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Planar-flow melt spinning (PFMS) is a single-stage rapid manufacturing/solidification technique for
producing thin metal sheets or ribbons. Molten metal is forced through a nozzle onto the substrate
where it freezes and is spun as ribbon product. A puddle of molten metal held by surface tension
(capillarity) forms between the nozzle and substrate. An important measure of product quality is the
uniformity of thickness along and across the ribbon. At small length scales, local thickness changes or
surface defects are present that are undesirable. This work examines the cross wave, a well-defined
periodic surface defect, seen when casting aluminum-silicon alloys. The presence of the defect is
related to processing conditions and puddle dynamics. Motions of the puddle menisci are captured
using high-speed video and analyzed for frequency content. A high frequency vibration of both
menisci corresponds to the observed frequency of the surface defect. A scaling analysis reveals these
motions to be capillary in nature and comparisons are made with two model problems of vibrating
capillary liquids.

I. INTRODUCTION

PLANAR-FLOW melt spinning (PFMS, also known as
planar-flow or single-roll spin casting) is a continuous casting
technique for rapidly solidifying thin metal sheets or rib-
bons. The technique has been of interest (1) because of the
economic and environmental advantages of casting a final
product directly from the melt and (2) because of the spe-
cial properties arising from the unusual microstructure of
rapidly frozen alloys. For ribbons cast thinner than 1 mm,
present bench-scale machines, including ours, make prod-
uct at economically attractive rates but of insufficient qual-
ity. Our goal is to develop a scientific understanding of
various undesirable features appearing in the product so
that these may be eliminated or, at least, manipulated,
and the quality thereby enhanced.
We cast aluminum (and Al alloys) into ribbon of 50-mm

width (not limiting) and 0.1-mm thickness, typically. The
distinction between surface and bulk features blurs at this
thinness. A charge of 1 kg yields a ribbon of nearly 75-m
long at these dimensions. A typical casting speed is 10 ms#1.
Note that our casting speed is an order of magnitude faster
and our thickness an order of magnitude thinner than the
state-of-the-art for commercial casting.[1]

The focus of this article is an imperfection that crosses
the ribbon product spanwise with a regular streamwise
spacing. The marks are easily observable on both top and
bottom surfaces with the naked eye. The ‘‘cross-stream
wave,’’ as it is sometimes referred to, arises over a broad
range of conditions and has been reported in other studies.[2,3]

It is observed by laboratories casting a variety of alloys.
The thrust of this article is that this wave defect ultimately

arises from the oscillation of the molten metal puddle at
a natural frequency determined by the balance between
liquid inertia and surface tension. Such a mechanism is
consistent with the prevalence of the defect. Previous work
has speculated about the role of the free-surface meniscus
in the formation of such features.[4,5] The present work
establishes the link with a particular puddle vibration.
The PFMS has been studied extensively over the two

decades following 1975, driven mainly by an interest in the
enhanced magnetic and mechanical properties that rapidly
quenched materials can have due to their microcrystalline
or amorphous microstructures. Early reviews dealt with the
material properties of the melt-spun product with some focus
on processing issues.[6,7] The fluid flow came into focus
later.[8] A review of the process fluid mechanics is available.[9]

More recently, combinations of numerical and experimental
studies have appeared.[10,11] Other work has focused on corre-
lating processing parameters with ribbon quality and dimen-
sions.[3,4,12,13] Many authors have reported surface features
including herringbone patterns, dimples, striations in the cast
direction, and cross-stream waves, but mechanisms of forma-
tion have not been identified.[2,3,13]

Thickness variations in the product cast in our laboratory
are seen at various length scales. The cross-stream wave
corresponds to typical thickness variations of about 30 pct
of the mean (for ;150-mm-thick ribbons). This type of fea-
ture is persistent in our cast ribbons (aluminum alloy) and is
detrimental to the integrity of the product. With a nominal
Al-7 pct Si alloy, the presence of the cross-stream wave
reduces the ultimate tensile strength by 20 to 30 pct on
average, for example.
The cross-stream wave is shown in Figure 1. The feature

is apparent as a wavy line running across the width of the
ribbon in these photographs. The wave has a well-defined
wavelength l, on the order of 1 cm, in the cast direction. A
composite image of both the substrate and free side of a
sample of ribbon, made using a MicroXam Interferometric
Profilometer (ADE Phase Shift, Tuscon, AZ), is shown in
Figure 2. Two waves appear in this sample of ribbon. The
average thickness of the sample is approximately 180 mm.
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On the free side (Figure 2(a)), the thickness reduction
resembles a continuous trench. The surface between the
wave crests is relatively uniform when compared to the
depth of the trench. On the substrate side (Figure 2(b)),
what appears as a valley in Figure 1(b) is actually a concen-
tration of craters. The crater depth can be as great as 30 mm
for this sample. A small number of randomly distributed
craters of lesser depth may also be present between waves
on the substrate side. However the surface between defects
is relatively flat. The defect is in registry between the sub-
strate and free side. That is, there is no measurable hori-
zontal displacement of the trench on the top with respect to
the row of craters on the bottom.
A variety of similar surface features have been reported

in other continuous casting processes. The origin of short
wavelength thickness variations in melt overflow casting of
aluminum has been discussed.[14] These variations have
been interpreted as being a result of repeated meniscus
pinning/depinning. Also, the presence of substrate velocity-
dependent cross-stream defects in melt drag twin roll cast-
ing has been attributed to the bouncing of the meniscus at
the nozzle tip.[15] The appearance of so-called ‘‘oscillation
marks’’ on continuously cast steel slabs is well docu-
mented. The frequency at which these oscillation marks
appears is directly related to the mold oscillation frequency.
It has been suggested that several mechanisms may act
together to form the oscillation marks, including meniscus
freezing and overflow as well as thermal stresses in the
solidifying material.[16,17] In most instances, the marks are
removed by shaving the finished product.
Periodic cross-stream waves are also seen in many liquid

film coating processes. Among these processes, slot coating
stands out as having a geometry and operating configura-
tion similar to PFMS. The key differences with PFMS are
(1) that solidification occurs downstream of the puddle in
typical coating flows and (2) that viscosity plays a dominant
role in many coating operations, whereas, in PFMS, the
high speed of material deposition makes the flow largely
inviscid. Nevertheless, it is well recognized that meniscus
and wetting-line stability influence the surface of the coat-
ing products.[18] Cross-stream periodic bands are observed
for a variety of coating processes. These bands are often
attributed to the movement of the wetting line.[19] Even
though it is not known to what extent puddle oscillations
are related to any observed coating flow instabilities, it is
instructive to use coating flows for contrast.
In Section II, we distinguish two formation mechanisms

for periodic features frozen into the cast product. Section
III describes the process and parameters in detail. In Sec-
tion IV, we provide the experimental evidence that the cross
wave correlates to motions of the menisci. A correlation
between the menisci motions and the main processing para-
meters is given in Section V. A competition between cap-
illary and inertia effects sets the time scale for the motions.
In Section VI, we briefly discuss parameter regimes where
the cross wave is not observed. Finally, Section VII com-
pares related observations from the literature to the oscil-
lation of an inviscid sphere and a meniscus moving in
a channel between parallel plates. Additionally, we propose
that heat-transfer interruptions are a likely mechanism by
which puddle vibrations turn into thickness variations in the
product.

Fig. 1—Photograph of the cross-stream wave as seen on (a) the free side
and (b) the substrate side of the ribbon product. The wavelength l " 7 mm
is seen on a ribbon section, 50 3 130 mm. The cast direction is left to
right.

Fig. 2—Profile of ribbon surfaces. (a) Scan of the free side showing two
cross waves. (b) Scan of substrate side. Schematic on top shows the loca-
tion of the scans on the ribbon. The craters and trenches extend into the
solid product. Notice that the vertical lengths have been expanded for
clarity.
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II. TEMPLATE VS PULSE TRANSFER

For any feature with a characteristic streamwise wave-
length on a continuous cast product, one can distinguish
two fundamentally different mechanisms of formation. In
the first, a pattern on the substrate is transferred directly
onto the solidified product, much like what occurs in con-
tact printing where inked type is pressed against a paper
substrate to produce a printed page. In this case, the spacing
of the template (substrate) is transferred directly to the
product. Double the speed of the substrate and the spacing
of the lines on the printed page remain unchanged. For
a substrate moving at speed U, the wavelength l does not
depend on U. We shall call this template-transfer forma-
tion. In the second mechanism, the wavelength is created
by a constant-frequency oscillation in the lab frame, much
like what would occur by inkjet droplets impinging on
a moving substrate from a source of fixed frequency. Dou-
bling the substrate speed will double the wavelength of the
feature since the substrate moves twice as far between im-
pingement events. In other words, l is linear in U (l ; U/f).
We shall refer to this as pulse-transfer formation. The
dependence or not of l on wheel speed will be key to
identifying the physics of cross-wave formation.
A distinct issue is how to report the measured l of peri-

odic features. It can be reported directly as l or as an
inferred frequency:

fl [ U=l [1]

These are entirely equivalent measures, of course. How-
ever, it should be kept in mind that for different measures
the dependence on wheel speed is different for the same
formation mechanism. For example, for template transfer,
fl is linear in U while l is independent of U, and, for pulse
transfer, the opposite is true. We shall mostly report data in
terms of fl, except for the final correlation over a large
range of cast ribbons in which case we shall use l.

III. APPARATUS AND EXPERIMENTAL
METHODS

Figure 3(a) shows a schematic of the casting apparatus,
which comprises a crucible for housing the molten metal,
a nozzle through which the metal can flow, and a metallic
substrate (or chill wheel). An inert gas pressurizes the cru-
cible in a way that compensates for the decreasing metallo-
static head as the metal flows out. Our experimental caster
operates using a 1-m-diameter Cu-Be substrate. A blowup
of the region between the nozzle and substrate, or contact
zone, is shown in Figure 3(b) (horizontal lengths are com-
pressed for clarity). The process feeds molten metal from
the crucible (due to a combination of head and applied gas
pressure) through the nozzle of breadth, B, into the thin gap
region between the nozzle and substrate. The pressure at
the nozzle entry to the puddle DP is held constant during
a cast by the pressure compensator mentioned previously.
Because of the small gap G, the nozzle interferes with the
flow and a puddle, held by surface tension, is formed. The
contact between the substrate and molten puddle is such
that enough heat is removed from the melt for solidification
to occur. Material solidifies along a front at an average
velocity V. The substrate (moving with linear velocity U)

continually removes the solidified product from the melt
puddle. The final ribbon thickness T depends mainly on
the five parameters B, G, DP, V, and U. Mass, momentum,
and energy balances with appropriate boundary conditions
have been written down and put in nondimensional form
elsewhere,[20] accounting for the effects of the parameters
listed in Table I. It is learned that, for operating parameters
typical of our experiments, the momentum transfer problem
depends on the heat-transfer problem but not vice versa
(one-way coupling). The thermal control parameters for
the experiments reported in this article are fixed; only the
mechanical control parameters are varied and the influence
on the mechanical problem is parametric through V and
indirectly through G (it changes with time due to wheel
heatup). The experimental casting apparatus in our labora-
tory is described in detail elsewhere.[13,21,22]

The range of typical values for processing parameters
and variables are given in Table I. Successful casting occurs
only for certain ‘‘stability windows’’ within parameter space.
Although steady behavior does not depend on surface tension
s, the limits of steady behavior (stability window) do. All
data reported subsequently came from experiments carried
out in these ranges. Puddle length L and solidification rate
Vare included as process variables, but they are not actually
set by the operator. Specific cast data can be found in the
Appendix.
Figure 4 shows the ribbon thickness T, wavelength of the

cross-wave l, and gap spacing G, as they vary throughout

Fig. 3—(a) Schematic of the PFMS apparatus. Metal is poured from the
crucible through a nozzle onto the spinning substrate or chill wheel, where
it forms a puddle. Solidification occurs and a ribbon of thickness T is
pulled from the puddle and thrown from the substrate. (b) Blowup of
the contact zone or puddle region. The horizontal length scale has been
compressed.
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the duration of a cast. This particular cast is some 20-m
long. Each thickness and wavelength data point represents
a value found from averaging over a 0.15-m length,
obtained as follows. The ribbon is cut into a number of

0.15-m-long pieces. For each piece, the thickness is mea-
sured from the mass and area (reported in Figure 4(a)) and
the average wavelength by dividing the 0.15-m length by
the number of waves present (reported in Figure 4(b)).

Table I. Process and Material Parameters with Typical Values

Nozzle Geometry

G 0.5 to 1.3 mm range of nozzle/wheel gaps
B 1.6 to 3 mm nozzle slot breadth
W 25 to 50 mm nozzle slot width

Process Variables

T 0.08 to 0.35 mm range of ribbon thickness
L 4 to 20 mm typical range of puddle length
U 5 to 15 m s#1 wheel speed (linear)
DP 4 3 103 N m#2 overpressure
V 0.05 to 0.1 m s#1 solidification rate
Th 1033 K superheat temperature
Tc 298 K quench temperature

Material Properties (Aluminum Unless Otherwise Noted)

rs, r1 2.7 3 103, 2.3 3 103 kg m#3 solid, liquid density
ks, k1 229, 103 J m#1 s#1 K#1 solid, liquid thermal conductivity
h 10#3 kg m#1 s#1 viscosity (1033 K)
s 0.86 N m#1 surface tension (1033 K)
Tm 933 K melting temperature

Fig. 4—The evolution of (a) ribbon thickness, (b) defect wavelength, and (c) gap spacing through a cast with DP held constant. Note the gradual decrease in
these values due to thermal expansion of the substrate. The periodic behavior is due to the out of roundness of the substrate. A five-piece moving average has
been applied to the data for clarity.
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Figures 4(a) and (b) indicate variations in thickness and
wavelength that occur on two length scales larger than the
piece size. First, over the total length of the cast (the largest
scale), there is a gradual downward trend. Second, there is
a periodic variation on the lengthscale of the wheel’s cir-
cumference (about 3 m). The gradual decrease in thickness
has been shown to be the result of wheel heatup. The wheel
average heatup has been measured at about 50 °C to 80 °C
for typical 5-s casts.[23] Wheel expansion decreases the gap
G, increasing the hydrodynamic resistance to flow, and
hence decreases the flow rate, in view of the constant
applied pressure drop DP.[21] The shorter-scale variation
shown in Figures 4(a) and (b) is directly related to the
out of roundness of the substrate, which changes G period-
ically. Indeed, the period of the oscillation matches the time
required for one revolution of the wheel.
The sources of both these long lengthscale variations are

mechanical and due to time-dependent forcing of the gap.
That is, a G(t) is imposed; template transfer occurs. The
before-cast hot gap G(0) is known to within 65 pct of the
desired G. The change in G throughout a cast is measured
by using a run-out meter placed on the substrate. This
allows for G(t) to be measured to within 65 pct. One such
G(t) is shown in Figure 4(c). Both a gradual decrease and
periodic variation on this trend are evident in these data.
Note that values presented in Figure 4 represent a moving
average over ;0.07 seconds (five ribbon pieces), done to
smooth very local variations.
We will report both gap G and wavelength l values in

this study. A series of instantaneous values taken at sub-
sequent instants throughout the cast will be referred to as
pointwise data, while averages of such a series over the
entire cast will be called cast-averaged values. Values of
G reported below are ‘‘cast averaged’’ unless noted as
pointwise. An example of pointwise values is given by the
data points in Figures 4(b) and (c). It is impractical to mea-
sure G(t) directly for every cast so a means was developed to

infer the shrinkage over the duration of a cast, as described
in the Appendix. This allows us to apply an average decrease
to subsequent experiments carried out under similar condi-
tions. The error introduced by this approximation is610 pct.

IV. PUDDLE OSCILLATIONS

Video imaging of the puddle indicates that the upstream
meniscus (USM) and downstream meniscus (DSM) are mov-
ing throughout the entire cast. Motions are captured by a
Kodak (Rochester, NY) EktaPro high-speed video system.
A high-intensity fiber optic light is used to locally back-
illuminate the desired meniscus. The high-speed video sys-
tem, capable of recording at up to 6000 frames per second,
is focused on the profile of the meniscus region. Focusing
on the menisci rather than the entire puddle region has
allowed much smaller motions of the menisci to be observed
than previously reported.[4,22,24] Several regimes of motion
of the menisci are identified from these images. These
are shown schematically in Figure 5, along with still
images of the USM and DSM taken from video. The
motions are distinguished as follows.
(A1) A large scale left-right mean motion of the USM.
That is, the mean position of the meniscus moves. This
mode is the slowest of those observed. (A2) For any mean
position of the USM, there are time-dependent bulk defor-
mations superposed on the mean. These are also left-right
in nature, but faster than A1. (B) Traveling waves on the
DSM, similar to those reported previously.[4]

In Figure 5, only a portion of the DSM is shown. These
traveling waves originate at the nozzle-liquid-air contact
line (top) and travel toward the liquid-solid-air trijunction
(below). In all observed cases, their amplitude decreases
as they travel downward. This is consistent with solidifi-
cation being completed within the puddle region by the
time the last molten metal reaches the liquid-solid-air
trijunction.

Fig. 5—Types of puddle motions. A1 is a large-scale left-right motion of the USM, while A2 is a smaller scale left-right vibration of the USM. The term B
represents waves on the DSM. A white line is fitted to the edge of the DSM for clarity. Notice the different length scales associated with the photographs.
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As seen in Figure 6, the USM is asymmetrical about the
midplane, being dragged under by the moving substrate.
Visualization of the motion of the lower dynamic contact
line has had limited success due to the difficulty in illumi-
nating the inner contact region. Figure 6 shows images of
the USM over one period of the oscillation illustrating
motions of the type A2. Notice how the shape of the USM
deforms or ‘‘wobbles’’ as the liquid-substrate contact line
pulls to the right (in the direction the substrate is moving).
To quantify these motions, a time series of the displace-

ments of the puddle menisci are extracted from the high-
speed video (a threshold technique with linear interpolation
yields subpixel resolution[25]) and analyzed for frequency
content by fast Fourier transform. For brevity, we only pres-
ent data here that relate to motions of type A in Figure 5.
Frequencies for motions B are similar to those for motions A.
A typical time series of the motions A, for G 5 1.3 mm,

is shown in Figure 7(a). This plot is of the motion of the
left-most point on the USM relative to the right edge of the
image, which is fixed in space. Motions of different ampli-
tudes are seen. The longest periodic motion shows approx-

imately nine large peaks over a 1-s period (motion A1).
Superimposed on this is a smaller amplitude and higher
frequency motion, which is enlarged in Figure 7(b) (motion
A2). On the vertical axis, one arbitrary unit corresponds to
approximately 30 mm of motion of the puddle interface.
Note that Figure 7(a) shows nine peaks during 1 second
while Figure 4 shows only three peaks. The data come from
casts at essentially the same wheel speed. The difference is
the moving average applied to the data in Figure 4; it is
done over five pieces (0.75 m) or about one-quarter of the
wheel circumference. Thus, since every hill has an adjacent
valley and the averaging window always includes a hill/valley
pair, the smaller two of the three hills on the wheel get
averaged out in Figure 4.
The power spectrum of the data in Figure 7(a) is shown

in Figure 7(c). The data were taken to capture the higher-
frequency oscillation f2 at about 800 Hz. The lower fre-
quency f1 just shows up, nevertheless, at about 9 Hz. It
has an amplitude several orders of magnitude greater than
f2. This is in agreement with observations from the raw time
series. A slight anomaly is just visible around 1600 Hz.
This is the second harmonic of f2. The power spectra for
motion B show identical peaks at f1 and f2.
A series of experiments were carried out using different

values of G while keeping U fixed (Table II). It is observed
that as G is changed the value of f1 remains constant. In
contrast, f2 varies with G. Also included in the table are
corresponding wave frequencies, fl, as inferred from the
cast-averaged l measurement. Since the gap varies contin-
uously, the frequency also varies along the length of the
ribbon, and this nonstationary behavior gives an error asso-
ciated with fl. The reported fl is the average value 6 the
standard deviation. The secondary frequency f2 appears for
all gap heights exceeding G5 0.53 mm. For G5 0.53 mm,
no cross-stream waves were present on the ribbon.
It should be noted that the peak centered about f2 in

Figure 7(c) is rather broad. This is the case in all power
spectra from which the f2 values reported in Table II were
taken. The out of roundness of the substrate is responsible
for the broadening of this peak (this can be confirmed using
Eq. [3] in Section V). The salient feature is the maximum
value (reported as f2). The values of f2 and fl are nearly the
same and consistent with the common source of broadening
and have similar standard deviations.

V. CROSS-WAVE PHYSICS

The lower frequency f1 relates directly to the out of
roundness of the substrate. Based on the characteristic sub-
strate speed of Table II (;8.8 m/s) and the known topography
of the substrate, a periodic gap variation of approximately
9 Hz is expected. Experiments at different wheel speeds are
shown in Table III. Note that f1 increases linearly as the
substrate speed is increased. Comparing U and f1 values
indicates that the wavelength of the topographical features
on the substrate is approximately 1 m corresponding to
three hills per circumference; this has been verified by direct
measurement of wheel topography. It is apparent that the
puddle is oscillating at this frequency to accommodate
the gap variation. Therefore, frequency f1 reflects a template-
formation mechanism.

Fig. 6—Images of the USM motion over one period of oscillation. The
meniscus is initially seen to be flat (t 5 0 ms) and then deforms as the
contact line moves in the direction of the translating substrate. Eventually,
the contact line moves back to approximately its original position (t 5
1.16 ms). The gap spacing is approximately 1.3 mm.
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We turn to the frequency f2. As shown in Table II, values
for f2 coincide with the measured cross-stream defect fre-
quency fl. That is,

fl ¼ f2 [2]

This frequency increases with decreasing gap height G.
In contrast, Table IV, shows three separate casts with
cast-average G 5 1.3 mm and where U is varied. It is
observed that l varies such that fl remains approximately
the same (within the experimental error). We conclude that
fl is independent of U and arises from oscillations in the lab
frame of fixed frequency. Hence, l and f2 result from
a pulse-transfer mechanism.
As just described, fl varies with G but is independent of

U. A log-log plot shows that fl ; Gn, where n ;1.42. To

avoid casting failure, parameter variation must remain
within the stability window.[13] For this reason, less than
a decade of G is tested to determine n. Hence, the power-
law exponent must be interpreted cautiously. To probe how
fl changes with other processing conditions, 34 casts are
compared. Associated conditions are listed in Table Vof the
Appendix. Processing conditions vary within the ranges
listed in Table I. Cross-wave frequency fl is found not to
correlate with DP, B, or W.
Dimensional reasoning using the observations of the last

paragraph suggests that fl be scaled with a capillary time
scale t [ (rG3/s)1/2, where r is the liquid density, s is the
surface tension, and G is chosen as the characteristic length
scale. That is, generally, one expects flt to depend on the
dimensionless control parameters, say, flt 5 g[DP/rU2,
G/B, G/W]. However, observations, including those men-
tioned previously, suggest that the function g is in fact

Fig. 7—(a) A time series of USM motion (type A) for G 5 1.3 mm. On the vertical axis, one unit corresponds to approximately 30 mm of motion. (b) An
expanded view of a smaller portion of data shows the small-scale motions. (c) The power spectrum of data (notice the log scale on the y-axis).

Table II. Summary of f1, f2, and Average Cross Stream
Wave Frequency (fl [ U/l) for Different Cast-Averaged

G Values

G (mm) f1 (Hz) f2 (Hz) fl (Hz)

0.53 9 — —
0.78 9 1450 6 200 1500 6 185
1.1 9 960 6 90 950 6 80
1.3 9 800 6 60 790 6 50

Table III. Behavior of Frequency f1 as the Wheel Speed
U is Varied

G (mm) U (m s#1) f1 (Hz)

1 14 14
0.8 11.9 12
0.8 8.8 9
0.8 5.7 6
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a constant, to the accuracy of our measurements. In other
words,

fl ¼ C
s

rG3

# $1=2

[3]

Here, C is a proportionality constant. For a given alloy (fixed
s and r), the frequency of capillary oscillations depends
only upon G. There are two approaches to extracting C
from the experimental data. The first is to use pointwise
values of G, l, and U, while the second is to use cast-
averaged values. It will be shown that these two methods
yield the same value for C.
Gap G varies throughout the time of the cast and can be

measured directly using a run-out meter placed on the sub-
strate, as discussed in Section III. For three different casts,
these time-dependent values for l and G are used to plot fl
against (s/rG3)1/2 (Figure 8). A linear regression is applied
to all the data to yield C ;1.9. In each of the three casts, G
decreases by about 30 pct throughout the cast consistent
with wheel heatup.
Next, the correlation is tested over a broader range of U

and G by cast-averaging ("4 seconds) a series of casts.
Using Eq. [1], Eq. [3] can be rearranged to yield

l ¼ U

C

rG3

s

# $1=2

[4]

In Figure 9, 34 separate casts are reported. The value of
G is varied between 0.78 and 1.3 mm, U is varied from 5 to
15 ms–1, B is varied from 1.6 to 3.2 mm, and W is varied
from 25 to 50 mm. Each data point represents a cast-averaged
value. The main advantage here is that of statistics; each
data point represents an average of some 200 pointwise wave-
lengths (one per piece). The solid line gives the prediction
of Eq. [4]. In summary, it is observed that C 5 1.9 corre-
lates the values of l over a broader range of U and G using
cast-averaged values than seen in the pointwise correlation
of Figure 8. The combined uncertainty in the G and l data
is about 610 pct. Most data points fall well within this
uncertainty and representative error bars are plotted for
two data points.
The surface tension s is an important factor in the cap-

illary oscillation of the puddle. By varying s, the scaling
predicted by Eq. [4] can be further tested. The surface
tension of a liquid metal can be varied in two ways: (1)
by changing the temperature of the liquid and (2) by varying
the composition of the material.
The surface tension of Al has a weak dependence on

temperature and the superheat for our casting procedure
is modest (nozzle temperature of ;700 °C and melting
temperature above 600 °C). Hence, compositional variation

was explored. The surface tension of Al alloyed with Si
does not vary significantly.[26] However, by adding small
amounts of bismuth (Bi), s can be reduced by up to
50 pct.[26] An alloy of composition Al-7 wt pct Si-4 wt pct Bi
(60.3 wt pct) was prepared from Al-Bi and Al-Si master
alloys. Several published works indicate that the surface
tension of this alloy, at a temperature of approximately
700 °C, is 0.48 6 0.02 Nm#1, reduced from a value of
0.85 6 0.02 Nm#1 for the regular Al-7 wt pct Si alloy.[26,27]

This lower surface tension alloy was cast twice at different
U and these data fall nicely on the correlation in Figure 9,
indicating that the wavelength of the defect adjusts to com-
pensate for the changing surface tension. In summary, the
correlation has been tested by varying G, U, and s, three of
the four variables that enter the abscissa of Figure 9 (varying
r is not feasible). This directly confirms the capillary nature
of the vibrations.

VI. THRESHOLDS FOR CROSS-WAVE
APPEARANCE

The cross-stream wave, while persistent under most pro-
cessing conditions, does not appear when (1) casting below
certain values of U or G, (2) casting nominally pure Al, or
(3) the puddle is overly constrained.
As noted in Section IV, the cross-stream wave is not

observed for low gap settings. That is, for a fixed U,
reducing the gap setting will eliminate the cross-stream wave.
This critical gap was found to be approximately 0.6 mm for
U = 8.8 ms–1. Similarly, for a fixed G, reducing U will also
suppress the wave. For example, with G 5 1.0 mm, the
critical value of U is approximately 5 ms–1.
The cross-stream wave can also be eliminated by casting

nominally pure Al. For Al-Si alloys, more than approxi-
mately 2 pct Si is needed for the wave to appear. However,
for percentages of Si in the melt above 2 pct, the defect
wavelength is independent of the alloy composition.[21]

That is, l for Al-3 pct Si is the same as that for Al-9 pct
Si. Nominally pure Al casts (,2 pct Si) do not show
a cross-stream wave, but rather quite often contain a shorter
wavelength ("1 mm) defect known as the herringbone pat-
tern. This herringbone pattern is a series of fine lines on
both sides of the ribbon and has been reported elsewhere.[2,13]

The Al-Si casts are mostly 7 pct Si in Al, but the wave is
also present in a range of other alloys that we have cast.
These include Al-7 pct Si-4 pct Bi, as well as the A356 and
B356 alloys.
Geometric differences in the puddle may also result in

ribbons that do not show the cross-stream wave. It has been
found that the wavelength of the defect has no dependence
on the overpressure DP when all other parameters are fixed.
However, when DP is so low that the puddle takes the
constrained configuration of Figure 10(a), the defect is
not observed. The herringbone pattern is dominant in this
product. During casts where the downstream detachment
point is pinned at the edge of the nozzle, as shown in Figure
10(b), and the DSM tends to bulge out, the cross-stream
wave is also not observed and the herringbone pattern can
appear. Nominally pure Al casts almost always take this
configuration and Al-Si casts can be forced to do so. Typ-
ically, the contact lines in regular Al-Si casts are free to

Table IV. Summary of fl as the Wheel Speed U is Varied

G (mm) U (m s#1) l (mm) fl (Hz)

1.3 7.1 8.6 6 0.6 825 6 54
1.3 8.8 11 6 0.9 800 6 60
1.3 11.9 14.5 6 1.3 821 6 68
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move and take up positions midway between the slot and
the nozzle edge, as illustrated in Figure 5. This additional
degree of freedom for motion of the puddle may be signif-
icant in terms of the modes at which the puddle can vibrate.

VII. DISCUSSION

In this section, we shall first reaffirm the appropriateness
of the scaling found in Section V. We shall then briefly
compare our measured frequencies with predictions of
two model problems of inviscid capillary vibration: the
spherical interface and slot meniscus. Our results will then
be contrasted to related observations from the literature.
Finally, we offer some remarks on how the puddle oscilla-
tion may freeze into the cross wave shown in Figure 2, the
question of mechanism.
The molten metal puddle oscillates at two distinct fre-

quencies. The first ("10 Hz) corresponds to a large motion
of the puddle forced by a periodic variation of the gap
height, whose source is the topography of the moving sub-
strate. The second is a vibration ("1000 Hz) that corre-
sponds to the natural frequency of liquid inertia countered
by surface tension. The source of this puddle vibration is
fixed in the lab frame. Since the cross-stream wave in the
cast product correlates with the higher frequency, our focus
is there.
The surface tension force sW acting per unit width W of

the puddle is s. To estimate the rate of change of momentum
per unit width (mass/length 3 velocity/time), one needs an
estimate of the volume participating in the oscillation (from
which the length scale for the velocity follows, or vice
versa). The volume could be GLW or G2W depending on
the motion. Observation (e.g., Figure 6) suggests that the
velocity is G/t and hence that the appropriate volume is
G2W. This is similar to the slot meniscus model discussed
subsequently for which the liquid has volume GLW but
a volume within a distance G of the meniscus essentially
participates in the vibration (volume G2W). The appropriate
balance between inertia and capillarity is then s ; rG3/t2

from which emerges the capillary time scale t ; (rG3/s)1/2.
Finally, the fact that the coefficient-of-proportionality C in
correlation 3 turns out to be order 1 suggests that the chosen
scaling is indeed appropriate.
It is instructive to compare this finding with the classical

problem of a liquid sphere of diameter G and density r,
held by capillarity (tension s) and surrounded by a passive
gas (removed from gravity).[28] If the sphere is slightly de-
formed and then released, it oscillates with distinct mode
shapes at corresponding frequencies. The eigenfrequencies
are

n ¼ Cn
s

rG3

# $1=2

[5]

where the constant Cn depends on the mode number and
Cn " 1.27 for the lowest harmonic. Compare this result to
Cn " 1.9, found in correlation [3]. Furthermore, the corre-
sponding modal deformation from oblate to prolate spher-
oid and back again is shared by the shape change seen in
Figure 6.
A meniscus holding an inviscid liquid in between two

parallel plates, separated by a distance G and closed on one

end, also oscillates with a frequency given by Eq. [5]. This
configuration more closely approximates the constrained
geometry of the puddle in PFMS. In this case, in addition
to the mode number, the constant Cn depends on the vol-
ume of liquid and the angle at which it meets the plates.
Myshkis et al.[29] has solved this problem for the case of
fixed contact-angle boundary conditions (moving contact
line). For a contact angle of about 140 deg (estimated from
Figure 6) and the meniscus far from the closed end, the
Myshkis analysis predicts Cn " 0.9 for the lowest harmonic
vibration and Cn " 2.2 for the next harmonic. The motion
of the latter mode is symmetric about the midplane and
compares favorably to the shape change seen in Figure 6.
An early study of the free-jet melt-spinning process,

a process whose puddle is not constrained by a nozzle
(G/N), attributes periodic variations in the ribbon width
to capillary oscillations of the puddle, invoking the inviscid
sphere capillary oscillations as a model.[30] A more recent
study of free-jet spinning makes similar observations about
ribbon width variations, relating these oscillations to a tran-
sition from amorphous to crystalline microstructures.[5] In
neither case are cross-stream waves reported. It may be that
oscillation of the less constrained free-jet puddle leads to
width variations rather than the thickness variations seen in
the planar-flow process. In any case, both reports argue the
importance of capillary puddle oscillations.
Direct observation of the actual formation mechanism of

the craters and troughs of Figure 2 is not possible. Never-
theless, we speculate that deformation due to the oscillation
may allow air to be captured at the USM, probably as a thin
film that subsequently collapses and leaves the craters seen
on the wheel side. The trough on the air side would then
arise as a consequence of the reduced heat transfer, which
depends on the mode of film collapse, the net effect being
slower solidification over the captured insulating air and,
hence, thinner ribbon. This mechanism, although not yet
experimentally confirmed, is similar to what has been
proposed elsewhere.[12,30] Also, in coating flows, air films
between a coating liquid and a substrate are known to be
unstable and break into irregular sized bubbles,[31] in much
the same manner that we envision this perhaps occurring
in this casting flow.
The evidence presented in this article links the cross

wave to a capillary oscillation of the puddle. As a natural
oscillation, it can be said to be the source of the product
defect. The energy for the oscillation can come from any
disturbances in the system, but the most likely origin is the
moving substrate. The puddle filters input frequencies and
outputs its natural frequency. Natural oscillations of the
puddle cause the cross wave.

VIII. CONCLUSIONS

Thickness variations on three disparate length scales,
observed in aluminum-alloy ribbon solidified by the PFMS
process, are related to three different sources of time depen-
dence. The slowest time variation is a gradual change that
occurs over the duration of the cast (3 seconds), while the
other two time variations are time periodic (10 and 1000 Hz).
Length scales naturally correspond to these time scales
through the wheel-speed U. The two slowest thickness
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variations relate to details particular to our casting machine
(wheel shape and heatup), while the third is largely appa-
ratus independent (capillary/inertial vibration). This appa-
ratus independence justifies our emphasis on the cross
wave.
The key difference between the spatially periodic varia-

tions is the dependence of wavelength on wheel speed. Two
classes of transfer mechanism, template transfer and pulse
transfer, are introduced to distinguish features whose wave-
lengths are independent of speed (template transfer) and those
whose wavelengths are proportional to speed (pulse transfer).
On the longest length scale, on the order 30 m, the gradual

thinning of ribbon from beginning to end is caused by the
gradual shrinking of the gap (on average), which offers
increased hydrodynamic resistance to the flow and, hence,
results in lower flow rates. This effect is fully understood
and can be compensated for by a preprogrammed increasing
head of pressure.

On the middle length scale, the circumference of the
substrate wheel (about 3 m), the spatially periodic thinning
and thickening of the ribbon is caused by the hills and
valleys of the wheel as they pass underneath the nozzle.
The puddle moves with a time-periodic component corre-
sponding precisely to the spatial wavelength of these spatial
variations. This feature is thus well understood as the forcing
of the gap G(t) at a frequency of about 10 Hz. The wave-
length of this feature is independent of the wheel speed and,
hence, represents a template-transfer mechanism.
On the smallest scale of interest in this article, one

observes dramatic thickness variations with wavelengths
on the order of 1 cm. These cross waves are often viewed
as defects. This local thinning shows up as a line of craters on
the wheel side with a corresponding trough on the air side.
The wavelength is found to depend linearly on speed and,
hence, corresponds to a pulse-transfer mechanism. Further-
more, the wavelengths are identified with a spectral peak in
puddle vibrations on the order of 1000 Hz. A correlation of
the feature with the inviscid capillary oscillations of the
puddle demonstrates that it is a natural frequency of the
puddle, akin to the oscillations of an inviscid sphere or
the vibrations of a meniscus in a slot.
The cross-wave defect is not observed under all condi-

tions. Casting at low G or low U and, in Al-Si casts, at low
Si content suppresses the cross wave. With the exception
of the effect of U, common among these influences is
the degree to which the puddle is constrained. A suffi-
ciently constrained puddle will not oscillate. On the other
hand, the influence of U may have more to do with the
excitation of the puddle. Sufficient excitation is needed for
oscillations.
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APPENDIX

Time-dependent behavior of gap height

Because of the large radius of our substrate (RW5 0.45 m),
the thermal expansion of the wheel for even a modest tem-
perature increase (DTW . 50 °C for 1 kg of aluminum) is

Fig. 10—(a) Puddle position during low overpressure casts. (b) Puddle
positions during nominally pure A1 casts.

Fig. 8—Pointwise data. Progression with time is from left to right within
each of the three data sets.

Fig. 9—Predicted wavelength compared with experimental values. All
data fall within the 10 pct error bars for cast-averaged G.
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quite significant (of the order of 0.3 G) when compared to
our small gap sizes (G " 1 mm).
The most accurate measurement of this shrinking gap

uses real-time measurements via high-speed photography
of a run-out meter (pointwise data). Such measurement is
time-consuming and not practical for every cast. Therefore,
an approximate method that accounts for gap shrinkage
(wheel expansion) has been developed and validated
against the direct measurements, as described subsequently.
A set of experiments was performed where an average

rate of substrate expansion is measured under different

casting conditions. This rate of gap shrinkage dG
dt

% "
avg

is
then applied to each cast in order to get G(t), given as

GðtÞ 5 Gð0Þ # dG

dt

# $
avg

t [6]

where G(0) is the initial gap setting. This method neglects
the out of roundness of the substrate, but still gives a good
estimate of the gap shrinkage with time. The calculated
values of G(t) are then used to scale the pointwise data.

Table V. Cast-Averaged Data and Control Parameters for Data Appearing in the Article: Casts (1) through (3) Correspond to
Figure 8; Casts TBFA 03-01 through TBSP05-23 Appear in Figure 9; and the Final Ten Casts Appear in Figure 11

Cast ID T (mm) U (m s#1) DP (Pa) G (mm) l (mm)

TBSU02_21* 0.13 10.5 2900 0.93 7.2
TBFA03_1 0.138 8.83 2497 1.34 11.6
TBFA03_2 0.15 8.77 2791 1.34 11
TBFA03_4 0.133 8.86 2587 1.33 10.3
TBSP03_2 0.112 8.66 3922 0.85 5.3
TBSP03_4 0.122 8.92 3888 0.86 6
TBSP03_5 0.131 8.9 4097 0.87 5.7
TBSP03_8 0.123 8.87 4182 0.85 5.3
TBSP03_26 0.173 8.81 3810 1.16 10.1
TBSU02_10 0.142 10.68 4375 1.04 8.8
TBSU03_10 0.14 8.8 4300 0.89 4.6
TBSU03_16 0.156 8.77 3455 1.1 7.6
TBSU03_23 0.195 8.81 3579 1.16 9.4
TBSU03_25(1) 0.161 8.74 3290 1.16 9.4
TBSU03_28(2) 0.179 8.73 3689 1.15 7.9
TBSU04_11 0.116 11.93 4044 0.86 7.2
TBSU04_14 0.243 5.94 4479 0.88 4.7
TBSU04_16 0.093 13.96 4763 0.77 7.7
TBSU04_24 0.131 11.87 4867 0.87 6.9
TBSU04_25 0.159 8.8 4437 0.88 5.5
TBSU04_26 0.211 7.09 3977 0.89 6
TBSU04_28 0.066 11.94 2157 0.73 6.7
TBSU04_31 0.126 11.9 4348 0.87 6.7
TBFA02_3 0.131 9.46 4278 0.82 5.9
TBFA02_6 0.15 9.51 4100 1.17 9.6
TBFA04_13 0.185 7.1 2869 1.41 8.6
TBFA04_14 0.171 7.01 2723 1.41 8.3
TBFA04_15 0.18 7.2 3013 1.4 9.1
TBSP05_5 0.121 11.92 3114 1.37 14.5
TBSP05_10** 0.119 8.59 1639 0.75 6.8
TBSP05_11** 0.109 8.37 1756 1.1 10.3
TBSP05_12 0.119 8.59 1639 0.75 6.8
TBSP05_13(3) 0.16 8.5 3500 0.88 6.5
TBSP05_23† 0.17 11.9 2300 1.38 1.7
MKSP00_23 0.219 7.55 4072 1.22 7.2
MKSP00_25 0.197 7.12 4078 0.96 5.2
MKSU00_8 0.222 8.76 3606 1.13 7.2
BRFA99_18 0.136 8.4 2754 0.7 3.9
BRSU99_16 0.16 6.68 3800 1.1 6.2
BRSU99_22 0.16 7.8 4100 0.86 4.7
BRSU99_8 0.11 9.4 4100 1.02 5.7
MKSP00_10 0.16 8.8 3700 1.3 7.5
MKSP00_12 0.25 8.3 7500 1.2 7.2
MKSP00_21 0.2 7.8 4000 1.3 8

*B = 3 mm.
**Al-7 pct, Si-4 pct Bi.
†W = 25 mm.
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Using pointwise data (Figure 8) shows the best correla-
tion of the experimental data. These experimental condi-
tions vary to a limited extent only throughout a particular
cast, however. In contrast, in Figure 9, s, U, G, and l all
vary in the raw data that correlates. Figure 9, however, uses
Eq. [6] to calculate a cast-averaged value of G. The greater
uncertainty due to the approximation seems to be compen-
sated for by averaging over a large number of data (e.g.,
200 points for a 30-m ribbon) with the end result that
Figures 8 and 9 present correlations of similar quality (R2

factor).
On the other hand, the data that comprise Figures 8 and 9

all come from the same laboratory, the same apparatus, and,
indeed, all were taken by the same team of investigators.
Other data taken on a different casting apparatus, with dif-
ferent human operators and using a different technique to
set and measure the hot gap at the start of a cast, are avail-
able in our archives. We present these data here (1) to convey
a sense of how prevalent cross waves are and how they cor-
relate to the capillary oscillations under quite diverse con-
ditions and (2) to illustrate how using Eq. [6] to scale
pointwise data leads to large scatter in the data.
Figure 11 shows the results for approximately ten casts

from our archives. Notice that the scatter in the data in-
creases as G becomes smaller (moving to the right on the
x-axis). This trend is expected since the wheel out of round-
ness is a more significant variation in G at lower gap
heights. The experimental constant (C " 2) based on the
slope of the data presented here using the calculated G(t)
are in reasonable agreement with Figure 8, where G(t) was

measured from the run-out meter. As expected, however, the
correlation in Figure 11 is not as good (R2 of 0.77 vs 0.95).
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Fig. 11—Cross-stream defect frequency plotted against capillary fre-
quency, without accounting for substrate out of roundness, resulting in
large scatter in experimental data.
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