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Description

[0001] The invention relates to a nozzle for producing
metal droplets using gas flow and to a nozzle for produc-
ing metal droplets using electrodispersion. Furthermore,
the invention relates to a combination of a melt spinner
for forming elongate metal fibers with a nozzle according
to the invention and to a method of forming microdroplets
using at least one of gas flow and electrodispersion.
[0002] A known method to produce metal strands out
of metal droplets is the process of melt spinning. Melt
spinning is a technique used for rapid cooling of metal
liquids. A thin stream of metal liquid is then dripped onto
the circumferential surface of a fast rotating wheel where
it undergoes rapid solidification. This technique is used
to form elongated strands of materials such as metals or
metallic glasses. The cooling rates achievable by melt-
spinning are of the order of 104 - 107 Kelvin per second
(K/s). The process can continuously produce thin ribbons
of material.

[0003] In this connection it should be noted that a
strand can be understood as an element of which the
length is at least twice its width, while the geometry of its
cross section may be round, oval, half-oval, rectangular,
quadratic, triangular or such a related geometry.

[0004] A special role is assigned to metal strands
and/or fibers with a lateral dimension in the micrometer
range, i.e. 1 to 50 micrometers, and a length of several
millimeters or centimeters. These materials, as individual
fibers, mesh of fibers or bunch of fibers, also in combi-
nation with other materials play a central role in a whole
series of applications for the improvement of the most
diverse properties. Examples of such applications are
metallic wool and tissues, 3-dimensional electrodes for
batteries and accumulators, catalysis, conductive plas-
tics for touch sensitive systems, such as, displays and
artificial hands in the field of robots, anti-electrostatic tex-
tiles and plastics, mechanically reinforced textiles, plas-
tics and cement for lightweight and heavy construction,
filter materials for use in environments subjected to me-
chanical and/or chemical stress or catalysis.

[0005] An important aspect for the improvement of
metal strand based material functions is a large surface
area to weight ratio and the ability to manufacture and
process such strands in an industrially relevant process.
This signifies: adjustable lengths, widths and cross sec-
tion geometries of metal strands, reproducibility and eco-
nomic manufacturing methods and low process costs
with a high material yield per unit time.

[0006] Nowadays, the industrially relevant manufac-
ture of functional materials based on metal strands is
restricted to a strand width of about 50pum and larger.
These methods are based on drawing, template, rolling
or extrusion processes. Fibers of stainless steel with a
width of down to 8 micrometers are manufactured by a
complicated drawing process starting from a bundle of
larger diameter fibers, which are drawn to smaller diam-
eters. For example, the fibers need to be coated with a

10

15

20

25

30

35

40

45

50

55

layer of copper in order to allow gliding of the fibers along
one another. However, these methods have disadvan-
tages when being utilized industrially because they are
restricted to a few materials only, require long process
times and costly fabrication- and post-fabrication proc-
esses. The method is generally restricted to only a few
kinds of metal.

[0007] Conventionally known apparatuses for produc-
ing metal strands via melt-spinning processes usually let
molten metal flow on a lateral surface or a circumferential
surface of a rotating wheel. This allows the metal melt to
partly coat the rotating lateral or circumferential surface
of the wheel with a certain thickness and to be "thrown
off" the wheel as straight strand of defined thickness due
to centrifugal forces originating from the rotation of the
wheel once the metal is solidified.

[0008] Inconventional melt spinners a continuous flow
of liquid metal is brought in contact with the above men-
tioned rotating wheel to form the metal fibers. In order to
be able to produce fibers in a micrometer scale it is well
known that with finer continuous flows of molten metal
even smaller metal fibers can be formed on said rotating
wheel. Hence, one approach to produce even smaller
fibers is to reduce the size of a nozzle opening, from
which the molten metal is directed to the rotating wheel,
such that the flow of molten metal is reduced to a mini-
mum. Nevertheless, it has shown that this approach has
its limits, since the size of the nozzle opening can only
be reduced to a certain limit depending on the surface
tension of the molten metal, because at some point the
molten metal would simply - because of said surface ten-
sion - not exit the nozzle anymore.

[0009] Itis therefore an object of the invention to pro-
vide a nozzle and a method for producing microdroplets
of metal as well as a combination of a melt spinner with
a nozzle, with which the size of the produced fibers can
be decreased significantly in its width and length. This
object is solved by the subject-matter of the independent
claims.

[0010] By way of example a nozzle for producing
microdroplets of metal, may comprise a reservoir for mol-
ten metal, a nozzle opening for directing the molten metal
in a flow direction out of the reservoir and a channel con-
necting the reservoir with the nozzle opening, wherein
the nozzle further comprises an external force generating
device configured to apply an external force on a molten
metal flow flowing in said channel with a force per unit
area generated by the external force generating device
at the molten metal being larger than a surface tension
of the molten metal.

[0011] A nozzle is thus provided into which a continu-
ous or quasi continuous flow of molten metal is guided
and in which nozzle the continuous or quasi continuous
flow of molten metal is separated into individual bunches
or droplets.

[0012] In other words, a nozzle is provided, which is
configured to let molten metal flow out of a reservoir into
one end of a channel. As the molten metal flow moves
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through the channel a force is applied on said molten
metal flow in the channel or at the exit of the channel
which so to say chops the molten metal flow into individ-
ual droplets, since the force applied on the molten metal
flow is greater than a surface tension of the molten metal,
if the force is not greater than the surface tension, the
surface tension of the liquid molten metal would keep the
flow continuous. By defining the speed at which the mol-
ten metal flow is chopped, the size of the droplets gen-
erated from the originally continuous molten metal flow
can be controlled and thereby be pre-determined.
[0013] This means thatthe gist of the presentinvention
is the application of an external force, e.g. in the form of
an externally applied gas flow or electric field, to separate
the molten metal flow into individual bunches of molten
metal, whereas in prior art melt spinning applications the
flow molten metal flow is interrupted by controlling the
speed of the moving surface moving relative to the molten
metal flow.

[0014] As an alternative, depending on the tempera-
ture used gas may be replaced by a liquid stream which
chops metal flow apart. The condition that then applies
is that the liquid stream is not permitted to come into
contact with the rotating wheel in order to not interfere
with the principle of metal fibre formation on the rotating
wheel.

[0015] In particular, according to a first aspect of the
invention a nozzle for producing microdroplets of metal
using gas flow is provided. The nozzle comprises a res-
ervoir for molten metal, a nozzle opening for directing the
molten metal in a flow direction out of the reservoir and
a channel connecting the reservoir with the nozzle open-
ing. Furthermore, the nozzle comprises a gas flow gen-
erating device for generating and directing the gas flow
to the molten metal through at least one supply opening
into the channel, wherein the supply opening is located
at the nozzle opening or crossing the molten metal flow
channel by a defined angle. A force per unit area, which
is generated by the gas flow at the molten metal, is larger
than the surface tension of the molten metal.

[0016] In other words, a nozzle is provided in which
the external force generating device is a gas supply by
means of which the speed at which the molten metal flow
is chopped is defined by the force of the gas flow on the
molten metal flow.

[0017] In this connection it is noted that the reservoir
can be a hollow space, which is configured to accommo-
date the molten metal. Hence, the reservoir can either
be a tank filled with the molten metal or a kind of a con-
necting piece, which can be attached to a separate tank
und which is configured to guide the molten metal from
the tank into one end of the channel.

[0018] At a far end of the channel a nozzle opening is
provided, through which the molten metal is directed in
a flow direction. In order to be able to provide microdro-
plets instead of a flow of molten metal, a gas flow gen-
erating device is provided, which is configured to gener-
ate a flow of gas. Said flow of gas is then directed to the
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flow of molten metal inside the channel through a supply
opening in the channel. The gas supply opening can be
located in the near vicinity of the nozzle opening, i. e. for
example not further away than 10cm upstream from the
nozzle opening, such that the gas flow is provided at the
molten metal somewhere in the channel, preferably at
the point right before the melt exits the nozzle.

[0019] In this connection it is noted that in general the
expression "nozzle opening" relates to lowermost point
downstream the melt, where the formed droplet exits the
nozzle.

[0020] A diameter of the gas supply opening can lie in
the range of 0.001 to 5mm, preferably in the range of
0.005 to 0.015mm. Such sizes of supply openings have
been found beneficial in forming droplets of the desired
size.

[0021] As already mentioned above, the force per unit
area, which is applied at the molten metal by the gas flow
needs to exceed the surface tension of the molten metal
such that microdroplets are formed from the metal flow,
which then move on to exit the nozzle through the nozzle
opening. The interfacial tensions of liquid metals can
have values of up to and more than 400 mN/m.

[0022] In this connection it is also noted that the gas
flow can either be provided as a continuous flow of gas,
i.e. the same amount of gas is supplied for a period of
five minutes or longer. Or the gas flow can be provided
as a "pulsed" gas flow, meaning that the gas flow pres-
sure can be modulated periodically, e.g. the gas flow is
provided at a different pressure for a millisecond. Natu-
rally other cycle times of the pulsed gas can be provided.
Furthermore, it is noted that the gas can be a fluid with
acomparatively high boiling temperature selected above
20°C, in particular above 100°C. This might be applicable
for low temperature melting metals and metal alloys
based on Gallium, Indium or tin. This means in other
words that the gas flow can also be replaced by a high-
boiling liquid.

[0023] According to afirstembodiment of the invention
the gas flow generating device is configured to direct the
gas flow perpendicular to or at an angle to the flow direc-
tion into the channel. Hence, the gas flow can be directed
to the molten metal from a side such that the gas flow
can "cut" through the melt. In some cases it might help
when the gas flow is not provided at an exact perpendic-
ular angle with respect to the flow direction but rather at
an angle smaller than 90° between the gas flow and the
flow direction of the melt.

[0024] According to another embodiment the channel
comprises two or more supply openings to receive the
gas flow from more than one side around the circumfer-
ence of the nozzle. For some applications it can be helpful
to provide more than one gas flow in order to form mi-
cropdroplets out of the flow of metal melt.

[0025] In some cases, it might also be necessary to
provide more than one gas flow in order to produce a
plurality of microdoplets, which all comprise roughly the
same volume such that fibers, which can be produced
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out of the droplets, will all roughly comprise the same
diameter.

[0026] In this connection it is noted that the gas in the
gas flow can be air, Helium, N2, Ar2, CO2 or a combina-
tion from the above.

[0027] According to a second aspect of the invention
anozzle for producing microdroplets of metal is provided,
in particular a nozzle as described above, using electro-
dispersion. The nozzle comprises a reservoir for molten
metal, a nozzle opening for directing the molten metal in
a flow direction out of the reservoir and a channel con-
necting the reservoir with the nozzle opening. Further-
more, the nozzle comprises a first electrode such as a
metal piece and a device to apply an electric field be-
tween the first electrode and the molten metal with a force
per unit area generated by the electric field at the molten
metal being larger than a surface tension of the molten
metal.

[0028] In other words, also according to the second
aspect of the invention, a nozzle is provided, which is
configured to let molten metal flow out of a reservoir into
a channel and then to chop the molten metal flow in or
exiting said channelthrough the application of an external
force into droplets of pre-determined size by varying the
size of the force applied at the flow of molten metal and
then guiding the droplets out of the nozzle opening. In
the present case the external force generating device is
an electric field generator.

[0029] It should be noted in this connection that also
other types of external force generating devices can be
used provided that they can be configured to apply an
external force on the molten metal flow which is larger
than a surface tension of the molten metal flow so that a
continuous or quasi continuous molten metal flow can be
separated into droplets of pre-determinable size.
[0030] In this connection the reservoir can be a hollow
space, which is configured to accommodate the molten
metal. Hence, the reservoir can either be a tank filled with
the molten metal or some kind of a connecting piece,
which can be attached to a separate tank und which is
configured to guide the molten metal from the tank into
one end of the channel.

[0031] At the far end of the channel a nozzle opening
is provided, through which the molten metal is directed
in a flow direction. In order to be able to provide micro-
droplets instead of a flow of molten metal, a firstelectrode
such as a metal piece and device to apply an electric
field between the first electrode and the molten metal is
provided. That is to say, the device applies a voltage to
the first electrode and the molten metal such thatan elec-
tric field is generated between the first electrode and the
molten metal. Said electric field induces a Coulomb force,
which is able to break up the flow of molten metal into
microdroplets.

[0032] The force per unit area, which is applied by said
Coulomb force at the molten metal needs to exceed the
surface tension of the molten metal such that microdro-
plets can be formed out of the metal flow. In this connec-
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tion it is noted that interfacial tensions of liquid metals
can value up and above 400 mN/m. The microdroplets
can be formed directly after the melt exits the nozzle, i.
e. right at the nozzle opening.

[0033] Furthermore, it is possible that the electric field
is provided by the device such that the molten metal itself
acts as a second electrode. It is also possible that one
electrode may be the molten metal itself while the second
electrode the rotating wheel. In an alternative embodi-
ment a second - separate - electrode is provided at an
opposite site of the molten metal such that the microdro-
plets are being formed when the molten metal flows
through a space between said two electrodes. The sec-
ond electrode can also be a piece of metal or even a
wheel of a melt spinner.

[0034] It is known that increasing the applied voltage
or decreasing the distance between two electrodes, i. e.
for example the first electrode and the molten metal or
the second separate electrode, leads to a higher electric
field and thus also to a higher Coulomb force. Hence,
there are several ways to increase the force per unit area
high enough to overcome the surface tension of the mol-
ten metal.

[0035] The first, and if existing the second electrode,
can be, for example, a piece of metal or any other kind
of suitable material composition such as graphite powder
as long as it is electrically conductive.

[0036] Dependingon the exact composition of the mol-
ten metal it can in some cases also be favourable to pro-
vide two separate electrodes, whereas in other cases
only one electrode with the molten metal itself acting as
the second electrode may be sufficient in order to con-
tinuously produce the microdroplets.

[0037] Generally,itis also possible to provide a nozzle,
which comprises the gas generating device as well as
the first electrode and a device to generate an electric
field between the first electrode and the molten metal
flow such that a combination of both the gas flow and the
electric field can be used to form the microdroplets.
[0038] Hence, it can also be possible to produce plas-
ma such that the plasma can "cut" droplets from the flow
of molten metal exiting the nozzle. However, it is also
noted that usually some sort of gas is already present at
the nozzle such that plasma could already be produced
by the use of a nozzle using electrodispersion. According
to a first embodiment the first electrode comprises an
essentially cuboid shape with a length in the range of 1
to 5cm and a width in the range of 0.1 to 5cm. In this
connection it is noted that the exact shape and size of
the electrode may be very variable. Thus, different
shapes and sizes can be chosen.

[0039] According to another embodiment the electric
field generated between the first and the molten metal
lies in the range of 1 V/cm to 1000 V/cm, preferably in
the range of 10 V/cm to 800 V/cm, particularly in the range
of 20 V/em to 400 V/ecm. The generated electric field only
needs to be high enough such that the force per unitarea,
which is applied by the Coulomb force generated by the
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electric field at the molten metal exceeds the surface ten-
sion of the molten metal in order to produce microdroplets
out of the flow of molten metal.

[0040] It is further noted that the electric field can be
generated by an alternating current or a direct current.
Hence, the force per unitarea applied to the molten metal
can either be applied continuously or in a pulsed manner.
However, applying alternating fields may limit the flow of
current between the two electrodes.

[0041] According to another embodiment of the inven-
tion a cross-section of the channel in the flow direction
of the molten metal comprises a rectangular or triangular
shape. The precise shape of the channel may be chosen
according to the composition of the molten metal and/or
according to the type of nozzle, which is used, i.e. a noz-
zle using gas flow, electrodispersion, an external force
generating device or maybe even combinations of the
foregoing.

[0042] Regardless of the choice of the cross section in
the flow direction, the cross-section of the channel in a
plane perpendicular to the flow direction of the molten
metal can be chosen to comprise a circular, rectangular,
triangular, oval, polygonal or any other shape. Hence,
the channel can comprise a cylindrical, cuboid, pyrami-
dal, conical or any other shape. As already mentioned
above, the tapered shapes can either be tapered in the
flow direction of the molten metal or also against the flow
direction.

[0043] Also, the channel can comprise a length in the
range of 0.1 to 100mm, preferably 1 to 50mm, in particular
5 to 20mm. A limiting factor in the choice of length of the
channel may be the how fast the flow of molten metal
cools down and thus solidifies. A solidification of the mol-
ten metal inside the channel has to be avoided. Hence,
the length of the channel has to be chosen accordingly.
Currently, for some metals, an approximate length of
about 10mm has proven to be a preferable length. In this
connection it is also noted that if a gas is used to produce
the metal droplets, said gas may not be too cold such
that the metal solidifies before the droplets can be
formed. Hence, it may be necessary to heat the gas,
which is used to "cut" the flow of molten metal.
According to stillanother embodimentthe nozzle opening
comprises a circular, rectangular, triangular, oval, polyg-
onal or any other shaped cross-section. In this connec-
tionitis noted that the cross section of the nozzle opening
can correspond to the cross section of the channel in the
plane perpendicular to the flow direction. Should this not
be the case, the channel further comprises a transition
area, in which the cross section of the channel transitions
to the cross section of the nozzle opening.

[0044] Accordingto anembodimenta rectangular noz-
zle opening can comprise a length in the range of 0.5 to
10cm, preferably 1 to 5 cm, and a width in the range of
10 to 500um, preferably 20 to 200um, in particular 30 to
100pm.

[0045] According to another embodiment a circular
nozzle opening can comprise a diameter of 10to 500um,
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preferably 20 to 200pm, in particular 30 to 100um.
[0046] According to another embodiment of the inven-
tion the reservoir comprises an inner shape, which is con-
nected with the channel via a channel opening in the
inner shape, wherein the inner shape of the reservoir is
rounded or sloped the channel opening such that the
molten metal is guided to the nozzle opening.

[0047] The formed microdroplets can comprise a di-
ameter in the range of 0.010 to 0.500mm, preferably in
the range of 0.050 to 0.150mm.

[0048] Typical materials for the molten metal can be
bronze, Au, Ag, cobalt-alloy, Fe-alloy, CuSiy_5, AlSiy_5
or stainless steel.

[0049] In athird aspect of the invention a combination
of a melt spinner for forming elongate metal fibers with
a nozzle according to the invention is provided. The melt
spinner further comprises a rotatable wheel with a cir-
cumferential surface, at least one rotating planar surface
and collection means for collecting solidified fibers
formed on one of the circumferential surface and the ro-
tating planar surface of the rotatable wheel from the mol-
ten metal and separated from the rotatable wheel by forc-
es generated by the rotation of the rotatable wheel. Thus,
the microdroplets, formed in or at the nozzle, are directed
from the nozzle opening to either one of the circumfer-
ential and the tangential surface of the rotating wheel. In
both cases the drops will be - as soon as they touch the
respective surface of the wheel - elongated by the force
of the rotating wheel until it solidifies to a fiber. After so-
lidification the fiber will be thrown off the wheel by a force
generated by the wheel. Said force can for example be
a circumferential force such that after being thrown off
the wheel, the collection means can catch the solidified
fibers.

[0050] In this connectionitis noted thatin the case that
anozzle using electrodispersion is provided, the rotating
wheel itself, which is usually made out of metal, can act
as the first electrode such that the molten metal acts as
the second electrode.

[0051] Stateofthe artmeltspinners, which can be used
with the nozzles according to the invention are well known
and are, for example, described in W0O2017/042155
(which describes a so-called vertical melt spinner) and
PCT/EP2020/063026 (which describes a so-called hor-
izontal melt spinner).

[0052] With said state of the art melt spinners typical
distances between the nozzle and the rotating wheel lie
in the range between 1 and 30mm, whereas typical
speeds for the rotating wheel lie in the range of 10 to
100m/s, preferably 20 to 75m/s. This leads to contact
times of the droplets with the surface of the rotating wheel
in the range of 1 to 10ms.

[0053] In a fourth aspect of the invention a method of
forming microdroplets using at least one of an external
force field, a gas flow and electrodispersion is provided.
The method comprises the following steps of providing
a flow of molten metal at a nozzle opening and applying
a force per unit area at said nozzle opening on said flow
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of molten metal, with said force per unit area being larger
than a surface tension of said flow of molten metal. The
nozzle can comprise the above mentioned features of
the invention such that the force per unit area, which is
applied at the nozzle opening originates from a gas flow
and/or electrodispersion.

[0054] The invention will now be described in further
detail by way of example only with reference to the ac-
companying drawings. In the drawings there are shown:
Figs. 1ato 1c: different examples of nozzles ac-
cording to the invention using gas
flow;

afurtherexample of anozzle accord-
ing to the invention;

different examples of nozzles ac-
cording to the invention using elec-
trodispersion;

an example of a horizontal melt spin-
ner;

an example of a vertical melt spin-
ner;

experimental results and pictures of
produced microdoplets;

Fig. 1d:

Figs. 2a to 2d:

Fig. 3:
Fig. 4:

Figs. 5a and 5b:

Fig. 6 scanning electron micrographs of a
produced fibre;

Fig. 7: a photograph of a cross section of a
produced fiber;

Figs. 8a to 8c: experimental results for distributions
of fiber thicknesses and widths;

Figs. 9a to 9c: experimental results for distributions
of fiber thicknesses and widths;

Fig. 10: a photograph of a produced bronze
fiber;

Fig. 11: a photograph of a plurality of pro-

duced bronze fibers;

experimental results for distributions
of thicknesses and widths of pro-
duced fibers; and

experimental results for the variation
of metal droplet volume by control-
ling the gas pressure which chops
the continuous flow of metals in met-
al droplets.

Figs 12a to 12c:

Fig. 13:

[0055] Figs. 1ato 1c show different examples nozzles
10, each comprising a reservoir 12 filled with molten met-
al 14, a channel 16 and a nozzle opening 18. It can be
seen that the nozzle opening relates to the last opening
in a flow direction F of the molten metal 14, where the
molten metal 14 actually leaves the nozzle 10.

[0056] The nozzles 10 shown in Figs. 1a to 1c each
furthermore comprise two supply openings 20 for a gas
flow, which is generated by a gas flow generating device
(not shown). As can be seen the supply openings can
either supply said gas flow in a direction perpendicular
to the flow direction F of the molten metal 14 (see Fig.
1a) or at an angle smaller than 90° between the flow
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direction F and a gas flow direction G (see Figs. 1b and
1c).

[0057] Regardless of the angle, the gas flow crosses
the flow of molten metal 14 right at the nozzle opening
18 or right before the molten metal 14 exits the nozzle
opening 18 such that a force per unit area generated by
the gas flow at the molten metal 14 exceeds the surface
tension of the molten metal 14 to form microdroplets 22.
[0058] In this connection it is noted that the gas flow
can either be a continuous flow of gas or a pulsed flow
of gas. The used gas can for example be N,, Ar, or an-
other gas such as CO,.

[0059] The supply openings 20 shown in Figs. 1a to
1c each comprise a diameter in the range of 0.005 to
0.015mm, whereas the channel 16 comprises a diameter
in the range of 0.050 to 0.250mm. Even though the ex-
pression "diameter" is used, it is clear that the cross sec-
tion of both the supply openings 20 and the channel 16
do not necessarily have to be circular but can also be
polygonal, triangular, rectangular, oval or any other
shape.

[0060] The same applies also to the nozzle opening
18, which can have a circular cross section as well as a
rectangular, triangular, oval or polygonal one.

[0061] The reservoir 12 shown in Figs. 1a to 1c is
formed as a hollow space, which is configured to accom-
modate the metal melt. The hollow space comprises a
channel opening 24 through which the metal melt 14 can
flow into the channel 16. An inner shape of the reservoir
12 is rounded at the channel opening 24 such that the
melt 14 can flow easily into the channel 16.

[0062] The reservoir 12 can either be a tank, which
holds a bigger volume of melt 14, or a connecting piece,
which is configured to be attached to a separate tank.
Hence, the hollow space can either be big enough to hold
a bigger volume of melt 14 or just as big to act as a con-
necting piece between the channel 16 and a separate
tank.

[0063] Another example of a nozzle 10 using a gas
flow to produce the microdroplets 22 is shown in Fig. 1d.
Also in this embodiment a reservoir 12 for the molten
metal is provided. The reservoir 12 further comprises a
channel opening 24 through which a channel 16 is con-
nected to the reservoir. At the far end of the channel 16
the nozzle 10 comprises a nozzle opening 18 through
which the molten metal 14 can flow. Furthermore, one
can see in Fig. 1d that the channel 16 comprises two gas
flow channels 17 with respective supply openings
through which one can direct a gas to the channel 16,
which then chops the continuous flow of metal into a non-
continuous flow such that droplets exit the opening 18.
[0064] Itshould also be noted that the supply openings
20 could be arranged at the nozzle opening 18 in order
to separate the flow of molten metal 14 at the nozzle
opening 18.

[0065] Inthe design shown in Fig. 1d, the two gas flow
channels 17 first run in parallel to the channel 16 until
they make a turn in the direction of the channel 16 such
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that they meet the channel at the respective supply open-
ings 20 of the channel 16. They can either meet the chan-
nel 16 such that the gas, which flows through the gas
flow channels 17 "cuts" the molten metal 14 perpendic-
ular to the flow direction F or at another defined angle.
[0066] In this connection it should be noted that the
two gas flow channels 17 could also be arranged in a
different manner and extend e.g. obliquely with respect
to the channel 16 from their starting point.

[0067] Thus, it can be seen that the flow of gas can be
provided at the nozzle at the reservoir 12 and in flow
direction F. Such an embodiment can help to reduce the
space needed for the nozzle 10 since the gas flow gen-
erating device can be provided at the reservoir 12 and
thus, does not need any additional space next to the
channel 16.

[0068] Itis also possible that only one air flow channel
17 or more than two air flow channels 17 are provided.
Hence, it is noted that the embodiment of Fig. 1d de-
scribes only an example and does not restrict the inven-
tion in any way.

[0069] A typical diameter of said air flow channel is
about 1mm. Depending on the type of metal used said
diameter can also vary. The typical gas pressure, with
which the gas flows through the air flow channel 17 and
through the supply opening 18, lies in the range from 100
to 10000mbar, preferably in the range of 800 to
1500mbar.

[0070] Said pressure can be dependenton the precise
shape of the cross section of the air flow channel as well
as the channel for the molten metal.

[0071] Figs. 2a to 2d show different examples of noz-
zles 10, which all use the concept of electrodispersion to
form microdroplets 22 of molten metal 14. The shown
nozzles 10 comprise generally the structure as the noz-
zles 10 of Figs. 1ato 1c expect for the part with the supply
opening 20 since the nozzles 10 from Figs. 2a to 2d do
not need a supply opening of any kind.

[0072] However, said nozzles 10 also comprise a res-
ervoir 12 filled with molten metal 14, a channel 16 and a
nozzle opening 18. Furthermore, said nozzles 10 com-
prise a first electrode 26, which can be designed in sev-
eral different ways. As can be seen in Figs. 2c and 2d
said first electrode 26 is a separate piece of metal, which
is placed near the nozzle opening 18. A typical value for
the spacing between the nozzle opening 18 and the first
electrode 26 lies in the range from 4 to 6mm. Fig. 2d
additionally shows a second piece of metal, which is used
as a second electrode 30 such that the flow of molten
metal 14 is guided through a space between said two
electrodes 26, 30 such that the microdroplets 22 are
formed therein.

[0073] As can be seen Fig. 2c, on the other hand, it is
not necessary to provide a second separate electrode
30 since the molten metal 14 itself can act as the second
electrode, meaning that the electric field is generated be-
tween the first electrode 26 and the molten metal 14.
[0074] In Figs. 2a and 2b, on the other hand, the first
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electrode is realized by a (metal) surface 28, onto which
the formed microdroplets 22 are directed. As will be de-
scribed later in connection with Figs. 4 and 5, said surface
28 can be a circumferential or tangential surface of a
rotating wheel of a so called melt spinner.

[0075] Itshould be noted thatthe channel 16 may com-
prises an approximate length selected in the range of 5
to 30 mm, in particular in the range of 8 to 15mm, whereas
the diameter (or length) of the nozzle opening 18 lies in
that range of 0.005 to 0.100mm.

[0076] Fig. 3 shows a typical horizontal melt spinner
32 for producing elongate metal strands comprising a
nozzle 10 with a nozzle opening 18, which deposits drops
of molten metal 14 in a deposition direction D onto a
rotating planar surface 34 of a rotating wheel 36. In order
to be able to deposit molten metal, the nozzle 10 com-
prises a heating device 38, which heats the metal inside
the nozzle 10 to a temperature where the metal is in its
liquid state.

[0077] The nozzle opening 18 may be of any geometry,
usually circular, oval, rectangular, quadratic or triangular.
The opening width can lie in the range of 10p.m to 500m.
The nozzle direction N may vary from 90° with respect
to the planar surface 34, i. e. it may be selected to lie in
the range from 0° to 90°. Hence, the nozzle 10 could also
be aligned parallel to the rotating planar surface 34 and
still have a deposition direction D which is perpendicular,
or any other angle, to the planar surface 34.

[0078] The diameter of the wheel 36 can range from
centimeters to meters and the wheel material maybe of
any choice, which withstands the metal molt deposition
and fast rotation speed, in particular metal alloys such
as copper, copper alloys, brass, nickel, iron, iron oxide,
stainless steel or carbon based material such as graphite
or carbide, ceramic materials. It is also possible that the
wheel 36 is a wheel of a base material having a layer
made of a metal or of a metal alloy of a ceramic material
or of graphite or a vapor deposited carbon, for example
a copper wheel 36 having a layer of graphite.

[0079] Because oftherotation ofthe wheel 36, the mol-
ten metal drops 22, which come into contact with the
surface are entrained and thereby elongated by the
wheel 36 to form elongate metal strands 40. These
strands 40 remain on the surface until they are cooled
down enough to solidify. For this purpose the rotating
wheel 36 can be cooled by a cooling device to forexample
room temperature or even below by cooling with liquid
nitrogen in order for the molten metal drops 22 to be able
to solidify to metal strands 40. If the wheel 36 was not
cooled at all it would eventually heat up because of its
contact with the (hot) molten metal 14 and hence prevent
the molten metal 14 to cool down sufficiently to solidify.
Heating of the wheel can also affect its mechanical sta-
bility. The cooling device C is shown inside the rotatable
wheel 36, but it is noted that does not necessarily have
to be located inside the wheel. There are sufficiently
many methods known to cool such devices.

[0080] Once the metal fibers 40 are solidified the cen-
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trifugal forces which act on the metal fibers 40 due to the
rotation of the wheel 36 will suffice in order to move the
metal fibers 40 away from the planar surface. As the ad-
hesion force between the solidified metal fibers 40 and
the planar surface is less than the force acting on the
metal fiber 40 due to the rotation of the planar surface.
Thus, the solidified metal fibers 40 fly away from the
wheel 36 in a direction transverse to the circumference
of the wheel 36.

[0081] For collection of the solidified fibers 40 collec-
tion means 42 are provided, which basically catch the
fibers 40 flying away from the rotating wheel 36.

[0082] A typical vertical melt spinner is shown in Fig.
4. Since the vertical melt spinner comprises several com-
ponents, which are identical to the ones from the hori-
zontal melt spinner, only the differences between these
two will now be described.

[0083] The difference lies in the alignment of the rotat-
ing wheel 36 and hence the corresponding surface onto
which the microdroplets 22 are guided. While the rotating
wheel 36 of the horizontal melt spinner of Fig. 3 is aligned
such that the microdroplets are being guided on one of
its planar lateral surfaces 34, in the vertical melt spinner
the rotating wheel 36 is aligned such that the micropdro-
plets 22 are guided onto the circumferential surface 35
ofthe wheel. Hence, arotation axis A of the rotating wheel
36 is aligned perpendicular to the flow direction F of the
molten metal 14, whereas the rotation axis A of the hor-
izontal melt spinner is aligned parallel to the flow direction
F of the melt spinner.

[0084] Regardless of the alignment of the rotating
wheel 36, the microdroplets 22 are elongated by the ro-
tating wheel 36 just as described before in connection
with Fig. 4.

[0085] Figs. 5ato 12c show different photographs and
experimental results of the produced microdroplets 22
as well as the therewith produced fibers 40.

[0086] Figs. 5a shows a photograph of microdroplets
22, which are composed of bronze, whereas Fig. 5b
shows experimental results for a size distribution of the
diameter of microdroplets 22, which are composed of a
cobalt-alloy. The diameter for both materials was con-
stantthroughout the experimentand in the range of 0.060
to 0.250mm. It has further shown that the ejection of the
droplets 22 can also be held constant in the range of 1
to 10ms depending on the precise experimental settings.
Anincrease of pressure, for example, has shown to have
a minor influence on the microdroplet diameter, but a
notable influence on the time laps between the ejection
of two microdroplets.

[0087] The solidified fiber, which results from guiding
the cobalt-alloy microdroplet 22 on a rotating wheel 36
of a horizontal or vertical melt spinner is shown in Fig. 6.
Itis observed that a small droplet remains at the very end
ofthe produced fiber with a width of approximately 60pm.
Said remaining droplet is shown in detail in the three bot-
tom photographs. The width of the produced fiber is ap-
proximately 12pm.
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[0088] A cross section of a produced bronze fiber is
shown in Fig. 7. It can be seen that a typical cross section
is asymmetric and comprises a straight part 44, which is
contact with the wheel surface as well as a curved part
46 at the opposite side of the fiber 40. The parts with the
highest curvature (left and right on the picture) result of
poor wetting of the rotating wheel 36 by the melt 14. The
maximal height of the fiber in this photograph is about
6pm.

[0089] Size distributions of the fiber thicknesses and
widths are shown in Figs. 8a to 9c. The distributions are
quite narrow and usually either Gaussian or log-normal
distributions. Experiments have shown that parameters
such as the wheel speed, roughness of the wheel sur-
face, temperature of the melt and so on, can influence
the landing of the microdroplet 22 on the wheel surface
and thus the formation of the fiber. For a cobalt-alloy, the
comparison of the size distributions indicates that the
wheel surface speed influences the fiber geometry sig-
nificantly. If the droplet diameter is kept constant as well
as other experimental parameters, the increase of the
wheel surface speed from 25m/s to 50m/s results in a
decrease of thickness of 50% and decrease of width of
30% (comparison of Figs. 8a to 8c with 9a to 9c and Fig.
12).

[0090] If the microdroplet 22 diameter is reduced to
60um (see Fig. 5a), the width of the fabricated fiber at
standard experimental conditions is significantly below
10pm (see Fig. 10). A picture of a large amount of fibers
produced with the said experimental settings is shown in
Fig. 11.

[0091] The dropping process and its stability have
shown to depend on the physical properties of the ma-
terials in contact at the microscopic scale, i.e. viscosity
and surface tension of the melt, wetting of the nozzle
surfaces by the melt (often sharply depending on the tem-
perature) and the mechanical properties of the nozzle
surfaces.

[0092] At the minimum required pressure difference
and slightly above, three qualitative experimental obser-
vations are of crucial importance to support the dropping
of the microdroplets: Firstly, the melt should not wet the
nozzle (i. e. wetting angle >> 90° but between contact
angles from 0° to 90°);

[0093] Secondly, a reduced roughness of the surface
of the rotating wheel is of advantage to improve the proc-
ess stability. If the roughness of the nozzle surface is in
the range of 0.05mm, itintroduces a heterogeneous flow
of melt. Hence, polishing the surface with a polishing pa-
per, such as sandpaper with a grit size of down to a grain
size of 0.003 mm has shown to be beneficial. In this con-
nection sand paper with a grit size selected in the range
of 20 to 500 can be selected preferably with a grit size
of around 200 to 350.

[0094] As a third point experiments have shown that
the borders of the nozzle opening should be as sharp as
possible, i. e. rounded borders favor droplets of lager
diameter. Hence, the sharper the borders, the smaller
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the microdroplets can get.

[0095] Finally, Fig. 13 shows how the microdroplet vol-
ume varies if the gas pressure of the gas flow, which
chops the continuous flow of metal in droplets is control-
led to different values. One can clearly see that a control
of the gas pressure is crucial in order to produce micro-
droplets with a volume down to several nanoliters.
[0096] Generally speaking, the volume of the micro-
droplets lies in the range of 0.1 to 20 nanoliters, in par-
ticular in the range of 2 to 9 nanoliters. In this connection
a nozzle pressure, i. e. the pressure, with which the gas,
e.g. Argon, is supplied in the channel to the molten metal,
can be selected in the range of 900 mbar to 2000 mbar,
in particular in the range of 1000 to 1500 mbar for a cru-
cible pressure of 880 to 1050 mbar, in particular in the
range of 900 to 1000 mbar, with the specific values being
indicated in the drawing of Fig. 13. The term "crucible
pressure” relates to the pressure exerted on the molten
metal in the channel of the molten metal. In this connec-
tion it is noted that the nozzle pressure should not be
much greater than the crucible pressure, as otherwise
the molten metal can flow back into the gas passage for
the gas flow.

Control of the liquid metal droplet volume by elec-
trodispersion

[0097] Asalready mentioned above, the interfacial ten-
sion of liquid metals is very large, i.e. >400 mN/m. There-
fore, liquid metals tend to form droplets in gas atmos-
phere or liquids to minimize their surface energy.
[0098] Electrodispersion techniques utilize a high elec-
trical voltage to overcome the surface tension of a liquid
meniscus at a orifice, allowing the breaking of the liquid
into either monodisperse or polydisperse fine droplets.
[0099] Breakup ofemergingliquid metal dropletoccurs
when the disruptive forces, i.e. the Coulomb force in-
duced by the high voltage, overcome the interfacial ten-
sion that resists deformation of the droplet.

[0100] The liquid metal phase acts as the second elec-
trode while for example a piece of solidified metal surface
is the first electrode. In between the two electrodes an
electric field is generated by a (not shown) device. Said
electric field then generates a Coulomb force, which can
overcome the interfacial tension that resists deformation
of the droplet. Increasing the voltage or decreasing the
distance between the two electrodes increases the elec-
tric field and thus also the Coulomb force, which is acting
at the liquid interface.

Electrodisperson in combination with melt spinning

[0101] The control of a liquid metal droplet volume,
which exits the nozzle of a crucible by electric fields can
directly be applied to control the dimension of ultrafine
metal fibers. Therefore, in some embodiments of the in-
vention the liquid metal is contacted by one electrode
while the second electrode is the rotating metal wheel or
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an electrode, which is brought close to the exit of the
nozzle. The thereby formed droplets with controlled vol-
ume are brought in contact with the rotating wheel, as
described above, and an ultrafine metal fiber is pulled
out of the droplet, which is in contact with the fast rotating
wheel.

Control of liquid metal droplet volume by gas flow

[0102] A strong gas flow, which is brought close to the
exit of a nozzle and crosses the linear flow of liquid metal
from the exit, can overcome the surface tension of a fluid
meniscus at an orifice, allowing the breaking of the liquid
into either monodisperse or polydisperse fine droplets.
The possible set up for a nozzle as used in this setup
has been explained above in connection with Figs. 1 to 4.
[0103] Generally, it is imaginable that both described
methods, i.e. electrodispersion and gas flow, are realized
inone single nozzle. With such anozzle, the used method
could for example be chosen according to the composi-
tion of the used molten metal. In some cases it can also
be useful to apply both methods at the same time. Hence,
the option to choose is can be given.

Claims

1. A nozzle for producing microdroplets of metal, the
nozzle (10) comprising a reservoir (12) for molten
metal (14), a nozzle opening (18) for directing the
molten metal (14) in a flow direction (F) out of the
reservoir (12) and a channel (16) connecting the res-
ervoir (12) with the nozzle opening (18), wherein the
nozzle (10) further comprises an external force gen-
erating device configured to apply an external force
on a molten metal flow flowing in said channel (16)
with a force per unit area generated by the external
force generating device at the molten metal (14) be-
ing larger than a surface tension of the molten metal
(14).

2. A nozzle for producing microdroplets of metal using
gas flow, in particular in accordance with claim 1, the
nozzle (10) comprising a reservoir (12) for molten
metal (14), a nozzle opening (18) for directing the
molten metal (14) in a flow direction (F) out of the
reservoir (12) and a channel (16) connecting the res-
ervoir (12) with the nozzle opening (18), wherein the
nozzle (10) further comprises a gas flow generating
device for generating and directing the gas flow to
the molten metal (14) through at least one supply
opening (20) into the channel (16), wherein the gas
supply opening (20) is located at the nozzle opening
(18), wherein a force per unit area generated by the
gas flow at the molten metal (14) is larger than the
surface tension of the molten metal (14).

3. The nozzle according to claim 1 or claim 2,



10.

1.

17

wherein the gas flow generating device, is configured
to direct the gas flow perpendicular to or at an angle
to the flow direction (F) of the channel (16).

The nozzle according to any one of the preceding
claims,

wherein the channel (16) comprises two or more sup-
ply openings (20) to receive the gas flow from more
than one side around the circumference of the nozzle
(10).

The nozzle according to any one of the preceding
claims,

wherein the gas in the gas flow is air, argon, Helium,
N2, Ar2, CO2 or combinations of the foregoing.

Anozzle for producing microdroplets of metal, in par-
ticular according to any one of claims 1 to 5, using
electrodispersion, the nozzle (10) comprising a res-
ervoir (12) for molten metal (14), a nozzle opening
(18) for directing the molten metal (14) in a flow di-
rection (F) out of the reservoir (12) and a channel
(16) connecting the reservoir (12) with the nozzle
opening (18), wherein the nozzle (10) further com-
prises a first electrode (26) such as a metal piece
and a device to apply an electric field between the
first electrode (26) and the molten metal (14) with a
force per unit area generated by the electric field at
the molten metal (14) being larger than a surface
tension of the molten metal (14).

The nozzle according to claim 6,

wherein the first electrode (26) comprises an essen-
tially cuboid shape, in particular with a length in the
range of 1 to 5cm and a width in the range of 0.1 to
5cm.

The nozzle according to claim 6 or 7,

wherein the electric field generated between the first
electrode (26) and the molten metal (14) has a field
strength which lies in the range of 1 V/cm to 1000
V/cm, preferably in the range of 10 V/cm to 800 V/cm,
particularly in the range of 20 V/cm to 400 V/cm.

The nozzle according to any one of claims 6 to 8,
wherein the electric field is generated by one of an
alternating current and a direct current.

The nozzle according to any one of the preceding
claims,

wherein a cross-section of the channel (16) in the
flow direction (F) of the molten metal (14) comprises
one of a square shape, a rectangular shape, a round
shape, an oval shape, a polygonal shape and a tri-
angular shape.

The nozzle according to anyone of the preceding
claims,
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wherein the cross-section of the channel (16) in a
plane perpendicular to the flow direction (F) of the
molten metal (14) comprises a circular, rectangular,
triangular, oval, polygonal or any other shape.

The nozzle according to anyone of the preceding
claims,

wherein the channel (16) comprises a length in the
range of 0.1 to 100mm, preferably 1 to 50mm, in
particular 5 to 20mm.

The nozzle according to any one of the preceding
claims,

wherein the nozzle opening (18) comprises a circu-
lar, oval, square, rectangular, triangular, polygonal
or any other shaped cross-section.

The nozzle according to claim 13,

wherein a rectangular nozzle opening (18) compris-
es a length in the range of 0.5 to 10cm, preferably 1
to 5 cm, and a width in the range of 10 to 500p.m,
preferably 20 to 200um, in particular 30 to 100um;
or wherein a circular nozzle opening (18) comprises
a diameter of 10 to 500um, preferably 20 to 200p.m,
in particular 30 to 100m.

The nozzle according to any one of the preceding
claims,

wherein the reservoir (12) comprises aninner shape,
which is connected with the channel (16) via a chan-
nel opening in the inner shape, wherein the inner
shape of the reservoir (12) is rounded or sloped at
the channel opening such that the molten metal (14)
is guided to the nozzle opening (18).

The nozzle according to any one of the preceding
claims,

wherein the formed microdroplets (22) comprise a
size in the range of 0.010 to 500mm, preferably in
the range of 0.050 to 150mm.

A combination of a melt spinner for forming elongate
metal fibers with a nozzle (10) according to any one
of the preceding claims, wherein the melt spinner
(32) further comprises a rotatable wheel (36) with a
circumferential surface (35), atleast one rotating pla-
nar surface (34) and collection means (42) for col-
lecting solidified fibers (40) formed on one of the cir-
cumferential surface (35) and the rotating planar sur-
face (34) of the rotatable wheel (36) from the molten
metal (14) and separated from the rotatable wheel
(36) by forces generated by the rotation of the rotat-
able wheel (36).

A method of forming microdroplets using at leastone
of an external force field, a gas flow and electrodis-
persion, wherein the method comprises the following
steps:
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providing a flow of molten metal (14) at a nozzle
opening (18); and

applying a force per unit area at said nozzle
opening (18) by means of one of the on said flow
of molten metal (14), with said force perunitarea
being larger than a surface tension of said flow
of molten metal (14).
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