nevertheless, amorphous alloys can also failure by cavitation instabilities [10, 
18, 19]. The shear bands affected to be nucleated in amorphous materials failure in 
microscopic level under dynamic and quasistatic loads [9, 19, 20]. The mechanism of 
cavitation inception in brittle materials is due to fluctuation of atomic density initiate 
at weak zones to reduce the yield strength [21]. The prognosis of void growth in 
cavitation instability explained through single spherical void model and the theory 
of free volume [10]. Further investigation has been carried out by [20] cavitation 
instability is remarkable decreased by the weak zones and it does not decreased at 
stress ratio reduced from unity. Also, they observed the spallation causes fracture 
in amorphous materials like micro dimple nucleation, porous, and equiaxed cellular 
growth on the surface of the ribbon. The formation of defects on solidified surface 
of the ribbon was due to dynamic variation in pressure distribution, density of melt, 
solidification temperature, and motion of the quenching wheel [22]. Moreover, the 
concentration has been taken to examination of cavitation instability on regular crys-
talline materials rather on amorphous alloys. In this present research, we focused 
on the influence of vibration at the liquid ejected nozzle frame, which is directly 
affected on the melt puddle morphology and solidified ribbon surface. 

2 Experimental 

The titular composition Fe73.5Si13.5B9Nb3Cu1 of basic alloy has prepared in induction 
melting furnace at 1 × 10–5 mbar of vacuum level under complete control of argon 
gas. The alloy was prepared for 100 g weight percentage by using economically 
available materials. The alloy composition of Fe-B (15.37 wt. %), Fe-Si (12.69 wt. 
%), and (Fe-Nb 7.73 wt. %), pure Fe 62.94 wt. % and pure Cu 1.30 wt. % and 
additionally for evaporation loses an extra 10% Boron has added [22]. The chemical 
homogeneity test has been conducted to ensure the homogeneity of basic alloy. The 
atomic weight percentages of this fundamental nominal alloy are compare with the 
analyzed alloy. The results of nominal and analyzed atomic weight percentages are 
given in Table 1. 

Table 1 The atomic weight percentages of analyzed and nominal alloy compositions [22] 

Composition Fe (at%) B (at%) Si (at%) Nb (at%) Cu (at%) 

Analysis 72.84 9.52 13.6 3.03 1 

Nominal 73.5 9 13.5 3 1
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Table 2 The process parameters for experimentation 

Exp. No. Weight of alloy 
(g) 

Wheel speed 
(U) (m/s) 

Ejection 
pressure (P) 
(kpa) 

Nozzle wheel 
gap (G) (mm) 

Melt 
temperature 
(T) (K) 

1 122 30 7 0.35 1575 

2 104 30 14 0.35 1575 

3 101 30 21 0.35 1575 

The liquid is ejected nearly at critical temperature (Tc = 1350 °C) from the quartz 
crucible nozzle slit gap 0.3 mm. The quenching wheel speed U = 30 m/s, nozzle 
wheel gap G = 0.35 mm, and the melt temperature T = 1575 K have taken constant 
throughout the experimentation, and ejection pressure varied as 7, 14, and 21 kPa. 
The process parameters for experimentation are given in Table 2. 

The puddle formation was captured using the images obtained from the high speed 
videography at a rate 100 frames/sec (Falcon 1.4M100, Dalsa waterloo, Ontario, 
Canada). The length of the puddle which touched the wheel surface was measured 
by Imagepro plus software. 

3 Results and Discussion 

The predominant process parameters for Fig. 1 are T = 1575 K, U = 30 m/s, G = 
0.35 mm, P = 7 kPa, and alloy weight is 122 g. The characteristics of the solidified 
ribbon for experiment 1 are given in Table 3. 

Figure 1 shows the high speed images of puddle evolution in between nozzle wheel 
gap. The experiment starts from liquid ejection at 0 ms and ends at 600 ms. Figure 2a 
explains the stable length of the puddle on the rotating chilled copper wheel surface 
with time. A continues ribbon is obtained at firmness of the puddle from 51 to 520 ms 
and the puddle length varies from 0.823 to 0.876 mm. Figure 2b gives the nozzle wheel 
gap (G) which also equal to height of the puddle is varied from 0.3768 to 0.3869 mm 
during the steadiness of the puddle. The actual maintained gap G = 0.35 mm is 
varied due to vibration in the ejection nozzle slit. A continues ejection of liquid on 
the rotating chilled wheel surface from the nozzle slit gap (g = 0.3 mm) causes the 
upthrust or buoyancy force and the surface tension of the liquid slightly lift the nozzle 
frame. Due to this vibrational effect, the fluctuation generates in puddle morphology. 
According to the fluid mechanism concepts the compressive stress in the puddle fluid 
medium between the rotating chilled substrate and nozzle bottom surface. When the 
fluid is subjected to rapid compression stress due to ejection pressure on the rotating 
chilled substrate, the internal resistance force of the fluid particles may increases 
during solidification at boundary layer. The solidified particles try to push up the 
nozzle frame slightly, and the fluid may undergo shear stress by the drag force of 
the quenching wheel. The upward resistance force of the fluid and shear stress due



34 M. ShanthiRaju et al.

Fig. 1 High speed images of puddle evolution in between nozzle wheel gap for experiment 1 

Table 3 The solidified ribbon morphology for experiment 1 

Exp. No. Structure Length (m) Average width 
(mm) 

Average thickness 
(µm) 

Surface roughness 
(µm) 

1 Amorphous 9 17 37.3 1.21 

to wheel drag causes a small vibration in the nozzle frame. When the fluctuation or 
vibration of the nozzle frame is at upper position, the pressure may drop at bottom 
and upper edges of the upstream meniscus (USM). The drag force of the quenching 
wheel speed entraps surrounded air into liquid puddle from the edges of downstream 
meniscus (DSM). The regular fluctuations in the puddle and entrapment of air act 
as thermal resistance at the boundary layer of the wheel substrate may exhibits the 
herringbone defect on the surface of the ribbon. Figure 3 shows a regular herringbone 
defect pattern on solidified ribbon surface, and its contour plot color mapping shows 
the single wavelength. 

The two fundamental mechanisms have given [23] for any aspect with an attribute 
stream wise wave length on continuous casting product. In the first, the template 
transfer formation mechanism is simply doubling the wheel speed is not affected 
wave length. In the second, pulse transfer formation mechanism is simply doubling 
the wheel speed will double the wavelength of the aspect since, the wheel rotate twice 
then the impingement action. Moreover, the dependence or not of the wavelength 
but the wheel speed is key to determine the cross wave formation in physics.
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Fig. 2 a Length of the puddle verses to time, b nozzle wheel gap verses to time for experiment 1 

Fig. 3 Regular herringbone defect pattern on solidified ribbon surface and its contour plot color 
mapping shows the single wavelength 

The process parameters for Fig. 4 are T = 1575 K, U = 30 m/s, G = 0.35 mm, P 
= 14 kPa, and alloy weight is 104 g. The characteristics of the ribbon for experiment 
2 are given in Table 4. 

Figure 4 shows the high speed images of puddle development in between nozzle 
quenching wheel gap for experiment 2. From Fig. 5a and b experiment starts from 
liquid ejection pressure at 0 to 461 ms. A continues ribbon obtained at firmness of 
the puddle from 163 to 407 ms and the puddle length varies from 0.883 to 1.05 mm. 
The nozzle wheel gap (G) or height of the puddle is varied from 0.385 to 0.3961 mm 
during the steadiness of the puddle. 

The length and height of the puddle increased as increasing the ejection pressure 
from 7 to 14 kPa. The ribbon morphology is greatly affected by the ejection pressure 
and puddle geometry. By increasing the ejection pressure, both the length and height 
of the puddle increased. When the nozzle wheel gap or height of the puddle is high,
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Fig. 4 High speed images of puddle evolution in between nozzle wheel gap for experiment 2 

Table 4 Gives the ribbon morphology for experiment 2 

Exp. No Structure Length (m) Average width 
(mm) 

Average 
thickness (µm) 

Surface 
roughness (µm) 

2 Amorphous and 
partial 
crystalline 

12 18 60.6 1.24 

Fig. 5 a the length of the puddle verses to time, b nozzle wheel gap verses to time for experiment 
2
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Fig. 6 Pressure distribution at nucleation sites weak zones USM and DSM and formation puddle 

the entrapment of air is more from the USM. The simulation work [24] gives  the  
maximum distribution of pressure in the puddle is about five times at lower ejection 
pressure, and not even doubled in case of higher ejection pressure. Consequently, 
a radical reduction of pressure at both sides DSM and USM with same magnitude 
of negative and positive sign. The maximum distribution of increased pressure irre-
spective of the ejection pressure is resolved only at mid portion of the puddle. The 
representation of the puddle formation in between the nozzle and on the quenching 
wheel surface in Fig. 6.

According to assumptions of classical thermodynamic theory predict the initiation 
of nucleation and kinetic crystal growth starts at weak zones where relatively low 
pressure, i.e., the bottom edge of USM. It is interesting to notify the formation 
of porosity at nearly micron level on surface of ribbon. This may be the cause of 
cavitation effect due to accelerated changes in pressure in the liquid puddle zone. 
Since the ejection of liquid is about to the critical temperature Tc = 1350 °C, where 
the formation of vapor bubbles in liquid phase of the puddle [25]. The vapor bubbles 
get solidified near at the boundary layer of chilled wheel substrate and formed as

Fig. 7 Tiny porous formations on ribbon surface and contour plot color mapping
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Fig. 8 Grooves and patches on ribbon formation and contour plot color mapping of the surface of 
the ribbon 

Table 5 The ribbon morphology for experiment 3 

Exp. No Structure Length (m) Average width 
(mm) 

Average thickness 
(µm) 

Surface roughness 
(µm) 

3 Crystal 6 21 85.3 1.52 

tiny porous on the ribbon surface. Figure 7 shows the porous formation on ribbon 
surface.

The process parameters for Fig. 8 are T = 1575 K, U = 30 m/s, G = 0.35 mm, P 
= 21 kPa, and alloy weight is 101 g, and ribbon characteristics are shown in Table 3. 
The defect forms of small patches are appeared on the surface of the ribbon due to 
irregular profiled in the formation of puddle. The current results have confirmed to 
[26–28] at higher ejection pressure the thickness of the ribbon increased. At higher 
ejection pressure, the possibility of increment in viscosity of liquid flow on the 
moving wheel substrate may not be properly lingered. The formation of USM and 
DSM is broken due to surface tension of puddle and air interfaces which results the 
greater allure between the cohesion of fluid molecule and adhesion of air molecules. 
The imbalanced force between the fluid and air molecules the fluid become under 
tension. This behaves like elastic membranes so that the irregular contact of the puddle 
onto the quenching wheel during solidification process. Under these conditions, the 
formation of grooves and patches on the surface of the ribbon. The solidified ribbon 
has become fully crystalline and broken in nature. Table 5 gives the results of the 
third experiment. 

4 Conclusion 

1. The fluid is subjected to rapid compression stress due to ejection pressure on the 
rotating chilled substrate. The internal resistance (buoyancy) force of the fluid



Influence of Vibration in the Nozzle Frame on the Ribbon … 39

particles, surface tension, and shear stress due to wheel drag results vibration the 
nozzle frame. The regular fluctuation in the puddle and entrapment of surrounded 
air acts like thermal resistance at melt wheel contact may exhibits the herringbone 
defect on the ribbon surface. 

2. The initiation of nucleation and kinetic crystal growth begins at the USM, where 
pressure is relatively low. The variation of pressure in the puddle accelerates may 
cause to formation tiny vapor bubbles due to cavitation inception. These vapor 
bubbles in the puddle get solidified at the boundary layer of the wheel substrate 
results porosity on the ribbon surface. 

3. At higher ejection pressure, the formation USM and DSM broke due to imbal-
anced force between the entrapped air and fluid molecules so that the puddle 
behaves like elastic membranes under tension. The irregular contact between the 
puddle and wheel substrate results patches and grooves on the ribbon surface. 
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