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Loupon Elements

Manganese {Mn} | Silicon {88} | lron{Fe]

Cast Tverticgl 3 0.7 2.6 Hal
Cast 1 vertical 7 0.7 2R Bal
Cast 1 vertical 11 4.7 28 Bal

Cast 1 upper layer 1 4.7 28 Bal

Cast 1 upper layer 3 0.7 2.8 Bal

Cast 1 bottom layer 1 8.7 28 1 gl

Cast 1 hotlom layer 3 0.7 2.5 Bal

Cast 3 vertical 3 0.7 2.7 Bal
Cast 3vertical 7 {17 3.7 Bal
Cast 3 vertical 11 0.7 2.8 Bal
Cast 3 bottom layer 3 0.7 2.7 fal
Cast 3 bottom layer 1 0.7 2.8 Bal
Cast 3 upper layer 1 8.7 2.7 Hal

{ast 3 upper layer 3 4.7 2.7 Ba
Ref. Grey tast iron 0.251.0 1030 Bal,

FIG. 6D
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ADDITIVE METAL CASTING SYSTEM AND
APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from IL. patent
application 283302, filed May 19, 2021, for which a sub-
stitute specification was filed on Nov. 29, 2021, both of
which are incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates to metal casting in
general, and, in particular, to apparatus for additive metal
casting.

BACKGROUND

[0003] Most of the demand for cast metal products is
currently met by traditional casting techniques, which
involve the production of complete molds followed by the
filling of the mold cavities with molten metal. In some cases,
the production of molds includes fabricating a casting pat-
tern, from which the mold is made.

Problems with Traditional Metal Casting

[0004] Production and management of casting patterns
and molds contributes significantly to the costs and turn-
around times of traditional casting. Fabricating patterns and
molds is both expensive and time-consuming, and using
them in ongoing casting operations introduces the need for
cleaning, maintenance, repair, and reconditioning of molds
and patterns.

[0005] Long-term storage and inventory of patterns and
molds can incur further significant expenses and manage-
ment burdens. This effort may be justified for large-scale
production of a particular cast metal part, but in an after-
market situation, when market demand for that particular
part diminishes, it may be difficult to justify the ongoing
overhead of maintaining molds and patterns for production
of that part. When it becomes prohibitively expensive to
continue manufacturing the part, the part’s replacement
availability typically becomes limited to existing invento-
ries.

[0006] Traditional mold-based casting has further short-
comings: Large or complex castings often require molds
with multiple pouring cups, runners, risers, and extensions,
which account for a significant percentage of excess mold
volume, in many cases this can increase the amount of
molten metal required for a casting by as much as 50%.
Although the excess metal may normally be remelted and
reused, the energy expended in melting the excess metal is
wasted. Another disadvantage of traditional casting is that
particularly large or complex parts cannot always be cast in
a single piece, thereby requiring welding and/or bolting of
smaller parts together after casting.

[0007] Further disadvantages of traditional casting relate
to the industrial safety hazards inherent in the process of
handling and manipulating large amounts of molten metal,
the high temperatures involved, and the toxic fumes typi-
cally accompanying the process. Along with the immediate
safety hazards to manufacturing personnel, there are also
issues of pollution and other detrimental environmental
effects, all of which can have widespread and long-lasting
consequences.
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Advantages of Additive Metal Casting

[0008] The above-noted limitations of traditional casting
have motivated the development of various techniques for
direct additive metal castings. Additive metal casting has the
potential to obviate the problems and restrictions associated
with patterns and molds as discussed previously and prom-
ises to confine molten metal to more easily managed
amounts and extents in contained local environments to
improve safety and minimize the effects of environmental
hazards.

[0009] Current additive manufacturing systems are
described inter alia in the following published articles:
“Shape Deposition Manufacturing”, by Merz et al., in Pro-
ceedings of the 1994 International Solid Freeform Fabrica-
tion Symposium, pages 1-8; “Shape deposition manufactur-
ing of heterogeneous structures”, by Weiss et al., in Journal
of Manufacturing Systems, Volume 16, Issue 4, 1997, pages
239-248; and “Shape Deposition Manufacturing With
Microcasting: Processing, Thermal and Mechanical Issues”,
by Amon et al., in Journal of Manufacturing Science and
Engineering, Transactions of the ASME, August 1998, 120
(3), pages 656-665. Of additional interest is the Technical
University of Vienna published doctoral dissertation (in
English) of Robert Merz, entitled Shape Deposition Manu-
facturing, dated May 1994.

Shortcomings of Current Additive Metal Casting
Technology
[0010] While potentially solving the mold and pattern-

related problems of traditional casting, however, current
additive metal casting technology introduces its own restric-
tions and limitations:

Limited Throughput, Casting Size, and Product Quality
Issues

[0011] In terms of production flow, current additive metal
casting techniques typically have limited throughput, and
have proven difficult to scale to large part sizes and masses.
[0012] Additionally, as noted in the above-cited Merz
dissertation, current additive metal manufacturing is often
characterized by casting defects, including prevalent mac-
roscopic voids. Such defects render additively cast products
unsuitable for use in many applications.

Restrictions on Metals and Metal Sources

[0013] Currently, metal additive manufacturing is gener-
ally based on direct-deposition technologies and powder bed
fusion technologies utilizing laser and electron beams. In
current use are the following technologies: Laser-Based
Powder Bed Fusion, Laser Powder Deposition, Electron
Beam Powder Bed Fusion, Wire Electric/Plasma Arc Depo-
sition, Wire Electron Deposition, Directed Energy Deposi-
tion (DED), and Binder Jetting. Other direct deposition and
sintered-based technologies are available at earlier stages of
development and adoption. These technologies, however,
are often limited to low melting-point metals and sometimes
require manufacturers to switch their familiar raw metal
stock to metal powder-based sources.

[0014] There is thus a need for an additive metal casting
system and apparatus that overcomes the above-noted limi-
tations, and which facilitates economical and efficient
throughput in cast metal manufacturing of high quality and
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uniformity, based on established and certified sources of
higher melting-point metal source stock. These goals are met
by the present invention.

SUMMARY

[0015] According to embodiments of the invention, there
is provided a casting system for casting a metallic object by
constructing a series of production layers forming a vertical
stack of production layers, wherein production layers of the
series have mold regions, wherein production layers of the
series have object regions (regions for molten metal depo-
sition, or regions in which molten metal, now solidified,
were previously deposited) defined by the mold regions (i.e.,
object regions are defined by surfaces of mold cavities in the
mold regions), and wherein a current production layer (i.e.,
a production layer that is currently being fabricated) is
constructed upon a top surface of a previous production
layer (i.e., the top surface of a production layer that was
previously fabricated) in the vertical stack, the system
including: a mold construction unit operative to construct a
mold region of the current production layer; a Preparation-
Deposition-Post treatment (PDP) unit including: a molten
metal depositor operative to deposit molten metal in an
object region defined by the mold region of the current
production layer; a holder attached to the molten metal
depositor, for holding the molten metal depositor; at least
one induction heating unit attached to the holder; a build
table, for supporting the vertical stack of production layers;
a movable platform to provide relative movement between
the PDP unit and the build table, wherein the relative
movement is along a progression direction; and a controller
for controlling the PDP unit and the movable platform to
deposit molten metal in a fabrication area of the object
region of the current production layer, and to control the
PDP unit to perform at least one of: pre-heating the fabri-
cation area before molten metal deposition, to a pre-depo-
sition temperature, and post-heating the fabrication area
after molten metal deposition, to a post-deposition tempera-
ture.

[0016] According to some embodiments of the invention,
which can be combined with other embodiments described
herein, the system further includes a controller to control the
induction heating unit to perform the pre-heat, heat and
post-heat to affect solidification parameters of a melted area
in the object region of a previous production layer and the
area in the object region of a current production layer.
[0017] In related embodiments, the system further
includes a controller to control the induction heating unit to
perform the pre-heat, heat and post-heat to affect parameters
of cooling an area in the object region of a current produc-
tion layer.

[0018] The induction heating unit may include a single
induction heating coil having, with respect to the progres-
sion direction, a leading section and a trailing section, and,
along the progression direction, the leading section may
pre-heat the fabrication area in the object region of a
previous production layer, and the trailing section is to
post-heat the fabrication area in the object region of a current
production layer.

[0019] According to a related embodiment, the induction
heating unit has at least one coil with a substantially planar
circular shape.

[0020] The induction heating unit may have a substantially
planar elliptical shape with a major axis parallel to the
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progression direction. The induction heating unit may have
a substantially planar elliptical with a major axis perpen-
dicular to the progression direction.

[0021] The induction heating unit may have a substantially
conic shape oriented so that the conical apex is closer to the
fabrication area than the conical base is to the fabrication
area, during operation of the additive casting system.

[0022] According to some embodiments of the invention,
which can be combined with other embodiments described
herein, the induction heating unit includes one or more
induction heating coil windings, wherein each coil winding
may include multiple turns. The induction heating unit may
include multiple windings having a first density of turns
(number of turns per unit distance) in a first portion of the
induction heating coil and a second density of turns in a
second portion of the induction heating coil, where the
second density is higher than the first density.

[0023] The induction heating unit may have a central axis
that is perpendicular to the build table. The induction heating
unit may be tilted in an angle with respect to the build table
during operation of the additive casting system.

[0024] Some embodiments further include a controller to
control the provision of electric power to the induction
heating unit, wherein controlling the provision of electric
power includes controlling at least one of: current level,
current amplitude, current polarity, timing, duration, alter-
nating current (AC) frequency, and AC phase.

[0025] In various embodiments, which can be combined
with other embodiments described herein, the molten metal
unit includes a metal rod, wherein the induction heating
melts a tip of the rod. In some embodiments of the invention,
which can be combined with other embodiments described
herein the molten metal unit features a crucible for contain-
ing metal which is heated and melted by the induction
heating unit.

[0026] The movable platform may include at least one of:
a movable unit to move the PDP unit and a movable support
configured to move the build table.

[0027] Aholder may include a rotating unit for rotating the
molten metal depositor. The holder may include an actuator
for moving a metal source rod in a vertical axis during
operation of the casting system. It is important to note that
the holder not only holds the molten metal depositor (which
is attached to the holder), but the holder is also attached to
the PDP unit, which includes one or more induction heating
units. That is, the molten metal depositor is physically
connected to the induction heating units via the holder. The
molten metal depositor and the induction heaters therefore
move together, being joined by the holder.

[0028] A related embodiment provides a molten metal
feeder for providing new molten metal to the molten metal
depositor.

[0029] The mold construction unit may be a mold depo-
sition unit with a mold material reservoir of unhardened
mold material in fluid connection with the mold deposition
unit, for additively depositing mold material in mold regions
of the production layers predefined by the building plan.

[0030] In some embodiments of the invention, which can
be combined with other embodiments described herein,
mold construction is accomplished by a mold construction
unit containing a reserve of remotely-constructed mold
components and including a mold transfer unit, for trans-



US 2022/0371086 Al

ferring the mold components from the reserve to mold
regions in the production layers predefined by the building
plan.

[0031] The system may further include a production
chamber to accommodate the build table and at least the
PDP unit during object region production and the mold
construction unit during mold region construction. The
production chamber may be maintained at a first temperature
during object region production and at a second temperature,
different from the first temperature, during mold region
construction. In a related embodiment, the production cham-
ber provides an inert atmosphere environment.

[0032] The production area may be maintained as an inert
environment during object region production.

[0033] According to another aspect of the invention, there
is provided a method for casting an object by additively
constructing production layers on a build table following a
building plan, the production layers having object regions
defined by mold regions, the method comprising, with a
Preparation-Deposition-Post treatment (PDP) unit having a
molten metal depositor, a holder for holding the molten
metal depositor, and induction heating unit connected to the
holder: constructing mold regions of the current production
layer on a build table following a building plan and there-
after, while providing relative movement between the PDP
unit and the build table, providing electric power to the
induction coil, for heating a portion of the molten metal
depositor to deposit metal in a fabrication area in the object
region of a current production layer and for performing at
least one of: pre-heating an area in the object region of a
previous production layer to a first temperature, and post-
heating an area in the object region of a current production
layer to a second temperature.

[0034] The method may further include repeating the
constructing, pre-heating, heating and post-heating follow-
ing the building plan.

[0035] The constructing may include depositing mold
material from a reservoir of mold material by a mold
deposition unit, in fluid connection with the mold material
reservoir. The constructing may include transferring
remotely-fabricated mold components from a reserve of
remotely-fabricated mold components by a mold transfer
unit to mold regions in the production layers predefined by
the building plan.

[0036] The method may further include controlling the
provision of electric power by controlling at least one of:
current level, current amplitude, current amplitude, power
level, current polarity, timing, duty cycle, power factor,
alternating current (AC) frequency, and altering current
(AC) phase.

[0037] Providing electric power may include optionally
providing a first electric power level for pre-heating the area
in the object region of the previous production layer;
[0038] providing a second electric power level for melting
metal in a portion of the molten metal depositor; and
optionally providing a third electric power level for post-
heating the area in the object region of the current produc-
tion layer.

[0039] The first electric power level may be determined
based on the electromagnetic (EM) energy required to heat
the area in the object region of the previous production layer
to the first temperature; the second electric power level may
be determined based on the EM energy required to melt
metal in a portion of the molten metal depositor; and the
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third electric power level may be determined based on the
EM energy required to heat the area in the object region of
the current production layer.

[0040] The method may further include one or more of:
providing vertical movement to the molten metal depositor
and controlling a working distance between molten metal
depositor and the object region of the previous production
layer (according to various embodiments of the invention,
the controller can change the relative position of a PDP unit
to ensure that the working distance is larger than the height
of the mold region of the current production layer, as well as
to change the relative position of a PDP unit according to the
thickness of a production layer); determining a required
molten metal deposition rate; controlling at least one of a
speed and a direction of the relative movement between the
PDP unit and the build table; determining a molten metal
deposition profile, and controlling at least one of: a vertical
position of the molten metal depositor, a speed of the molten
metal depositor, an electrical power level provided to the
induction heating unit, wherein the controlling is based on
the molten metal deposition profile; measuring a tempera-
ture of a portion of the molten metal depositor and control-
ling at least one of: the vertical position of the molten metal
depositor, a speed of the molten metal depositor, an electri-
cal power level provided to the induction heating unit,
wherein the controlling is based on the measured tempera-
ture; heating an area in the object region of a previous
production layer such that a width of a pre-heated area
formed by an induction heating unit during pre-heating of
the previously cast metallic layer is 5%-50% wider than the
width of a molten metal line cast on top of the pre-heated
line.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The subject matter regarded as the invention is
particularly pointed out and distinctly claimed in the con-
cluding portion of the specification. The invention, however,
both as to organization and method of operation, together
with objects, features, and advantages thereof, may best be
understood by reference to the following detailed descrip-
tion when read with the accompanying drawings in which:
[0042] FIG. 1A is an illustration of an additive casting
system according to some embodiments of the invention;
[0043] FIG. 1B is a block diagram of the additive casting
system of FIG. 1A according to some embodiments of the
invention;

[0044] FIGS. 2A-2D are illustrations of coil arrangements
according to some embodiments of the invention;

[0045] FIG. 3A is an illustration of an additive casting
system according to some embodiments of the invention;
[0046] FIG. 3B is a block diagram of the additive casting
system of FIG. 3A according to some embodiments of the
invention;

[0047] FIGS. 4A and 4B are flowcharts of methods for the
additive casting of metallic objects according to some
embodiments of the invention;

[0048] FIG. 5 is a detailed flowchart of a method for
controlling the systems for the additive casting of metallic
objects according to some embodiments of the invention;
and

[0049] FIG. 6A through FIG. 6F depict results of a met-
allurgical evaluation conducted on coupons of cast objects
manufactured in accordance with embodiments of the pres-
ent invention.
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[0050] It will be appreciated that for simplicity and clarity
of illustration, elements shown in the figures have not
necessarily been drawn to scale. For example, the dimen-
sions of some of the elements may be exaggerated relative
to other elements for clarity. Further, where considered
appropriate, reference numerals may be repeated among the
figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION

[0051] In the following detailed description, numerous
specific details are outlined in order to provide a thorough
understanding of the invention. However, it will be under-
stood by those skilled in the art that the present invention
may be practiced without these specific details. In other
instances, well-known methods, procedures, and compo-
nents have not been described in detail to obscure the present
invention.

[0052] Metal additive manufacturing approaches aim to
enable complex design with high resolution and accuracy of
the final part, obviate the need for mold preparation and use,
expedite lead time, and elevate manufacturing safety.

[0053] According to embodiments of the invention, there
are provided systems and methods for digitally planned and
controlled additive metal casting. According to embodi-
ments of the invention, the use of patterns is obviated.
According to embodiments of the invention, the use of
additional mold features such as pouring cups, runners,
risers, and extensions is obviated. According to embodi-
ments of the invention, additive manufacturing concepts are
implemented in a novel manner for casting. The manufac-
ture of the metal object is planned as a sequence of multiple
operations, executed production layer by production layer.
In each operation, a production layer including a mold
region and an object region is constructed. According to
embodiments of the invention, the production layers are
built on a build table by a group of dedicated production
units that travel over the production area (X-Y plane defined
by the build table). The travel of the production units over
the X-Y production plane may be a continuous travel or
discrete (in jumps).

[0054] The group of production units for implementing
production operations may include several or all of the
following units:

[0055] a mold construction unit (in a non-limiting
example, a mold deposition unit for depositing unhard-
ened mold material for a mold region of a production
layer);

[0056] a mold finishing unit for processing the mold
region before molten metal deposition;

[0057] a pre-metal deposition unit (in a non-limiting
example, for surface treatment and/or preparation)—
the pre-metal deposition unit may also be referred to
herein as “pre-processing” unit;

[0058] a molten metal deposition unit for fabricating the
object region of the production layer. The object region
is deposited in an area defined by the mold region;

[0059] a metal post-processing unit for post-processing
the metal region; and

[0060] a production layer post-processing unit for post-
processing of the production layer before proceeding to
the production of the next production layer.
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[0061] The production units may be moved by robotic
arms, moving stage, or other means. The invention is not
limited by the type and kind of motion actuator for the X-Y
motion.

[0062] Before proceeding to the next production layer, the
relative displacement of the build table and the production
units is adjusted. For example, the height of the build table
is adjusted in the Z-direction or by adjusting the production
unit height. This is done in connection with various opera-
tions, and in some cases is done according to thickness of the
current production layer. The invention is not limited by the
type and kind of motion actuator for the Z motion.

[0063] Part or all of the production units may travel over
the build table in a continuous manner or a discrete manner
(jumps), thereby defining a plurality of fabrication areas or
local fabrication areas.

[0064] According to an embodiment of the invention, the
pre-metal deposition unit, metal deposition unit, and metal
post-processing unit are physically connected to each other
and share a travel mechanism. The combined module of
pre-deposition (pre-processing), deposition, and post-depo-
sition (post-processing, post-treatment) is referred to as
‘metal PDP unit’, where the letters PDP stand for “Prepa-
ration, Deposition, and Post-treatment”.

[0065] According to embodiments of the invention, some
preparation and post-treatment operations are realized using
induction heating. The preparation operation may be real-
ized as pre-heating at the area of a previously-fabricated
production layer adjacent to the fabrication area, and the
post-treatment may be realized as post-heating an area of a
current production layer adjacent to the fabrication area.

[0066] The fabrication area, the area of a previous pro-
duction layer, and the area of a current production layer
constitute a melt pool that solidifies in a homogeneous
manner. For example, a melt pool of a few millimeters (5,
10, 50, 100) up to a few centimeters (1, 2, 3, 4, 5, 10, 15) is
created.

[0067] In some embodiments, the combined operation of
metal heating, pre-heating, and post-heating is required for
proper casting with perfect bonding between the already cast
object layer to the next one in large area models while
moving. In this fashion, additive casting according to
embodiments of the invention assures homogeneous bond-
ing with uniform and isotropic micrograin structure through-
out the cast product, eliminating the casting voids and other
defects of current additive processes, as noted in the prior art
references previously cited.

[0068] In some embodiments, which can be combined
with other embodiments described herein, pre-heating is
applied to melt the area in the previous production layer.
Metal heating is applied for melting the metal and facilitat-
ing its deposition at the proper temperature. Post-heating is
applied to enable controlled cooling of the resultant metal
area.

[0069] Depending on various operational aspects, the
operation of pre-heating may be obviated. For example, in
case the previous production layer suffers no (or little)
surface oxidation. Further, in some cases, the bonding
between the currently-deposited material and the previously
deposited layer may be solely based on the post-heating.

[0070] Depending on various operational aspects, the step
of post-heating may be omitted. In a non-limiting example,
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there is the case in which a desired thermal profile can be
achieved without heating, e.g., with cooling or without
applying additional heating.

[0071] According to embodiments of the invention,
parameters of at least the pre-heating, heating, and post-
heating are controlled. For example, the temperature, dura-
tion, thermal profile, and additional parameters are con-
trolled to generate a desired cooling profile of the melt pool.
[0072] In some embodiments, the post-deposition treat-
ment by itself or in combination with the global environ-
mental temperature control is used for controlling the crys-
tallographic structure and phase of the deposited metal. In
some embodiments, an additional global heating and/or
cooling operation is applied to the part after a sequence of
production layer fabrication operations is provided.

[0073] According to embodiments of the invention, some
preparation and post-treatment operations are realized using
a single induction heating unit. The function of the single
induction heating unit as ‘preparation’ or ‘post-treatment’
depends on the direction of travel.

[0074] The post-treatment may further be realized as cool-
ing.
[0075] Further yet, the post-treatment may include the

addition of materials into the area of the current production
layer.

[0076] The post-treatment may include surface alignment
or flattening, for example, using mechanical and/or magnetic
means.

[0077] According to embodiments of the invention, the
mold (also called a ‘shell’) serves as a delineator of the
shape of the object region of the production layer. A portion
of the mold region may surround the object region to create
a boundary contour into which the object material will be
laid. Portions of the mold region may serve as temporary
support for overhanging sections of the object region as they
are deposited. Similarly, portions of the mold region may
temporarily support overhanging sections of the mold
region.

[0078] The invention is not limited by the mold type and
mold building technique. According to an embodiment of
the invention, mold regions are directly laid on the build
table using additive techniques such as 3D (3 dimensional)
printing. According to another embodiment of the invention,
mold regions layers are fabricated away from the build table
and are mounted on the build table layer by layer.

[0079] Due to the use of mold regions (shells), higher
metal deposition flow rates are feasible, comparing other
additive metal casting techniques. Continues metal deposi-
tion is enabled by allowing each deposited portion (for
example, a drop) to flow within the boundaries defined by
the mold regions. As a result, higher production throughput
may be achieved. For example, in the non-powder, no-mold
metal additive Direct-Energy-Deposition (DED) technique,
the deposition thickness is at the order of 1, 2, or 3 mm,
giving rise to production rates of 1-3 kg. in 20 hours.
According to embodiments of the invention, 500-1000 kg. or
more may be deposited in 20 hours.

[0080] According to embodiments of the invention, the
production layers may be fabricated in a controlled and
closed environment: the build table—along with production
layers additively generated on it—is placed within a pro-
duction chamber. The production units—in all or in part—
may be placed within the closed environment or allowed
access to the closed environment. By placing the build table
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within a closed environment and carrying out various pro-
duction operations within the closed environment, a higher
level of production control and safety may be achieved.
[0081] In some embodiments, which can be combined
with other embodiments described herein, the production
chamber includes one or more heaters for attaining the
desired temperatures therein. Temperatures in the produc-
tion chamber are adjusted to address one or more of the
following considerations:

[0082] temperature differences between the object
region of the current production layer and the object
region of the previous production layer;

[0083] temperature differences between the mold region
of the current production layer and the mold region of
the previous production layer;

[0084] temperature differences between the mold region
and the object region of the current production layer;

[0085] desired drying/hardening rates of mold regions;
[0086] desired solidification rates of object regions; and
[0087] planned thermal pre-processing and post-pro-

cessing to be applied on mold regions and/or object

regions of the current production layer.
[0088] In some embodiments, which can be combined
with other embodiments described herein, the build table
includes one or more build table heaters, and the controller
is operative to heat and maintain the build table at prede-
termined table temperatures. For example, for the produc-
tion of gray iron objects, a table temperature may be held
constant in the range of 500 to 750 degrees centigrade. In
related embodiments, build table heaters provide heat for
pre-heating and/or post-heating.
[0089] In some embodiments the controller is further
operative to heat the build table to a first build table
temperature for mold region construction and to a second
build table temperature, different from the first build table
temperature, for object region production.
[0090] According to embodiments of the invention, the
global temperature of the chamber, the build table, and/or
the part during the part’s fabrication is monitored and
controlled. For example, a furnace may be used for circu-
lating hot air; the build table may be heated; the build table
may include a heater and more. The invention is not limited
by the type and kind of global temperature control.

Some Advantages of the Present Invention

[0091] By controlling the production chamber tempera-
tures, build table temperatures and casting temperatures
according to embodiments of the invention, one or more of
the following properties and characteristics may be
enhanced: mold stability; interactions between mold regions
within a single production layer or between mold regions of
different production layers; homogeneity of object regions
both macroscopically and in the grain microstructure; iso-
tropic bulk properties of cast objects; and freedom from
casting defects.

[0092] In some embodiments of the invention, the system
may operate in an open atmospheric environment. Accord-
ing to other embodiments of the invention, the production
environment may be maintained as a sealed inert atmo-
spheric environment during part or all of the production
operations. The inert atmospheric environment may be real-
ized in several ways, non-limiting examples of which
include: use of a sealed production chamber, semi-sealed
production chamber, or unsealed local-environment pro-
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vided adjacently to the production spots. The invention is
not limited by the realization of the inert atmospheric
environment.

[0093] According to embodiments of the invention, mold
removal is performed globally after completing all of the
production layers.

Additional Advantages and Benefits of the Invention

[0094] As noted previously, many of the current additive
metal casting processes require manufacturers to discon-
tinue using their regular sources of raw material and switch
to using powdered metal sources. An advantage of the
invention is that it allows manufacturers to continue using
their regular certified raw materials as input.

[0095] Another advantage of the invention is in facilitating
the automation of casting operations, which currently
require the involvement and supervision of skilled person-
nel, not only in production-line casting, but also in the
preparation of patterns and molds. As experience and skilled
labor becomes more difficult to find, fully-automated addi-
tive metal casting systems, such as those supported by the
invention, will become more and more necessary.

[0096] Reference is now made to FIG. 1A, which is an
illustration of an additive casting system 100 according to
some embodiments of the invention. The additive casting
system 100 is to fabricate a metal object additively. The
object is fabricated production layer by production layer: a
previously cast production layer 12, including metal region
6 and mold region 8—represented by mold region cross-
sections 8A and 8B is shown. Current production layer 14,
including an object region 7A and mold region 18—repre-
sented by mold region cross-sections 18A and 18B—is
shown. During the fabrication of a production layer 14,
object region 7A and optionally mold region 18 are fabri-
cated additively in a sequential manner: during a metal
deposition operation, molten metal is deposited in a fabri-
cation area FA.

[0097] Not shown in FIG. 1A are the system units respon-
sible for the construction of the mold regions.

[0098] An additive casting system 100 may include a
metal PDP (Preparation-deposition-post-treatment) unit 10
and a movable platform 40, holding PDP unit 10, and
configured to provide a relative movement between PDP
unit 10 and a build table 4. For ease of explanation, PDP unit
10 is shown as moving along direction D1 on a travel plane
defined by build table 4. During the travel of PDP unit 10
along direction D, on a travel plane, a sequence of fabrica-
tion areas FA is defined, and molten metal is deposited
therein. For clarity of illustration and explanation, only one
fabrication area FA is explicitly shown.

[0099] In some embodiments, the movement of PDP unit
10 may include continuous travel. Depending on parameters
such as deposition flow, the speed of travel, and other
factors, discrete drops may be deposited. In another embodi-
ment having other parameters requiring a higher deposition
flow, a continuous jet or stream of molten metal is deposited.
In further embodiments, discrete deposition is performed
using step-wise movement in a series of move-stop actions.
[0100] In some embodiments, the planar movement may
include running PDP unit 10 back and forth in rows or
columns linearly along the plane defined by the build table
(Cartesian-type of movement). Movable platform 40 may be
realized in Cartesian coordinates with right-angle frames
and linear axes (not shown). Movable platform 40 may also
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be realized as a Delta system, employing multiple arms
attached to vertical rails. Other motion technologies may be
used, such as Selective Compliance Assembly Robot Arm
(SCARA), H-bot, CoreXY, and others. In some embodi-
ments, the movement of PDP unit 10 may be realized using
polar coordinates, circulating PDP unit 10 over the surface.
The invention is not limited by the motion type and tech-
nique.

[0101] In some embodiments, PDP unit 10 may include a
holder 20 for holding a molten metal depositor for providing
molten metal/melt 9. A metal rod 5 is shown in FIG. 1A as
a non-limiting example.

[0102] In some embodiments, movable platform 40 may
include a connector 46 for connecting the movable platform
to the build table 4.

[0103] Insome embodiments, the thickness of each object
region, for example, object regions 6 and 7, may be 1-30
mm.

[0104] In some embodiments, the first fabricated produc-
tion layer, directly placed onto build table 4, is composed of
only the mold region 8C.

[0105] During mold fabrication and object fabrication
operations, the mold region may be slightly higher than the
planned thickness of the object region—this is illustrated in
FIG. 1A by the slight difference between the height of
cross-section 18A and the upper surface of the object region
7. The height difference between the mold region 18 and
object region 7 may be provided to avoid metal spill off
during object region fabrication or for accommodating
object regions, fabricated by several travels of the metal
deposition unit over the same or adjacent fabrication spots
and supported by a previously fabricated mold region (not
shown in FIG. 1).

[0106] In some embodiments, movable platform 40 may
include at least one of: a movable unit 45 configured to move
the metal deposition unit, and a movable support 46 con-
figured to move build table 4. In some embodiments, mov-
able support 46 may be configured to move build table 4
with respect to movable unit 45 and the metal deposition
unit. In some embodiments, build table 4 may be configured
to move in at least one axis (e.g., vertical direction), two
axes (e.g., in a horizontal plane), or in all three axes.
[0107] In some embodiments, system 100 may be config-
ured to provide relative movement between PDP unit 10 and
build table 4 in one, two or three axes by controlling the
movement of the movable unit 45 and/or movable support
46. The invention is not limited by the manner the relative
movement between build table 4 and the metal deposition
unit is realized.

[0108] In some embodiments, PDP unit 10 includes a
rotation unit, providing rotation of PDP unit 10 around its
symmetry axis. In some embodiments, a tilt angle between
the PDP unit and the build table is provided. For example,
PDP unit 10 may include a tilt unit, enabling the tilt of PDP
unit 10 with respect to the build table. The internal motion
of units within PDP unit 10, for example, shifting one or
more induction heating units in the z-axis, is also a possi-
bility. The invention is not limited by the manner the rotation
movement and the tilt angle are realized.

[0109] In some embodiments, a PDP unit further includes
induction heating unit 30. In related embodiments, induction
heating unit 30 is configured to: (1) pre-heat a previously-
fabricated object region 6 A in production layer 6 adjacent to
the current object fabrication spot SP in production layer 7
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to a first temperature; (2) melt a portion of metal rod 5 using
the inner sides of portions 30A, 30B of induction heating
unit 30; and (3) post-heat object region 7A in the current
production layer 7 to a second temperature.

[0110] In the embodiment of the invention illustrated in
FIG. 1A, the following construction units, described above,
are realized as the molten metal depositor having rod 5 and
induction heating unit 30: the pre-processing metal produc-
tion unit—section 30A of induction heating unit 30; the
metal deposition production unit—rod 5, heated by inner
portions of induction heating unit 30, and the metal post-
processing unit—section 30B of induction heating unit 30.

[0111] With respect to a cross-section of induction heating
unit 30 (for example, axis AA shown in FIG. 2), which is
parallel to the progression direction D1, certain embodi-
ments provide induction heating unit 30 with a leading
portion 30A and a trailing portion 30B. Leading portion 30A
pre-heats the previously fabricated object region 6A in
production layer 6 adjacent to the current object fabrication
spot SP in production layer 7 to a first temperature, and
trailing portion 30B post-heats object region 7A in the
current production layer 7 to a second temperature.

[0112] According to the present invention, it is critical to
focus closely on the fabrication area, where the molten
metal—either in droplet form or in the form of a narrow
molten metal stream—meets the previously-deposited metal
which has solidified. This small area (on the scale of
millimeters) is where the added metal becomes part of the
cast object. The Applicant has realized that shortcomings of
current additive technology may arise due to the lack of
attention to this small but critical region. Current additive
processes rely on the thermal energy of the added molten
metal to bond it to the previously-deposited metal, but this
is inadequate to properly control the metallurgical transition
from the liquid phase to a fully-integrated solid phase, and
results in poor bonding, irregular grain microstructure,
anisotropic properties, and other casting defects. Embodi-
ments of the invention overcome these problems by provid-
ing an integrated PDP unit, which not only deposits the
additive molten metal, but also precisely controls the ther-
mal properties of both the additive molten metal and the
target region of the solidified metal. The precise control
enables to reduce or eliminate thermal shock and allows the
molten metal to seamlessly integrate and bond with the
pre-existing metal. In order to do this, embodiments of the
invention provide a PDP unit that closely combines both
deposition and thermal heating for coordinated processing of
small areas on the scale of millimeters. A key feature of the
PDP unit according to embodiments of the present invention
is maintaining the close physical proximity of the molten
metal deposition unit and coordinated heating units within
the integrated PDP unit. By physically joining these crucial
sub-units in this way, system errors associated with inde-
pendent deposition and heating units are minimized and
reduced to the matter of direction and speed of the PDP
unit’s motion over the target object. A small amount of time
necessarily elapses between pre-heating the target area and
the deposition of the added molten metal. Physical coupling
the molten metal depositor to the heating units in the PDP
unit according to present invention allows precise control
over this small time-interval, to minimize its effects. Rel-
evant parameters may involve the geometry of the molten
metal depositor-heater combination, and the path, speed, and
direction of the PDP unit’s motion. According to related
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embodiments of the invention, these parameters can be
varied along with properly-configured scanning patterns and
careful compensation in the working distance of the PDP
unit over the fabrication areas, to attain superior metallur-
gical conditions that are conducive to the desired bonding
and integration of the added metal into the existing metallic
object.

[0113] During operation, the following activities are car-
ried out sequentially over multiple fabrication areas, as
applicable, one fabrication area after another. Each of the
molten metal depositor units passes over the fabrication area
and its vicinity at a different time, one after the other: while
moving, portion 30A of induction heating unit 30 pre-heats
part of production layer 6. Heat is transferred to the vicinity
of the preheated area. Thereafter, molten metal depositor
with rod 5 reaches the preheated area—{fabrication area FA
and deposits the metal. Then 30B is traveling above this area
and post-heats it. Optionally, additional post-treatment is
applied, for example, cooling and non-thermal treatment
operations.

[0114] As the PDP unit moves over an object region being
produced, a continuous melt pool trail and continuous mol-
ten metal deposition may be created. In a fabrication area,
the melt pool cools down after PDP unit pre-heating, as the
molten metal depositor approaches and moves above the
fabrication area. In some embodiments, heating above the
melting point is provided to compensate for this cool-down
of the fabrication area between the passage of the pre-heater
and the arrival of the molten metal depositor.

[0115] According to embodiments of the invention, a
portion of object region 6A is pre-heated by portion 30A of
induction heating unit 30 to a temperature above melting
point; the portion of object region 6 A is melted—at least its
top surface—to form a melt pool with a depth of approxi-
mately 1 mm. Then, molten metal depositor with rod 5 goes
over the melt pool (the preheated portion of object region
6A) and deposits molten metal on top of the pre-heated
portion of object region 6 A. Then, portion 30B of induction
heating unit 30 is moving over the fabrication area—now
constituting a portion of object region 7A, for post heat. The
post-heating may support the joining of the currently depos-
ited metal to the previously deposited metal portions. Post
heating may also control the cooling-process of the metal.
[0116] In operation, object regions 6A and 7A that are
adjacent to fabricating area FA are locally liquefied. When
molten metal is deposited onto fabrication area FA, the
deposited molten metal mixes with the previously deposited
metal in object regions 6A and 7A creating seamless bond-
ing. After the molten metal depositor moves away, the
deposited metal cools down by heat transfer from object
regions 6A and 7A to the bulk of previously-deposited (and
now solidified) metal below.

[0117] As the sequence of pre-heating-metal deposition-
post-heating is carried out on the multiple fabrication areas
(spots), the current object production layer solidifies.
[0118] Induction heating unit 30 is controlled by a con-
troller (controller 60 shown in FIG. 1B). Controller 60 may
control the timing of the operation, the duty cycle, the
temperature, and additional operating parameters. In various
embodiments, controller 60 is implemented via a digital
control system, an analog control system, or a combination
thereof.

[0119] The term “controller” herein denotes any auto-
mated device for carrying out, operating and/or controlling
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a process, including general-purpose computing, data pro-
cessing devices, and mobile data communication/processing
devices, as well as dedicated controllers and dedicated
controlling devices embedded in equipment, apparatus, sys-
tems, and data communication/processing networks. It is
understood that methods of the invention may be carried out
by, or be under the direction of, controllers or similar devices
according to executable instructions, commands, and/or data
in the form of executable programs, subroutines, and com-
puting/data processing device applications embodied as
software and/or firmware contained in non-transitory data
storage devices.

[0120] In some embodiments, the second temperature
generated for induction heating unit 30 is the same as the
first temperature. In other embodiments, the second tem-
perature is higher than the first temperature.

[0121] Induction heating unit connectors 30C and 30D
may be connected to holder 20 and/or movable unit 45.

[0122] Induction heating unit 30 may have various suit-
able shapes or forms. In some embodiments, induction
heating unit 30 is realized as a planar “pancake” type
induction heating coil, as illustrated in FIG. 2A. The central
hole of induction heating unit 30 is larger than the diameter
of rod 5 being melted. For example, induction heating coil
30 may be a 5-turn pancake coil with a copper pipe of a
rectangular cross-section. The copper pipe cross-section
may be 10x20 mm. In some embodiments, rod 5 diameter
may be about 45 mm, and the diameter of the central hole
of induction heating coil 30 may be about 60 mm. In other
embodiments, the hole in the induction heating unit doesn’t
have to be larger than rod 5: the drops from the molten tip
of'rod 5 will flow on the surface of the conic tip and drop to
the fabrication area through the center.

[0123] According to embodiments of the invention, illus-
trated in FIG. 2A, induction heating unit 30 is composed of
a symmetrically configured induction heating coil. As a
non-limiting example, a substantially planar circular coil
(“pancake”) with 5 turns is shown. Induction heating unit
30, being part of the PDP unit 10, can be moved in any
direction in the production plane. Due to its symmetrical
arrangement, any portion of the circular induction heating
coil (“pancake’) may operate as the leading portion 30A or
trailing portion 30B with respect to the progression direction
of the PDP unit.

[0124] According to other embodiments of the invention,
illustrated in a non-limiting manner in FIGS. 2B and 2C,
induction heating unit 30 is arranged in an oval shape,
having symmetry with respect to a preferred axis, and
defining preferred portions of the induction heating unit as
‘leading’ and ‘trailing” with respect to the progression direc-
tion. In such a configuration, the induction heating unit
and/or the PDP unit may be provided with suitable motion
degrees of freedom (for example, around axis BB shown in
FIG. 2A) to cover the entirety of the production layer.

[0125] FIG. 2D is a cross-section of induction heating unit
30 according to another embodiment: induction heating unit
30 may include a coil having a substantially conic shape
oriented such that a smaller diameter d,; of the coil is closer
to the fabrication area than the larger diameter of the coil ds
is to the fabrication area during operation of the additive
casting system.
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[0126] In yet another embodiment, induction heating unit
30 may include one or more production layers, and each
production layer includes a plurality of turns (not illus-
trated).

[0127] In some embodiments, a plane defined by the flat
pancake shape (plane A-A shown in FIG. 2) is parallel to the
production plane defined by the build table (element 4 in
FIG. 1A). A central axis B-B of induction heating unit 30
may be perpendicular to plane A-A, as illustrated in FIGS.
1A and 2.

[0128] In yet another embodiment, induction heating unit
30 may be tilted at an angle (e.g., 1-30 deg.) with respect to
a horizontal plane (e.g., the upper surface of production
layers 6 or 7) during operation of additive casting system
100. In such a case, when movable platform 20 moves tilted
induction heating coil 30, a portion of induction heating unit
30 positioned closer to the horizontal plane is acting as the
‘leading’ portion, providing pre-heating.

[0129] In yet another embodiment, induction heating unit
30 may include a plurality of eccentric turns having a first
density of turns in a first portion of induction heating unit 30
and a second density of turns in a second portion of
induction heating unit 30, higher than the first density. In
such a case, the energy density coupled to a metal layer by
the second portion of induction heating unit 30 may be
higher than the energy density coupled by the first portion of
induction heating unit 30 for the same current.

[0130] The shape of the induction heating unit is not
limited to a doughnut topology. For example, induction
heating unit 30 may include a set of two hair-pin coils,
making 30A and 30B two independent induction heating
units. According to another example, the induction heating
unit may include ‘split-n-return’ coils.

[0131] The induction heating units may include one or
more magnetic flux concentrators (MFCs) to amplify the
magnetic field density. Heat sinks for the magnetic flux
concentrators (MFCs) may also be used. The invention is not
limited by the type, shape, and design of the magnetic flux
concentrators and heat sinks that may be used.

[0132] In some embodiments, the size, width, height,
material, structure, number of turns, and the distance of
induction heating unit 30 from production layers 6 and 7
may be determined in order to control the magnetic energy
coupling between induction heating coil 30 and rod 5 and
production layers 6 and 7.

[0133] For example, the size of the central hole of induc-
tion heating unit 30 may be determined to optimize the
magnetic energy coupling between induction heating coil 30
and rod 5 in order to provide a controlled melting of rod 5.

[0134] In another embodiment, when induction heating
unit 30 is positioned substantially horizontally to the surface
of production layers 6 and 7, the energy coupling between
induction heating coil 30 and new production layer 7 may be
higher than the energy coupling between induction heating
coil 30 and previous production layer 6, since production
layer 7 is closer to induction heating coil 30 than production
layer 6.

[0135] In yet another embodiment, in order to improve the
energy coupling between production layer 6 and induction
heating coil 30, induction heating unit 30 may be tilted (as
discussed herein above), shortening the distance between the
lower face of induction heating coil 30 and production layer
6.
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[0136] In the above-described embodiments, induction
heating unit 30 was described as being realized using a
single induction heating coil. The invention is not limited by
the number of induction heating coils used, and multiple
induction heating coils may be used to constitute the various
embodiments of induction heating unit 30, with the appro-
priate modifications.

[0137] In some embodiments, movable platform 20 may
include an X-Y build table, robotic arm, servo motors, gears,
connectors, and the like that may allow moving PDP unit 10
in at least two axes, for example, the horizontal X-Y plane,
during operation of casting system 100.

[0138] In some embodiments, movable platform 40 may
further be configured to move PDP unit 10 also in the Z
direction, tilt PDP unit 10 at a predetermined angle, and the
like.

[0139] In some embodiments, the internal motion of
induction heating unit 30 within PDP unit 10 may be
provided. For example, induction heating unit 30 may be
shifted in the z-axis.

[0140] In some embodiments, movable platform 40 may
be configured to move induction heating coil 30 over the
production layer for performing consecutive serial opera-
tions. Movable platform 40 may perform a first planar
movement over the surface of the object region of produc-
tion layer 6 for preheating the object region of production
layer 6 prior to the deposition of the object region of
production layer 7. For example, rod 5 may be lifted up
outside the heating area defined by the inner side of portions
30A, 30B. Movable platform 40 may perform a second
planar movement over the object region of production layer
6, after lowering rod 5, for melting and depositing molten
metal to cast the object region of production layer 7.
Movable platform 40 may then perform a third planar
movement over the object region of production layer 7 for
post treating object region of production layer 7, for
example, after lifting rod 5, in order to join together object
region of production layers 6 and 7.

[0141] In some embodiments, holder 20 may include a
rotating unit (e.g., an electric motor and a gear) for rotating
rod 5 in order to provide an even melting of rod 5. In some
embodiments, holder 20 may include an actuator for moving
the rod in a vertical axis during operation of the additive
casting system. The actuator may include any unit config-
ured to provide vertical movement to rod 5 during operation
of system 100. The actuator may include a motor and a gear
assembly configured to transfer rotational movement from
the motor (e.g., an electric motor) to a vertical movement of
rod 5.

[0142] In some embodiments, system 100 may include a
feeder, not illustrated, for providing, in the case of a molten
metal depositor in the form of a rod, a new metal rod 5 to
holder 20, when rod 5 reaches a minimum length (e.g., 100
mm).

[0143] The invention is not limited by the type of molten
metal depositor that is used. For ease of explanation, the
invention was described with reference to a molten metal
depositor in the form of a metal rod (element 5 in FIG. 1A),
but this is not necessarily so. According to one embodiment,
a crucible is used. The crucible may receive solid metal or
molten metal. The crucible may receive heat generated, e.g.,
by induction heating unit 30 shown in FIG. 1A.

[0144] The invention is not limited by the shape and size
of the molten metal depositor. For ease of explanation, the
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invention was described with reference to the deposition of
metal drops by the molten metal depositor. According to
another embodiment, the molten metal depositor may be
shaped like a trough, giving rise to faster deposition of metal
over a larger area comparing drop deposition.

[0145] In some embodiments, system 100 may further
include at least one sensor 50, for example, an IR camera or
pyrometer for measuring the temperature of the tip of rod 5,
molten metal 9, object regions of production layer 6, and/or
production layer 7. In some embodiments, system 100 may
further include other sensors, such as visible-wavelength
cameras, pyrometers, weight sensors 54 (e.g., rod or crucible
weight sensor and/or build table weight sensors), stereomet-
ric vision sensors (e.g., for measuring production layer
thickness), and the like.

[0146] Reference is now made to FIG. 1B, which is a
block diagram of the additive casting system of FIG. 1A
according to some embodiments of the invention. In some
embodiments, system 100 may include PDP unit 10 and
movable platform 40, as discussed with reference to FIG.
1A. System 100 may further include a controller 60 for
controlling the controllable units of system 100. Controller
60 may include any processing unit, such as processor 62
configured to execute methods, codes, and instructions
according to embodiments of the invention. The methods,
codes, and instructions may be stored in non-transitory
memory 64, for example, instructions to control various
controllable components of system 100 (e.g., motors, a
power supply (e.g., a power supply 90), sensors (e.g.,
sensors 50, 52, 54), etc.). Memory 64 may further include
any data related to the operation of casting device 100, for
example, 3D models of parts and/or molds. In some embodi-
ments, controller 60 may further include any input/output
(I/0) unit 66 for communicating with external devices, for
example, power supply 90, thermal sensor 50, camera 52,
the weight sensor 54, external computing devices, and the
like. I/O unit 66 may include any communication unit, user
interface devices, and the like.

[0147] In some embodiments, system 100 may further
include a power supply 90, configured to provide AC electric
power of frequency range, for example, between 10 kHz and
400 kHz and maximum power, for example, of 200 kW, to
at least one induction heating coil 30, electrical power to the
electronic components and drivers, of movable platform 40,
electrical power to the electronic components and drivers of
the rotating unit and vertical motion actuator of holder 20
and/or sensor 50.

[0148] In some embodiments, controller 60 may be con-
figured to control the provision of electric power to at least
one induction heating coil. In some embodiments, control-
ling the provision of the electric power may include con-
trolling at least one of the current level, current amplitude,
current amplitude, current polarity, timing, duration, and
current AC frequency.

[0149] In some embodiments, controller 60 may control
power supply 90 to provide induction heating coil 30 a first
electric power level for pre-heating metal layer 6. In a
nonlimiting example, when the casted metal is cast iron, and
the induction heating unit is as illustrated in FIG. 2A, power
supply 90 may provide induction heating coil 30 with 30 kW
at 115 kHz. In some embodiments, controller 60 may control
power supply 90 to provide induction heating unit 30 a
second electric power level for melting rod 5. In the non-
limiting example, when rod 5 is a 45 mm diameter cast iron
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rod, power supply 90 may provide induction heating unit 30
with 40 kW at 115 kHz. In some embodiments, controller 60
may control power supply 90 to provide induction heating
coil 30 a third electric power level for post-heating metal
layer 7. In a non-limiting example, when the casted metal is
cast iron, and the induction heating unit is as illustrated in
FIG. 2A, power supply 90 may provide induction heating
coil 30 with 35 kW at 115 kHz.

[0150] In some embodiments, other aspects of the opera-
tion of system 100 may also be controlled by controller 60,
as broadly discussed with respect to the method of FIG. 4A.

[0151] Insome embodiments, system 100 further includes
a mold construction unit for fabricating the mold regions.
According to embodiments of the invention, the mold con-
struction unit is a mold deposition unit that fabricates the
mold regions in an additive manner, for example, using 3D
(three-dimensional) printing techniques. The mold construc-
tion unit may include a reservoir of mold material in paste
form and a mold deposition unit, in fluid connection with the
mold material reservoir, for additively depositing mold
material in mold regions of the production layers.

[0152] In other embodiments, the mold regions may be
fabricated by remotely-fabricated mold layers, for example
employing sand or ceramic mold techniques. The mold
construction unit may be realized as a mold transfer unit
with a reserve of remotely-fabricated mold components for
transferring hardened and finished mold components from
the reserve to mold regions in the production layers pre-
defined by the building plan.

[0153] The mold construction unit may be connected to or
equipped with a movable unit to move over the build table
and fabricate the mold regions as predefined by the building
plan. The invention is not limited by the realization of the
movement of the mold construction unit. For example,
movable unit 40 illustrated in FIG. 1A may be connected to
the mold construction unit to move it for the fabrication of
the mold regions.

[0154] In some embodiments, as illustrated in FIG. 1B,
system 100 may further include a mold deposition unit 80.
Mold deposition unit 80 may be configured to deposit mold
portions, for example, mold portions 8A and 8B of mold 8.
In some embodiments, mold deposition unit 80 may include
a reservoir of mold material 82 in paste form and a mold
deposition unit 84, in fluid connection with the mold mate-
rial reservoir, for additively depositing mold material at
predefined mold regions. In some embodiments, mold depo-
sition unit 84 may include one or more liquid introduction
ports (e.g., nozzles, spouts, and the like) for pouring at least
one liquid substance. In other embodiments, mold deposi-
tion unit 84 may be in fluid connection and/or may include
areservoir of mold material 82 containing the mold material.
In further embodiments, the reservoir of mold material 82
may be any tank, cartridge, and magazine configured to hold
the mold material. In related embodiments, the reservoir of
mold material 82 may include a stirrer for stirring the mold
material in the reservoir of mold material 82 prior to the
deposition.

[0155] In certain embodiments, mold deposition unit 80
may be coupled to movable unit 40 or to an additional
movable unit (not illustrated in FIGS. 1A-1B) for moving
mold deposition unit 80 over build table 4, for example, in
at least two axes.
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[0156] In various embodiments, controller 60 may control
mold deposition unit 80 and the movable unit to deposit
mold portions such as 8A, 8B, 18A, and 18B shown in FIG.
1A.

[0157] In some embodiments, power supply 90 may pro-
vide power to mold deposition unit 80 and the movable unit.
[0158] In some embodiments, the mold material may
include or may be any material suitable for being deposited
or printed from mold deposition unit 80 and provide a shape
for a specific liquid material being poured into the mold after
the mold deposition.

[0159] In some embodiments, the mold material may
include granular material mixed with a binder and config-
ured to hold molten metal at elevated temperatures. The
granular material may include ceramic powders (e.g., zir-
conia, alumina, magnesia, etc.), sand, clay, metallic pow-
ders, and any combination thereof. In some embodiments,
the mold material may further include activation additives.
For example, UV absorbing particles, crosslinking agents,
heat-absorbing particles, and the like.

[0160] In some embodiments, different production opera-
tions are carried out at different temperatures. For example,
controller 60 is to facilitate a first temperature for the metal
deposition unit and facilitate a second temperature for mold
deposition unit 80. For example, the temperature of the
metal deposition unit, in the case of iron casting, may be
1100, 1200, or 1300 degrees Celsius, while the operating
temperature of the mold deposition unit 80 may be around
350, 450, 600 degrees Celsius.

[0161] Reference is now made to FIG. 3A, which is an
illustration of an additive casting system 150 according to
some embodiments of the invention. With respect to FIG.
1A, like elements are given like reference numerals. System
150 differ from system 100 shown in FIG. 1A in the design
of the PDP unit 15.

[0162] An additive casting system 150 may include a PDP
deposition unit 15 and a movable platform 40 holding the
PDP unit 15 and configured to provide a relative movement
between PDP unit 15 and build table 4, for example, along
at least two axes. Movable platform 40 of system 150 may
be substantially the same as movable platform 40 of system
100 shown in FIG. 1A.

[0163] PDP unit 15 may include a first induction heating
unit 32 for preheating a portion of a casted object region of
a previously processed production layer (e.g., metal region
of production layer 6), a second induction heating coil 34 for
melting metallic rod 5, and a third induction heating coil 36
for post-heating a portion of the current object region of the
current production layer (e.g., production layer 7). Holder 20
may be substantially the same as holder 20 of system 100
and may include the same additional components, such as a
rotating unit for rotating rod 5 and/or an actuator for moving
rod 5 in a vertical axis.

[0164] In some embodiments, the internal motion of one
or more induction heating units 32, 34, 36 within PDP unit
10 may be provided. For example, the pre-heating induction
heating unit 32 and/or the post-heating induction heating
unit 36 may be shifted in the z-axis.

[0165] In some embodiments, similarly to system 100,
system 150 may include a feeder (not illustrated) for feeding
new rods 5 to holder 20.

[0166] In some embodiments, movable platform 40 may
include a connector 46 for connecting the movable platform
to build table 4.
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[0167] Induction heating units 32, 34, and 36 may be
realized using a single coil or multiple coils in various
shapes. In some embodiments, induction heating units 32,
34, and 36 may have any of the shapes and configurations
disclosed above concerning induction heating unit 30. For
example, second induction heating unit 34 may have a
substantially conic shape oriented so that the apex of the coil
is closer to the fabrication area than the base of the coil is to
the fabrication area during operation of the additive casting
system. In another example, induction heating units 32 and
36 may be realized using “pancake” coils, as described in
FIG. 2A, or with hairpin-type coils.

[0168] In some embodiments, at least one of the first
induction heating unit 32, second induction heating unit 34,
and third induction heating unit 36 may include one or more
coil windings; wherein each coil winding may include one
or more turns. In some embodiments, first induction heating
unit 32 may be assembled such that a lower surface of the
first induction heating unit 32 is located at a first distance d
from build table 4; the third induction coil 36 unit is located
at a second distance D from build table 4, larger than the first
distance d, during operation of the casting system, as illus-
trated. In some embodiments, second induction heating unit
34 may be assembled such that a lower surface of the coil is
located at a third distance D' from build table 4, larger than
the first distance d and the second distance D, during
operation of the casting system, as illustrated. In some
embodiments, the difference in height between D and dis
essentially equivalent to the thickness of the deposited
object region of production layer 7, whereby the height of
induction heating unit 32 above the previous object region of
production layer 6 is essentially equivalent to the height of
the third induction heating unit 36 above the deposited
object region of production layer 7. In some embodiments,
the height difference between the induction heating units
may be varied, for example, to facilitate different deposited
metal thicknesses.

[0169] In various embodiments, the working distance of
the PDP unit above a fabrication area is adjustable to
accommodate changing working conditions.

[0170] In some embodiments, system 150 may include at
least one thermal sensor 50, similarly to the one of system
100. In some embodiments, system 150 may further include
other sensors, such as visible-wavelength cameras, pyrom-
eters, weight sensors (e.g., rod weight sensor and/or build
table weight sensors), stereometric vision sensors (e.g., for
measuring production layer thickness), distance sensors
(e.g., for measuring and maintaining d and D) and the like.
[0171] FIG. 3B is a block diagram of the additive casting
system of FIG. 3A according to some embodiments of the
invention. In some embodiments, system 150 may further
include a controller 60, a power supply 90, and a mold
deposition unit 80, which are substantially the same as
controller 60, power supply 90, and mold deposition unit 80
of system 100.

[0172] In some embodiments, controller 60 may be con-
figured to control the provision of electric power, from
power supply 90, to at least one of first induction coil 32,
second induction coil 34, and third induction coil 36. In
some embodiments, controlling the provision of the electric
power may include controlling at least one of the current
level, current amplitude, current amplitude, current polarity
timing, duration, and current AC frequency. In a nonlimiting
example, when depositing cast iron, first coil 32 may be
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provided with 30 kW at 115 kHz, second coil 34 may be
provided with 40 kW at 115 kHz, and third coil 36 may be
provided with 35 kW at 115 kHz.

[0173] Reference is now made to FIG. 4A, which is a
flowchart of a method 400A of the additive casting of
metallic objects according to some embodiments of the
invention. Method 400A may be performed by system 100
shown in FIG. 1A, employing at least one induction heating
unit.

[0174] In a step 402: constructing mold regions of the
current production layer on a build table following a build-
ing plan. In some embodiments, the method may first
include providing a first mold portion, for example, mold
portion 8A, on top of build table 4. In some embodiments,
the provision may include depositing first mold portion 8A
on build table 4, using mold deposition unit 80. In such case,
mold deposition unit 80 may deposit (e.g., print) mold
portion 8A production layer by production layer. Alterna-
tively, preformed mold portion 8A may be placed on build
table 4. In some embodiments, preformed mold portion 8A
may be made from ceramic material or from condensed
sand.

[0175] In a step 410: electric power may be provided to at
least one induction coil. An induction coil 30 is shown in
FIG. 1A, in the case of a single induction heating unit, is
forming part of a PDP unit, together with a molten metal
depositor and a holder (elements 10, 5, 20 shown in FIG.
1A). For example, controller 60 (shown in FIG. 1B) may
control power supply 90 to provide power to induction
heating unit 30 as required to at least one of the current level,
current amplitude, current amplitude, current polarity tim-
ing, duration, and current AC frequency. In some embodi-
ments, at each stage in the additive casting process, con-
troller 60 may provide different power levels to coil 30.

[0176] At least steps 420, 430, and 440 are performed
while, at a step 450, a relative movement between the PDP
unit and the build table is provided.

[0177] In step 420, while the PDP unit travels over the
build table: pre-heating an area in the object region of a
previous production layer to a first temperature. For
example, induction heating unit 30 may be provided with a
first electric power level for preheating areas of the previous
production layer 6.

[0178] In some embodiments, movable platform 40 may
planarly move induction heating unit 30 during the preheat-
ing process in order to ensure even heating of production
layer 6. In some embodiments, movable platform 40 may
move induction heating unit 30 in the vertical direction in
order to ensure optimal magnetic energy coupling between
induction heating unit 30 and production layer 6. In some
embodiments, movable platform 40 may tilt induction heat-
ing unit 30 towards or away from production layer 6, in the
planar movement progression direction in order to optimize
the energy coupling. In some embodiments, induction heat-
ing unit 30 may be pre-tilted, and platform 40 may provide
induction heating unit 30 a planar movement.

[0179] In some embodiments, at least one of the provided
power level, the duration, the distance between previous
production layer 6 and the lower surface of induction
heating unit 30, the tilting angle of induction heating unit 30,
and the planar velocity of platform 40 may be selected to
preheat production layer 6 to a predetermined first tempera-
ture.
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[0180] In some embodiments, predetermined first tem-
perature may be higher than the melting temperature of the
metal of production layer 6. For example, for ferrous alloys,
the determined first temperature may be 50° C. above the
melting temperature of metal layer 6. In some embodiments,
controller 60 may receive temperature measurements taken
from the surface of layer 6 from sensor 50 (e.g., IR camera,
pyrometer or other) and may adjust at least one of the
provided power level, the duration, the distance between
layer 6 and the lower surface of induction heating unit 30,
the tilting angle of induction heating unit 30 and the planar
velocity of platform 40 based on the received measurements.
[0181] In step 430: heating a portion of a molten metal
depositor to deposit metal on a fabrication area in the object
region of the current production layer. For example, a
molten metal depositor such as rod 5 shown in FIG. 1A may
be melted for casting newly casted metallic object regions,
for example, on top of object regions of the previous
production layer. For example, power supply 90 may pro-
vide the same electric power level or a second electric power
level to induction heating unit 30 for melting the tip area of
rod 5. In some embodiments, the second electric power level
may be determined based on the EM energy required to melt
the tip area of the rod. In some embodiments, additional
parameters may control the type of melt 9 flow provided by
melting rod 5. Melt 9 may be provided as a continuous,
controlled flow of molten metal. Alternatively, melt 9 may
be provided in molten drops.

[0182] In step 440: post-heating an area in the object
region of the current production layer to a second tempera-
ture. For example, induction heating unit 30 may be pro-
vided with a third electric power level for post-heating areas
of the current production layer 7.

[0183] Optionally, additional post-treatment activities
may be carried out in step 440, for example, the addition of
materials, surface alignment or flattening, cooling, and
more.

[0184] In some embodiments, at least one of the provided
power level, the duration, the distance between layer 7 and
the lower surface of induction heating unit 30, the tilting
angle of coil 30, and the planar velocity of platform 40 may
be selected to post-heat layer 7 to the predetermined second
temperature. In some embodiments, the predetermined sec-
ond temperature may be higher than the melting temperature
of the metal of layer 7. For example, for ferrous alloys, the
determined second temperature may be 100° C. above the
melting temperature of layer 7. In some embodiments,
controller 60 may receive temperature measurements taken
from the surface of layer 7 from sensor 50 (e.g., IR camera,
pyrometer or other) and may adjust at least one of the
provided power level, the duration, the distance between
layer 7 and the lower surface of coil 30, the tilting angle of
coil 30 and the planar velocity of platform 40 based on the
received measurements.

[0185] In some embodiments, induction heating unit 30
may preheat the area in the object region of the previous
production layer concurrently while heating and melting the
tip of the rod.

[0186] In some embodiments, induction heating unit 30
may heat the area in the object region of the current
production layer concurrently while heating and melting the
tip of the rod.

[0187] In some embodiments, induction heating unit 30
may heat the area in the object region of the current
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production layer concurrently while heating and melting the
tip of the rod and while preheating the area in the object
region of the previous production layer.

[0188] Insomeembodiments, holder 20 may be controlled
to provide a vertical movement to the molten metal deposi-
tor (for example, rod 5), thus, controlling the distance
between a molten tip of rod 5 and areas in the object regions
of the current production layer and the previous production
layers. In some embodiments, the shorter the distance, the
higher is the probability of forming a continuous flow. In
some embodiments, a required melt flow rate (e.g., amount
of molten metal/second) may be determined. In some
embodiments, controller 60 may control at least one of: a
vertical speed of rod 5 (e.g., by controlling the actuator of
holder 20), a current provided to induction heating unit 30,
and the power provided to induction heating unit 30, based
on the determined melt flow rate.

[0189] In some embodiments, a melt flow profile (e.g.,
continuous flow, drops, etc.) may be determined. In some
embodiments, controller 60 may control at least one of: the
vertical position of the molten metal depositor (for example,
rod 5) for example, by controlling the actuator of holder 20),
a vertical speed of the molten metal depositor, a current
provided to the induction heating unit(s) and the power
provided to the induction heating unit(s), based on the
determined melt flow profile.

[0190] In some embodiments, the temperature of the tip of
rod 5 and/or the temperature of melt 9 may be continuously
measured or occasionally measured by sensor 50. In some
embodiments, controller 60 may control at least one of the
rod’s vertical positions, a vertical speed of the rod, a current
provided to the coil, and the power provided to the coil based
on the measured temperature, for example, to ensure con-
trolled melting of the rod.

[0191] In some embodiments, the width of the molten
metal line formed along with the progression of PDP unit 10
during the deposition may affect the amount of energy
required during preheating. For example, the amount of
power provided to induction heating unit 30 for pre-heating
the object region of the previous production layer may be
determined such that a width of a pre-heated area is wider
than the width of a molten metal line deposited on top of the
pre-heated area. In a nonlimiting example, the width of a
pre-heated area formed by the induction heating unit during
pre-heating of the object region of the previous production
layer is 5-50% wider than the width of a molten metal area.
[0192] In some embodiments, movable platform 40 may
planarly move induction heating unit 30 during the post-
heating process in order to ensure even post-heating of layer
7. In some embodiments, movable platform 40 may move
induction heating unit 30 in the vertical direction in order to
ensure optimal magnetic energy coupling between induction
heating unit 30 and layer 7. In some embodiments, movable
platform 40 may tilt induction heating unit 30 towards or
away from layer 7, in the planar movement progression
direction in order to optimize the energy coupling. In some
embodiments, induction heating unit 30 may be pre-tilted,
and platform 40 may provide coil 30 a planar movement.
[0193] As would be understood by one skilled in the art,
the predetermined first temperature, the melting tempera-
ture, and predetermined second temperature are dependent
on the type of metal being cast.

[0194] In some embodiments, controller 60 may control
system 100 (e.g., control movable platform 40 to move
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induction heating unit 30 during any one of steps 420, 430,
and 440 to preheat the entire object region of previous
production layer 6, deposit the entire object region of the
current production layer 7 and post-heat the entire object
region of the current production layer 7.

[0195] In some embodiments, system 100 may allow
performing steps 420, 430, and 440 in a continuous manner
during step 450. For example, the electrical AC power
supplied to induction heating unit 30, the height of rod 5
above the inner turn of induction heating unit 30 and the
height of induction heating unit 30 above layers 6 and 7, and
the speed of the forward motion are adjusted such that the
temperature of rod 5 is above the melting temperature, the
temperature of areas of previous production layer 6 is at a
first pre-determined temperature, and the temperature of
areas of current production layer 7 is at a second pre-
determined temperature.

[0196] In some embodiments, system 100 may allow
performing steps 420 and 430 continuously, whereby the
electrical AC power supplied to induction heating unit 30,
the height of rod 5 above the inner turn of induction heating
unit 30, and the height of induction heating unit 30 above
layer 6, and the speed of the forward motion are adjusted
such that the temperature of rod 5 is above the melting
temperature, the temperature of areas in layer 6 is at a first
pre-determined temperature. In some embodiments, system
100 may allow performing steps 430 and 440 continuously,
whereby the electrical AC power supplied to induction
heating unit 30, the height of rod 5 above the inner turn of
induction heating unit 30, and the height of induction
heating unit 30 above layer 7, and the speed of the forward
motion are adjusted such that the temperature of rod 5 is
above the melting temperature, the temperature of areas in
layer 7 is at a second pre-determined temperature.

[0197] Reference is now made to FIG. 4B, which is a
flowchart of a method 400B for the additive casting of
metallic objects according to some embodiments of the
invention. Method 400B may be performed by system 150
disclosed with reference to FIG. 3A and employing at least
three induction heating units 32, 34, and 36.

[0198] Thus, method 400B includes, after step 402 of
constructing mold regions of the current production layer on
a build table following a building plan, and during step 450
of providing relative movement between the PDP unit and a
build table:

[0199] In step 420B: optionally, providing electric power
to a first induction coil of a PDP unit and pre-heating an area
in the object region of a previous production layer to a first
temperature. For example, controller 60 may control power
supply 90 to provide power to first induction coil 32 at a
required at least one of current level, current amplitude,
current amplitude, current polarity, timing, duration, and
current AC frequency.

[0200] In step 430B: providing electric power to a second
induction coil of a PDP unit and heating a portion of a
molten metal depositor to deposit metal on a fabrication area
in the object region of the current production layer.

[0201] In some embodiments, induction heating unit 32
may be provided with a first electric power level for pre-
heating areas in the previous production layer 6. In some
embodiments, movable platform 40 may planarly move
induction heating unit 32 during the preheating process in
order to ensure even heating of areas in layer 6.
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[0202] In some embodiments, movable platform 40 may
move induction heating unit 32 in the vertical direction in
order to ensure optimal magnetic energy coupling between
induction heating unit 32 and areas in layer 6. In some
embodiments, movable platform 40 may tilt induction heat-
ing unit 32 towards or away from layer 6, in the planar
movement progression direction in order to optimize the
energy coupling. In some embodiments, induction heating
unit 32 may be pre-tilted, and platform 40 may provide
induction heating unit 32 a planar movement.

[0203] In some embodiments, at least one of the provided
power level, the duration, the distance between layer 6 (or
areas thereof) and the lower surface of induction heating unit
32, the tilting angle of induction heating unit 30, and the
planar velocity of the platform 40 may be selected to preheat
layer 6 or parts thereof to a predetermined first temperature.
In some embodiments, the predetermined first temperature
may be higher than the melting temperature of the metal of
layer 6. For example, for ferrous alloys, the determined first
temperature may be 50° C. above the melting temperature of
layer 6. In some embodiments, controller 60 may receive
temperature measurements taken from the surface of layer 6
from sensor 50 (e.g., IR camera, pyrometer, or other) and
may adjust at least one of the provided power level, the
duration, the distance between layer 6 and the lower surface
of induction heating unit 32, the tilting angle of induction
heating unit 32 and the planar velocity of platform 40 based
on the received measurements.

[0204] In step 430B, electric power may be provided to a
second induction coil for melting metal at the molten metal
depositor (e.g., metal rod 5) for depositing the current
metallic layer on top of the previous production layer. In
some embodiments, power supply 90 may provide a second
electric power level to second coil 34 for melting the tip of
rod 5. For example, controller 60 may control power supply
90 to provide power to second induction coil 34 as required
for at least one of current level, current amplitude, current
amplitude, current polarity timing, duration, and current AC
frequency.

[0205] In some embodiments, the second electric power
level may be determined based on the EM energy required
to melt the tip of the rod. In some embodiments, additional
parameters may control the type of melt flow 9 provided by
melting rod 5. Melt 9 may be provided as a continuous,
controlled flow of molten metal. Alternatively, melt 9 may
be provided in molten drops. In some embodiments, mov-
able platform 40 may planarly move induction heating unit
34 during the deposition process in order to ensure the
provision of melt to layer 7.

[0206] Insome embodiments, holder 20 may be controlled
to provide a vertical movement to rod 5, thus, controlling the
distance between a molten tip of rod 5 and the previous
production layer 6, as discussed above with respect to step
430 of method 400 shown in FIG. 4A. In some embodi-
ments, controller 60 may control at least one of the rod’s
vertical positions (e.g., by controlling the actuator of holder
20), a vertical speed of the rod, a current provided to the coil
and the power provided to the coil, based on the determined
melt flow profile and/or measurements received form a
sensor, such as sensor 50, as discussed hereinabove.
[0207] In step 440B: optionally, providing electric power
to a third induction coil of a PDP unit and post-heating an
area in the object region of the current production layer to a
second temperature. For example, controller 60 may control
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power supply 90 to provide induction heating unit 36 with
a third electric power level for post-heating current produc-
tion layer 7. In some embodiments, controller 60 may
control power supply 90 to provide power to third induction
heating unit 36 as required for at least one of current level,
current amplitude, current amplitude, current polarity, tim-
ing, duration, and current AC frequency.

[0208] In some embodiments, movable platform 40 may
planarly move induction heating unit 36 during the post-
heating process in order to ensure even post-heating of layer
7 or areas thereof. In some embodiments, movable platform
40 may move induction heating unit 36 in the vertical
direction in order to ensure optimal magnetic energy cou-
pling between induction heating unit 36 and layer 7. In some
embodiments, movable platform 40 may title induction
heating unit 36 towards or away from layer 7, in the planar
movement progression direction in order to optimize the
energy coupling. In some embodiments, induction heating
unit 36 may be pre-tilted, and platform 40 may provide coil
36 a planar movement.

[0209] In some embodiments, at least one of the provided
power level, the duration, the distance between layer 7 and
the lower surface of induction heating unit 36, the tilting
angle of induction heating unit 36 and the planar velocity of
platform 40 may be selected to post-heat layer 7 or areas
thereof to the predetermined second temperature. In some
embodiments, the predetermined second temperature may
be higher than the melting temperature of the metal of layer
7. For example, for ferrous alloys, the determined first
temperature may be 100° C. above the melting temperature
of'layer 7. In some embodiments, controller 60 may receive
temperature measurements taken from the surface of layer 7
from sensor 50 (e.g., IR camera, pyrometer or other) and
may adjust at least one of the provided power level, the
duration, the distance between layer 7 and the lower surface
of induction heating unit 36, the tilting angle of induction
heating unit 36 and the planar velocity of platform 40 based
on the received measurements.

[0210] In some embodiments, system 150 may allow
performing steps 420B, 430B, 440B continuously while
performing step 450 such that induction heating unit 32 is
leading the progression of PDP unit 15 optionally preheating
layer 6 or areas thereof, followed by induction heating unit
36, which continuously melts the tip of rod 5 and deposit
melt 9. In some embodiments, the as-deposited object
regions of the current production layer 7 may immediately
be post heated by induction heating unit 36. Therefore, in a
single run over the build table, system 150 may perform
optional preheating, depositing, and optional post-heating of
layers 6 and 7.

[0211] In some embodiments, controller 60 may control
system 150 to optionally preheat the entire object region of
layer 6, then deposit the entire object region of layer 7, and
then optionally post-heat the entire object region of layer 7.
Alternatively, controller 60 may control system 150 to
optionally preheat an area of the previous production layer
6 (e.g., a single line), then deposit first portion (e.g., a line)
of layer 7 and post-heat the deposited first portion layer 7,
repeating the process for additional areas.

[0212] In some embodiments, steps 402-450 may be
repeated in order to cast a 3D metallic object layer by layer.
[0213] Reference is now made to FIG. 5, which is a
flowchart of a method 500 of controlling the systems for the
additive casting of metallic objects according to some
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embodiments of the invention. In some embodiments,
method 500 may be performed by controller 60 included in
both systems 100 and 150. In step 510, controller 60 may set
target values for various casting parameters. For example,
controller 60 may set a target mass flow rate dM/dt for
depositing melt 9, in step 513. In another example, controller
60 may set the type of flow (e.g., continuous, drops, etc.) in
step 514. In yet another example, in step 516, controller 60
may set any one of the required first temperature for pre-
heating layer 6 or areas thereof and/or the second tempera-
ture for post-heating layer 7 or areas thereof. In some
embodiments, in step 518, controller 60 may set the tem-
perature required for melt flow 9.

[0214] In step 520, controller 60 may receive measure-
ments from one or more sensors. For example, controller 60
may receive the temperature of the tip of rod 5 in step 521.
In another example, in step 522, controller 60 may receive
the vertical position/vertical velocity of rod 5 (e.g., from the
actuator of holder 20) with respect to build table 4. In step
523, controller 60 may receive mass flow rate dM/dt mea-
surements from weight sensor 54, for example, by temporal
measuring the weight of rod 9 and/or build table 4. In step
524, controller 60 may receive from the camera 52 images
of'the melt flow. In some embodiments, using known images
analysis methods, controller 60 may determine the type and
or width of the melt flow. In step 526, controller 60 may
receive temperature measurements of layer 6 and or layer 7,
for example, from sensor 50. In step 528, controller 60 may
receive temperature measurements of the melt flow 9, for
example, from sensor 50.

[0215] In step 530, controller 60 may compare the param-
eters measured in step 520 to the required parameters set in
step 510. In some embodiments, controller 60 may adjust
one or more operational parameters of systems 100 and/or
150 based on the comparison. Controller 60 may increase/
decrease the vertical distance between the coils and/or the
rod and the layers in order to increase/decrease the tempera-
ture. In some embodiments, controller 60 may increase/
decrease the power provided to the coils. For example,
controller 60 may adjust the power/current of at least one of
the first power level, the second power level, and the third
power level in step 532. In another example, controller 60
may control the movement (e.g., planar/vertical) of PDP
units 10 or 15 by controlling movable platform 40 and/or
build table 4, in step 534). In yet another example, controller
60 may control the vertical velocity (step 536) and/or the
vertical position (step 538) of rod 5, by controlling the
actuator of holder 20.

[0216] Heating a fabrication area (including heating of
multiple fabrication areas) includes heating to pre-deposi-
tion temperature at or above the melting temperature of the
metallic object to thereby create the melt pool of molten
metal in the fabrication areas before depositing metal on the
multiple fabrication areas to affect a bonding of the molten
metal with the multiple fabrication areas, wherein each of
the fabrication areas is maintained at an inert environment
before and during metal deposition.

[0217] The casting method may further include heating the
multiple fabrication areas to a post-deposition target tem-
perature after depositing metal on the multiple fabrication
areas to affect a thermal cooling profile of the multiple
working areas.

[0218] According to an aspect of the invention, there is
provided a casting system for casting a metallic object by
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constructing a plurality of production layers forming a
vertical stack, wherein production layers of the plurality
have mold regions, wherein production layers of the plural-
ity have object regions defined by the mold regions, and
wherein a current production layer is constructed upon a top
surface of a previous production layer of the vertical stack,
the system comprising: a mold construction unit operative to
construct a mold region of the current production layer; a
Preparation-Deposition-Post treatment (PDP) unit includ-
ing: a molten metal depositor operative to deposit molten
metal in an object region defined by the mold region of the
current production layer; a holder attached to the molten
metal depositor, for holding the molten metal depositor; at
least one induction heating unit attached to the holder; a
build table, for supporting the vertical stack of production
layers; a movable platform to provide relative movement
between the PDP unit and the build table, wherein the
relative movement is along a progression direction; an inert
gas unit for maintaining at least a fabrication area of the
object region of the current production layer at an inert
environment before and during molten metal deposition and
a controller for controlling the PDP unit and the movable
platform to deposit molten metal in the fabrication area, and
to control the PDP unit to perform at least one of: (1)
pre-heating the fabrication area before molten metal depo-
sition, to a pre-deposition temperature, and (2) post-heating
the fabrication area after molten metal deposition, to a
post-deposition temperature.

[0219] According to an aspect of the invention, there is
provided a casting method for additively casting of a metal-
lic object by producing multiple production layers having
mold regions and object regions defined by the mold
regions, one current production layer after the other, com-
prising: constructing a mold region of the current production
layer before producing the object region of the current
production layer; moving along a progression direction a
Preparation-Deposition-Post treatment (PDP) unit includ-
ing: a molten metal depositor operative to deposit molten
metal in an object region defined by the mold region of the
current production layer; a holder attached to the molten
metal depositor, for holding the molten metal depositor, and
at least one induction heating unit attached to the holder;
depositing molten metal at a pre-determined deposition
temperature in multiple fabrication areas at the object region
of the current production layer according to a building plan;
and heating the multiple fabrication areas, wherein heating
the multiple fabrication areas comprises heating the multiple
fabrication areas to a target pre-deposition temperature equal
to or above a melting temperature of the metallic object to
thereby create a melt pool of molten metal in the fabrication
areas before depositing metal on the multiple fabrication
areas to affect a bonding of the molten metal with the
multiple fabrication areas, wherein each of the fabrication
areas is maintained at an inert environment before and
during metal deposition.

[0220] The PDP unit was described in the context of its
use for metal deposition within cavities of mold regions.
However, the use of the PDP unit is not limited thereto. The
PDP unit may be used for casting metallic objects using
molds or mold regions that are not constructed on the same
production layer as the object regions. The PDP unit may be
used for casting metallic objects without any molds at all.
[0221] Thus, according to an aspect of the invention, there
is provided a Preparation-Deposition-Post treatment (PDP)
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unit for additive metal casting, the PDP unit may comprise:
a molten metal depositor operative to deposit molten metal
in a fabrication region; a holder attached to the molten metal
depositor, for holding the molten metal depositor; at least
one induction heating unit attached to the holder; a movable
platform to provide relative movement for the PDP unit
along a progression direction; and a controller for control-
ling the PDP unit and the movable platform to deposit
molten metal in a fabrication area, and to control the PDP
unit to perform at least one of: (1) pre-heating the fabrication
area before molten metal deposition, to a pre-deposition
temperature, and (2) post-heating the fabrication area after
molten metal deposition, to a post-deposition temperature.

[0222] The controller may be operative to control the at
least one induction heating unit to heat a portion of the
molten metal depositor. The controller may be operative to
control the at least one induction heating unit to create a melt
pool in an upper surface of metal in the fabrication area. The
controller may be operative to control the at least one
induction heating unit to affect one or more of: (1) a thermal
parameter of the melt pool, (2) a thermal parameter of the
fabrication area, and (3) a cooling profile of the fabrication
area. The controller may be operative to provide electric
power to the at least one induction heating unit.

[0223] The controller may be operative to change a work-
ing distance of the PDP unit above the fabrication area. The
controller may be operative to change a working distance
above the fabrication area of one or more of (1) the molten
metal depositor, (2) the holder, and (3) the at least one
induction heating unit.

[0224] The at least one induction heating unit may have,
with respect to the progression direction, a leading section
and a trailing section, and wherein, along the progression
direction, the leading section is operative to pre-heat the
fabrication area before molten metal deposition and the
trailing section is operative to post-heat the fabrication area
after molten metal deposition. The at least one induction
heating unit may comprise a magnetic induction coil having
a shape selected from a group consisting of: (1) a substan-
tially circular planar shape; (2) a substantially elliptical
planar shape with a major axis parallel to the progression
direction; (3) a substantially elliptical planar shape with a
major axis perpendicular to the progression direction; (4) a
substantially conical shape oriented during operation so that
an apex thereof is closer to the fabrication area than a base
thereof is to the fabrication area. The at least one induction
heating unit may comprise a magnetic induction coil with a
plurality of windings having a first density of windings in a
first portion of the at least one induction heating unit and a
second density of windings in a second portion of the at least
one induction heating unit, and wherein the second density
is greater than the first density. The at least one induction
heating unit may have a central axis that is perpendicular to
abuild table or is tilted at a predetermined angle with respect
to the build table during operation.

[0225] The molten metal depositor may comprise a molten
metal source selected from a group consisting of: (1) a metal
rod, wherein the at least one induction heating unit is
operative to melt a tip of the metal rod; and (2) a crucible
operative to contain molten metal and wherein the at least
one induction heating unit is operative to maintain the
molten metal in the molten state.
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[0226] The PDP unit may further comprise a molten metal
feeder for providing molten metal to the molten metal
depositor.

[0227] According to an aspect of the invention, there is
provided a casting method for using a Preparation-Deposi-
tion-Post Treatment (PDP) unit having a molten metal
depositor, a holder for the PDP unit, and at least one
induction heating unit attached to the holder, to cast a
metallic object, the method comprising: providing relative
movement of the PDP unit; providing electric power to the
at least one induction heating unit, for: heating the molten
metal depositor to deposit molten metal on a fabrication
area; and performing at least one of: before depositing
molten metal, pre-heating the fabrication area to a first
temperature, and after depositing molten metal, post-heating
the fabrication area to a second temperature.

[0228] The casting method may further comprise one or
more of: (1) providing relative vertical movement of the
molten metal depositor and controlling a distance between
the molten metal depositor and a fabrication area; (2)
determining a required molten metal deposition rate; (3)
controlling at least one of a speed and a direction of relative
movement of the PDP unit; (4) determining a molten metal
deposition profile, and controlling at least one of: a vertical
position of the molten metal depositor, a speed of the molten
metal depositor, and an electrical power level provided to the
at least one induction heating unit, wherein the controlling
is based on the molten metal deposition profile; (5) measur-
ing a temperature of a portion of the molten metal depositor
and controlling at least one of: the vertical position of the
molten metal depositor, a speed of the molten metal deposi-
tor, and an electrical power level provided to the at least one
induction heating unit, wherein the controlling is based on
the measured temperature; and (6) post-heating the fabrica-
tion area.

[0229] The invention was discussed with reference to
pre-processing and post-processing implemented with
induction heating. The invention is not limited to induction
heating and other heating techniques may be used, employ-
ing, for example, plasma or torch.

[0230] As used throughout the specification, the terms
“metal” or “metallic” refers to any metals and/or mellitic
alloys which are suitable for melting and casting, for
example, ferrous alloys, aluminum alloys, copper alloys,
nickel alloys, magnesium alloys, and the like. The present
invention is not limited by the type of cast material and is
applicable to the additive casting of other metals, including
gray iron, ductile iron, and steel.

[0231] While certain features of the invention have been
illustrated and described herein, many modifications, sub-
stitutions, changes, and equivalents will now occur to those
of ordinary skill in the art. It is, therefore, to be understood
that the appended claims are intended to cover all such
modifications and changes as fall within the true spirit of the
invention.

Appendix—Metallurgical Evaluation

[0232] FIG. 6A through FIG. 6F depict results of a met-
allurgical evaluation conducted on coupons of cast objects
produced according to an embodiment of the invention.

[0233] Three cast metal objects were produced for the
evaluation—respectively labeled 1, 2, and 3. These were cut
as vertical slices from a cast cube of metal 15 cm on each
edge. Casting the cube was carried out in an atmosphere
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with controlled oxygen content. The base layer was a 15
cmx15 cm square of sintered alumina ceramic 0.5 cm thick.
Metal was additively deposited in a vertical stack of sequen-
tial layers inside a mold cavity formed by a 15 cmx15 cm
hollow square frame mold of sintered alumina ceramic.
Deposition and heating were performed by a movable heat-
ing and dispensing unit in a raster scan pattern.

[0234] FIG. 6A is a photograph of slice 2. This side was
originally an outside face of the cast cube (the x-z plane),
and this surface was not given any finishing treatments—the
faint horizontal lines visible in FIG. 6A, for example, are
impressions made by the mold.

[0235] FIG. 6B is a photograph showing the back side of
slice 2. This was the inner side of slice 2, and it was polished
after being sliced from the cube. FIG. 6C is a photographic
perspective view of slice 2. The smoothness of the polished
face is visible in this view.

[0236] Objects 1 and 3 were cut into metal coupons:
horizontal bottom coupons (left, center, right); horizontal
top coupons (left, center, right), and vertical coupons (left,
center, right). The coupons have a gauge length of 32 mm,
total length between 65-70 mm, thickness in the range
1.8-2.45 mm, and width in the range of 4.9-5.5 mm.
[0237] Elemental analysis, mechanical, and strength test-
ing of 18 coupons from the cast labeled 1, and 17 coupons
from the cast labeled 3 were conducted.

[0238] Elemental analysis was performed with XRF spec-
troscopy. Only principal alloying components were analyzed
to validate the difference or similarity of the different
coupons in a cast and between casts 1 and 3. The table in
FIG. 6D depicts the elemental analysis of representative
coupons. The elemental analysis validated the similarity
between upper and bottom coupons, left, middle and right
coupons, and cast 1 and 3 coupons.

[0239] Mechanical and strength testing was performed on
a Servo hydraulic tension testing machine MTS 370.10. The
strain rate applied was 0.14 min-1. An extensometer of base
length 25 mm was used to measure strain data and remained
attached on the coupons until fracture.

[0240] FIG. 6E and FIG. 6F are stress-strain charts for all
the coupons. The stress-strain charts have a similar appear-
ance, typical for cast iron. The mechanical strength testing
validated the similarity between upper and bottom coupons,
left, middle and right coupons, and cast 1 and 3 coupons.
[0241] Overall, no significant difference between analyzed
parts 1 and 3 was revealed, showing a high level of unifor-
mity in the mechanical properties of the cast parts.

What is claimed is:

1. A casting system for casting a metallic object by
constructing a plurality of production layers forming a
vertical stack, wherein production layers of the plurality
have mold regions, wherein production layers of the plural-
ity have object regions defined by the mold regions, and
wherein a current production layer is constructed upon a top
surface of a previous production layer of the vertical stack,
the system comprising:

a mold construction unit operative to construct a mold

region of the current production layer;

a Preparation-Deposition-Post treatment (PDP) unit

including:

a molten metal depositor operative to deposit molten
metal in an object region defined by the mold region
of the current production layer;
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a holder attached to the molten metal depositor, for
holding the molten metal depositor;

at least one induction heating unit attached to the
holder;

a build table, for supporting the vertical stack of produc-
tion layers;

a movable platform to provide relative movement
between the PDP unit and the build table, wherein the
relative movement is along a progression direction; and

a controller for controlling the PDP unit and the movable
platform to deposit molten metal in a fabrication area of
the object region of the current production layer, and to
control the PDP unit to perform at least one of:

(1) pre-heating the fabrication area before molten metal
deposition, to a pre-deposition temperature, and

(2) post-heating the fabrication area after molten metal
deposition, to a post-deposition temperature.

2. The casting system of claim 1 wherein the controller is
operative to control the at least one induction heating unit to
heat a portion of the molten metal depositor.

3. The casting system of claim 1 wherein the controller is
operative to control the at least one induction heating unit to
create a melt pool in an upper surface of metal in the
fabrication area.

4. The casting system of claim 3 wherein the controller is
operative to control the at least one induction heating unit to
affect one or more of:

(1) a thermal parameter of the melt pool,

(2) a thermal parameter of the fabrication area, and

(3) a cooling profile of the fabrication area.

5. The casting system of claim 1 wherein the at least one
induction heating unit has, with respect to the progression
direction, a leading section and a trailing section, and
wherein, along the progression direction, the leading section
is operative to pre-heat the fabrication area before molten
metal deposition and the trailing section is operative to
post-heat the fabrication area after molten metal deposition.

6. The casting system of claim 1 wherein the controller is
operative to change a working distance of the PDP unit
above a fabrication area and wherein the working distance
corresponding to the fabrication area is larger than a height
of the mold region.

7. The casting system of claim 1 wherein the controller is
operative to change a working distance above the fabrication
area of one or more of

(1) the molten metal depositor,

(2) the holder, and

(3) the at least one induction heating unit.

8. The casting system of claim 1 wherein the at least one
induction heating unit comprises a magnetic induction coil
having a shape selected from a group consisting of:

(1) a substantially circular planar shape;

(2) a substantially elliptical planar shape with a major axis

parallel to the progression direction;

(3) a substantially elliptical planar shape with a major axis
perpendicular to the progression direction; and

(4) a substantially conical shape oriented during operation
so that an apex thereof is closer to the fabrication area
than a base thereof is to the fabrication area.

9. The casting system of claim 1 wherein the at least one
induction heating unit comprises a magnetic induction coil
with a plurality of windings having a first density of wind-
ings in a first portion of the at least one induction heating
unit and a second density of windings in a second portion of
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the at least one induction heating unit, and wherein the
second density is greater than the first density.

10. The casting system of claim 1 wherein the at least one
induction heating unit has a central axis that is perpendicular
to the build table or is tilted at a predetermined angle with
respect to the build table during operation.

11. The casting system of claim 1 wherein the controller
is operative to provide electric power to the at least one
induction heating unit, wherein providing electric power
comprises controlling at least one of: current, voltage,
polarity, timing, duty cycle, power factor, alternating current
frequency, and alternating current phase.

12. The casting system of claim 1 wherein the molten
metal depositor comprises a molten metal source selected
from a group consisting of:

(1) a metal rod, wherein the at least one induction heating
unit is operative to melt a tip of the metal rod; and

(2) a crucible operative to contain molten metal and
wherein the at least one induction heating unit is
operative to maintain the molten metal in the molten
state.

13. The casting system of claim 1 further comprising a
molten metal feeder for providing molten metal to the
molten metal depositor.

14. The casting system of claim 1, further comprising a
production chamber to accommodate the build table, the
mold construction unit, and the PDP unit during production
layer fabrication, wherein production layer fabrication
includes: mold region construction, molten metal deposi-
tion, pre-heating, and post-heating; and wherein the control-
ler is operative to change a height of the built table with
respect to the production chamber according to a thickness
of the current production layer.

15. The casting system of claim 14 wherein the produc-
tion chamber is maintained at a first temperature during
mold region production and at a second temperature, dif-
ferent from the first temperature, during molten metal depo-
sition.

16. The casting system of claim 1 wherein the fabrication
area is maintained in an inert atmospheric environment in a
production chamber during PDP unit operation.

17. A casting method for using a Preparation-Deposition-
Post Treatment (PDP) unit having a molten metal depositor,
a holder for the PDP unit, and at least one induction heating
unit attached to the holder, to cast a metallic object by
sequentially constructing a plurality of production layers
forming a vertical stack on a build table according to a build
plan, wherein production layers of the plurality have mold
regions, and wherein production layers of the plurality have
object regions defined by the mold regions, the method
comprising:

constructing a mold region of a current production layer

according to the build plan, wherein the mold region of
the current production layer defines an object region of
the current production layer;

providing relative movement between the PDP unit and
the build table;

providing electric power to the at least one induction
heating unit, for:

heating the molten metal depositor to deposit molten
metal on a fabrication area in the object region; and
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performing at least one of:
before depositing molten metal, pre-heating an area
in an object region of a previous production layer
to a first temperature, and
after depositing molten metal, post-heating an area in
the object region of the current production layer to
a second temperature.
18. The casting method of claim 17 further comprising:
controlling providing electric power by controlling at
least one of:
current, voltage, polarity, timing, duty cycle, power fac-
tor, alternating current frequency, and alternating cur-
rent phase.
19. The casting method of claim 17 wherein providing
electric power comprises:
providing a first electric power level for pre-heating the
area in the object region of the previous production
layer;
providing a second electric power level for melting metal
in the molten metal depositor; and
optionally providing a third electric power level for
post-heating the area in the object region of the current
production layer.
20. The casting method of claim 17, further comprising
one or more of:
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providing vertical movement of the molten metal deposi-
tor and controlling a distance between the molten metal
depositor and the object region of a previous produc-
tion layer;

determining a required molten metal deposition rate;

controlling at least one of a speed and a direction of
relative movement between the PDP unit and the build
table;

determining a molten metal deposition profile, and con-
trolling at least one of: a vertical position of the molten
metal depositor, a speed of the molten metal depositor,
and an electrical power level provided to the at least
one induction heating unit, wherein the controlling is
based on the molten metal deposition profile;

measuring a temperature of a portion of the molten metal
depositor and controlling at least one of: the vertical
position of the molten metal depositor, a speed of the
molten metal depositor, and an electrical power level
provided to the at least one induction heating unit,
wherein the controlling is based on the measured
temperature;

pre-heating an area in the object region of a previously-
produced layer such that a width of a pre-heated area
during pre-heating of the previously produced layer is
wider than a width of a molten metal line produced on
top of the pre-heated line.
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