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METHOD AND APPARATUS FOR SOLID FREEFORM FABRICATION OF
OBJECTS UTILIZING IN SITU INFUSION

CROSS-REFERENCE TO RELATED APPLICATIONS
5 [G001] The present application claims the benefit of U 8. Provisional Patent
Application Serial No. 82/300,105, filed February 26, 2016, and U.S.
Provisional Patent Application Serial No. 62/242 290, filed May 27, 2018, the

disclosures of which are incorporated herein by reference in their entireties.

10 TECHNICAL FIELD
(00021 The subject matter disclosed herein relates generally to solid
freeform fabrication of objects. More particularly, the subject matter
disclosed herein relates to systems, devices, and methods for solid freeform
fabrication of objects from metal, plastic, ceramic, and composite materials

15  comprising combinations of one or more types of material.

BACKGROUND
[0003] Additive manufacturing (AM), also known as solid freeform
fabrication (SFF), 3D printing (3DP), direct digital manufaciuring (DDM), and

20 solid imaging, has increasingly become a widely adopted method of

prototyping both visually demonstrative and functional parts. In some
instances, this has become a cost effective means for production
manufacturing as well. A wide variety of means for producing components
hased on digital models exist, and all have reduced the time and cost
25  required for a complete design cycle, which has improved the pace of
innovation in many industries.
[8004] Generally, SFF is accomplished in a layerwise fashion, where a
digital model is split into horizontal slices, and each slice is produced as &
2D image on a build surface. The sequential fabrication of these slices
30 produces an aggregate collection of thin layers which collectively compose
the 3 dimensional object represented by the digital model In contrast {o
traditional fabrication fechniques, such as Computer Numerically Controlled

(CNC) machining, injection molding, and other means, SFF has markedly
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reduced production time and cost, and as such has been widely adopted for
research and development purposes where low volume production with
fraditional means would be exceedingly expensive, Additionally, SFF devices
generally require less expertise to operate when compared to CNC
5 machines. The cost of individual parts produced from CNC machines is
generally higher, owing 1o longer setup times and higher costs of machine
operation. CNC-produced paris will often have stronger and more detailed
features than SFF-produced parts, which may make them desirable for some
applications. Until SFF techniques can produce parts with the resclution and

10 functionality of CNC-produced parts, the usage of SFF in part production will
remain constrained.

[0005] Powder Injection Molding (PIM) is a mass production technigue
which has been widely adopied as a means of producing high precision
components in materials which wouid not traditionally be possible with other

15 molding methods. A powder is blended with a resin binder to form an
injection feedsiock, which is injectad info a mold, similar to plastic injection
moiding. The part produced is a powder composite part, called a “green”
part. The green part is subjected {0 a process called debinding, in which
most of the binder is removed. The resulting part is called a "brown” part.

20 This brown part is then subjected to thermal treatment to cause the powder
particles to sinter together. The part shrinks during this process, and voids
between the powder particles are removed. They final result is a part with
near full density. Further post-processing may be utilized to achieve over
99.5% density.

25 [O008] Some of the most common {echniques for SFF  include
stereclithography (SLA), selective deposition modeling (SDM), fused
deposition modeling (FDM), and selective laser sintering (SLS). These
approaches vary in the type of materials they can use, the manner in which
layers are crealed, and the subseguent resolution and quality of paris

30 produced. Typically, layers are produced in a bulk material deposition
method, or in a selective material deposition method. In technigues that
employ a bulk deposition method for layer production, layer imaging is
typically accomplished by a thermal, chemical, or an optical process. There

2
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is cne technology, binder jetting, which utilizes inkjet print heads to deposit
binder into a powder bed o produce a part similar to the previously
described green part in a PIM process. This green part can be post-
processed in the same manner to produce a final component. Unfortunately,
5 dug to imperfections in the process of producing the green part, the final
components produced through this process often fail 1o meet tolerances for

high precision applications.

SUMMARY OF THE INVENTION
10 [0G007] Embodiments of a device for solid freeform fabrication and

associated methods are herein disclosed for the production of components
{e.g., plastic, metal, and ceramic parts) for a variely of applications.

[0008] In some embodiments, the SFF methods and devices disclosed
herein may inciude a surface for receiving lavers of material for production of

15 a 3-dimensional solid representation of a digital model, a component or
components for depositing the required layers of build material, and a
component or components for imaging the build material into cross sections
representative of data contained in a digital model. in one embodiment, the
build material is composed of a particulate material and a photocurable resin

20 material. The combination of these materials at the build surface overcomes
the rheological constraints of aforementioned devices which have been used
to produce powder composite paris. In another embodiment, imaging
techniques utilized for layer imaging may involve the production of porous
components which may be post-processed to produce a final component.

25 [080%8] In addiion, in some embodiments, the methods and devices
described below may utilize particulate malterial (2.g., ceramic, plastic, or
metal) as one of the build materials. Parts produced from this device may be
treated afier the build process is complete {0 facilitate bonding between
adjacent particles. Such treatment includes but is not limited to thermal,

3¢ chemical, and pressure treatment, and combinations of these. The results of
this fabrication and treatment process include bul are not limited to solid

metal parts, solid ceramic parts, solid plastic parts, porous metal parts,

(8]
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porous ceramic parts, porous plastic parts, solid composite plastic parts, and
composite parts comprising one or more types of material.
[0010] Material deposition of particulate material may be achieved through
several means, including but not limited to spreading via a blade
5 mechanism, electrostatic deposition on a transfer surface followed by
deposition to a build surface, and eleclrostatic deposition 10 a compressing
rotler foliowed by deposition {o the build surface. Infusion of a photocurable
matieral (e.g., resin) may be achieved through infusion through the body of
the component being buill via a specialized infusion build platform.

10 [B011] Layer imaging may be achieved through several means, including
but not limited {o bulk imaging with a programmable planar light source, such
as a DLP projector, or imaging with a rastering laser source utilizing a
rotating prism to achieve a raster pattern.

[0012] Further, in one aspect a solid freeform fabrication device is provided

15  such that composite objects composed of particulale material and resin
material may be produced from digital data representative of g given three
dimensional object.

[6013] In ancother aspect, a SFF device is provided which utilizes bulk
deposition technigues for production of layers of material.

20 [0014] In another aspect, & SFF device is provided which combines
particulaie material with photocurable resin material for production of
composite lavers of material.

[8015] In ancther aspect, a SFF device is provided which aliows for
interchangeability of material components to enable the use of a wide variely

25 of material combinations.

[6016] In ancther aspect, a SFF device is provided which achieves
production of composite layers through in situ infusion of powder layers
through an infusion build platform.

[8017] In another aspect, objects produced from an SFF device may be

30 trealed thermally, chemically, or mechanically to improve internal adhesion
of material components.

[0018] In another aspect, treatment may include pressurization in a fluid
chamber, exposure o a solvent, elevation of temperature to facilitate

4
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bonding of particulate material, elevation of temperalure 1o relieve internal

stresses derived from the build process, or partial sintering of particulate

material followed by infusion with a tertiary material, which may include a

ceramic and/or metal material with a lower melting point than the primary

5 particulate material.

[0019] In another aspect, treatment may include draining a porous printed

object of remaining liguid material, and infusing the porous object with a

sacondary material {o fill s pores and provide a finished obiect.

[8020] In another aspect, a SFF device is provided which achieves
10 fabrication of componenis by direct fusion of powder material using energy

directed by a refractive rastering systam.

10021] Although some of the aspects of the subject matter disclosed herein

have been stated hereinabove, and which are achieved in whole or in part

by the presently disclosed subject matier, other aspects will become evident
15 as the description proceeds when taken in connection with the

accompanying drawings as best described hereinbelow.

BRIEF DESCRIPTION OF THE DRAWINGS

100221 The featwres and advantages of the present subject matter will be

20 more readily understood from the following detailed description which should
be read in conjunction with the accompanying drawings that are given
merely by way of explanatory and non-limiting example, and in which:

I0023] Figure 1 is a right front perspective view of a refractive rastering
mechanism for use with a device for solid freeform fabrication according to

25 an embodiment of the presently disclosed subiect matier.

[0024] Figure 2 is a right front perspective view of g solid freeform
fabrication machine utilizing the rastering mechanism in Figure 1.

[0025] Figure 3 is a left front perspective view of a solid freeform fabrication
machine utilizing a refractive rastering mechanism in a second configuration

30 according to an embodiment of the presently disclosed subject matier.
[G026] Figure 4 is a left front detailed view of the machine in Figure 3.
(00271 Figure 5is a section view of the machine in Figure 4.

[0028] Figure 8 is an elevaled detailed view of the machine in Figure 3.

3
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10028] Figure 7 is a section view of the machine in Figure 8.
[G030] Figure 8 is a right detailed view from below of the machine in Figure
3.
[0031] Figure 9is a left elevated section view of the machine in Figure 3.
5 [8G32] Figure 10 is a left seclion view from below of the machine in Figure
3.
[0033] Figure 11 is a lefi elevated perspeciive view of a first configuration
of a powder composite fabrication machine in a first position according to an
embodiment of the presently disclosed subject matter.
10 [0034] Figure 12 is a section view of the machine in Figure 11.
[00358] Figure 13 is a detailed view of the machine in Figure 12 in a second
position.
[0036] Figure 14 is a left elevated perspective view of the machine in
Figure 11 in a third position.
15 [B0371 Figure 15 is a section view of the machine in Figure 14.
f0038] Figure 18 is a left slevated perspective view of the machine in
Figure 11 in a fourth position.
[0038] Figure 17 is a section view of the machine in Figure 18.
[0040] Figure 18 is a left elevated perspective view of a second
20 configuration of a powder composite fabrication machine in a first position
according to an embodiment of the presently disclosed subject matter.
[0041] Figure 19 is a left slevated perspeclive view of the machine in
Figure 18 in a second position.
[0042] Figure 20 is a left elevated perspective view of a third configuration
25 of a powder composite fabrication machine according to an embodiment of
the presently disclosed subject matter.
[0043] Figure 21 is a section view of the maching in Figure 20.
[0044] Figure 22 is an algorithmic flowchart of a first method of fabricating
powder compaosite components according to an embodiment of the presently
30  disclosed subject matter.
[0045] Figure 23 is an algorithmic flowchart of & second method of
fabricating powder composite components according to an embodiment of
the presently disclosed subject matter.

6
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10048] Figure 24 is an algorithmic flowchart of a third method of fabricating
powder composite components according to an embodiment of the presently
disclosed subject maiter.
[0047] Figure 26 is a left elevated perspective view of a feedback system
5 implementable in any of the previously described powder composite
fabrication machines in figures 11-21.
[0048] Figure 26 is a left elevaled perspective view of a component which
may be fabricated by solid freeform fabrication according to an embodiment
of the presently disclosed subject matter.
10 [0048] Figure 27 is a seclion view of a schematic represeniation of a
method of producing the component in Figure 28,
[005B0] Figure 28 is a perspective view of a second component which may
he fabricated by solid freeform fabrication according to an embodiment of the
presently disciosed subject matter.
15  [B0511 Figure 28 is a perspective view of a schematic representation of a
method of producing the component in Figure 28.
[0052] Figure 30 is a section view of the build method shown in Figure 29.
[0053] Figure 31 is a second section view of the build method shown in
Figure 29
20 [0054] Figure 32 is a detailed view of the build method shown in Figure 31.
[0055] Figure 33 is a section view of a schematic representation of a
sacond method of producing the component in Figure 27.
I0056] Figure 34 is a delailed view of the builld method shown in Figure 33.
[0057] Figure 35 is a detailed section view of a schematic representation of
25 athird method of producing the component in Figure 28,
[0058] Figure 36 is a detailed section view of a schematic representation of
a fourth method of producing the component in Figure 28,
[0058] Figure 37 is a left elevated perspective view of a fabrication
machine utilizing an alternate configuration of the build process described in
30 Figure 28.
[G060] Figure 38 is a delailed view of the device described in Figure 37.
[0061] Figure 38 is a detailed view of the device described in Figure 37 in

the process of fabricating a component.

~
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I0062] Figure 40 is a seclion view of the device and component described
in Figure 39.
[0083] Figure 41 is a view from above of one layer of the raster pailterns
used in any prior fabrication method for building composite or plastic
5  components according to an embodiment of the presently disclosed subject
matter.
[0064] Figure 42 is a view from above of iwo layers of the raster patiermns
used in any prior fabrication method for building composite or plastic
components according to an embediment of the presently disclosed subject
10 matter.
[0065] Figure 43 is a view from above of a first set of cure patterns which
may be used {o fabricate the component in Figure 28.
[0066] Figure 44 is a view from above of a second sel of cure patterns
which may be used to fabricate the component in Figure 28.
15  [B0G71 Figure 45 is a view from above of a set of cure patterns which may
be used o fabricate components with modular fluid channels.
[0088] Figure 46 is a left section view of a first laver of a component
fabricated using the in situ infusion method used in previously described
fabricagtion methods according o an embodiment of the presently disclosed
20 subject matter.
[0068] Figure 47 is a view of the first and second iayers of the component
in Figure 46,
I0070] Figure 48 is g lefl section view of a first layer of a component
fabricated using a second configuration of the in situ infusion method used in
25 previously described fabrication methods according {o an embodiment of the
presently disclosed subject matier.
[0071] Figure 48 is a left elevated perspective view of a solid freeform
fabrication machine utilizing a refractive rastering mechanism for direct
fusion of powder material according to an embodiment of the presently
30 disclosed subject matter.

[0072] Figure 50 is a perspective view of the device described in Figure 49.
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I0073] Figure 51 is an algorithmic flowchart describing a method of

producing a powder composite green part according to an embodiment of

the presently disclosed subject matter.

[0074] Figure 52 is an algorithmic flowchart describing a second method of
5 producing a powder composite green part according o an embodiment of

the presently disclosed subject maiter.

[0075] Figure 53 is an algorithmic flowchart describing a third method of

producing a powdsr composite green part according to an embodiment of

the presently disclosed subject matier.

10 [0O76] Figure 54 is an algorithmic flowchart describing a method of
producing a porous brown part according t© an embodiment of the presently
disclosed subject matter.

[0O77] Figure 55 is an algorithmic flowchart describing a method of post-
processing a green part or brown part according o an embodiment of the

15  presently disclosed subject matter.

I0078) Figure 56 is an algorithmic flowchart describing a second method of
post-processing a green part or brown part according to an embodiment of

the presently disclosed subject matter.

20 DETAILED DESCRIPTION

[0078] The present subject matter provides sysiems, devices, and methods

for solid freeform fabrication for the production of components (e.g., plastic,
metal, and ceramic parts) for a variety of applications. In one aspect, the
present subject matter provides an imaging device for use in imaging layers
25 of a photocurable material. A common technigue for producing an image
using a laser to cure layers of resin in an SLA machine is {o raster the laser
across the build surface with the raster lines beginning and ending at the
boundaries of cross sections of the object being buill. Figures 1-2 depict a
rastering mechanism (150) for use in imaging layers of photocurable resin.
30 As shown in figures 1 and 2, a beam (158) of collimated radiation is emilted
by a source {154). The beam (150) enters a prism (158) and is refracted.
Upon exiting the prism (158}, a second refraction occurs, and the result is a
displaced beam (180). The prism (158} in this case i5 a square section with

9
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thickness exceeding the beam (1586) diameter, bul may in general be 3
polygon with an even number of parallel faces. In some instances, faces of
the prism (158} may not need io be paraliel, depending on the desired
refraction and displacement behavior. In this embodiment, the prism (158) is
5  rolated by a rotary actuator (162) which causes the displaced beam (160} {0
raster across the build surface (102). In this way, one or more of prism
rastering modules (150) can be fransiated across the build surface (102) as
shown in figure 2, and bulk imaging can thereby be achieved while the
sources (154) are switched on and off according to the cross section being
10 imaged.
[00801 In some embodiments, the beam displacement capacity of a
refractive rastering mechanism is related 10 the size of the refraclive prism
being used. In general, the total line width produced by the previously
described mechanism will be less than the space cccupied by the rofating
15  prism, which presents a geomestric challenge when trying to use multiple
rastering mechanisms o cover a build area. Figures 3-10 show one possible
configuration for an SLA machine, generally designated (10), which
gvercomes this challenge.
[6081] In the configuration of Figures 3-10, SLA machine (10} includes a
20 build platform (102), a build vat (410}, and an imaging system. The build
plaiform (102} lowers into the build vat (410) which contains photocurable
resin. A laver of material is imaged, and the build platform (102) moves
upwards o allow resin to flow under that layer such that the next layer may
be imaged. This process repeats until a component (400) is produced.
25 [0882] As previously mentioned, any polygonal prism with an even number
of edges may be readily used in a continuous rotation rastering mechanism.
I this instance, in the configuration illusirated in Figures 3-10, two oclagonal
prisms (414, 416) are used. Each prism is used io raster three separale
beams. In a multi-beam rastering mechanism, more beams will widen the
3¢ area thal may be imaged by a given prism, bul it will also complicate the
geometry of mounting and aligning the beam sources. In some
configurations, this arrangement will in general increase the oplical path
length of a given beam source, in particular where sources are mounted

10
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further from the prism in order 10 accommodate all sources within the
module, which will in turn increase the precision requirements for the beam
sources. The number of beams passed through a given prism can be chosen
to provide complete imaging of the build area without putling undue
5  precision requirements on the beam sources. The size of the beams utilized
can be configured such that any interference belween beams as they pass
through these prisms has no effect on the ouiput from each rastering
mechanism.
I0083] In particular, for example, in a configuration designed for producing
10 mesoscale and macroscaie componenis, it is not necessary o use a beam
diameter that would resulf in interference between beams within the prism. If
such an application is desirable, however, the thickness of the prism can be
configured such that it aliows the beams (o be staggered such that they pass
by each other in a skew fashion within the prism without interseciion, and
15  without a negative impact on the function of the other components of the
module. Referring again o the configuration shown in Figures 3-10, a first
prism {414) can be used {0 raster a first set of 3 beams from 3 beam sources
{430, 432, 438). A second prism (416) can be used o raster a second set of
3 beams from 3 beam sources (434, 438, 440). These prisms can be offset
20 such that the three rastering beam patterns from each prism collectively
image the entire build region, as will be further explained below. In the
Hlustrated embodiments, rotation of these prisms (414, 416} is achieved
through a belt and pulley system, but may in general be achieved through
any means of rotary actuation. In this instance, a motor (460) drives a puiley
25 (482) which drives a belt (464) which in turn transmits rotary motion to two
other pulleys {466, 488} which drive the rotation of the prisms (414, 416).
Angular position of these prisms may be measured by encoders (not
depicted) or cther electronic angular measurement device.
[0084] To ilustrate the functionality of this laser and prism array, particular
30  attention will be paid 1o one laser source (440} and the beam i produces
(480). This beam {430} is incident upon the second rolating prism (418) and
produces an exigent displaced beam (500). The sxigent beam (500} is
reflected by a mirror {(428) such that the reflected beam is aligned

11
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substantially vertically. In general, vertical alignment is not striclly required,
as long as the six exigent beams are proximately aligned with one anocther in
order to simplify the process of reflecting them with a rotating mirror on o the
build swface. The beam (500) is reflected by a second mirror (452} onio a
5  panning mirror array (454).
[0085] The other five beam sources (430, 432, 434, 438, 438) can be
subjecied 1o a similar process, with the exception that two exigent beams
{496, 498) do not require mirrors to achieve vertical alignment, as they are
already vertical. In the illustrated configuration, three other mirrors (420, 422,
10 424) are used to achieve vertical alignment for three other exigent beams
{492, 494, 490) respectively. The previously mentioned second mirror (452)
reflects three of the exigent, vertically aligned beams (484, 498, 500) onto
the panning mirror array (454) while another mirror (450) reflects the
remaining three exigent, vertically aligned beams (480, 482, 4986) onto the
15  panning mirror array (454).
I0088] Each beam will raster over a specified region on the surface of the
build vat (410) in order {0 image part of the build area. In order to image the
entire build area, it is desirable to have adjacent rasier regions overlap
slightly, and this overlap can be corrected in the control software during
20 calibration. This will guarantee the ability to fully image the build area,
accounting for the geometric tolerances of the components of the machine.
Since two beams (4894, 500) use mirrors (422, 428) to achisve vertical
glignment in this configuration, there is no easily achievable configuration in
which the edges of these mirrors (422,426) would not interfere with creating
25 an overlap with the raster region defined by the ceniral beam (498) exigent
from this prism (418). As such, this configuration has these beams (484,
498, 500) spaced apart such that the gap between each raster region is
slightly narrower than a given raster region. A second set of beams (480,
492, 496) from the other prism (414) is offset slightly in order {0 cover these
30  gaps and provide for complete imaging of the build area.
[G087] The panning mirror array (454) can be actuated by a molor (412)
such that its rotation causes the rastering beams 1o traverse the entire build
area. In some embodiments, position data for one or more of the prisms

12
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(414, 418) and panning mirror array (454) can be measurad in real time,
used to calculate the positions of each of the six beams (490, 402, 484, 4588,
498, 500), and modulate each source (430, 432, 434, 436, 438, 440) in order
to image the component (400} that is being produced on the build platform
5 (102).
[0088] In another aspect, the presently-disclosed subject matier provides
SFF systems, devices, and methods that form components from a powder
composite material combination. 3uch systems, devices, and methods can
be use with any of a variety of imaging systems, including but not lmited to
10 the prism rastering sysiems discussed above. Figures 11-17 depicl a
powder composite fabrication machine (20) in a first configuration. Figures
11 and 12 depict this machine (20} in its first position. In some embodiments,
machine (20} includes a powder supply chamber (520) which contains a
powder supply piston (518) and powdered material (512) for fabricating an
15  object. A build chamber (§22) contains a build platform (517} with an internal
flow channel (515} and distribution chamber (516) for infusing resin into
powder. In some embodiments, a filter (514) can be placed on top of the
build platform (517) to prevent powder from flowing backwards into the array
of holes on top of the build platform (517). These holes are used v infuse
20 the powder {(512) with resin.
[0088] The powder supply piston (518} is raised (o a second position which
causes the powder (512) 10 emerge from the powder supply chamber (620).
Powder can be transferred o the build platform (517) by a powder transfer
device, such as a roller (510). In some embodiments, this roller (510) may
25 utilize counter-rotation or slectrostatic transfer {0 move powder (512} from
the powder supply chamber (520) to the build platform (517). There may be
excess powder lost in this process;, managing excess powder may be
accomplished by any of a variety of means known {0 those having skill in the
art. In addition, although the embodiments shown and described use roller
30 (510} as the powder transfer device, those having ordinary skill in the art will
recognize that the concepls disclosed herein are equally applicable with any
of a variety of other material delivery/deposition devices known in the art
{e.g¢., a recoater blade, slectrostatic powder transfer without a roller).

13



WO 2017/147434 PCT/US2017/019371

10080] Figures 14 and 15 depict the machine in a third position, with the
powder transfer device (e.q., roller (510)) having been fully actusted to
deposit a layer of powder (512) on the build platform (517). In this position,
resin can be pumped info the flow channel (515) in the build platform (817)
5 and into the distribution chamber (516) which allows the resin to access all of
the holes in the top of the build platform (517). The resin flows through the
filter (514) and soaks into the powder {(512). A combination of forced flow
and capillary effects causes complete infusion of the powder layer. Since this
powder layer was produced independently of the resin infusion process, and

10 the resin infusion process is controiled such that it does not significantly
impact the density of the powder laver, the density of the powder layer may
be determined by the parameters of the powder deposition process, and
much higher powder loading densilies may be achieved than in existing
powder SFF technologies.

15 [B80911 As shown in Figures 16 and 17, the infused layer may be imaged
with a programmable planar light source (110), such as a DLP projector, with
one or more other oplical imaging device, including the refractive rasiering
system previously described, or with a combination of different light sources.
In order o allow the infusion process {o continue to subseguent layers, the

20 cross-sectional image that is projected on the first layer of infused powder
can be designed to allow the flow of resin o infuse subsegquent layers. it can
therefore be advantageous that these layers are imaged such that a porous
structure is fabricated. If the layer were imaged as a solid cross section, the
resulting structure may restrict the flow of resin io subsequent layers.

25 Exemplary imaging processes that are able to achieve such a porous
structure will be described below with reference to Figures 35-38.

[0092] Figures 18 and 19 depict a second configuration of the previously
described powder composite SFF machine (20). In this configuration, a
comprassing piston (530) and extension arm (532) are used to densify the

30 powder layer (i.e., to have a density that is greater than a free density after
deposition) prior 1o infusion. Depending on the powder deposition
parameters, the ideal density of powder may not be achieved during the
deposition precess, and additional means of powder densification may be
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desired. In this instance, the piston (530) is used o compress the deposited
powder (512) {0 increase the volumetric powder loading density of the
resulting component. This may improve the properties of the component as
they pertain to post-processing, including but not limited to sintering or other
5 thermal and/or chemical treatmenis.
[0093] Figures 20 and 21 depict a third configuration of the previously
described powder composite SFF machine (20). In this configuration, an
additional powder supply chamber (546) is used; this source (548) provides
support powder (542) via g support powder piston (544) whereas the original
10 build powder (512} is only used for the body of the object being built. In this
instance, the roller (510} is used as an elecirostatic imaging device,
depositing build powder (512) and support powder (542) in the appropriale
shape to achieve the desired final object. The layer may be infused and
imaged as previously described, with possible additional densification as
15  previously described.
10084] The advaniage of using two powder sources and electrostatic
imaging, rather than a single powder source and optical imaging, is that
muitiple types of powder may be used. For example, it may be desirable to
have the build powder be a polymer with desirable properties for investment
20 casting, and to have the support powder be graphite or other high
temperature material, such that the printed object can be directly used for
investment casting without modification. Further, it may be desirable to use
metal powder as the build powder, and graphite or other high temperature
material as the support powder, such that the printed object may be placed
25 in a fumnace for sintering withouwt additional post-processing or cleaning. The
graphite in this instance would continue o support the object during the
sintering process, and be readily removable following the sintering process
since the resin binder would be burned out during this process. Further, it
may be desirable to use a matal powder as the build material, and a non-
30 metallic {e.q., plastic or ceramic} powder as a support material, which would
be removed during the debinding process. Further, it may be desirable o
use more than two types of powder, such as steel powder for the structure of
an object, ceramic powder as an insulator, silicon or other semiconductor
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powder for functicnal slectronic components, and copper or other metallic
powder for conductive pathways. Powder size and composition may be
selected such that the green part may be siniered at one sinlering
temperature; the benefit of this process would be the ahility to integrate
5  functicnal electronic systems into a printed part.
[0095] it may be desirable to include additives in the resin in some
applications. For instance, it may be desirable to inciude an electrolytic or
otherwise conductive additive with the resin, to allow the system to control
the electric charge at the build surface. This conductive additive can improve
10 the operation in the implementation of an electrophotographic powder
deposition system, for example, particularly if the powder being used is not
otherwise slectrically conductive. Additionally, it may be desirable o include
a surfactant, to alter the welling properties of the resin mixture as it
permeates the powder substrale. This alteration may increase the speed of
15  infusion and expedite the fabrication process overall.
T0088] Figure 22 depicts an algorithmic flow chart which details the powder
fabrication process described previously. In general, any mechanism which
produces a bulk powder layer, infuses that powder laver in situ in a non-
sglective manner, images the layer o produce a porous layer that is
20 represeniative of a cross seclion of the object being built, and repeats this
process uniil the full object is buill, will achieve the benefits previously
described. This object may be post processed with additional curing 1o cure
the remaining fluid resin within the porous object o convert it {0 a solid
object. It may also be post processed via a sintering treatment to partially or
25 completely remove the resin binder and partially or completely densify the
powder within. If the parl is partially sintered, the new porous part may be
filled with a tertiary material {e.q., a metal of lower melting point than the
powder used in the original part) to create a non-porous final component.
[0097] Figure 23 depicts an algorithmic flow chart which details the
30 additional process of increasing the density of the powder layer in the
previously described fabrication method in Figure 21. In general, volumetric
powder loading densities of 50-60% are common in pre-fabricated

resin/powder midures that ulilize dispersants to maintain the suspension of
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powder particles in the resin substrate. However, in powder metallurgy,
densities in excess of 80% are commonly targeted in green parts that are
intended 1o be sintered into fully dense final components. Densilies greater
than 50-60% (e.g., and in some embodiments in excess of 70%) may be
5 achieved with a variety of powder deposition methods that do not involve
resin; in order fo achieve preferred green part powder loading densities,
additional densification of powder iayers may be required. In general, it is
desirable {o achisve as high a particle loading density as possible in the
green part that is digitally fabricated. However, this is constrained by the fact
10 that compression of powder particles can cause adhesion, which would
interfere with the process of removing excess uncured material from the
green part after fabrication. The process of removing excess material may
he aided by a variety of methods, including but not limited {o agitation,
sonication, or treatment with a solvent or other chemical compound. In
15  general, the highest particle loading density that does not correlate with a
reduction in ability to remove excess material during post-processing is the
most desirable particle loading density. This may be achieved through a
variety of means, including but not limited {o the previously described
powder compression mechanism. In general, compression and infusion
20 paramelers may be selected such that one process does not interfere with
the other.
[0098] Figure 24 depicts an algorithmic flow chart which details the process
of applying build powder and support powder to electrostatically image a
layer, followed by infusion and imaging of a porous section to complete the
25 layer fabrication process. Additional densification may be used, and in
general the support and build powder may be depesited in any order or
simultaneously. As previously described, this enables the use of a wide
variety of combinations of powders, additionally, ii allows the imaging
process to be independent of the part geomstry, which may be
30 advantageous in simplifying the imaging process. In general, any light
source that can produce an imaging pattemn that produces a porous

component may be utilized, it does not need {o produce an image that
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conforms {o the part being produced, since the part layers are imaged
electrostatically during powder deposition.
[0098] Figure 25 depicts a feedback system utilizing a camera (511) or
ather visual feedback mechanism for capturing images of the powder (§12)
5 &t the build swface For some formulations and configurations, as the
powder (512} is infused with resin, it will darken in color, which can be
detected by the camera (511) in order o vaiidaie that the infusion process is
complete and uniform. This validation can help to ensure that infusion is
completed pricr {0 imaging with an imaging device (110). In the absence of g
10 camera (511), a predefined amount of resin can be infused into the layer of
powder (512) which could resull in the powder (512} being either over-
infused or inadequately infused, depending on the amount and magnitude of
error in predicting the reguired amount of resin.
[0100] Figures 28 and 27 depict a component and a method of producing
15 that component using the previously described powder composite SFF
methods with an improvement which reduces wasted powder. In the
previpusly described method, all powder within the build area was infused
with resin. Once powder is mixed with resin, it may be difficult {o reclaim that
powder for future use. Many powders, particularly metal and ceramic
20 powders, are very expensive, and in the interest of reducing wasted material
and fabrication costs, it is advaniageous {o limil the amount of powder that is
infused with resin during the build process.
[8101] As in the previously described SFF methed, a build platform (602) is
utilized which has a resin infusion channel (804) in order to infuse resin
25 deposited on its surface. During this configuration of the build process, a skin
{606) is imaged which is solid and does not allow for resin to permeate
heyond s boundary. This skin (606) is imaged by digitally modulating the
laser modules {0 produce a solid {ie non-porous) boundary layer. In general,
this may be achieved with the rastering mechanism described herein, or may
30 be achieved by ulilizing a secondary imaging mechanism, such as z
projector or laser galvanomeier. The function of the skin (©B06) is
independent of the means of production. This skin (608} starts along the

surface of the build platform (602) and restricts which pores of the build
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platform {802) may supply resin o the object (600) and support struciure
(810} being fabricated during the build process. In this case, both the object
(600) and support structure (610) are porous, in order {o aliow resin to flow
through during the fabrication process. The benefit of using a solid skin (606)
5 during the fabrication process is thatl there is a significant quantity of un-
infused powder (808) which may be reclaimed and used during a
subsequent build process. in conventional powder-based production,
wherein a laser is used to fuse powder together to build the part, the thermal
effects of this fusion process have a negatlive impact on the ulility of the
10 remaining powder. In order for guality to be maintained in subsequent puilds,
it is often necessary to discard unused powder entirely. Micro-scale metallic
powders are very costly, and this method of production allows for the
reclamation of a significant amount of unused powder after a build process,
thus reducing waste and cost in the production process. Further details of
15  the imaging process used o achieve this resul are described in Figures 41-
44,
[0102] In another aspect, as depicted in Figures 28-32, the presentiy-
disclosed subject matier provides another method of SFF that may be
utiized for producing solid plastic components (e not powdsr composite
20 components), which takes advantage of the porous imaging techniques
previously mentioned. A component (620) is fabricated on a build platform
(602) which ulilizes an infusion channel (604) to provide resin for infusion at
the build surface. This process can be contained within a build chamber
(624) with an imaging access window (628) which is transparent io allow
25 imaging access by any optical imaging system capable of curing the resin
that is utilized in the builld process, but is chemically impermeable o allow for
isolated atmospheric control within the build chamber (624).
[6103] Similarly to the methods discussed above, the componeni (820) can
be made porous, with a solid skin (622}, In confrast to the powder compaosite
30 structures formed by the previous methods, however, there is no powder,
and new layers of liguid resin are produced by pumping resin through the
component (610) to the iop imaging surface, where a fluid surface forms
{628). An advantage of this process is that it expedites the process of
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producing new lavers of resin, since a newly imaged layer is not stuck to the
bottom of a build val, and does not require delamination prior to fabrication
of the nexi iayer, as is common in inveried builld configurations, as previously
described. In this instance, surface tension maintaing the liquid layer (828} at
5 the itop surface of the component (820) being built, this may affect the
geometry of the layer being produced, as will be addressed hersinbelow.
[0104] Figures 33 and 34 depict an alternate configuration wherein a
sacondary support fluid (634) is added to the build chamber (830) via a
support fluid port (632). This fluid is generally immiscible with the resin being
10 used, and is of lower density than the resin being used, such thal it may
prevent overflow of resin from the top of the object (620) being buill.
Additionally, support fluid may be chosen such that geometric edge effects in
the formation of the liquid surface (628) are mitigated.
[0105] Figure 35 depicts a further configuration wherein aimospheric
15  control is utilized to increase the oxygen conceniration within the build
chamber {630). Dissolved oxygen inhibils free radical polymerization, which
is the reaction commonly ulilized within photopolymer resins. This additional
oxygen creates a polymerization dead zone (838) in which little or no
polymerization may occur. Polymerization of a new build layer will thus
20 generally occur only within the active zone (638) of the liquid laver (828).
While ailmospheric oxygen is adeguate 1o al least partially inhibit
polymerization, it may be advantageous to increase oxygen concentration o
control the thickness of the active zone and dead zone. In this instance, the
support fluid (834) also acts as an oxygen barrier, t0 negate potential oxygen
25 concentration gradient edge effects in the liquid layer (628). Alternatively,
atmospheric oxygen control may also be used in the configuration depiclted
in Figures 28-32 if it is determined that concentration gradient edge effects
will not reduce component precision beyond what is required for the
particular application.
3¢ [0108] Figure 38 depicts a further configuration where resin is supplied
through a build platform {602} to construct a porous part (620) with a solid
skin (622). In this case, overflow resin (625) surrounds the part (620). A fill
fluid {827) which is immiscible with the resin, which also has desirable
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viscous, optical, and thermal properties, is supplied through an array of entry
ports (621) and exits the build chamber through drainage poris (623). This fill
fluid (827) fills the gap between the overflow resin (625) and the imaging
window (626). The fill fluid (827) may in some implementations be water, or
5  other fluid with the reguired properties. In contrast {0 the support fluid (834)
described above, which is selected o have a density that is greater than that
of the resin being used, the fill fluid (627) can be selected {0 have a lower
density than that of the resin. In this way, whereas support fluid (634) is
designaed to occupy much of the space within build chamber (830) around

10 part (620) and prevent resin on the top layer from overflowing, the fill fluid
(627) can be used in siluations where the build chamber (830) would be
mostly filled with resin, and the fill Auid (627) can be designed o flow across
the top of the overflow resin (825), which ensures even distribution of new
resin on top of the part {620} being buiit.

15  [81071 In addition, in some embodiments, the fill fluid (827) is configured fo
absorb thermal energy created during the imaging process. During rapid
fabrication involving photopolymer resin, a significant amount of heat is
created, and this heat can negatively impact the machanical properties of the
part (820) being buill. Adding a layer of this fill fluid (627) to act as a coolant

20 for this process mitigates this issue. The particular cooling capacity of a
given fluid will vary depending on the thermal interaction between the resin
and the cooling fluid; certain fluids may be more suited for cerfain resins.
The choice of cooling fluid should be made in order to optimize cooling
effects (lowest interfacial thermal resistance) while also utilizing viscous

25 interactions to assist in resin distribution. While the fill fluid (627} in this
image completely fills the gap between the overflow resin {(625) and the
imaging window (826), in some instances an air gap between the fluid (627)
and imaging window (628) may be acceptable. Generally, the number of
optical interfaces through which optical energy must travel in order to image

30 alayer of malerial is reduced if there is no air gap, and the optical energy is
less likely to be disrupted or lose precision if there is no air gap, but
depending on the properties of the fluid (627) and the rate at which it flows
through the build chamber (624), an air gap may be desirable.
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I8108] In another aspect of the presently-disclosed subject matier, Figures

37-40 depict an alternate configuration using a bottom-up build system,

similar to the configuration described in Figures 3-10. One of the primary

challenges with a bottom-up build configuration is the reguirement that a

5 cured layer of material be delaminated from the botlom of the build vat

hefore new resin can flow underneath the part for a new layer 1o be imaged.

i this configuration, the botiom of the build vat (410) contains two layers, a

rigid transparent window (413) and a flexible transparent window (411)

separated from the rigid transparent window by a gap (e.g., an airgap). As g

10 part (603) is withdrawn from the flexible window (411), flexion of the window

{411) allows the window to be peeled away from the new layer rather than

being pulled away all at once, which can result in a comparatively gentler

delamination process. In some embodiments, a pressure sensor (415) can

be provided in communication with the gap, and the pressure sensor (415)

15  may be utilized as an indirect measure of the volume of air in the gap

between the flexible window (411) and the rigid window (413) in order o

determine when the flexible window (411) has returmned {o its original (i.e.,
non-deformed) position, and the next laver can be imaged.

6108] To further ameliorate the delamination preblem, i some

20 embodiments, resin is pumped through the build platform (802) and through

the porous part {803) as in previously described configurations. By supplying

resin through the part (803), this alleviates the challengse of overcoming

viscous resistance when creating new lavers of material, which is a

significant limiting factor when optimizing the speed of this type of fabrication

25 system. The porous internal structure of the part (603) being fabricated will

create a vertical resin pressure gradient, which will result in lower fluid

pressure at the build surface, and higher build pressure within the build

plaiform (802). In order to alleviate this pressure gradient, and reduce any

stress it may cause to the part (603), one or more additional resin channels

30 (805 may be fabricated during the build process, and removed during post-

processing. Even if the verlical pressure gradient cannot be completely

diminished, the inclusion of the one or more additional resin channels (605)

can be helpful to reduce the pressure 1o a level that would be unlikely to

s}
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cause damage o the part (603). The channel! (605) depicted here is g hollow
resin supply conduit, with negligible resin pressure loss across its height
when compared o the pressure gradient normally present in the part (803}
being built. This method may in general be applied to any of the previously
5 described methods and configurations for fabricating porous components by
supplying resin through a build platform (802).
[0110] In the aforementioned plastic fabrication methods, a porous part is
produced. This part may require posi-curing to solidify the remaining #uid
resin within it Alternatively, the remaining liquid resin may be drained, and
10 the part may be filled with ancther polymer and cured. This polymer may be
a photocurable resin, an epoxy resin, or other filler chosen to achisve
desired mechanical properties. Additionally, the porosity of this part may be
advaniageous in an investment casting process, where the burnout
properiies of the component would be significantly improved by the reduction
15  of material within the component.
18111] In another aspect, the present subject matter provides a method for
forming an object by solid freeform fabrication. Regardiess of the pariicular
kind of SFF process used, a desirable degree of porosity can be achisved by
controlling the irradiation of the pholocurable materials. In some
20 embodiments, for exampie, the imaging device used io iradiate the
photocurable materials can be activated fo image only a selected fraction
{e.¢g., less than 40-70 percent} of the cross section of the object being built.
in particular, Figures 41-44 depict a set of raster patterns producible with any
of a variety of imaging systems, including the imaging system described in
25 Figures 3-10. Figure 41 depicts a first cure patiern (640) used on a first
layer, and Figure 42 depicts a second cure pattern (842) used on a second
layer. Assuming cure parameters are chosen properly, and build process
alternates first (840} and second (642) cure patierns between adjacent
fayers, the net resull will be a latlice structure with greater than 40-80%
30 porosity, allowing for a structurally sound object that will readily allow fluid o
flow through it. It should be noted that while the nominal porosity of the cured
structure may be greater than 80%, it is desirable to have as low a porosity
of the powder substraie as possible, as previously discussed. The combined

23



WO 2017/147434 PCT/US2017/019371

porosity of the obiect being built, when this technique is applied to powder
composite fabrication, will likely be lower than 15-25%. In general, a higher
powder iocading density will vield higher quality components, but will inhibit
resin flow 1o a greater degree; it is therefore desirable to utilize a cure
5 paltern which provides the minimal amount of structural integrity necessary
for the component to remain intact during the build process and
postprocessing, while maximizing cure patiern porosity to reduce resisiance
to resin flow.
10112] Figure 43 depicts these cure palterns as applied v the plastic
10 fabrication method described in Figures 28-22. This method cures a solid
skin {652) around a porous interior structure (850). This cure method may be
achieved by using one or more programmable light sources, including the
system described in Figures 3-10. Alternatively, any of a variely of other
programmabie light sources, used individually or in combination together,
15 can be used to achisve a desired cure pattern. Figure 44 depicts the
application of these cure patlerns as applied 1o the composite fabrication
method described in Figures 26 and 27. As previously indicated, a porous
structure (650) is imaged, with a boundary laver (654) separating the
component from a solid skin (852). Un-infused powder (656) can be
20 preserved for future use. In this instance, the skin acts as a fluid flow conduit
along with the boundary layer. If there are overhanging regions in the object
being built that would normally require support structure, this may be
replaced by fluid flow structures that allow resin to infuse these overhanging
regions without attaching any support structure to them. The skin will stiill
25 conirel the resin flow to preserve unused powdsr, and the boundary between
the skin and the object being built allows the object to be supportied by the
surrounding powder (both infused and un-infused) without physical supports
that directly connect o the object being built. As a result, the surface of the
object will be unmarred by connection points from support material, as is
30 typical in other SLA fabrication processes. The separation of the skin (852)
from the object (650) provides additional fluid flow for infusion, and may
reduce the amount of post-processing required when cleaning the
component prior to sintering or other reatment.
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I0113] Figure 45 depicts a cure patiern that may be ulilized in any of the
powder composite or porous polymer fabrication methods and configurations
previpusly described. in some cases, it may be desirable {o produce s
component with multiple porous subsections (657, 658). Assuming the walls
5 {659) that divide these seclions (657, 658) are thin enough such that resin
flow in subseqguent layers is not unduly resiricted, this may be implemented
without substantially deviating from the previously described fabrication
methods and configurations. There are several applications where this
imaging method is advantageous. For example, when printing tooling for

10 injection molding, it is often desirabie {0 produce conformal cooling channeis
to control the temperature of the tooling during the injection process. These
porous subsections can be used as conformal cooling channels to improve
tooling performance. Further, the previously described methods of infilirating
a component during posi-processing can be improved if different mechanical

15  properties are desirable in different sactions of a printed component. Porous
subsections may be drained of uncured resin and infiltrated with different
materials to produce enhanced fiexibiiity, rigidity, ioughness, sirength, or
ather physical properties that are desirable for specific regions of a printed
parl. In the example of printed tooling, a zone may be defined by the interior

20 surface of the tool with a particular thickness; this zone may be construcied
as an isolaled porous section, which may be filled with heat-resistant
material to improve tooling performance, while additional zones beyond this
first zone are constructed as conformal cooling channels around this inner
zone,

25 [0114] Figures 46 and 47 show the interaction between an infused layer
and a second layer during infusion. As previously described, powder
particles (660) are deposited on a build platform (602) and infused with resin.
Menisci (662) form between these particies (860), which allows for gaps in
which more particles may be deposited, but still provides enough resin which

30 may be imaged to bind the powder together in a porous structure. A second
layer of powder particles (664) are infused with resin, and new menisci (866)
are formed during the process of infusing the second layer. This process is
repeated until a complete component is produced.

25



WO 2017/147434 PCT/US2017/019371

I0115] Figure 48 shows an alternate method of enabling infusion and
imaging of powder layers. If the atmosphere of the build area is controlled
such that oxygen levels are raised, a polymerization dead zone forms at
each of the menisci (662) in a given layer. This lowers the surface (668) at
5  which polymerization may occur. An advantage of this method is that #
allows vyet more space for new powder 0o be deposited without
compromising the ability of the system to bind together powder. in this
regard, this system can provide stable binding between powder particles in
which resin flow is not inhibited, and the arrangement of powder in the built
10 component is homogeneous. This will provide the best possible green part
for sintering during post-processing.
[0118] Figures 48 and 50 depict an alternate configuration in which powder
is directly fused to produce a printed component. In conventional laser
sintering applications, a iaser galvanometer is utilized to fuse sections of
15  layers of powder to fabricate components, but such systems can typically
achieve scanning speeds of less than 10 m/s. It is advantageous in these
applications to have higher rastering rates to limit thermal effects which
compromise resolution (e.q., weld beads forming during the binding process
due to thermal saturation). Since the rastering module (150} previously
20  described is indifferent to the wavelength of energy used, it may be
impiemented with any wavelength of energy, assuming an appropriate
refractive material can be selected for the prism (158). In this
implementation, the exigent beam (180) from the rastering module (150} is
reflecied off of a fixed mirror (870) and onto a panning mirror (674) controlied
25 by a rotary actuator (672), similar to the imaging system described in Figures
3-10. The resulling beam (676} is subsequently rastered over the powder
laver (512) on the build platform, and digitally modulated to image a section
of a parl. in addition, whereas iaser gaivanometer systems can typicaily only
achieve scan speeds of less than 10 m/s, the disclosed rastering module
30 (150) can be operated at scan speeds of over 100 m/s while still maintaining
very high precision in monitoring the position of the beam.
[0117] Figure 51 describes a method of producing a powdsr composite
green part utilizing any of the previously described methods and
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configurations. In the previously described metheds and configurations, resin
is infused into powder through a build platform. The speed of this process is
partially dependent on the speed of this infusion process. This speed may be
improved by the addition of a Viscosity Reducing Agent (VRA) o the resin.
5 Organic sclvents, such as alcohols, may serve this purpose. ideally, this
VRA has a high vapor pressure, such that upon exposure o the build
surface, and the heat created during the imaging process, the VRA will
evaporate, producing a concentration gradient in which there is a high
concentration of VRA in the resin that is contained in the body of a part
10 being printed, and a low concentration of VRA at the build surface.
[0118] Figure 52 describes a second method for producing a green part. In
the previously described methods and configurations, a skin and porous
internal structure were imaged to construct the green part. In general, it may
not be necessary o construct a full porous internal siructure; it may be
15  sufficient to construct a skeletal internal structure. As has been praviously
discussed, the impertance of the internal structure of a green part is o
provide structural support during the production and post-processing phases;
any structure which is adequate to this task, while requiring as litle material
to be cured as possible, will optimize build time for a given component. In
20 some cases, post-curing may be reguired o give the green part the required
structural integrily to survive the debinding and sintering process.
[0118] Figure 53 describes a third method for producing a green part. This
is & further variation on the method described in Figure 52. In this method,
only a skin of the part is imaged. An important distinction between this
25 method and previous methods, is that in this case, the “skin” that is imaged
is defined such that the internal surface of this skin is the external surface of
the part being produced. The process of imaging the skin leaves a significant
amount of uncured resin within the part being buiit. This resin may be
drained from or pumped out of the part after the printing process is complets,
30 and the resulting component may be infused with wax or other binding
medium. The skin may be removed by chemical treatment, resulling in a
green part which contains only powder and the secondary binding medium.
This method may be desirable in situations where the burnout properties of
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the photopolymers are suboptimal. Specifically, many typical photopolymers
have measureable ash content remaining afier a burnout process when
used for invesiment casting. This ash conient is typically measured as a
fraction of the original volume of material Although resins specifically
5 intended for casting purposes may have ash content ratings of roughly 8.1%-
0.25%, this may still be considered too high in some siuations, in which
case the use of a wax or other secondary binding medium may be beneficial.
in PIM manufacturing, for example, waxes and other polymers that can be
completely removed {i,e,. have negligible ash content) during debinding and
10 sintering are typically used. Some photopolymers have been developed with
good bumout properties, but none perform as well as the polymers
traditionally used in PIM manufacturing; this process takes advantage of the
properties of all materials involved. In some implementations, the skin may
be imaged as in previous configurations, and need nol be removed prior 10
15  post-processing. The optimal implementation of this method will depend on
the binding and powder materials utilized.
[0120] Figure 54 describes a method of producing a porous part, possibly
utilizing the configuration described in Figures 48 and 50. Rather than
produce a green part, which is bound by a polymer binder, this method
20 utilized direct fusion of powder feedstock o produce a pariially sintered
porous component. Typically, in laser sintering applications, there are
significant internal stresses produced during the sintering process due to the
shrinkage undergone by layers of material as they are sintered. By only
partiglly sintering layers of material, these stresses can be largely avoided.
25 This will produce a part that is an arrangement of powder particles only
slightly adhered to one another, similar to a brown part produced after
debinding a green part as previously described. As such, this part may be
post-processed in a similar manner {o produce a densified final component.
Since this post-processing involves uniform heating, no additional thermal
30  stresses are created during this process.
[0121] Figures 55 and 56 describe methods of improving precision in the
sintering process that may be applied o any of the aforementionad methods
and configurations capable of producing brown parts for sintering. In
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general, it is desirable {o achieve the highest powder loading densily

possible in a green part. This density is calculated as the volume of powder

in a green part reiative {o the overall volume of the part. This also predicis

the amount of shrinkage that will cccur during sintering. Higher amounts of

5 shrinkage may distort the part, compromising precision. In general, powder

hed infusion methods can readily achieve approximately 60-85% powder

oading density. After fabrication and debinding, a brown part is produced.

This part may also be produced according to the methods and configurations

described in Figures 48, 50, and 54. This part can also be approximately

10 65% volumetrically dense. Muitimodal powder, in which the pariicle size

distribution contains mulliple peaks, may be used 0 increase this initial

density. Additionally, the density may be increased by subjecting the brown

part 1o a secondary infusion process. In order {0 increase the powder loading

density of the brown part, it may be infused with nanoparticies of the same

15  material as the initial powder used during fabrication. Particles which are

small enough to freely flow through the pores left in the brown part may be

introduced by flowing a suspension of particles in a liguid carrier into the

brown part, or by exposing the brown part {o a bath of particles under

ultrasonic stimulation o enhance particle fluidity. It should be noted that

20 flowing particles or a liquid suspension of particles over a surface is an

abrasive process; in order to preserve the struciural integrily of the part, it

may be necessary 10 subject the part to an initial partial sintering process o

further bind particles together while maintaining enough porosity o allow for

this secondary particulate infusion process. Once the brown part has been

25 partially sintered and infused with particles, its void fraction (the volumetric

fraction of non-powder material in the party may be reduced from

approximately 35% to approximately 10-12%, thus reducing the amount of

shrinkage reguired to oblain & densified part and siso reducing potential
distortion.

3¢ [0122] These methods of adding particulate matter o increase the

volumetric fraction of powder in a green part can also have particularly

advantageous effects when combined with the previously described method

of imaging discrete porous zones within a part during fabrication. For
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example, isolating different zones in a gresn part can allow particular
seclions to be infused with particulate material prior 1o full sintering to
achieve different densilies in different regions of the finished part. A part may
require a dense skin, but benefit from a porous interior; this may be applied
5  to printed metal tooling with conformal cooling channels built into the interior
of the tool. This may also apply to tooling such as drill bits, mill bils, router
bits, and such, which would require a fully dense outer surface to form a
cutting edge, but may benefit from a somewhal porous interior o allow
coolant to be pumped through the tocol In this instance, small porous regions

10 would have {0 be lefi as exil poris for the coolant flow, and the net result
would be a high performance cutling tool that could be digitally fabricated
with arbitrary geometry.

[3123] In many of the previously described methods, reference has been
made to meial and ceramic powders being used as a primary bulld maierial,

15  particdlarly for the fabrication of green parts which can be sintered info
partiglly or fully dense final components. In general, any powder or blend of
powders may be utllized, and any resin with the desired flow properties to
match the powder or powder blend may be utilized in this build process.
Several additional options are described hersinbelow.

20 [0124] A blend of plastic and graphite powder may be utilized such that the
final product may be self-lubricating in nature. Additionally, blends of metal
and graphite powder may be utilized to achieve an end product with similar
properties. Blends of plastic and metal powder, wherein the ratio of plastic to
metal is in excess of 51, may be ulllized such that post processing via

25 induction or microwave treatment causes additional fusion of adjacent plastic
particles due 1o heat given off by metal pariicles. Additional combinations of
powder may be used for build powder, and additional combinations of
powder may be used as suppori powder, depending on the desired post-
processing steps and desired end product.

3¢ [0125] The present subject matter can be embodied in other forms without
departure from the spirit and essential characleristics thereof.  The
embodiments described therefore are o be considered in all respects as
Hlustrative and not restrictive.  Although the present subject matier has been
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described in terms of certain preferred embodiments, other embodiments
that are apparent to those of ordinary skill in the art are also within the scope
of the present subject matter.
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CLAIMS
What is claimed is:
1. A powder composite fabrication machine comprising:
a build platform;
5 a powder transfer device configured o deliver a powder material {o

the build platform;

a resin supply system in communication with the build platform and
configured to deliver a photocurable resin for infusion infe the powder
maternal; and

10 an imaging device positioned above the build platiorm and configured
to selectively irradiate the photocurable material to at least partially solidify a

layer of a powder composite component.

2. The powder composite fabrication machine of claim 1, wherein the
15  build platform is selectively movable with respect {0 the imaging device to
accommodate the formation of multiple layers of the powder composiie

component,

3. The powder composite fabrication machine of claim 1, wherein the
20 powder transfer device comprises a roller that is movable o transfer the

powder material from a powder supply chamber o the build chamber.

4. The powder composite fabrication machine of claim 3, wherein the
roller comprises one of a counter-rotation roller or an electrosiatic iransfer

25 roller.

5. The powder composite fabrication machine of claim 1, wherein the
powder fransfer device is configured to deliver powder material from multiple
powder sources.

30
8. The powder composite fabrication machine of claim 1, comprising a
compression device configured to conirol a density of the powder material

delivered to the build chamber.
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7. A method for powder composite fabrication, the method comprising:
delivering a powder maieriai {0 a build platform;
infusing the powder material with a photocurable material;

5 seleclively activating an imaging device to irradiate the photocurable
material 1o at least partially solidify a layer of a powder composile
component; and

repeating the sieps of delivering a powder material, infusing the
powder material with a photocurable material, and selectively irradiating the

10 photocurable material 1o form the powder composiie component.

8. The methed of claim 7, wherein delivering the powder material 1o the
build platform comprises:
expelling a metered guantity of powder material from a powder supply
15  chamber; and
transferring the melered quantity of powder material to the build

platform.

9. The methed of claim 7, wherein delivering the powder material 1o the

20 build platform comprises controliing a density of the powder material.

10.  The method of claim 8, wherein conirolling a density of the powder
material comprises increasing a volumetric powder loading density of the

powder material to be greater than a free density after deposition.

11, The methed of claim 7, wherein delivering the powder material 1o the
build platform comprises delivering different powder materials from multiple

powder sources to the build platform.
3¢ 12, The method of claim 11, wherein the different powder materials are
selected from the group consisting of a plastic powder, a metal powder, &

ceramic powder, and a semiconductor powder.
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13. The method of claim 11, wherein delivering different powder materials
from multiple powder sources comprises delivering a build powder and a

support powder to the build plaiform.

5 14, The method of claim 13, wherein the build powder comprises a metal

powder and the support powder comprises a non-metallic powder.

15. The method of claim 7, wherein selectively activating the imaging
device comprises irradiating the photocurable material over a selected
10 fraction of a respective cross-section of the power composite component {0
at least partially solidify a layer of the powder composite component {o have
a porosity sufficient to allow the photocurable material to flow through the
laver during repeated sieps of delivering the photocurable material, and
wherein repeating the sieps of delivering the powder material, infusing
15  the powder material with photocurable material, and selectively irradiating
the photocurable material comprises repeatediy:
delivering powder material on top of one or more previousiy
irradiated layers of the powder composite component,
delivering the photocurable material through the one or more
20 previously irradiated layers of the powder composiie
component {o infuse the powder material;, and
seleclively activating the imaging device to irradiate the
photocurable material to at least partially solidify a next

layer of the powder composite component.

16. The method of claim 15, wherein iradiating the powder material and
the photocurable material over a selecled fraction of a respective cross-
section of the power composite component comprises irradiating less than
70 percent of the respeclive cross-section of the powder composite

30 component.

17. The method of claim 7, wherein selectively activaling the imaging

device comprises irradiating only a perimeter of a respective cross-section of

34



WO 2017/147434 PCT/US2017/019371

the power composite component 1o form a skin around the powder material
and photocurable material; and
wherein, upon completion of the skin, the method comprises:
removing the photocurable material from the powder malerial;
5 infusing the powder material with a binding medium;
removing the skin 1o reveal a green part comprised of the

powder material and the binding medium.

18. The method of claim 7, comprising lowering the build platform an
10 increment away from the imaging device prior {0 repeating the steps of
delivering a powder material, infusing the powder material, and selectively
irradiating the powder material, wherein each layer of the powder composite

component is formed on top of a preceding layer.

15 19, The method of claim 7, comprising performing post-processing {o

convert the powder composite component {o a solid component.

20. A method for forming an object by solid freeform fabrication, the
20 method comprising:
delivering a pholocurable material to a build platform;
selectively activating an imaging device to irradiate the photocurable
material over g selected fraction of a respeclive cross-section of an object to
be fabricaied to at least partially solidify a material layer of the object; and
25 repeating the steps of delivering the pholocurable material and
selectively irradiating the photocurable material to form the object;
wherein selectively aclivating the imaging device comprises at least
partially solidifying the material layer to have a porosity sufiicient to allow the
photocurable material to flow through the material layer during repeated

30 steps of delivering the photocurable material.

21.  The method of claim 20, wherein delivering a photocurable material
comprises:
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delivering a powder material {0 the build platform; and

infusing the powder material with a photocurable resin.

22. The method of claim 21, wherein selectively aclivating the imaging

5 device comprises selectively irradiating z continuous portion of the

photocurable material around a perimeter of the material layer to form a non-
porous boundary,

wherein infusing the powder material with a photocurable resin

comprises infusing only a porion of the powder material that is positioned

10 within the non-porous boundary.

23. The method of claim 20, wherein selectively aclivating the imaging
device to irradiate the pholocurable maiterial over the selected fraction of the
respective cross-section of the object o be fabricated comprises irradiating

15  less than 70 percent of the respective cross-saction of the object.

24.  The method of claim 20, wherein delivering a photocurable material

comprises delivering a photocurable resin o the build platform.

20 25 The method of claim 20, wherein repeating the steps of delivering the
photocurable and selectively irradiating the photocurable material to form the
object comprises repeatedly:

delivering the photocurable material through one or more previously
irradiated layers of the object; and

25 seleclively aclivating the imaging device to hradiate a layer of the
photocurable material on top of the one or more previously irradiated layers

of the object 1o at least partially solidify a next layer of the object.

26.  The method of claim 25, wherein delivering the photocurable material
30 though one or more previously iradiated lavers of the object comprises
delivering at least a portion of the photocurable material through one or more
resin channels configured to reduce any verlical pressure gradient

developed within the one or more previously irradiated lavers.
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Figure 53
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