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METHOD FOR FORMING A THREE-DIMENSIONAL BODY HAVING REGIONS
OF IFFERENT DENSITIES

TECHNICAL FIELD

The present disclosure relates to a method for continuously forming a three-
dimensional body from a mixtire comprising solid particles, wherein the formed body
contains regions of different densities.

The manufacturing of polymeric three-dimensional bodies based on a layer by layer
built up of a radiation curable liquid material has become of increasing interest, especially in
view of the enhancement in production speed if a bottom-up technigue is employed.

Although it is known that ceramic bodies may also be manufactured via a layer by
layer construction of radiation curable ceramic slurries, the production specd for making
these materials 1s stll very slow and improvement of the uniformity, density and strength of
manufactured ceramic bodies is desirable. The manufacturing of complex three dimensional
structures including ceramic particles can find applications in a wide range of ficlds, for
example, in the automotive and aerospace induastry, or in medicine for the making of custom
implants and dental models.

In order to further expand the use of three-dimensional bodies produced by a
continuous printing technique, it would be desirable to manufacture three-dimensional bodies
having regions of different densities by a single printing process.

SUMMARY

According to one embodiment, a method for forming a body comprises forming a
three-dimensional hody by radiation curing a mixture comprising solid particles, wherein
forming includes growth of the three-dimensional body from an interface of the mixture, and
forming at lcast one first region and at least one second region within the three-dimensional
body. The three-dirmensional body comprises a characteristic selected from the group of 1)
the at least one first region having a different density than the at least one second region; it}
the at least one first region comprising a first content of the solid particles, and the at least
one second region comprising a second content of the solid particles, the first content of the
solid particles being different than the second content of the solid particles; or 1) the solid
particles included in the at least one first region having a different average particie size than
the solid particles included in the at least one second region; or iv) any combination thercof.

According to another embodiment, a method for forming a body comprises forming a

three-dimensional body by radiation curing a mixture comprising solid particles, wherein

-1-
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forming includes growth of the three-dimensional body from an interface of the mixture, and
forming at least one first region and at least one second region within the three-dimensional
body; wherein the solid particles of the mixowre define a multimodal particle size distribution.
According to a further embodiment, a method for forming a body compriscs forming
5  athree-dimensional body by radiation curing a mixture comprising solid particies, wherein
forming includes growth of the three-dimensional body from an interface of the mixture and
forming at least one first region and af least one second region within the three-dimensional
body. The radiation curing is conducted within a translating portion of the mixture; and
further wherein, during forming of the three-dimensional body, a thickness of the translating
10 portion is varied and/or a thickness of an inhibition zone of the mixture is varied.
BRIEF BESCRIPTION OF THE DRAWINGS
The present disclosure may be better understood, and its numerous features and
advantages made apparent to those skilled in the art by referencing the accompanying

drawings.
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FIG. 1A includes an illustration of an assembly according to one embodiment,
showing the starting phase of forming of a three-dimensional body.
FIG. 1B includes an illustration of an assembly according to ong embodiment,
showing a later phasc of forming of a three-dimensional body.
FIG. 2A includes an tlustration of a three-dimensional body comprising two different
20 regions according to one embodiment.
FiG. 2B includes an illustration of a three-dimensional body comprising three
different regions according to an cmbodiment.
FIG. 3 is a graph showing the cure depth with increasing UV exposure of mixtures
containing each a different type of ceramic particles and of a mixowe without ceramic
25 particles.
FIG. 4 is a graph showing the thickness of the inhibition zone in dependence to the
UV exposure of a mixture containing ceramic particles according to an embodiment and a
mixture without ceramic particles.
FIG. 5 is a graph comparing two types of oxygen permeable membranes with regard
30 to the thickness of an inhibition zone formed during varving UV exposure according to
embodiments.
FIG. 6 is an image of a continuously formed three-dimensional body comprising

alumina particles.

2o
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FiG. 7 is an image comparing contimiously formed three-dimensional bodies
comprising alumina particles.

FIG. 8 is an image of two three dimensional bodies each having regions of different
densities according to one embodiment.

3 FIG. 9 is a scanning electron microscope (SEM) image showing the microstructure of
two adjacent regions of a three-dimensional body with different densities according to one
embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
As used herein, the ferms “comprises,” “comprising,” “includes,” “inchiding,” “has,”
10 “having” or any other variation thereof, are intended to cover a non-exclusive inclusion. For
example, a process, method, article, or apparatus that comprises a list of features is not
necessarily limited only to those features hut may include other features not expressly listed
or inherent to such process, method, article, or apparatus.

As used herein, and unless expressiy stated to the contrary, “or” refers to an inclusive-
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or and not to an exclusive-or. For example, a condition A or B is satisfied by any oune of the

following: A is true (or present) and B is false (or not present), A is false {or not present) and

B is true {or present), and both A and B are true {or present).

Also, the use of “a” or “an” are employed to describe elements and components
described herein. This is done merely for convenience and to give a general sense of the

20 scope of the invention. This description should be read to inchide one or at least one and the
singular also includes the plural unless it is obvious that it is meant otherwise.

As used herein, the term mixture refers to a fluid of a certain viscosity, including a
liguid component and solid particles. The Hquid component may inclade a radiation curabie
raterial.

25 As used herein, the term solid particles refers to particles that remain solid in the
mixture and do not dissolve in the liquid component of the mixture. For example, solid
particles may be ceramic particles, metallic particles, polymeric particles or any combination
thereof.

As used herein, the term three-dimensional body refers to a body formed from the

30 mivture of the present disclosure before high temperature sintering, unless indicated

otherwise. All values provided in the embodiments herein and related {o the three-

dimensional body refer to the three-dimensional body after stabilization. Stabilization
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inchudes removal of volatiles from the three-dimensional body, including for example drying
of the threc-dimensional body at a temperature up to 100°C.

Various embodiments of the present disclosure will now be described, by way of
example only, with reference to the accompanying drawings.

3 The prescnt disclosure relates to a method of continuously forming a three-
dimensional body from a mixture. The method of the present disclosure can form a three-
dimensional body having at least one first region and at least one second region, whereby the
at least one first region and at least one secound region can be different from each other based
upon one or more criteria, incluoding but not limited to, deunsity, content of particles, and

10 average particle size.
The method includes providing an assembly designed for working with a radiation
curable mixture containing solid particles. As demonstrated in the embodiment shown in
FIG. 1A, the assembly can have a computer controlled electromagnetic radiation unit {11}, a

chamber {12}, and a construction unit {13}. The electromagnetic radiation unit {11} can he
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configured to deliver electromagnetic radiation to a portion of the mixture, wherein the

electromagnetic radiation can have a particular wavelength, including for example an

ultraviolet radiation (V) or visible Hght. The assembly can include a radiation sowrce (14),

for example, a laser or a light emitting diode (LEDY), which can be configured to project a

varying computer-aided design / coroputer-aided mamifacturing (CAD/CAM) created two-

20 dimensional image onto a transparent window {15) at the bottom of the chamber (12). The
chamber {12} can include a mixture (16} that can include a radiation curable material and
solid particles. The transparent window {15} of the chamber (12) can be semipermeable for a
particular inhibitor, which may be a gaseous material. In such instances, the semipermeable
layer is selectively permeable, such that it 1s configured to allow for the transfer of the

25  inhibitor into the mixture, but may not allow transfer of other materials (e.g., water) through
the transparent window (15). The transparent window (158) may inchide an additional
semipermeable layer (not shown) for the penetration of an inhibitor, for example air or
oxygen, into the mixtare (16} of the chamber (12}, During the forming process, the inhibitor
may enter the chamber (12) by permeating the transparent window (18) and form an

30 inhibition zone (17} at a bottom region of the mixtire (16}, In the inhibition zone (17) the

inhibitor can limit or prevent curing of the mixture (16) by the clectromagnetic radiation.

According to one embodiment, a carvier plate (18) can be positioned above the

chamber (12). The position between the carrier plate {18) and the mixture in the chamber
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{12} can be changed during the forming process to facilitate formation of the three-
dimensional body. When the formation of the three-dimensional body is started, the carrier
plate {18) can be emerged into the mixture {16} up to a pre-calculated distance from the
interface of the inhibition zone (22). According to one embodiment, the pre-calculated

5 distance corresponds to a portion of the mixture that can be radiation cured (translated from
figuid to solid state) if subjected to eleciromagnetic radiation from the radiation unit (11}
underneath the chamber (12), and is furtheron called “translating portion” (19). The radiation
cured transiating portion {19) can be adhcered to the carrier plate (18} and can be vertically
moved away from the interface of the inhibition zone {22). Conaurrently with the uvpwards

10 movements of the carrier plate (18) and the attached solidified translating portion (19),

mixture (16) from the sides of the polymerization chamber or from a reservoir (26) can fill
the released space. The construction is designed to move the carrier plate (18) continuously
upwards in vertical divection {1.c., Z-direction) at a speed that corresponds to the time needed

for radiation curing mixture {16) that replaces the upwards moved solidified translating

15  portion.

FIG. 1B includes an iHustration of a partially formed three-dimensional body
according to an embodiment. The partially formed body inchudes three solidified and unified
translating portions {21} and one translating portion {19} which is subjected to radiation
curing.

20 The tncrease in distance between the carrier plate (18) and the mixture (16) when

forming the three-dimensional body can be caused by moving either the carrier plate (18) or
the chamber (12) or both carrier plate (18) and chamber (12} in relation to each other.
The carrier plate (18) of the assemnbly may be configured for continuous movement to
facilitate formation of the three-dimensional body as the carvier plate (18) is moved away
25 from the interface of the inhibition zone (22). As used herein, the phrase “interface of the
inhibition zone” {22} can be used interchangeably with the phrase “interface of the mixture,”
since the inhibition zone is a zone of the mixture, which is only distinguished from the other
part of the mixture by the presence of an inhibitor in a concentration that the mixture may not
cure if exposed to clectromagnetic radiation. Actual solidification and forming of the three-
30  dimensional body starts at the interface of the inhibition zone (22), i.e., an interface of the
mixtore.
The formation of the three-dimensional body may not necessarily be considered a

layer-by-layer forming process. Instead, the forming process (e.g., curing) may be in the
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form of a gradient of solidification (e.g., polymerization). The processes of the embodiments
herein may facilitate formation of a three-dimensional body having smoother features and
may have tmproved mechanical properties, compared to conventional stractures formed by a
layer-by-layer forming processes.

As used in the context of the present disclosure, continuous translation and growth of
the three-dimensional body means that the carrier plate (18) can be moved in a continuous
manner or in discrete steps with short stops between each step. In certain instances, the
continuous translation and growth will be characterized by a gradient of solidification that is
maintained while forming the three-dimensional body. A gradient of solidification means
that a continuous polymerization reaction is maintained across the thickness of the translating
portion (1%). with the lowest degree of solidification next to the interface of the inhibition
zone (22) and the greatest degree of solidification at the opposite end across the thickness of
the translating portion (19). The three-dimensional body formed by the process of contineous
transation can thereby possess a non-layered internal structure, such that in a crosscut along
the z-axis, changes in the morphology of the three-dimensional body are not visible to the
naked eve. In comparison, traditional layver by layer build-up of a three-dimensional body
waits until one layer is completely radiation cured before the next layer is applied, which
fcaves visible lines and discrete regions in the formed three-dimensional body, i.e., regions
that are not smoothly connected together.

In those embodiments utilizing short stops in the movement of the carrier plate (18},
such stops are generally brief and suitable for maintaining the above-described gradicnt of
solidification. According to one embodiment, the stops can be for a duration of at least 1
microsecond, such as at least 300 mucroseconds, at feast 500 microseconds, at least 800
microseconds or even at least 1000 microseconds. in other embodiments, the stops may be
for a duration of not longer that 1 second, such as not longer than 0.5 seconds, not longer than
0.3 seconds or not Jonger than 0.2 seconds or even not longer than 0.1 seconds. {t will be
appreciated that the stops can have a duration within a range inclading any of the minimim
and maximum values note above, such as from 1 microsecond to 1 second or from 300
microseconds to 0.3 seconds or from 1000 microseconds o 0.1 seconds.

In further embodiments, the method of the present disclosure can also inclade longer
stops during the forming of the three-dimensional body, such that the gradient of

solidification may be intermpted and the travslation is not continnous as defived above. Such
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longer stops may be desired for the making of a body having defined regions which are
cleavable.

To prodace a three-dimensional body having at least one first region and at least one
second region that can differ from each other based upon density, the solid particie content
(i.e., the amount of solid particles in vol% or wi%}, or the average size of the solid particles,
the thickness of the inhibition zone (17} and/or the thickness of the translating portion (19}
may be varied. By varying the thickness of the inhibition zone (17) and/or ranslating portion
(19), solid particles of the mixture can be excluded according to their size from entering the
translating portion {(19).

In one embodiment, the solid particles of the mixome tnvolved for forming at least
one first region can comprise a greater average particle size than the solid particles involved
for forming at least one second region.

The inhibition zone (17} can be a part of the mixture and located next to the
transparent window (15} of the chamber, where the mixture does not cure or only to a very
limited extend under electromagnetic radiation. Accordingly, the inhibition zone (17) may
facilitate limited or no adhesion of the radiation cured material to the bottom of the chamber
(12), which may facilitate simpler release of the body from the chamber after forming is
completed.

The inhibition zone (17} can be formed when the inhibitor enters the chamber (12}
through the transparent and semipermeable window (15}, and may be regulated in its
thickness by the concentration of the inhibitor.

In one embodiment, the thickness of the inhibition zone (17} can be varied by varying
the intensity of the applied clectromagnetic radiation, as also shown in Exaroples 2 and 3.

In another embodiment, the thickness of the inhibition zone (17} can be varied by
varying the pressure of a gaseous inhibitor for forming the inhibition zone.

In a further emnbodiment, the thickness dimension of the inhibition zone (17) can be
controlled relative o the concentration of the solid particles. By increasing the concentration
of the solid particles, the thickness of the inhibition zone may be decreased, as also shown in
Example 2.

In one embodirent, the thickness of the inhibition zone may be at least 0.5 pm, such
as at least 1.0 um, at least 2.0 ym, or at least 5 ym. In another embodiment, the inhibition
zone may not be greater than 600 pm, such as not greater than 500 pm, not greater than 300

pm, or not greater than 100 pm. It will be appreciated that the thickness of the inhibition
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zone can be a value between any of the maximum and minimum values noted above, such as
from 0.5 pro to 600 pwm, from 1.0 pm to 450 pm, or from 3 pm to 200 pm.

The inhibitor may preferably be an oxygen containing gas, such as air, muxtures of an
inert gas and oxygen, or pure oxygen. In another aspect, when oxygen cannot inhibit the

3 activity of the photoinitiator (for example, when a cationic photoinitiator is used) the inhibitor

can be an amine, e.g., ammonia, cthyl amine, di and trialkyl amines, carbon dioxide, or
combinations thereof.

In one embodiment, the inhibitor can be pure oxygen, and the oxygen may penctrate
the semipermeable layer in an amount of at least 0.1 Barrer, such as at least 1 Barrer, at least

10 5 Barrer, at least 10 Barrer, or at least 30 Barrer.

Although the term “inhibition zone™ appears to indicate that no polymerization
reaction may take place in that arca of the mixture, it will be appreciated that polymerization
reactions can also occur to a himited extent in the inhibition zone {17}, The inhibition zone

{17} may be also described as a gradient of polymerization, where with increasing distance
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from the bottom surface of the chamber larger amounts of polymerization reactions can

happen, but these polymerization reactions may not completely cure the mixture, and the

mixtare is still maintained in a liquid stage. The interface of the inhibition zone (22) may be
understood as the area of the inhibition zone (17} where the polymerization reactions starts to
forra a solid material.

20 Varying the thickness of the translating portion (19) can include adjusting the position
of the carricr plate (18) onto which the three-dimensional body is attached relative to the
interface of the inhibition zone (22).

The solid particles contained in the mixture can be any type of inorganic or organic
particles that do not dissolve in the liguid component of the mixture and may be uniformly

25 distributed throughout the entive mixture. In one aspect, the solid particles can be ceramic
particles, metallic particles, polymeric particles, or any combination thereof. In embodiments,
the solid particles may have a certain porosity, for example, an open or closed porosity,
interconnected pores, or internal voids.

In a particular erchodiment, the solid particles can be ceramic particles, such as an

30 oxide, a carbide, a boride, a nitride, a silicide or any combination thereof. Non-limiting

examples of ceramic particles can be alumina, ceria, zirconia, silica, magnesium-magnesia

aluminate (MMA), magnesium oxide , silicon nitride, silicon carbide, hydroxyapatite,

corderite, or any combination thereof.
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The solid particles contained in the mixture can have an average particie size of at
least 0.1 pm, such as at least 0.3 pim, at least 0.5 pm, at least 1.0 pm, at least 3 um, or at least
5 um. In another aspect, the solid particles can have an average particle size of not greater
than 50 pm, such as not greater than 40 pm, not greater than 30 g , not greater than 25 um,
3 not greater than 20 yio, not greater than 18 pm, not greater than 15 pio, or not greater than 10
punt. 1t will be appreciated that the average size of the solid particles can be a value between
any of the maximmuam and minimum values noted above, such as from 0.1 pm to 50 ym, 8.3
pra to 25 pmm, or 0.5 pm to 20 um.
In another embodiment, the solid particles contained in the mixture may have an
10 average particle size controlied relative to the thickness dimension of the inhibition zone. In
a preferred aspect, an average particle size of the solid particles may not be greater than 25%
of the thickness of the inhibition zone, such as not greater than 20%, not greater than 15%, or
not greater than 10% of the thickness of the inhibition zone.

In one embodiment, the solid particles may have a multimodal particle size
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distribution, for example, a bimodal, trimodal, or tetramodal particle size distribution. As

used herein, 2 multimodal particles size distribution relates to a bateh of solid particles,

wherein the particle sizes spread over a partcle distribution curve with more than one

maximum {more than one mode), and may include at least two particle size maxima (bimodal

distribution). For exarmple, the solid particles can relate to a combination of batches of solid

20 particles, wherein each batch has a specific unimodal particle distribution, and the
combination of batches may form a combined batch of solid particles having a multimodal
particle distribution.

In yet another embodiment, the solid particles may have a particle size distribution
wherein a value of function (d50-d10)/d530 is less than 0.8, In another embodiment, the solid

25  particles may have a particle size distribution wherein a value of function (490-d50y/d50 is
less than 1.0,

In another embodiment, the solid particles involved for forming the at least one first
region can have an average particle size (P1), and the solid patticles involved for forming the
at feast onc second region can have an average particle size (P2), wherein P1>P2. In

30 particular embodiments, the ratio of P1:P2 can be at least 1.2:1, such as at least 1.5:1, at least
2:1, at least 3:1, at least 131, or at least 20:1. In another embodiment, the ratio P1:P2 may be
not greater than 100011, such as not greater than 900:1, not greater than 730:1, not greater

than 500:1, not greater than 300:1, not greater than 200:1, not greater than 100:1, or not
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greater than 50:1. It will be appreciated that the ratio P1:P2 can be a value between any of
the minimum and maximem values noted above, such as from 1.2:1 to 1000:1, from 5:1 to
500:1, or from 106:1 to 250:1.
The forming of diffcrent regions of the thrce-dimensional body of the present
53 disclosure may not be limited to size exclusion of solid particles entering the translating
portion {(19), but can be regulated also according to the magnetic or metatiic properties of the
solid particles of the mixture. For example, in one embodiment, magnetic manipulation can
be applicd as a method of sclectively collecting a preferred type of magnetic particles in the
translating portion (1%). In another embodiment, electrostatic manipulation can be used to
10 collect a preferred type of metal particles in the tanslating portion (19). In one aspect, when
conducting magnetic manipulation, at least one first region can consist essentially of
magnetic particles, and at least one sccond region can be essentially free of magnetic
particles, wherein essentially free of magnetic particles means not more than 1 vol% of

magnetic particles based on the total volume of the region. In another aspect, when applying
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clectrostatic manipulation of the mixture, af least one first region may consist essentially of
metal particles, and at least one second region may be essentially free of metal particles,
wherein essentially free of metal particles means not more than § vol% of metal particles
based on the total volume of the region.
In one embodiment, the solid particles contained in the mixture can include a coating
20 overlying an exterior surface of the particles. The coating can partially or completely cover
the surface of the solid particles. The coating may be desirable in order to adjust the
scattering and/or absorption of an applied clectromagnetic radiation in the mixture. In one
aspect, the coating can provide a 30% lower scattering of an applicd clectromagnetic
radiation than corresponding uncoated particles. In a further aspect, the coating can lower the
25 radiation scattering by at [cast 55%, such as at [east 60%, at lcast 70%, at least 80%, at lcast
90% or at least 95%.

In another aspect, a coating of the solid particles can provide a 50% lower absorbance
of an applied clectromagnetic radiation absorption than corresponding uncoated particles. In
cmbodiments, the coating can lower the radiation absorbance in the niixture by at [east 55%,

30 such as at least 60%, at least 65%, at least 70%, at least 75%, at least 8%, at feast 90% or at
least 95%.
The content of the solid particles in the mixture can be in a range that a pereolated

network be formed and that the created three-dimnensional body can be densified without

10
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falling apart upon burnout of the binder. In one embodiment, the content of solid particles
can be at least 7 vol%, such as at feast 10 vol%, at least 15 vol%, at least 16 vol%, at feast 18
vol9, at least 20 vol%, at least 25 vol%. or at least 30 vol% based on the total volume of the
mixture. In another embodiment, the particle content can be not greater than 80 vol%, such
as not greater than 73 vol%, not greater than 70 vol%, or not greater than 63 vol%. 1t will be
appreciated that the content of solid particles can be a value between any of the maximum
and mintmum values noted above, such as from 7 vol% to 80 vol %, from 20 vol% 0 75
vol%, from 30 vol% to 65 vol%, or from 20 vol% to 40 vol% based on the total volume of
the mixfure.

The radiation curable material contained in the mixture can comprise polymerizable
monomers, polymerizable oligomers and one or more photoinitiators. In a preferred aspect,
the radiation curable material can contain polymerizable monomers and at [east one
photoinitiator. Suitable polymerizable monomers can be, for example, acrvlates,
acrylamides, urethanes, dienes, or combinations thereof.

The photoinitiator can be a free-radical photoinitiator or a cationic photoinitiator. Ina
preferred aspect, a free-radical photoinitiator can be employed, which can be inhibited by the
presence of oxygen. Non-limiting examples of free-radical photoinitiators can inclade
peroxides, such as acetyl, benzoyl, t-butyl peroxides, ketones or phosphine oxides, such as
IRGACURE™ 819 (bis(2,4,6-trimethylbenzoyl)-phenylphosphincoxide), ESSTECH TPO
(2.4, 6-rimethylbenzoyh-phenylphosphineoxide) or a combination thereof.

In an embodiment where a cationic photoinitiator is used, the photopolymerization
generally tends to be slower and cannot be inhibited by oxygen. In this aspect, instead of
oxygen as inhibitor, a Bronsted acid or Lewis acid, such as metal halides and their
organometallic derivatives can be erployed and released from the bottom window of the
polymerization chamober to form an inhibition zone.

The mixture comprising the solid particles and the vadiation curable material can be
subjected to electromagnetic radiation having a wavelength in a range from 200 nm to 760
nm, depending from the activation energy of the seiected photoinitiator. In a preferred aspect,
the range of the cleciromagnetic radiation may be from 370 nio to 430 nm, or from 380 nm to
410 nm.

In embodiments, the electromagnetic radiation can be created by a laser, a light

emitting diode (led), or by eleciron beam radiation.
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In one embodiment, the electromagnetic radiation applied for curing the mixture can
have an encrgy of at least | mJ/cn'lz, such as at least 5 mj’/cmz, at least 10 1'n.‘§/cm2, at least 20
ml/em”, at least 30 Hﬂ/’ﬁnz, at Teast 50 ml/cm” or at least 80 mJ/cm?. In another embodiment,
the electromagnetic radiation can have an cnergy not greater than 456 m/em’, such as not
3 greater than 400 ml/em?, not greater than 350 mi/cm’, not greater than 300 ml/em?, not

greater than 230 wl/em?, not greater than 200 mifem?, or not greater than 100 mdfen”. Tt will
be appreciated that the electromagnetic radiation encrgy can be a value between any of the
maximum and mininwim values noted above, such as from 1 mi/em” to 450 mJ/cmz, from 50
ml/em” 6 300 mJ/cmz, from 40 ml/em” o 200 mJ/cmz, or from 20 mL/em” to 100 mFem®.

10 In a particular emnbodiment, the method of the present disclosure may cure the mixture
in the translating portion (3%} during continuous forming of the three dimensional body at a
UV power of at lcast 0.1 mW/cmz, such as at least 0.5 m\«V/'cmz, at least 1.0 mV 7/’cm2, or at
least 3.0 mW/em?®. In another particular embodiment, the applied UV power during forming
may be not greater than 250 mW/cm®, such as not greater than 150 mW /'c:m?‘, not greater than

100 mW/em?, not greater than 50 mW/em’, not greater than 30 oW /ent’, not greater than 20
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mW/em?, not greater than 13.0 mW/em?, not greater than 12 mW Jero?, or not greater than 10
mW/em?. It will he appreciated that the applied UV power can be a value between any of the
maximum and minimum values noted above, such as from 0.1 mW fem” to 250.0 m‘W/cmz,
from 1.0 mW/em® to 100 mWiem® or from 2.0 mW/ent® to 10 mW/em™.

20 The electromagnetic radiation (14) can cure the mixture (16) up to a certain distance
throughout the mixture, hereinafter called the cure depth (23). The cure depth (23) may be
ctfected by the size, type, and concentration of the solid particles and the refractive index of
the particle slurry. Notably, the size and concentration of the solid particles may be
particularly selected w facilitate proper operation of the process in combination with the type

25 of electromagnetic radiation uscd for the curing process. In order to assure curing of the
mixture throughout a thickness of the translating portion (19), the cure depth (23) can be
controlled that it reaches a larger distance through the mixture in Z-direction from the
transparent window (15) than the area of the translating portion (%), as shown in FIG. 1A
and 1B.

30 In one embodiment, the cure depth (23) may reach at least 25% further than the
thickness of the wanslating portion (1%}, such as at lcast 30%, at least 35%, or at least 40%.

In one embodiment, the thickness of the translating portion (1%) can be at least 1 um,

such as at least 3 pm, at least 5 pm, such as at least 10 pm, at least 15 pm, at least 20 pm, at
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least 30 um, or least 50 um. In another embodiment, the thickness of the translating portion
may be not greater than 700 pum, such as not greater than 600 wm, not greater than 500 pm,
not greater than 450 pm, or not greater than 400 um. Thickness of the translating portion can
bie a value between any of the maximum and minimum values note above, such as from 1 um
to 700 um, from 10 pm 0 650 pm, from 50 prm to 330 pr, or from 5 um to 50 pm.

In one embodiment, the mixture can contain at least 20 vol% to 40 vol% ceramic
particles and may be radiation cured with UV radiation having an energy of at least 30
m¥/ent” and not greater than 200 ml/em’,

According to another embodirnent of the present disclosure, the mixtore may inchide
one or more additives. Non-Hmiting examples of additives can be additional inhibitors to
prevent spontaneous polymerization {incrt dyes), plasticizer, dispersing agents, debinding
accelerators, cross-linking monomers, pH regulators, a pharmaceutically active ingredient, or
any combination thercof.

The rheological properties of the mixture containing solid particles and a radiation
curable material may be controlled to facilitate suitable formation of a stable and suitably
formed three-dimensional body, including for example, a ceramic three-dimensional body
having sufficient strength to be self-supporting and capable of handling without detrisnental
deformation. Also, the force required to continuously pull-up the carrier the force utilized to
pull the carrier plate away from the chamber may be adjusted based on various parameters,
inchuding but not limited to the rheology of the mixture.

In a particular erabodiment, the mixture used for forming the three dimensional body
according to the present disclosure can be characterized that the viscosity of the mixture
decreases with increasing shear rate. Such type of mixture is also called herein a shear
thinning slurvy. In certain embodiments, the decrease of the viscosity of the mixture from a
shear rate of 0.1 8™ to a shear rate of 500 87 can be at least 10 cP, such as at least 30 ¢P, at
least 50 ¢P, or at least 80 ¢P. In other embodiments, the decrease in viscosity from a shear
rate of 0.1 s to a shear rate of 500 s may be not greater than 1500 cP, such as not greater
than 1200 cP, not greater than 1000 ¢P, or not greater than 800 ¢P. It will be appreciated that
the decrease in viscosity from a shear rate of 0.1 57" to a shear rate of 500 s” may be a value
within any of the maximum and minimuarn values noted above, such as from 10 ¢P to 1500
cP, from 50 ¢P to 700 ¢cP, or from10 cP to 100 cP.

In another aspect, the yield point of the mixture may be less than 10 Pa, such as less

than § Pa, less than 3 Pa, or less than 3 Pa at voom temperature,
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In a further aspect, the mixture may have a low shear viscosity to prevent particie
settling over the duration of the forming of the three-dimensional body. Furthermore, the
sclid particles contained in the shurry may be uniformly dispersed throughout the radiation
curable material when electromagnetic radiation is conducted such that that the three-
dimensional body can shrink uniformly during sintering. Non-uniform distribution of the
solid particles may vesult in undesirable macro-structural or roicro-structural features,
including for example, undesirable porosity and the like. Under low shear rate may be
understood a range of not greater about 5 Hz and at least about 0.001 Hz, with a
corresponding viscosity from at least about 50 cP to not greater than about 50000 cF,
particularly from at least 70 cP to not greater than 1500 cP.. In one aspect, the viscosity ata
low shear rate of less than about 5 Hz can be at least 100 ¢cP.

The viscosity at a moderate to high shear rate can enable sufficient spontancous flow
of the mixture between carrier plate and the bottom surface of the polymerization chamber.
Under moderate to high shear rate may be understood a shear rate in a range from at least
about 25 Hz and not greater than about 3000 Hz, with a corresponding viscosity of the
mixture in a range of at least | cP and not greater than 1000 cP. In one aspect, the viscosity
of the mixture at a moderate to high shear rate of greater than 25 Hz may be less than 1000
cP.

In one embodiment, the mixture may be formed such that the content of agglomerates
of the solid particles is limited. In certain embodiments, the mixture can be essentially free of
agglomerates of solid particles. Forming a mixture that has limited agglomerates can include
heat treatment and milling of the solid particle powder before combining with the other
components of the mixtre. In embodiments, the solid particle powder can be heat treated at
a temperature of at least 80°C, such as at least 100°C, or even at least 105°C.

Other mixing methods may be ermployved. The mixing process may be controlled to
control the level of agglomeration. Morcover, over-mixing may result in degrading of the
monomers and generating too much premature polymerization of the radiation curable resin.

According to one embodiment, the mixture may be essentially free of a dye. In this
cmbodiment, the mixture may be formed with solid particles baving the proper combination
of concentration, average particle size, and coating on the solid particles. A mixture being
essentially free of a dyce relates to a dye conceniration of iess than 0.001 vol% based on the

total volume of the mixture. In contrast, radiation curable mixtures which do not contain
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solid particles and are fully polymer-based, generally require a dye in order to control
unwanted photopolymerization.
The total volume of the three-dirnensional body created by the process of the present

disclosure can be at least 0.1 mmS, such as at least 0.3 mnﬁ at least 0.5 mmg, or at least 1

5 o, If the process of the present disclosure employs a replenishable reservoir (20), as
shown in FIG. 1A and 1B, the method does not bave a specific upper limit of the total
volume of the formed three-dimensional body. For example, in ong embodiment,
interconnected parts can be formed and directly fed into a furnish, whereby no specific upper
limit of the body volume may exist.

10 The method of the present disclosure can continuously manufacture a three-
dimensional body having different regions at a high production speed. In one aspect, the
creating of the three-dimensional body can be completed at a speed rate of at Ieast 25 mm/hr,
such as at least 30 mmvhr, at least 40 mun/hy, at least 5O mm/hr, or at least 70 mm/hr.

In a certain embodiment, the solid particles contained in the mixture and involved in
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forming different regions of the three-dimensional body can be ceramic particles, for
example, alumina, ceria, zirconia, silica, magnesia, silicon carbide, hydroxvyapatite, corderite,
or any combination thereof. The solid particles of the mixture are, however, not limited to
ceramic particles. Other type of solid particles can be, for example, metallic particles, for
cxample, silver or copper, or polymeric particles (as long they do not dissolve n the mixture
20 In one embodiment, all of the solid partcles of the mixture can be of the same
material and only differ by their particle size. For example, in a particular cmbodiment, ali
solid particles may be silica particles having a bimodal particle size distribution. As used
herein, two materials ave considered as the same material if they have the same chemical
composition, however, the materials may relate to different batches or can be made by
25  different manufacturers and may contain different degrees of impuritics.
In another embodiment, the solid particles of the mixtare can be of different types of
materials. As used herein, two material are considered as different materials if they have a
different chemical composition, regardless of any contained impurities, and cach of the
different material types can have a different average particle size. For example, the mixture
30 can contain alumina particles with an average particle size of about 1 micron, and the mixture
can further contain silica particles having an average particle size of about 10 microns.
In a particular embodiment, by varying the thickness of the inhibition zone and/or

translating portion, a three-dimnensional body may be formed, as demonsirated in FIG. 24,

[
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having at least one first region {25} including ceramic particles, and at least one second
region (26) being essentially free of ceramuc particles. The at least one second region (26}
being essentially free of ceramuc particles may fonction as a bridge between regions
containing ceramic particles (28).

3 As described above, varying the thickness of the inhibition zone can be conducted, for
cxample, by varying the applied radiation power. In one embodiment, by establishing a
thickness Iy of the inhibition zone (17), and a thickness T, of the translating portion (19),
solid particles having a size larger then the thickness of the translating portion Ty can be
excluded from being integrated in the resin-cured mixture of the translating portion. By

10 decreasing the thickness of the inhibition zone to a thickness I, by a distance x, with I, being
(& —x), e.g., by increasing the radiation power, and maintaining a constant speed of the
carrier plate in Z-direction, this can allow to increase the thickness of the translating portion
to Ty, corresponding to the decrease x in thickness of the inhibition zone by the distance x,

with T; being (T, +x). The increase in thickness of the translating portion (%) from T 0 T
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can now allow solid particles being integrated in the forming of the radiation cured body
which are larger than the thickness of T, as long the size of the solid particles is smaller than
the thickness of Ts.

A three-dimensional body including ceramic-free bridges between ceramic-rich
regions can be very useful for printing arrays of small ceramic bodies having a desired shape,
20 for example abrasives. After high temperature sintering, the ceramic-free bridges can be

completely removed, and additional machining to remove any stubs from the surface of the
remaining ceramic parts may not be required.
High temperature sintering can be conducted at a temperature of at least 300°C, such
as at least 400°C, at least 500°C, at least 700°C, art least 900°C, at least 1000°C, at least
25 10506°C, at least 1100°C, or at least 1150°C. In other aspects, the sintering temperature can
be not greater than 1600°C, such as not greater than 1550°C, not greater than 1500°C, or not
greater than 1400°C. The sintering temperature can be a value between any of the minimum
and maximum values noted above, such as from 300°C to 1600°C, from 500°C to 1400°C,
from 1000°C to 1500°C, or from 1100°C to 1350°C.
30 As used herein, a region of the threc-dimensional body described as being essentially
free of ceramic particies relates to a region where an amount of ceramic particles is oo low to
maintain its form after high temperature sintering. In cortain embodiments, a region heing

casentially free of ceramic particles may inclade a ceramic particle content of not greater than
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5 vol%, such as not greater than 4 vol%. not greater than 3 vel%, not greater than 2 vol%. not

greater than 1 vol%, or not greater than 0.5 vol%, based on the total volame of the region. In

other certain embodiments, essentially free of ceramic particles may include a ceramic

particle content of at least .01 vol%, such as at least 0.05 vol%, or at least .1 vol% based on
5 the total volume of the region.

In certain emmbodiments, a region of the three-dimensional body of the present
disciosure can have a content of solid particles in an amount of at least 7 vol%, such as at
least 8 vol%, at least 10 vol%, at least 15 vol%, at lcast 16, vol%, or at least 20 vol% based
on the total volume of the region. In other embodiments, a region of the three-dimensional

10 body may have a particle content not greater than 80 vol%, such as not greater than 75 vol%,
not greater than 60 vol%. or not greater than 50 vol%. The content of solid particles ina
region may be a value between any of the maximum or minimum values noted above, such as
from 7 vol% to 80 vol%, from 10 vol% to 70 vol9%, from 15 vol% to 50 vol%, or from 20

vol% to 40 vol% based on the total volume of the.
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In aspects, a difference in the content of solid particles of a first region from a content
of solid particles of a second region can be at least 1 vol%, such as at least 5 vol%, at least 10
voi%, or at least 20 vol%. In other aspects, the difference of a content of solid particles of a
first region from a content of solid particles of a second region may be not greater than 75
vol%, such as not greater than 30 vol%, not greater than 40 vol%. or not greater than 30
20 vol%. The difference in the content of solid particles between a first region and a second
region can be a value between any of the maximum and minimum valies noted above, such
as from 1 vol% to 75 vol%, from 3 vol% to 35 vol%, or from 10 vol% to 20 vol% based on
the total volume of the respective regions.

In a partcular embodiment, at least one region of the formed three-dimensional body

25  may be free of ceramic particles, except unavoidable impuritics, while at least one second
region may include ceramic particles.

FIG. 2B demonstrates an embodiment of the present disclosure wherein a formed
three-dimensional body contains three different regions, i.e., at least one first region (25), at
least one second region (26}, and least one third region (27); all three regions having different

30 densitics. Region (28) and region (27} can be distinguished by including solid particies with
a different average particle size, and region (26) can be essentially free of solid particles.
In embodiments, after drying of the three-dimensional body to a stable weightup to a

temperature not bigher then 100°C, and before an optional high temperature sintering, a first
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region of the body can differ in its density from a second region of the body by at least .05
glem’, such as at least 0.1 g/em3, at least .15 g/cm3, at least 0.2 g/cm3, at least 0.3 g./'cmg, or
at least 0.5 g/’cm:'. In other embodiments, the density difference between two vegions may be
not greater than i1 g/’cm3, such as not greater than 10 g/cm}, not greater than 8 g/cm3, not

5 greater than 6 g/em’, not greater than 5 fem’, not greater than 4 g/em’, not greater than 3
g/cm3, not greater than 2 g/cms, or not greater than | g/’cms. The density difference between
two regions can be a value between any of the minimum and maximum values noted above,
such as from 0.05 g/em’ to 11 g/'cm}g from 6.1 g./(:m3 to 6 g/em’, or from 0.15 glem’ to 1
glem’.

10 Int other aspects, the density of a region of the three-dimensional body formed by the
method of the present disclosure before high temperature sintering can be at least 0.5 g/emy’,
such as at least 0.8 g./cmS, at least 1.1 g/snf, at least 1.3 gfemy’, at least 1.5 g/em”, or at least
2.0 g/’cm:'. In vet funther aspects, the density of a region can be not greater than 12 g/’cmS~
such as not greater than 10 g/cnﬂ not greater than § g./'cmi not greater than 6 g/'cm3, 1ot

greater than 5.5 g/cm’, not greater than 4.5 g/em’, not greater than 4 g/ony’, or not greater than
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3 g/’cm3 . The density of a region can be a value between any of the minimum and maxinuim
values noted above, such as from (.5 g/cm3 to 12 g/’cm:'., from g/’cm3 06 g/c,irf, from 1.1
g/cnf o4 gfcmg‘q or from 1.1 g/c;in3 o2 g/crn}h In a particular embodiment, the density of a
region of the three-dimensional body before high teroperatire sintering can be at least 1.2

20 g/ﬁirf and not greater than 6.0 g./'cr;f~

After high temperature sintering, the density of a region of the sintered body can be in

certain embodiments at least 0.02 g/em’, such as at least 0.1 g/'cm}, at least 0.3 g/cxn,3, at least
0.5 g/cm3, at feast 0.8 g./'cmg, at least 1.0 g/’cnﬁ atleast 1.5 g/’cms, or at feast 2.0 g/cm3. In
other embodiments, the density of a region of the sintered body may be not greater than 19

25 g/cm3, such as not greater than 15 g/em’, not greater than 12 g/snf, not greater than 10 g,’cxn,3,

-

not greater than 7 g/emy, or not greater than 6 g/cm3. The possible variations of regions with
varying densities and corresponding different particle size and content are countless.
In a particular erabodiment, the sintered three-dimensional bodies having regions of
different density can be ceramic bodies. Ceramic bodies having regions of variable densities
30 can be used, for example, to control fracture in ceramic grains. Cracks can theoretically go
through the less dense regions, which can be of usce in enginecred abrasive grains.
As further demonstrated in the Examples below, the present disclosure provides a

unique method which allows the production of a three-dimensional body in a single forming
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process that can have regions of different densities and/or solid particle content and particle
size at a fast forming speed.

Many different aspects and embodiments are possible. Some of those aspects and
embodiments are described herein. After reading this specification, skilled artisans will

5  appreciate that those aspects and embodiments are only illustrative and do not limit the scope

of the present invention. Embodiments may be in accordance with any one or more of the
embodiments as listed below.
Embodiments

Embodiment 1. A method for forming a body, comprising: forming a three-

10 dimensional body by radiation curing a mixtare comprising solid particles, wherein forming
includes growth of the three-dimensional body from an interface of the mixture, and forming
at least one first region and at lcast one second region within the three-dimensional body;
and the three-dimensional body comprising a characteristic selected from the group of: the at

least one first region having a different density than the at least one second region; the at least
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one first region having a first content of the solid particles, and the at least one second region

comprising a second content of the solid particles, the first content of the solid particles being

different than the second content of the solid particles; the solid particles included in the at
lcast one first region having a different average particle size than the solid particles included
in the at least one second region; or any combination thereof,

20 Embodiment 2. A method for forming a body, comprising: forming a three-
dimensional body by radiation curing a mixture comprising solid particles, wherein forming
includes growth of the three-dimensional body from an interface of the mixture, and forming
at feast one first region and at least one second region within the three-dimensional body,
wherein the solid particles of the mixture define a mulibnodal particle size distribution.

25 Embaodiment 3. A method for forming a body, comprising: forming a three-
dimensional body by radiation curing a mixture comprising solid particles with
clectromagnetic radiation, wherein forming includes growth of the three-dimensional body
from an interface of the mixture and forming at Icast onc first region and at least one second
region within the three-dimensional body, and wherein radiation curing is conducted within a

30 translating portion of the mixture, and further wherein, during forming of the three-

dimensional body, a thickness of the translating portion is varied and/or a thickness of an

inhibition zone of the mixture is varied.
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Embodiment 4. The method of any of ermbodiments 1 {0 3, wherein the forming
includes continuous translation and growth of the three-dimensional body from the interface
of the mixture.

Embodiment 5. The method of embodiment 3, wherein the multimodal particle size

53 distribution is selected from the group of a bimodal, a rimodal, or a tetramodal particle size
distribution.

Embodiment 6. The method of any of embodiments 1 to 3, wherein the solid particles
of the mixture include at least one of ceramic particles, metallic particles, polymeric particies,
or any combination thereof.

10 Embodiment 7. The method of embodiment 6, wherein the solid particles are ceramic
particles, and the ceramic particles comprise at least one material sclected from the group of
an oxide, a carbide, a boride, a nitride, a silicide or any combination thereof.

Embodiment 8. The method of embodiment 7, wherein the ceramic particles comprise

at feast onc material selected from the group of alumina, ceria, zirconia, silica, magncesia,
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silicon carbide, hydroxyapatite, corderite, o1 a combination thereof.

Embodiment 9. The method of any of the preceding embodiments, wherein the solid
particles have an average particle size of at least 0.1 pim, such as at least .3 ym, at least (1.5
um, at least 1.0 pm, at least 3 pm, or at least 5 ym.

Hnbodiment 10, The method of any of the preceding embodiments, wherein the solid
20 particles have an average particle size of not greater than 50 pm, such as not greater than 30

um, not greater than25 pm, not greater than 22 pm, not greater than 20 pm, not greater than
18 pm, not greater than 15 po, or not greater than 10 pm.
Embodiment 11. The method of any of the preceding embodiments, wherein the solid
particles involved for forming the at least one {first region have an average particle size (P1),
25 and the solid particles involved for forming the at least one sccond region have an average
particle size (P2), wherein P1>P2.
Embodiment 12. The method of embodiment 11, wherein a ratio of P1:P2 is from
1.2:1 to 1000:1, such as from 10:1 to 50001, from 20:1 to 200:1, or from 10:1 to 100:1.
Embodiment 13. The method of any of the preceding embodiments, wherein the at
30 least one first region and the at least one second region comprise a same material of solid

particles.
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Embodiment 14. The method of any of the preceding embodiments, wherein the af
least one fivst region and the at least one second region comprise different materials of solid
particles.

Embodiment 15. The method of any of the preceding embodiments, wherein the at

5 lecast one first region includes solid particles, and the at Ieast one second region is essentially
free of solid particles.

Embodiment 16. The method of embodiment 15, wherein the at least one first region
includes ceramic particles and the at least one sccond region is essentially free of ceramic
particles.

10 Embodiment 17. The method of any of the preceding embodiments, wherein the
three-dimensional body further comprises at least one third region, the at least one third
region having a different density than the at least one first region and the at least one second
region.

Embodiment 18. The method of any of the preceding embodiments, wherein radiation
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curing is conducted with electromagnetic radiation having a wavelength within a range from
at least 370 nro to not greater than 450 nm.

Embodiment 19. The method of any of the preceding embodiments, wherein radiation
curing includes applying electromagnetic radiation having an energy of at least 1 m¥fem’,
such as at least 10 mJ/’cmz, at least 20 n'lj'/cmz, af least 30 1'nj/cmz, at least 50 m¥om” or at
20 least 80 mi/em’.

Embodiment 20. The method of any of the preceding embodiments, wherein radiation
curing includes applying electromagnetic radiation having an energy not greater than 450
mem?, such as not greater than 400 mifem?, not greater than 350 mJ fern’, not greater than
300 m¥/em’, not greater than 250 mifem’, not greater than 200 mi/em?’, or not greater than

25 100 mb/em’.

Hnbodiment 21, The method of any of the preceding embodiments, wherein radiation
curing includes applying electromagnetic radiation having a power of at least 0.1 mw/cm’,
such as at least .5 mW /Cm?‘, at least 1.0 mW fcmzy at least 2 mW/«:mz, or at least 3 mW/em®.

Embodiment 22. The method of any of the preceding embodiments, wherein radiation

30 curing includes applying electromagnetic radiation having a power not greater than 250

than 10 mW/cn1’.

mW/em”, such as not greater than 100 mW fem’, not greater than 50 mW/cm?, or not greater
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Embodiment 23. The method of embodiment 3, wherein the thickness of the
inhibition zone is varied by varying a power of the applied clectromagnetic radiation.

Embodiment 24. The method of any of embodiments 3 or 23, wherein the thickness of
the inhibition zone is varied by varying a pressure of a gaseous inhibitor responsible for

5 forming the inhibition zone.

Embodiment 25. The metbod of any of embodiments 3 or 23 to 24, wherein the
inhibition zone has a thickness of at {east 0.5 pm, such as at least 1 pm, at least 5 pm, at least
10 um, or at least 20 pom.

Embodiment 26. The method of any of embodiments 3 or 23 to 25, wherein the

10 inhibition zone has a thickness of not greater than 600 pim, such as not greater than 550 pm,

not greater than 300 um, not greater than 450 um, or not greater than 400 pm.

Embodiment 27. The method of any of embodiments 3 or 23 to 26, wherein varying a
thickness of the translating portion includes adjusting a position of a carvier plate onto which

the three-dimensional body is attached relative to an interface of the inhibition zone.
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Embodiment 28. The method of any of embodiments 3 or 23 to 27, wherein the
thickness of the translating portion is at least 1 ym, such as at least 3 pm, at least 5 pm, at
least 10 pm, at least 20 pm, or at least 56 pm.

Embodiment 29. The method of any of embodiments 3 or 23 to 28, wherein the
thickness of the translating portion is not greater than 700 ym, such as not greater than 600
20 pm, or not greater than 500 pm, not greater than 100 pm, or not greater than 70 pm.

Embodiment 30. The method of any of embodiments 3 or 23 to 29, wherein varying
the thickness of the translating portion comprises excluding solid particles of the mixture
having a greater particle size than the thickness of the translating portion.

Embodiment 31. The method of embodiments 1, 2, or 3, wherein the solid particles of

25 the mixture are subjected to magnetic manipulation, and the at least one first region and/or
the at least one second region of the formed three-dimensional body include magnetic
particles.

Embodiment 32. The method of embodiment 31, wherein the at least one first region
consists essentially of magnetic particles, and the at [east one second region is essentially free

30 of magnetic particies.

Embodiment 33. The method of embodiments 1, 2, or 3, whercin the solid particies of

the mixture are subjected fo electrostatic manipulation, and the at least one first region and/or

the at least one second region of the formed three-dimensional body include metal particles.
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Embodiment 34. The method of embodiment 33, wherein the at least one first region
consists essentially of metal particles, and the at feast one second region is essentially free of
metal particles.

Embodiment 35. The method of any of the precedent embodiments, wherein a

5 difference of a density of the at least one first region from a density of the at least one second
region is at least 0.05 g/cm3, such as at least (.1 g/cn'ﬁ at least 0.15 g/em’, at least 0.2 g/’cms,
at least 0.3 g/mrf, or at least 0.3 g/cn13,

Embodiment 36. The method of any of the precedent embodiments, wherein a
difference of a density of the at least one first region from a density of the at least one sccond

10 region is not greater than 6 g/cm:i such as at not greater than 5 g/’cms, not greater than 4
g/’cm}e not greater than 3 g./'cmg, not greater than 2 g/em’, or not greater than 1 g/’Cm3.

Embodiment 37. The method of any of the precedent embodiments, wherein
difference of a content of solid particles of the at least one first region from a content of sohd

particles of the at least one second region is at least 1 vol%, such as at least 5 vol%, at least

et
W

18 vol%, or at least 20 vol% based on the total volume of each respective region,
Embodiment 38. The method of any of the precedent embodiments, wherein a
difference of a content of solid particles of the at least one first region from a content of solid
particles of the at least one second region is not greater than 50 vol%, such as not greater than

40 vol%, or not greater than 30 vol% based on the total volume of each respective region.

20 Embodiment 38. The method of any of the precedent embodiments, wherein the solid
particles of the at least one first region have an average particle size P1, and the solid
particles of the at least one second region have an average solid particle size P2, and a ratio of
P1:P2 can be at least 1.1:1, such as at least 1.2:1, 1.5:1, 2:1, 5:1, 10:1, or 20:1.

Embodiment 40. The method of any of the precedent embodiments, wherein the solid

25 particles of the at lcast one first region have an average particle size P1, and the solid
particles of the at least one second region have an average solid particle size P2, and a ratio of
P1:P2 can be not greater than 1000:1, such as not greater than 500:1, not greater than 250:1,
not greater than 200:1, not greater than 100:1, or not greater than 50:1.

Embodiment 41. The method of any embodiments 1 to 3, further including high
30 temperature sintering of the formed three-dimensional body.
Embodiment 42. The method of embodiment 41, wherein high temperature sinfering

is conducted at a temperature of at least 300°C, such as at least 400°C, at least 500°C, at lcast
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T00°C, at least 900°C, at least 950°C, at least 1000°C, at least 1050°C, at least 1100°C, or at
teast 1150°C.
Embodiment 43. The method of emnbodiments 41 or 42, wherein high temperature
sintering is conducted at a temperature not greater than 1600°C, such as not greater than
5 1550°C, not greater than 1500°C, not greater than 1400°C, or not greater than 1300°C.
Embodiment 44. The method of any of embodiments 41 to 43, wherein a density of
the at least one first region and/or the density of the at least and second region after high
teraperature sinfering is at least .02 gicmi such as at least 0.1 g/cm3, at least 0.3 g/cmS, at
least 0.5 g/cms', at least (0.8 g/cm3, at least 1.0 g/cnﬁ at least 1.5 g/em’, or at least 2.0 g/cmg‘.
10 Embodiment 45. The method of any of embodiments 41 to 44, wherein a density of
the at least one first region and/or a density of the at least one second region after high
temperature sintering is not greater than 19 gfcmi such as not greater than 15 gicnt’, not
greater than 12 g/cmS, not greater than 10 g/cm:i not greater than 7 g/cmS, or not greater than

- 3
6 glem”.

et
W

Embodiment 46. The method of any of embodiments 41 to 45, wherein high
temperature sintering removes the at least one first region or the at least one second of the
three-dimensional body, and forms a ceramic body from at least one remaining region.

Embodiment 47. The method of any of embodiments 41 to 45, wherein high
temperature sintering forms a ceramic body having regions of different densities.

2 Examples
The following non-limiting examples ilustrate the present invention.
Exampie |
Example 1 demonstrates the change in cure depth of UV-radiation curable mixtures
with different types of ceramic particles. The ceramic particle powders ssed i the
25  experiments were alumina, zirconia, silica, magnesium-magnesia aluminate (MMA), silicon
nitride, silicon carbide, and graphite.

Ceramic shmries were prepared for each type of ceramic powder using as radiation
curable material for all samples 1,6 hexanediol diacrylate (SARTOMER™ SR238,
hereinafter used as “monomer”) and a photoinitiator ARGACURE™ 819). A summary of the

30 ceramic powder slurrics used in the experiments can be scen in Table 1.
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Table 1:
Typeof | Aver. Spec. Amount | Amountof | Amount | Amount Amount of
solid particle | simface | of solid solid of of dispersant
particles | size area particles | particles monomer | photoini~ | [wi.%]
[vol%] {wt.%] {wt.%] tiator
fwit.%]
El |- - -
E2 | Al 5600 7 35 67.52 2935 (.59 2.55
nm
E3 | 215, 300 7 27.6 69.09 27.14 0.54 3.23
nm
E4 | SO, 1.7 2 30 51.49 45.79 0.91 1.81
wm
E5 | MMA 3 um i 28 57.89 3811 .76 3.23
E6 | SiaNy 1.5 G 27.4 55.88 37.99 (.76 3.37
um
E7 | SiC 2 Wm 0.47 30 36.91 41.7% 0.83 .47

Al mixtures E2 to E7 contained a dispersant which insured that the ceramic particles
did not settle over a time period of at least 1 howr.

For the measurement of the cure depth, a chamber was filled with the mixture to be
tested (E1 to E7), and the mixture was exposed to a static image made of a series of light
dots, wherein the dots differed in their light intensity. The image was projected from a
Digital Light Projector connected to a UV lamp (405 nm). The light intensity of each dot was
controlled by scaling down the [R G B] intensity of the dots directly on the image. For most
curing experiments, the power of the lamp was 30 mW/ent’, and the resin was exposed to the
radiation for 60 seconds at a maximum LIV exposure of 1800 /e’ for the dot with the
highest light intensity. The thickness of each printed dot was then measured with a micro-
caliper to obtain a relationship of cure depth in dependency to the UV exposure.

As can be seen in Table 2 and FIG. 3, the presence of ceramic particles (samples E2
to E7) resulted in a much lower cure depth in comparison to the cure depth of the mixture

containing no ceramic particles (E1). It can be further seen that there are large differences
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between the tested mixtures. The highest cure depth was observed for the silica comprising

slurries, followed by slurries containing MMA, alumina, zirconia and silicon carbide.

Table 2: Cure depth with varying UV exposure for different mixtures

oy

Exposure

[md/em?2] | Cure depth {um]

£l g2 E3 E4 ES E6 E7

247 200 140 66 608 268 - -
388 940 160 86 695 327 40
528 900 180 86 770 322 - -
671 1010 190 94 203 349 - -
812 980 200 93 847 354 - -
853 1190 210 105 878 376 50 -
1084 1210 210 111 858 388 - -
1235 1210 220 i1l 827 388 - -
1376 1280 230 i1 858 414 - -
1518 1430 230 i1z 949 436 - -
1659 1420 240 120 1000 443 - -
1800 1320 250 125 1022 438 59 -
2700 60 <1
3600 - - - - - 66 -
54040 - - - - - 70 1

It can be further seen from FEG. 3 that the increase in cure depth is Hinear to the

logarithms of the applied radiation energy for all mixtures. The slope of the straight lines for

each mixture can be correlated to the curing sensitivity D, of the nuxwures with regard to UV

CAPOSUre.

Table 3 shows the curing sensitivity D, values obtained from the slopes of FI1G. 3

with regard to the refractive index of the ceramic materials of the mixtures. Not to be bound

by theory, the sensitivity values Dp indicate that the curing sensitivity of the mixtures

decreases with increasing scattering of the particles and strongly relates to the refractive

index of the ceramic particles.
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Table 3:
Example | Ceramic | Sensifivily | Refractive | Particle | Particle SSA
Particles | Dy [um] Endex Kize Amount
fvel%]
El - 249 1.5%
E4 Silica 192 1.54 1700 am | 30 2
E3 MMA 85 1.7 3000 nm | 28 <1
E2 Algmina | 49 1.6 500nm |35 7
E3 Zirconia | 29 2.24 300nm | 276 7
* Mounomer  # Ceramic particles

Example 2

Radiation curable mixtures with and without Al{; (E4 and E1), have been further

5 compared by measuring the thickness of the inhibition zone for cach sample with increasing
UV exposure.

As can be see in Table 4 and FEG. 4, the presence of 35 vol% AlLOs lowered the
thickness of the inhibition zone to a large extent in comparison to the thickness of the
inhibition zone of mixture not containing AlLOs.

i3 Table d
UV-Exposure | Thickness of Inhibition Zone [pm] | Thickness of Inhibition Zone [pm]
[mJ/em’] no ALO; 35 vol% ALO:
65 54 26
130 41 i1
195 33 2
260 21
325 13
390 9 -

It could further be observed that the amount of ceramic particles and the applied UV
exposure necded to be carefully balanced in order to create an inhibition zone which can
prevent adsorption of cured mixture on the hottom surface of the chamber. Ata V-

15 exposure at 260 ml/cm” or higher, the alumina containing slurries did not establish a
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functioning inhibition zone, and the radiation cured mixture was sticking to the bottom
surface of the micro-chamber.
Example 3

Two different types of oxygen permeable membranes - AF-2400X and PMP - were
compared regarding their influence on the thickness of a formed inhibition zone under
otherwise equal conditions. AF-2400X is an oxygen permeable Teflon membrane made by
Biogeneral, and PMP is a polymethylpentene based membrane, also called TPX, made by
MITSUL Chemicals. Both membranes had a thicksess of 2.2 mils,

For the experiments, the radiation curable material of Example 1 (SARTOMER™
SR238) was used without the inclusion of ALG;. As can be seen in Table 5 and FEG 5, in the
presence of the AF-2400X membrane, the formed inhibition zone is much larger than the
inhibition zone created when using a PMP membrane. This indicates that AF-2400X allows
the penetration of higher amounts of oxygen in comparison to PMP membrane.

Table 5:

UV-Exposure | Thickness of Inhibition Zone | Thickness of Inhibition Zone
[m}/om’] {1} [pm]
PMP AF-2408%
64.9 24 54
129.8 22 41
194.8 10 33
2597 / 2%

Example 4

Continuous forming of a three-dimensional body comprising Al

A mixture was prepared containing 20 vol% ALO: (ALMATIS™ A 16, which was
ball milled the same way as described in Example 1}, 45.2 vol% radiation curable monomer
(SARTOMER™ SR 238). 30 vol% radiation curable oligomer (FORMLAB™ resin clear),
0.3 vol% of a photo initiator (IRGACURE™ 819), and 4.5 vol% dispersant (DISPERBYK™-
1.

The mixture was placed in a chamber of an assembly having a similar design as
shown in FEG. 1A and FIG. 1B, The wansparent window of the chamber was made of
oxygen permeable Teflon (AF-2400X) with a thickness of 2.2 mils. As electromagnetic

radiation unit was used a lensed LED device inchuding an array of 12 UV LEDs, each LED
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having a maximum optical power of 5.6 Watt and a UV wavelength maximum at 405 nm,
and positioned below the transparent window of the chamber. On the ouster surface of the
transparent window was placed a mask having a round opening with a 3 mm inner diameter.
A carrier plate attached to a vertically movable construction was placed into the
mixture of the chamber at a distance of about 10 um above the surface of the transparent
window. The mixture was radiated with the UV LEDs, and with 2 minor tirae delay of about
1 to 2 seconds, the carrier plate was started to continugusly move upwards, pulling a rod-
shaped body out of the mixture. The experiment was repeatedly conducted at different
continuous forming speeds, such as 30 mm/hour, 60 mun/bour, and 90 mam/hour, as well as at

different UV exposures (sce Table 6).

Table 6:

Forming Speed UV Power
fmun/hour] [mW!cmZ]
30 1.12

64 112

90 0.56

A picture of the rod-shaped body formed at a speed of 1.5 mm/min and a UV power
of .56 Watt is shown in FIG 6. A comparison of the formed three-dimensional bodies at
different radiation power and different forming speed can be scen in ¥1G 7. The best quality
could be obtained at the highest forming speed of 90 muw/hour and the lower power of .56
mW/enr’,

Forming a three-dimensional body having regions of different densities.

Alumina powder (Almatis Gilox 63) was fractionated to a fraction having a particle
size larger then 20 microns. A mixture was prepared including the fractionated alumina
powder (> 20 microns) in an amount of 164.6 g (35 vol% based on the total weight of the
mixture), radiation curable resin monomer { 1,6 hexanediol diacrylate (SARTOMER™
SR238)) in an amount of 72.82 g, a photoinitiator IRGACURE™ £19) in an amount of 1.44
g, and a dispersion agent (DISPERBYK™ 111) in an amount of 6.27 g.

A cylindrical body was continuously formed according to the same method and
system as described in Example 4. The body was formed at a speed of 30 mmw/hour, and with

. . .. . .. 2 Y - . 2 .
two different applied radiation intensities: 1.08 mW/em™ and 2.16 mW/em™. Tn independent
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measurements it was confirmed that under the process conditions, a radiation power of 1.08
mW/em” an inhibition zone with a thickness of about 30 im was formed, while a radiation
power of 2.16 mW/em’ decreased the thickness of the inhibition zone to about 10 L.

Corresponding to the different radiation intensities, a body was formed with regions
of different densities: at the higher radiation tnfensity (2.16 mW jer™, regions were formed
comprising alumina particles, and at the lower intensity (1.08 mW Jern?), regions were formed
being essentially free of alumina particles. The regions containing the alumuna particles had
a density of 1.52 g./cnf , and the regions being nearly free of alumina particles bad a density
of 1.34 g/’ (see also summary table 7, and FIG. 8). In FIG. 8, the region comprising
alumina particles is indicated with numeral 81, and the region being nearly free of alumina
particles is indicated with numeral 82. An SEM image showing the change in the
microstructure between the two different types of regions can be secn in FIG, 9. Itcanbe
clearly seen that the bottom half of the image is the high-density region comprising in a high
amount alumina particles, while the upper half of the image shows a region nearly without
alumina particles. The example demonstrates that by varving the thickness of the inhibition
zone (by varving the applied UV power) and selecting a suitable forming speed and ceramic
particle size, size exclusion of ceramic particles during forming of the three-dimensional
body is possible, and regions with different densitics can be continuously formed.

Table 7

Applied UV Material of formed | Density of formed

power region region [g/ent']
[mW/em’]
1.08 Cured resin being 1.34

essentially free of

alumina particles

14
N2

2.16 Alamina particles 1.
together with cured

resin

In the foregoing specification, the concepts have been described with reference to
specific embodiments. However, one of ordinary skill in the art appreciates that various
modifications and changes can be made without departing from the scope of the invention as

set forth in the claims below. Accordingly, the specification and figures are to be regarded in
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an illustrative rather than a restrictive sense, and all such modifications are intended to be

included within the scope of the invention
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CLAIMS:

1. A method for forming a body, comprising:
forming a three-dimensional body hy radiation curing a mixiure comprising
solid particles, wherein forming includes growth of the three-
dimensional body from an interface of the mixture, and forming at
least one first region and at least one second region within the three-
dimensional body; and
the three-dimensional body comprising a characteristic selected from the
group of:
the at least one first region having a different density than the at least
one second region;
the at least one first region having a first content of the solid particles,
and the at least one second region comprising a second content
of the solid particles, the first content of the solid particles
being different than the second content of the solid particles;
the solid particles included in the at lcast one first region having a
different average particle size than the solid particles included
in the at least one second region; or
any combination thercof.
2. A method for forming a body, comprising:
forming a three-dimensional body by radiation curing a mixture comprising
solid particles with electromagnetic radiation, wherein forming
includes growth of the three-dimensional body from an interface of the
mixture and forming at least one first region and at Ieast one second
region within the three-dimensional body, and wherein radiation curing
is conducted within a translating portion of the mixture, and further
wherein, during forming of the three-dimensional body, a thickness of
the translating portion is varied and/or a thickness of an inhibition zone
of the mixture is varied.
3. A method for forming a body, comprising:
forming a three-dimensional body by radiation curing a mixture comprising

solid particles, wherein forming includes growth of the three-
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i1

i2.

13.

dimensional body from an interface of the mixture, and forming at
least one first region and at least one second region within the three-
dimensional body, wherein the solid particles of the mixture define a
multimodal particie size distribution.
The method of claims 1, 2, or 3, wherein forming includes continuous translation
and growth of the three-dimensional body from the interface of the mixture.
The method of claims 1, 2, or 3, wherein the solid particies of the mixture include
at least one of ceramic particles, metallic particles, polymeric particles, or any
combination thereof.
The method of claim 5, wherein the solid particles are ceramic particles, and the
ceramic patticles comprise at least one material selected from the group of an
oxide, a carbide, a boride, a nitride, a silicide or any combination thereof.
The method of claims 1, 2, or 3, wherein the solid particles have an average
particle size of at least 1.1 um and not greater than 50 pm.
The method of claim 1, 2, or 3, wherein the solid particles involved for forming
the at least one first region have an average particle size (P1), and the solid
particles mvolved for forming the at least one second region have an average
particle size (P2), wherein P1>P2.
The method of claims 1, 2, or 3, wherein the at least one first region and the at
teast one second vegion comprise different materials of solid particles.
The method of claims 1, 2, or 3, wherein the at least one first region includes
ceramic particles and the at least one second region is essentially free of ceramic
particles.
The method of claims 1, 2, or 3, wherein the thickness of the inhibition zone is
varied by varying a power of the applied electromagnetic radiation within a range
from 0.1 oW/em? to not greater than 250 mW/em™
The method of claims 1, 2, or 3, wherein a difference of a density of the at least
one tirst region from a density of the at least one second region is at least .05
g./(:m3 and not greater than 6 g/om’.
The method of claims 1, 2, or 3, further including high temperature sintering at a

ternperature of at least 300°C and not greater than 1600°C.

[
e



WO 2017/192859 PCT/US2017/031077

14.

15.

The method of claim 13, wherein high temperature sintering removes the at least
one first region of the three-dimensional body, and forms a ceramic body from the
at least one second region.

The method of claim 3, wherein the multimodal particle size distribution is
sclected from the group of a bimodal, a trimodal, or a tetramodal particle size

distribution.
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