wo 2018/017293 A1 | 0000 OO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 January 2018 (25.01.2018)

(10) International Publication Number

WO 2018/017293 Al

WIPO I PCT

(51) International Patent Classification:

B22F 3/105 (2006.01) B29C 64/209 (2017.01)
B22F 3/115 (2006.01) B29C 64/321 (2017.01)
B33Y 30/00 (2015.01) B29C 64/295 (2017.01)
B29C 64/106 (2017.01) B29C 64/118 (2017.01)
(21) International Application Number:
PCT/US2017/039714
(22) International Filing Date:
28 June 2017 (28.06.2017)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
62/364,934 Us
15/484,913 Us

(71) Applicant: UT-BATTELLE, LL.C [US/US]; One Bethel
Valley Road, 4500N, MS-6258, Oak Ridge, TN
37831-6258 (US).

(72) Imventors: RIOS, Orlando; 10333 Boston Lane,
Knoxville, TN 37932 (US). CARTER, William, G.; 180
Waterview Drive, Apt. 212, Oak Ridge, TN 37830 (US).

21 July 2016 (21.07.2016)
11 April 2017 (11.04.2017)

SIMS, Zachary, C.; 604 Princeton Road, Johnson City, TN
37601 (US). LOVE, Lonnie, J.; 13036 Lady Slipper Lane,
Knoxville, TN 37934 (US). CHESSER, Phillip, C.; 1725
Starmont Trail NW, Knoxvillle, TN 37909 (US).

(74) Agent: SIEGEL, William, R. et al.; Pauley Erickson &
Kottis, 2800 West Higgins Road,s Uite 365, Hoftman Es-

tates, IL 60169 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(54) Title: ELECTROMAGNETIC PRINT NOZZLE FOR DIRECT -WRITE ADDITIVE MANUFACTURING

FIG. 1

(57) Abstract: A method and apparatus for additive manufacturing that includes a material guide for directing a supply of working
material and a plurality of rollers for advancing the working material. An electromagnetic heater is provided to heat and deposit molten
working material as a new supply of working material is forced through the material guide.

[Continued on next page]



WO 2018/017293 A1 { NI /000N

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



5

10

15

20

25

WO 2018/017293 PCT/US2017/039714

ELECTROMAGNETIC PRINT NOZZLE FOR DIRECT-WRITE ADDITIVE
MANUFACTURING

GOVERNMENT RIGHTS
This invention was made with government support under Contract No. DE-AC05-000R22725

awarded by the U.S. Department of Energy. The government has certain rights in the invention.

FIELD OF THE INVENTION

The present invention relates to an additive manufacturing nozzle and feed system.

BACKGROUND OF THE INVENTION
Additive manufacturing may be used to quickly and efficiently manufacture complex three-
dimensional components layer-by-layer, effectively forming complex components. Such additive
manufacturing may be accomplished using polymers, alloys, powders, wires, or similar feed

stock materials that transition from a liquid or granular state to a cured, solid component.

Additive manufacturing is typically accomplished by several technologies that rely on feeding
polymer materials through a nozzle that is precisely located over a preheated or unheated
substrate. Parts are manufactured by the deposition of new layers of materials above the
previously deposited layers. Unlike rapid prototyping processes, additive manufacturing is
intended to produce a functional component constructed with materials that have strength and
properties relevant to engineering applications. On the contrary, rapid prototyping processes

typically produce exemplary models that are not production ready.

Heating of the feed or filler material in the nozzle in additive manufacturing is generally
accomplished by direct contact between a polymer feed stock and a heating element, typically a
resistively heated metal cylinder at elevated temperatures. Likewise, in additive manufacturing,
unlike rapid prototyping, the entire component under construction is typically maintained at an
elevated temperature in a chamber or furnace until the build is complete. Keeping previously
deposited layers at elevated temperature improves the adhesion between the component and
newly deposited material while minimizing macroscopic distortion. There are inherent limitations
to this technology that prevent higher deposition rates, out of furnace printing and control of

microstructural defects (such as pores).
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In addition, existing additive manufacturing processes, including polymer extrusion based
deposition for additive manufacturing (PeD), typically exhibit a thermal lag associated with
heating a deposition nozzle. Typical PeD systems obtain thermal stability by maintaining a
massive resistive heater at a constant temperature resulting in slow response. This makes accurate
control of the flow difficult and prevents the building of advanced structures that require transient
deposition rates and frequent interruptions in flow (in a mechanism analogous to image

generation in an ink jet printer).

SUMMARY OF THE INVENTION
One motivation for the subject invention is to increase the supply and controllability of the flow
of working material, both of which translate to increased build rates. This is accomplished, in
part, by providing a generally continuous supply of working material and avoidance of pausing
and restarting the system to load new working material. The subject invention enables control of
deposition rates with a generally non-contact heating technology that can be used to quickly heat
a low thermal mass deposition nozzle, materials within a deposition nozzle and/or locally heat

specific locations of the build.

In addition, removal of joule heating will significantly separate the position dependent heat
source from the extruder which impacts part quality. In this manner, a part may be manufactured
in accordance with the invention in large scale applications and without reliance on an oven or
controlled environment for the build. Further, this technology may be used as a means to apply
targeted heating of the polymer material through the build or locally to active manufacturing

surface locations.

A printing nozzle for use in deposition for additive manufacturing includes a refillable supply of
a working material provided to a material guide. A plurality of rollers are positioned in lateral
contact with outside edges of the working material for advancing the working material forward.
An electromagnetic heating element positioned with respect to the material guide heats the

working material where it is deposited on a workpiece through a tip in the material guide.

Other objects and advantages will be apparent to those skilled in the art from the following

detailed description taken in conjunction with the appended claims and drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic of a system according to one embodiment of this invention.

Fig. 2 is a perspective view of an electromagnetic nozzle according to one embodiment of this

invention.

Fig. 3 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 4 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 5 is a perspective front view of an electromagnetic nozzle according to one embodiment of

this invention.

Fig. 6 is an exploded view of the electromagnetic nozzle shown in Fig. 5.

Fig. 7 is a cross-sectional side view of the electromagnetic nozzle shown in F ig. 5.

Fig. 8 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 9 is a schematic of an electromagnetic nozzle and a resistive heater according to one

embodiment of this invention.

Fig. 10 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 11 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.
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Fig. 12 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 13 is a schematic of an electromagnetic nozzle and an induction coil according to one

embodiment of this invention.

Fig. 14 is a schematic of an electromagnetic nozzle, an induction coil and a susceptor according

to one embodiment of this invention.

Fig. 15 is a schematic of an electromagnetic nozzle, an induction coil and a susceptor according

to one embodiment of this invention.

Fig. 16 is a schematic of an electromagnetic nozzle, an induction coil and a susceptor according

to one embodiment of this invention.

Fig. 17 is a schematic of an electromagnetic nozzle and a resistive heater according to one

embodiment of this invention.

Fig. 18 is a schematic of an electromagnetic nozzle and a resistive heater according to one

embodiment of this invention.

Fig. 19 is a schematic of an electromagnetic nozzle and a resistive heater according to one

embodiment of this invention.

Fig. 20 is a schematic of an electromagnetic nozzle, an induction coil and an added thermal mass

according to one embodiment of this invention.

Fig. 21 is a schematic of an electromagnetic nozzle and an induction coil demonstrating material

and heat movement according to one embodiment of this invention.

Fig. 22 is a schematic of an electromagnetic nozzle having a primary and secondary material

guide according to one embodiment of this invention.
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Fig. 23 is a schematic of an electromagnetic nozzle having a primary and secondary material

guide according to one embodiment of this invention.

Fig. 24 is a schematic of an electromagnetic nozzle having a twin screw extruder according to

one embodiment of this invention.

Fig. 25 is a schematic of an electromagnetic nozzle having a twin screw extruder according to

one embodiment of this invention.

Fig. 26 is a schematic of an electromagnetic nozzle and an extruder according to one embodiment

of this invention.

Fig. 27 is a graph showing melt rate vs. heat input of various materials.

Fig. 28 is a graph showing heat input vs. melt rate of various materials.

Fig. 29 is a graph showing surface temperature vs. melt rate of various materials.
Fig. 30 is a graph showing nozzle length vs. melt rate of aluminum.

Fig. 31 shows a flow chart of one preferred operation of an electromagnetic nozzle.
Fig. 32 shows a flow chart of one preferred operation of an electromagnetic nozzle.

DETAILED DESCRIPTION OF THE INVENTION
The present invention provides a non-contact heating technology that can be used to quickly heat
materials within a deposition nozzle, locally heat specific locations of a deposition modeling
build and/or uniformly heat the build outside of a furnace or similarly controlled environment. As
a result, the weight and size of the liquefier is reduced and sensitivity and controllability of
material flow is improved, resulting in increased build rates. According to a preferred
embodiment, the subject method and apparatus employs high intensity electromagnetic energy,
for instance, transient high flux alternating magnetic fields, to working materials resulting in a

highly controllable additive manufacturing process.
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In particular, the subject invention contemplates use of a direct metal write process involving the
supply and deposition of molten metal onto a substrate or previously deposited material. This is
in contrast to existing metal-based additive manufacturing processes where either a binder is
deposited onto a bed of metal powder to temporarily bond it until sintering can occur or a laser or

electron beam is used to melt or sinter a bed of metal powder.

Although not required, the subject invention may be used in connection with large scale polymer
added manufacturing such as the schematic shown in Fig. 1. Fig. 1 shows a frame or gantry 50
for containing a build. The gantry 50 preferably contains a deposition arm 60 that is moveable
through the x, y and z-axis. The deposition arm 60 preferably accommodates a supply of
working material and a deposition nozzle 80. The supply of working material may be onboard

the deposition arm and/or remotely supplied from a hopper or similar storage vessel.

According to a preferred embodiment of the invention, a method of additive manufacturing
includes the steps of providing an apparatus for additive manufacturing, for instance the gantry
system shown in Fig. 1. The apparatus preferably includes a nozzle 80 for extruding a material,
such as shown in Fig. 2. The nozzle 80 preferably operably contacts a working material as
described in more detail below. Fig. 2 shows a preferred embodiment of the nozzle 80 including
amaterial guide 85 through which the working material is provided, a plate 90 and a tip 100 from
which the working material is directly deposited on the build. A coil 120 is preferably wrapped
around the material guide and comprises an assembly that may further include a thermally

conductive wrap around the material guide 85, for instance, boron nitride.

Schematics of various embodiments of a deposition nozzle 80 used in such systems are shown in
Fig. 3-26. Accordingly, as shown in Fig. 2, a printing nozzle 80 and tip 100 includes a metallic
material guide 85 for permitting a desired flow of material wherein the tip 100 is positioned at an
end of the material guide 85 for depositing the material in an appropriate position in space. The
material guide 85 may be constructed of aluminum or similar metallic material having the desired
properties. Alternatively, the material guide 85 may comprise a ceramic or similar non-
electrically conductive material that is transparent to electromagnetic energy. This alternative

arrangement permits direct heating of the working material from the coil 120.
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Figs. 3-9 show embodiments of the nozzle wherein a printing nozzle used for additive
manufacturing includes a supply of a working material and a plurality of rollers 150 in lateral
contact with outside edges of the working material for advancing the working material forward.
As shown, a material guide 85 is sized to permit a desired flow of the working material and
includes a tip 100 positioned at an end of the material guide 85 for depositing the working
material in an appropriate position in space. The material guide may be constructed of boron
nitride. Further, as shown and described, an electromagnetic heating element 110, such as an

induction coil, is positioned with respect to the material guide 85.

According to embodiments shown in Figs. 3-9, the rollers 150 positioned along the printing
nozzle 80 may comprise one or more sets of gears or knurled outer surfaces. The printing nozzle
as shown in Figs. 3 and 4 may further include a plurality of channels 160 within the material
guide 85 that correspond with one or more rollers 150 to permit direct contact between the build
or working material and the rollers 150. The rollers 150 as described may be established at

multiple positions along a length of the material guide 85 and function to direct the material into

the nozzle.

The working material may comprise a polymer, such as a thermoplastic, a metal or other material
suitable for additive manufacturing. Polymeric working materials may include thermoplastic
materials, such as nylon, ABS or ULTEM™ resin, or a cross-linking thermoset, such as
polyurethane or epoxy. Further, the working material may combined with a filler material to
create a composite, either in process as described herein or prior. Such filler materials may
include carbon fiber, fiberglass and/or electromagnetically susceptible microscale and/or nano
particles. According to embodiments shown in Figs. 3 and 4, the working material may be
provided in slugs 250 that may be provided intermittently to the material guide 85, as shown in
Fig. 3. Alternatively, or in addition, the working material may be provided in elongated and/or
generally continuous filaments 260, as shown in Figs. 4, 8 and 9. Such filaments may be
elongated sections or rolled or otherwise spooled to enable extended deposition runs without

pausing or restarting the process.

According to embodiments of the invention, the working material comprises a metal, such as
aluminum. More specifically, the working material may comprise an aluminum alloy, including

Alnico, or various other metals having electromagnetic susceptibility.
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An electromagnetic heating element 110 is preferably positioned with respect to the tip 100 of
the material guide 85. The electromagnetic heating element 110 may be an induction coil
positioned around the tip 100, such as shown in F igs. 3-4, 13, 24 and 26. Alterhative}y, the
electromagnetic heating element 110 may be an induction coil positioned around the material
guide 85, such as shown in Figs. 10-12, 14-16 and 25. Still additionally, the electromagnetic
heating element 110 may comprise a resistive heater and be embedded within the material guide,

such as shown in Figs. 18-19.

A method for additive manufacturing according to one embodiment of the invention includes
providing a supply of a working material and advancing the working material forward with a
plurality of rollers 150 in lateral contact with outside edges of the working material through the
material guide 85. The working material is then‘ heated in the material guide with an
electromagnetic heating element positioned around the material guide and the molten working
material is deposited through the tip 100 positioned at an end of the material guide 85 in an

appropriate position in space.

Figs. 5-7 show various views of a printing nozzle utilizing a series of gears 155. As shown in
Figs. 5 and 6, the nozzle 80 may include a set of gears 155 that contact a filament 260 (or slugs
250) of working material as it passes through the nozzle 80. A stepper motor 165 controls a
displacement of the working material through the nozzle 80. A temperature sensor 170, shown
schematically in Figs. 5-7, such as a thermocouple, is positioned within the nozzle 80 to
determine a temperature of the working material within the nozzle 80. A load cell 175, also
shown schematically in Figs. 5-7, is preferably additionally positioned within the nozzle 80 to

determine a pressure of the working material against the tip 100 of the nozzle 80.

In a preferred method of operation, a temperature of the working material in proximity to the tip
100 is sensed and the working material is accordingly moved through the material guide 85 based
upon the sensed temperature. Preferably, a load of the working material is also sensed and the
working material is moved through the material guide 85 based upon the sensed load. In
operation, a fixed pressure on the working material is maintained until the working material has
melted at which point the working material is moved through the material guide 85 at a fixed

displacement.



10

15

20

25

30

WO 2018/017293 PCT/US2017/039714

The temperature sensor 170 or thermocouple placement is important for good control of the
nozzle temperature. For designs utilizing a single heat source, either electromagnetic or resistive,
the thermocouple is preferably embedded in the nozzle near the tip as close to the melt chamber
as possible. According to one preferred embodiment of this invention, a channel is cut into the
nozzle deep enough to ensure good thermal transfer but not so deep that it penetrates the melt
chamber. The thermocouple is then placed in this channel and a ceramic adhesive is applied in
order to secure it. This allows for a faster response to thermal changes. For designs utilizing an
electromagnetic preheater and a resistively heated melt chamber the thermocouple is preferably
embedded in the thermal mass surrounding the melt chamber. This design relies on the thermal
mass to maintain the melt chamber at the desired temperature. Because this thermal mass is so
much larger than the material being melted its temperature will be very close to that of the molten
material. This means that the control of the temperature of the thermal mass is more crucial thus

the thermocouple is embedded in it instead of the nozzle.

The load cell is crucial for controlling the system when a plunger is used to feed material. The
electromagnetic forces on the material generated by the induction coil would cause it to levitate
out of the hot zone if it isn’t held in place. During the initial heatup and melting of the material
the extruder is kept in force control mode. In this mode a constant force is applied to the material
in order to keep it within the hot zone. This is done by constantly moving the plunger either down
to increase the force or up to decrease it. When the material is melted and extrusion starts the
extruder is switched into velocity control mode. In this mode the plunger is kept moving at a
constant velocity in order to keep the material feeding into the melt chamber and out of the
nozzle at a consistent rate. This is done by adjusting the pulse frequency of the control signal to
either increase or decrease the motor velocity. If the system detects a spike in force that exceeds a

set limit it reverts back to force control mode.

Figs. 8 and 9 show two embodiments of the invention including rollers and alternative heating
arrangements. Fig. 8 shows two or more rollers 150 driving the working material, either slugs or
a filament, forward through the tip 100 of the nozzle 80. An electromagnetic coil 120 is
positioned around the material guide 85. In addition, a susceptor 130 is positioned around the
material guide 85 to further facilitate heating and heat control. The susceptor 130 may be
positioned outside of the material guide 85, as shown in Fig. 8, or alternatively may be embedded

9
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within the material guide 85, or still further may be positioned inside of the material guide 85.

Fig. 9 shows an arrangement of the nozzle 80 including two or more rollers 150 driving the
working material forward through the tip 100 of the nozzle 80. A resistive heater 140 is
positioned around the material guide 85 for heating the working material. The resistive heater
140 may be positioned on the outside of the material guide 85 as shown in Fig. 9, or alternatively
may be embedded within the material guide 85, or still further may be positioned inside of the

material guide 85.

According to preferred embodiments of the invention shown in Figs. 10-23, a printing nozzle 80
may comprise an advancement mechanism positioned behind at least a portion of the supply of
working material for advancing the working material forward. As previously described herein a

material guide 85 and electromagnetic heating element 110 may be used in these embodiments.

The advancement mechanism may comprise a piston 180, as shown in F igs. 10, 12 and 14-19, a
pressure regulation system 190, as shown in Figs. 11 and 12, a pusher 200, as shown in F ig. 13,

and/or a plunger 210, as shown in Figs. 22 and 23.

Fig. 10 shows one embodiment of the invention having a material guide 85 and an internal piston
180. The piston 180 is shown schematically but is preferably tightly gapped within the material
guide 85 to force slugs 250 of working material through the tip 100 of the nozzle 80. As shown,
an induction coil 110 is preferably positioned around the material guide to heat the working

material into a molten state and out of the tip 100.

Fig. 11 shows a similar arrangement as Fig. 10 but replaces the piston 180 with a pressure
regulation system 190. The pressure regulation system 190 preferably includes a sealed cylinder
195 and a pressure source, such as a pneumatic pump (not shown) for generating pressure to
force the working material through the tip 100. According to this preferred embodiment, the
working material within the sealed cylinder 195 is heated to a molten state and then pressure is

applied to force the material out of the nozzle 100 and onto the workpiece.

Fig. 12 shows one preferred embodiment similar to Fig. 11 but further including an internal

piston 180 positioned within the sealed cylinder 195 to force the working material through the tip

10
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100. A pressure regulation system 190 thereby builds pressure within the sealed cylinder 195 to
force the piston 180 into a melting or molten working material and out of the tip 100. A
pressurized system such as shown in Figs. 11 and 12 typically requires stoppage and

depressurization in order to load additional material into the sealed cylinder 195.

Fig. 13 shows one preferred embodiment of the invention including a material guide 85 and two
or more retractable pushers 200 for advancing slugs 250 of material. The retractable pushers 200
are preferably positioned between slugs 250 of working material and advance the slugs 250

toward and through the tip 100 as the working material is melted by the induction coil 110.

Figs. 14-16 shown preferred embodiments of the invention having a susceptor 130 positioned
between the material guide 85 and the electromagnetic heating element 110, namely an induction
coil. The susceptor 130 may be heated by the induction coil and then used to heat the working
material. This embodiment is useful for heating materials that cannot be coupled directly using
induction heating. The susceptor 130 instead provides the direct heating to the working material.
The susceptor 130 may be positioned on an outside surface of the material guide 85, such as
shown in Fig. 14 or an interior surface of the material guide 85 in direct contact with the working
material, such as shown in Fig. 15. Alternatively, the susceptor 130 may be embedded within the

material guide 85, as shown in Fig. 16.

According to one preferred embodiment of the invention, the electromagnetic heating element
110 may comprise a resistive heater 140 positioned on an outside surface of the material guide
85, such as shown in Fig. 17, or on an interior surface of the material guide 85 in direct contact
with the working material, such as shown in Fig. 18. Alternatively, and as shown in Fig. 19, the

resistive heater 140 may be embedded within the material guide 85.

Fig. 20 shows one preferred embodiment of the nozzle 80 utilizing a piston 180 in addition to an
electromagnetic coil 120 positioned around a material guide 85. The embodiment further
includes a resistive heater 140 surrounding a portion of the material guide 85 below the coil 120
and an intermediate thermal mass 145 positioned between the resistive heater 140 and the
material guide 85. A temperature sensor 170, such as a thermocouple, may be positioned within
the thermal mass to accurately obtain temperature feedback within the nozzle 80. Although Fig.

20 is shown utilizing a piston 180, rollers 150, gears 155, pushers 200 and/or plungers 210 may
11
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be alternatively utilized in connection with a thermal mass 145 surrounding a material guide 85

as shown.

Fig. 21 shows a preferred embodiment of the invention similar to that shown in Fig. 10. Ina
preferred arrangement, a small gap 215 is positioned between the piston 180 and the material
guide 85. In this manner, a seal is created by the stratification between molten working material
and resolidified material residing in the gap 215 as the electromagnetic coil 120 melts working
material closest to the tip 100 of the nozzle 80. The gap 215 positioned between the piston 180
and an interior of the material guide 85 is preferably of sufficient size to permit solidifying

working material to create a seal between the piston 180 and the material guide 85.

According to one embodiment of the invention, the printing nozzle 80 may further include a
secondary material guide 220 positioned in parallel with the material guide 85. In such an
embodiment, the material guide 85 is referenced as the “primary” material guide 85 and, together
with the secondary material guide 220, operate to maintain a flow of working material to the
nozzle 80. Figs. 22 and 23 show two embodiments of a nozzle 80 having a primary material
guide 85 and a secondary material guide 220. A moveable gate 230 may be positioned between
the secondary material guide 220 and the primary material guide 85. The gate 230 may be
selectable to close off at least one of the secondary material guide 220 and the primary material
guide 85 to permit flow of working material or blending of two or more working materials or
mixing of the working material with an additive or dopant or similar process for maintaining a
supply of a desired working material. The gate 230 may be selectable to simultaneously open the
secondary material guide 220 and close the primary material guide 85 to provide precise metering

or control of the flow of working material and/or additives.

Figs. 22 and 23 additionally show preferred embodiments of the nozzle comprising a material
guide 85 having an internal advancement mechanism that comprises at least two plungers 210,
one plunger positioned relative to the primary material guide 85 and a second plunger positioned
relative to the secondary material guide 220. The plungers 210 may comprise a less rigid
engagement than a piston 180 and may be used to urge the working material forward while
providing additional volume for new supplies, such as slugs 250, of working material to be

inserted.

12



10

15

20

25

WO 2018/017293 PCT/US2017/039714

As shown in the embodiments of Figs. 22 and 23, the electromagnetic heaters 110 may be
positioned above the tip 100 of the nozzle at each of the primary material guide 85 and the
secondary material guide 220 such that the working material transitions from a solid state to a

molten state as it moves toward the gate 230 and the tip 100 of the nozzle 80.

According to one preferred embodiment, shown in Fig. 23, a hopper 240 may be positioned
relative to the material guide 85 and/or the secondary material guide 220 to provide a generally
continuous supply of working material, particularly a pelletized or granular form of working
material, such as a raw or filled thermoplastic. Such arrangement may further include a
selectable feed system for selectably providing build material to the primary material guide 85
and the secondary material guide 220. Such a selectable feed system may comprise a gate 230, as

discussed above.

According to embodiments of the nozzles shown in Figs. 24-26, an additive manufacturing
printing nozzle may include a single screw extruder 245 for advancing the working material
forward. A basic arrangement of such an embodiment is shown in F ig. 26 wherein‘ a screw is
positioned within a material guide 85 for permitting a desired flow of the working material. As
the working material moves forward through the extruder, a combination of heat and pressure
urges the working material into a molten state and out of the material guide 85. A tip 100 is
positioned at an end of the material guide 85 for depositing the working material in an
appropriate position in space; and an electromagnetic heating element 110, such as an induction

coil, is positioned with respect to the material guide 85.

Figs. 24 and 25 show embodiments having a twin screw extruder 248 wherein two screws are
positioned within the material guide, each having opposing pitches. Such a twin screw extruder
248 may further enhance mixing, heating, melting and depositing of the working material from

the tip 100 of the material guide 85.

The embodiments shown in Figs. 24-26 using extruders 245, 248 may further include a secondary
material guide 220 and/or a hopper 240. The hopper 240 may feed working material to the
material guide or, as shown in Figs. 24 and 25 may include a second material, such as a filler
material, that is then fed to the extruder. The filler material may include carbon fiber or

fiberglass reinforcement for creating an in-situ composite material. In such a mixed environment

13
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as described, the extruders 245, 248 may include different temperature zones as the working

material and the filler material are mixed.

As shown in these embodiments, the printing nozzle 80 may include the electromagnetic heating
element 110, such as an induction coil, positioned around only the tip 100 of the material guide
85, as shown in Fig. 24. Alternatively, electromagnetic heating element 110 may be positioned

around the entire material guide 85, as shown in Fig. 25.

A method of additive manufacturing according to a preferred embodiment of this invention may
include providing a supply of'a working material through a single material guide 85, a secondary
material guide 220 and/or a hopper 240. A single or twin screw extruder 245, 248 may be
provided within the material guide 85 for advancing the working material forward and, following
heating with an electromagnetic heating element, may be provided through a tip 100 of the
material guide 85 in a molten state for depositing in an appropriate position in space and/or on a

workpiece.

The graphs shown at Figs. 27-30 variously illustrate the agility of a nozzle and related system
utilizing an electromagnetic heating element 110 as described herein. Collectively, the following
graphs demonstrate the efficiency of electromagnetic heating for various working materials
contemplated for the subject invention. This is contrary to traditional resistive heating wherein
heat from the outside of the nozzle must be driven into the material thereby expending
unnecessary time and energy. Electromagnetic heating as described herein is energy dense
thereby enabling high energy transfer direct to the working materials. This is helpful in additive
manufacturing where repeated start-stops are often required during a build. Fig. 27 isa graph
showing melt rate vs. heat input of various working materials, namely, aluminum, titanium and
iron. Fig. 28 is a graph showing heat input vs. melt rate of the same working materials. Fig. 29
is a graph showing surface temperature vs. melt rate of the same working material. Finally, Fig.

30 is a graph showing nozzle length vs. melt rate of a representative working material, aluminum.
The efficiency of the subject system permits low voltage heater arrangements. Specifically, the

printing nozzles 80 as described herein preferably utilize an electromagnetic heating coil voltage

of less than 40 volts. Such low voltage supply enhanced safety and usability.

14
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Figs. 31 and 32 show flow charts of two preferred operations of the nozzle 80 according to
embodiments of the invention. In particular, the interrelationship between the stepper motor 165
or drive system of the nozzle 80, the temperature sensor 170 and the load cell 175 are shown and
described. For instance, Fig. 31 demonstrates that a constant velocity is maintained on the
working material until a force limit is exceeded at which time a position control is disabled and a
constant force is maintained. Fig. 32 further incorporates movement of a piston 180 or plunger

210 relative to velocity control and force limits of the working material.

While there has been shown and described what are at present considered the preferred
embodiments of the invention, it will be obvious to those skilled in the art that various changes
and modifications can be prepared therein without departing from the scope of the inventions

defined by the appended claims.

15
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What is claimed is:
e 1. A printing nozzle for use in deposition for additive manufacturing comprising:
a plurality of rollers configured to be in lateral contact with outside edges of a
working material for advancing the working material forward during operation;
a material guide for permitting a desired flow of the working material;
a tip positioned at an end of the material guide for depositing the working material in
an appropriate position in space; and

an electromagnetic heating element positioned with respect to the material guide.

2. The printing nozzle of Claim 1 wherein the rollers are configured to contact

electromagnetically susceptible slugs of material during operation.

3. The printing nozzle of Claim 1 wherein the rollers are configured to contact

electromagnetically susceptible filaments of material during operation.

4. The printing nozzle of Claim 1 wherein the electromagnetic heating element is

positioned around the tip.

S. The printing nozzle of Claim 1 wherein the electromagnetic heating element is

position around the material guide.

6. The printing nozzle of Claim 1 wherein the rollers comprise one or more sets
of gears.

7. The printing nozzle of Claim 1 wherein the rollers comprise knurled rollers.

8. The printing nozzle of Claim 1 further comprising a plurality of channels

within the material guide configured to permit direct contact between the working material

and the rollers during operation.

9. The printing nozzle of Claim 1 wherein the rollers are positioned at multiple

places along the material guide.

16
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10.  The printing nozzle of Claim 1 wherein one or more of the plurality of rollers

are fixed and one or more of the plurality of rollers are moveable.

11. The printing nozzle of Claim 1 wherein the moveable rollers are biased toward

the fixed rollers.

12. The printing nozzle of Claim 1 further comprising a load cell positioned with
respect to the material guide for sensing a pressure applied to the working material.
13. The printing nozzle of Claim 1 further comprising a femperature sensor

positioned in proximity to the tip.

14, A printing nozzle for use in deposition for additive manufacturing comprising:

a material guide for accepting a working material;

a plurality of rollers in lateral contact with outside edges of the working material for
advancing the working material forward during operation;

an electromagnetic heating coil positioned around the material guide for heating the
working material into a flowable deposit material;

a tip at an end of the material guide for depositing the deposit material in an

appropriate position in space.

15. The printing nozzle of Claim 14 wherein the material guide accepts a metal.

16.- The printing nozzle of Claim 14 wherein the material guide accepts aluminum.

7. The printing nozzle of Claim 14 wherein the material guide comprises boron
nitride.

18.  The printing nozzle of Claim 14 wherein the electromagnetic heating coil voltage

is less than 40 volts.

19. The printing nozzle of Claim 14 further comprising a thermal mass positioned

around the material guide.

17
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20.  The printing nozzle of Claim 19 further comprising a thermocouple positioned

within the thermal mass.

21. A method for additive manufacturing comprising:

providing a supply of a metal working material;

advancing the working material forward with a plurality of rollers in lateral contact
with outside edges of the working material through a material guide;

heating the working material in the material guide with an electromagnetic heating
element positioned around the material guide; and

depositing molten working material through a tip positioned at an end of the material

guide in an appropriate position in space.

22, The method of Claim 21 further comprising:
sensing a temperature of the working material in proximity to the tip; and

moving the working material through the material guide based upon the temperature.

23. The method of Claim 21 further comprising:
sensing a load of the working material; and

moving the working material through the material guide based upon the load.

24, The method of Claim 21 further comprising:

maintaining a fixed pressure on the working material;

sensing that the working material has melted; and

moving the working material through the material guide at a fixed displacement once

the working material has melted.

18
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