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(57 ABSTRACT

The present disclosure provides three-dimensional (313)
objects, 3D printing processes, as well as methods, appara-
tuses and svstems for the production ot'a 3D object. Methods,
apparatuses and systems of'the present disclosure may reduce
or climinale the need lor auxiliary supports. The present
disclosure provides three dimensional (313) objects printed
vtilizing the printing processes, methods, apparatuses and
svstems described herein,
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APPARATUSES, SYSTEMS AND METHODS
FOR TIIREE-DIMENSIONAL PRINTING

CROSS5-REFERENCE

[0001]  This application is a continualion application ol
LL.8. patent application Ser. No. 14/745,108, [iled Jun. 19.
2015, which claims priority to 1.5, Provisional Patent Appli-
cation Ser. No. 62/015,230, filed Jun. 20, 2014, .5, Provi-
slonal Patent Application Scr. No. 62/028,760. [iled Jul. 24.
2014, LS. Provisional Patent Application Scr. No. 62/063.
867, fled Oct. 14, 2014, LS. Provisional Palent Application
Ser. No. 62/136,378, filed Mar, 20, 2015, and TS, Provi-
sional Patent Application Ser. No. 62/168,699, filed May 29,
2015. cach o[ which is enlirely incorporated herein by reler-
enee.

BACKGROUND

[0002] Three-dimensional (313 printing {c.g., additive
manvtacturing) is a process tfor making a three-dimensional
ohject of any shape from a design. The desigh may be in the
form of'a data souree sueh as an electronic data source, or may
be in the Torm of a hard copy. The hard copy may be a two
dimensional representation of a three dimensional object. The
data source may be an electronic 3D model. 3D printing may
be accomplished through an additive processes in which sue-
cessive layers ol material are laid down on top ol cach other.
This process may be controlled (e.g.. compuler controlled.
manually controlled, or both). A 31 printer can be an indus-
trial robot,

[0003] 3D printing can generate custom parts quickly and
efficiently. A variety of materials can be vsed in a 3D printing
process including metal. metal alloy. ceramic or polymeric
malerial. In an additive 31 prinling process. a (irst malerial-
laver is formed, and thereatter successive material-lavers are
added one by one, wherein each new material-laver is added
on a pre-formed material-laver, until the entire desipned
three-dimensional structure (313 objeet) is malerialized.
[0004] 31 models may be created with a computer aided
design package or via 31 scamer. The manual modeling
process of preparing geowmetric data for 3D computer graph-
ics may be similar to plastic arts, such as sculpting or animat-
ing. 31) scanning is a process ol analyzing and collecting
digital data on (he shape and appearance ol a real object.
Based om this data. three-dimensiomal models of the scanned
ohject can be produced.

[0005] A large number of additive processes are currently
available. They may ditfer in the manner lavers are deposited
o create the malerialized structure. They may vary in the
malerial or materials that are used o materialize the designed
structure. Some methods melt or soften material 1o produce
the lavers. Examples for 3D printing methods include selec-
tive laser melting (SLM), selective laser sintering (SLS),
direet metal laser sintering (1MI.8) or lused deposition mod-
cling (I'13M). Other methods cure ligquid materials using difl-
ferent technologies such as stereo lithograply (SLA). In the
method of laminated object manufacturing (LOM), thin lay-
ers (made inter alia of paper, polymer, metal) are cul o shape
and joined together.

[0006] AL times, the printed 313 object may bend, warp, roll.
curl, or otherwise deform during the 31) printing process.
Auvxiliary supports may be inserted to circumvent such bend-
g, warping, rolling, curling or other deformation. These
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auxiliary supports may be removed from the printed 3D
objeet o produce a desired 31 product (c.g.. 31) object).

SUMMARY

[0007]  Inan aspect, a method lor generating a three dimen-
sional object comprises (2) providing (i) a [irst layer ol pow-
der material in an enclosure ata first time (1, ) and (ii)a second
laver of powder material in the enclosure at a second time (1,)
that follows 1), wherein the second laver of material is pro-
vided adjacent to the [irst layer ol powder material: (b) trans-
forming at least a portion of the powder malerial in the second
laver 1o form a transformed material, wherein the transform-
ing is with the aid of an energy beam having a first energy per
unil area (8 ) and (¢) removing energy from the second layer
al g ime interval from (5 o a third (ime (15}, wherein the
thermal energy is removed along a direction that is dillerent
trom below the first laver of powder material, wherein during
the time interval from t, to t,, the energy is removed at a
second energy per unilarca (8,) that is at least about 0.3 times
8, and wherein upon removal of the energy. the trans lormed
material solidifies to form at least a part of the three dimen-
sional obyject.

[0008] The method can turther comprise repeating opera-
tions (a) to (d). The energy beam can be an electromagnetic
beam, charged particle beam. or non-charged beam. The
cnergy beam can be an clectromagnetic beam, cloctron beam,
or plasma beam. The energy that is removed can be thermal
eneray. 5. can be at least about 0.5 times S| . 8, can be at least
aboul (L8 times 8. In operation (b). a remainder ol the [irsi
layer can be a portion ol the powder malerial thal was nol
trans [ormed (o form al least a part ol the three dimensional
olject. The remainder can be heated 10 8 maximum tempera-
ture that is below a transforming temperature of the material.

[0009] The remainder of the first layer can be a portion of
the powder material that was not translormed 1o Torm at least
a parl of the three dimensional object. The remainder can be
supplied with energy at a third energy per unit area S, that is
less than or equal to aboutr 0.1 times S,. The method may
turther comprise cooling the remainder at substantially the
same rale as the rale ol cooling the translormed malerial.
Operations (b) and () can be perlormed substantially simul-
taneously. Operation (b) can be performed using an electro-
magnetic radiation beam. The electromagnetic radiation
beam can be a laser light. Operation (¢} can be performed
using an clectromagnelic radiation beam. The cleciromag-
netic radiation beam can comprise infrared light. In operation
(b} the portion of the layer of material can be transtormed at
a first temperature (1) without transforming the remainder.
The remainder can be heated 1o a second temperature ('1,) that
i less (han about T, The remainder can be devoid ol a
contimious layver extending over about 1 millimeter or more.
The remainder can be devoid of a scaffold enclosing at least
part of the three-dimensional object. The remainder can be
devoid ol a scallold enclosing the three-dimensional object.
The scallold can comprise translormed material.

[0010]  Adjacent can be above. The malerial can comprise
elemental metal, metal alloy, ceramic or an allotrope of
elemental carbon. The material can comprise a powder mate-
rial. lransforming can comprise lusing (c.g.. individual par-
ticles ol the powder material). Fusing can comprise melling,
sintering or bonding (c.g.. individual particles ol the powder
material). Bonding can comprise chemically bonding,.
Chemically bonding can comprise covalent bonding,
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[0011] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a controller that is pro-
grammed (o: (2) supply powder malerial from a powder dis-
pensing member to a powder bed operatively coupled 1o the
powder dispensing member, wherein the supply of powder
malerial comprises supply of (i) a (irst layer of powder male-
rial in an enclosure at a first time (1 ) and (i) a sceond layer ol
powder malerial in the enclosure al a sccond Ume (L) that
follows 1,, wherein the second laver of material is provided
adjacent to the first layver of powder material; (b) direct an
energy beam [rom an energy source o the powder bed Lo
transform at least a portion ol the powder material (o a trans-
formed material that subsequently hardens to vield the three-
dimensional object, wherein the energy beam has a first
energy per vnit area (S ); and (¢} direct a coning member to
remove thermal energy [rom the second layer al a lime inler-
val [rom L, Lo a third time (13), wherein the thermal energy is
removed along adirection that is different from below the first
laver of powder material, wherein during the time interval
fromt, 10 1;, the energy is removed at a second energy per unit
area (8,) that is at least about 0.3 times 8,, and wherein upon
removal ol the energy, the translormed material solidifics Lo
form at least a part of the three dimensional object.

[0012] In another aspect, a method for generating a three
dimensional object comprises (a) providing, (i) a first layer of
material in an enclosure at a first time (1) and (i1) a sceond
layer of material in the enclosure al a sceond lime (L) that
follows 1,, wherein the second laver of material is provided
adjacent to the first laver of material, wherein the first laver of
powder material and second layer ol powder malerial lorm a
powder bed, and; trans forming at least a portion ol the male-
rial in the sceond layer (o [orm a trans [ormed material; and (b)
nsing a cooling member adjacent to the first laver or the
second laver 1o remove thermal energy trom the second laver
al a lime interval [rom L, o a third time ((5). wherein the
thermal energy is removed along a direction above the pow-
der bed. and wherein upon removal of thermal cnergy, the
transtormed material solidifies to form at least a portion of the
three-dimensional olject.

[0013] During the time interval from L (o 1, an average
lemperature al a point in the second layer can be maintained
al less than or equal o about 250° C. During the (ime interval
from1, to1;, the average temperature can be maintained at less
than or equal to about 100° C,

[0014] Transtorming can be with the aid of an energy beam
having a [irst energy per unitarea (8, ). Inoperation (¢}, during
the ime interval [rom L, Lo L. thermal energy can be removed
ata second energy per unit area (S,) that can be at least about
0.3 times 5. The second energy per unit area (S.) can be at
least about .5 limes 8. The thermal energy can be removed
[rom a side ol the [irst layer ol powder malerial or the sceond
layer ol powder malerial. The thermal energy can be removed
from a top surthce of the powder bed. The transforming
operation may comprise fusing (e.g., individval particles of
the powder malerial). The lusing can comprise melling or
sinlering (c.g.. the individual particles). Al Gime G, a third
laver of powder material can be provided adjacent 1o the
second layer of powder material. The transforming can com-
prise directing an energy beam to at least a portion of the
second layer.

[0015]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure that accepls a st
laver of powder material at a first time (t1) and a second laver
of powder material at a second time (12) that follows t1 to
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form a powder bed, wherein the second laver of powder
material s adjacent Lo the first layer of powder material. and
wherein the powder material comprises an clemental metal,
metal alloy, ceramic, or an allotrope of elemental carbon; a
cooling member adjacent to the first laver or the second laver,
wherein the cooling member removes thermal energy [rom
the sceomd layer; and a controller operatively coupled lo the
cooling member and programmed o (i) translorm at least a
portion of the powder material in the second layer to form a
transformed material, and (ii) vse the cooling member to
remove thermal energy from the seeond layer at a lime inter-
val [rom (2 1o a third time (13), wherein the thermal energy is
removed along a direction above the powder bed, and wherein
upon removal of thermal energy, the transformed material
solidifies to form at least a portion of the three-dimensional
ohjoct.

[0016]  The cooling member can be disposed owlside of the
powder malerial {e.g.. not within the powder material). "The
svstem may further comprise an energy source that provides
an energy beam to at least a portion of the second laver. The
controller can be operatively coupled Lo the energy source and
programmed Lo direet the energy beam 1o at least the portion
ol the second Tayer. The controller can be programmed to (1)
transform at least a portion of the powder material in the
second laver to torm a transtormed material using an energy
beam having a [irst energy per unil arca (8 ), and (2) use the
cooling member Lo remove thermal energy during the time
interval from 1, to 1, at a second energy per vnit area (S, ) that
cal be at least about 0.3 times 5. The second energy per unit
area (S;)can be atleast abour 0.5 times S| . The controller can
be programmed o use the cooling member Lo remove the
thermal energy [rom a side of the [irst layer ol material or the
second laver of material, wherein the side can be different
than the exposed surtace of the second laver, or can be oppo-
site to the exposed surlace ol the second layer. The controller
can be programmed o use the cooling member to remove the
thermal energy [rom a top surlace ol the powder bed.

[0017] The controller can be programmed 1o control an
average temperature of the second laver of powder material.
During the time interval from t. 1o 1,, the controller can be
programmed Lo maintain an average lemperalure al a peint in
the seeond Tayer al less than or equal (o aboul 2507 €. During
the time interval from t, 10 15, the controller can be pro-
grammed to maintain the average temperature at less than or
equal to about 1007 C. The cooling member can be movable.
The controller can be programmed to move the cooling mem-
ber. The cooling member can be separaied from the powder
bed by a gap. The gap can be at a spacing of less than or equal
to about 50 millimeters. The gap can be at an adjustable
spacing between the cooling member and the powder bed.
The controller can be programmed (o regulale the adjustable
spacing. The cooling member can comprise a malerial with a
thermal conduetivity of at least about 20 Watts per meter per
degree Kelvin (W/mK). The cooling member may further
comprise a cleaning member thal removes the powder malte-
rial or debris [rom a surface ol the cooling member. The
svstem may further comprise a collection member that ¢ol-
lects a remainder of the powder material or debris from the
cooling member or the powder bed.

[0018]  Inanother aspect, an apparalus [or lorming a three-
dimensional objecl comprises a controller that is pro-
grammed to: (a) supply powder material [rom a powder dis-
pensing member 1o a powder bed operatively coupled to the
powder dispensing member, wherein the supply of powder
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material comprises supply of (1) a first laver of powder mate-
rial in an enclosure at a first time (1 ) and (i) a sceond layer ol
powder malerial in the enclosure al a sccond Ume (L) that
follows 1,, wherein the second laver of material is provided
adjacent to the first layver of powder material; (b) direct an
energy beam [rom an energy source o the powder bed Lo
transform at least a portion ol the powder material (o a trans-
lormed material that subsequently hardens 1o vield the three-
dimensional object; and (¢} direct a cooing member adjacent
1o the first laver or the second laver to remove thermal energy
[rom the second layer al a time interval [rom 1, 1o a third ime
(L3}, wherein the thermal energy is removed along a direetion
above the powder bed, and wherein upon removal of thermal
energy, the transtormed material solidifies to form at least a
portion of the three-dimensional object.

[0019]  In another aspect. 2 method [or generaling a three
dimensional object comprises (a) providing (i) a first layer ol
malerial in an enclosure at a first time (1) and (ii) a sccond
laver of material in the enclosure at a second time (t.) that
follows 1), wherein the second laver of material is provided
adjacent to the (irst layer o[ malerial: (b) translorming al Teast
a portion of the material in the second layer (o form a trans-
formed material; and () removing thermal energy from the
second laver at a time interval from 1, 10 a third time (1,),
wherein during a time interval from 1, 10 t,, an average tem-
perature al any point in the second layer is maintained within
al most aboul 250 degrees Celsius, and wherein removing the
energy results in hardening the transformed material 1o form
at least a portion ot the three dimensional object.

[0020] A thirdlaver of material can be provided at times 1,.
The average lemperalure al any poind in the second layer can
e maintained within at most about 100 degrees Celsius. The
average temperature at any point in the second laver can be
maintained within at most abour 10 degrees Celsius range.
The method may further comprise tusing a portion of the first
layer prior 1o providing the second layer. Fusing may com-
prise melling or sintering. "The method may further comprise
cooling the portion prior to operation ().

[0021] Inanother aspect, an apparatus tor forming a three-
dimensional object comprises a confroller that is pro-
grammed (o: (2) supply powder malerial from a powder dis-
pensing member o a powder bed operatively coupled 1o the
powder dispensing member, wherein the supply of powder
material comprises supply of (1) a first laver of material in an
enclosure at a first time (t, ) and (ii) a second laver of material
in the enclosure al a sccond (ime (1) that Tollows L, wherein
the second layer of material 1s provided adjacent 1o the frst
laver of material; (b) direct an energy beam from an energy
source to the powder bed to transtorin at least a portion of the
powder material 10 a trans formed material that subsequenily
hardens Lo yield the three-dimensional objeet; and (¢) divect a
cooing member adjacent (o the [irst layer or the second layer
1o remove thermal energy from the second laver at a time
interval from 1. 10 a third time (1), wherein during a time
interval rom 1, o L,. an average lemperature al any poinl in
the sceond layer is maintained within al most aboul 250
degrees Celsius, and wherein removing the energy results in
hardening the transformed material to form at least a portion
of the three dimensional object.

[0022]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure that accepls a st
layer o material at a first time (1) and a sceond layer of
material at a second time (t,) that follows t,, wherein the
second laver of material is adjacent 1o the first laver of powder

]
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material; a cooling member adjacent to the first laver or the
second layer, wherein the cooling member removes thermal
cnergy [rom the sceond layer; and a controller operatively
coupled 1o the cooling member and programmed to (i) trans-
form at least a portion of the material in the second laver 1o
form a transformed material. and (it} using the cooling mem-
ber o remove thermal energy [rom the sceond layer al a ime
interval [rom , (o a third lime (13}, wherein during a (ime
interval from ¢, to 1., an average temperature at any point in
the second laver is maintained within at most about 250
degrees Celsius, and wherein upon removal of thermal
cnergy, the translormed material solidifics o [orm al least a
part of the three-dimensional obyject.

[0023] In another aspect, a method for generating a three
dimensional object comprises (a) providing (i) a first laver of
malerial in an enclosure al a st ime (1) and (i) a second
layer of malerial in the enclosure al a sceond Gime (1,) that
lollows (;, wherein the second layer of material is provided
adjacent to the first layer of material; (1) transtorming at least
a portion of the material in the second laver to torm a trans-
formed malterial: and {c) removing thermal enerey [rom the
second layer al a lime interval rom L o a third time (L),
wherein a maximum temperature of the transtformed material
is at least about 400° C. or more, and wherein a remainder of
the powder material that did not transform to subsequently
form a hardened malerial that is al least a portion ol the three
dimensional object, does notl exceed a lemperature of aboul
300° C., and wherein removing the energy results in harden-
ing the transformed material to form at least a portion of the
three dimensional objeet.

[0024]  The hardened malerial can be devoid of auxiliary
supports. The remainder may not exceed a (emperature ol
about 200° C. The remainder may not exceed a temperature of
about 130° C. The method can further comprise repeating
operations (a) to (¢). Operations (a)-(c) can be pertormed ata
pressure (hat can be about 1075 Torr ormore. The method may
lurther comprise removing the hardened material [rom the
remainder of powder material that did not fuse to form at least
a portion of the three dimensional object. The method may
lurther comprise cooling the portion and the remainder of
powder material that did not fuse o lorm at least a part of the
three dimensional object. The portion and the remainder can
be cooled at substantially the same rate. The second tempera-
ture can be at most about 3530° C. or less. The method may
lurther comprise separating the remainder of powder material
that did not luse o lorm at least a part of the three dimensional
object, [rom the at least a portion ol the three dimensional
ohject.

[0025] The material can comprise powder material. The
material can comprise clemental metal. metal alloy, ceramics,
or an allotrope of clemental carbon. Translorming can com-
prisc lusing. lusing can comprisec melling or sintering. "The
hardened material can comprise solidified material.

[0026] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a countroller that is pro-
grammed Lo (a) supply powder material [rom a powder dis-
pensing member o a powder bed operatively coupled lo the
powder dispensing member, wherein the supply of powder
material comprises supply of (1) a first laver of material in an
enclosure at a Mrst time (1)) and (iT) a seeond Tayer ol material
in the enclosure al a second time (L) that [ollows 1, . wherein
the second layer ol material is provided adjacent (o the first
laver of material; (b) direct an energy beam trom an energy
souree 1o the powder bed 1o transtorm at least a portion of the
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powder material 1o a transtormed material that subsequently
hardens Lo yield the three-dimensional objeet; and (¢) divect a
cooing member adjacent (o the [irst layer or the second layer
1o remove thermal energy from the second laver at a time
iterval from t, to a third time (1), wherein a maximum
temperature of the (rans formed malerial is at least about 4007
(7. or more. and wherein a remainder ol the powder malerial
that did not transform 1o subscquently form a hardened maie-
rial that is at least a portion of the three dimensional olject,
does not exceed a temperature of about 300° C., and wherein
removing the energy resulls in hardening the (ranslormed
malerial lo [orm al least a portion of the three dimensional
ohject.

[0027] In another aspect, a system for generating a three-
dimensional object comprises: an enclosure that accepts a
first layer of material at a first time (1 ) and a second layer ol
malerial al a second time (L) that fellows (, whereln the
socond layer ol material is adjacent 1o the first layer ol powder
material; a cooling member adjacent to the first laver or the
second laver, wherein the cooling member removes thermal
energy rom the second layer: and a controller operalively
coupled o the cooling member and programmed 1o (i) trans-
form at least a portion of the material in the second layer to
form a transformed material, and (ii) vsing the cooling mem-
ber to remove thermal energy trom the second laver at a time
interval from L, w0 a third time (1), wherein 4 maximum
temperature of the (rans formed malerial is at least about 4007
C. or more, and wherein a remainder of the powder material
that did not transform to subsequently form a hardened mate-
rial that is al least a part ol the three dimensional object. does
not exceed a temperature of aboul 3007 C., and wherein upon
removal ol thermal energy, the transformed malerial solidifies
1o form at least a part of the three-dimensional object.
[0028] In another aspect, a method for generating a three
dimensional object comprises () providing a layer ol male-
rial in an enclosure having an average temperature (1,,): (b)
transforming al least a portion ol the malerial in the sceond
layer 1o form a transtormed material, wherein the portion
reaches a maximum temperature (T, ), that is greater than T,;
and (¢} removing thermal cnergy from the layer o reach an
average lemperature 'L ina time period (hat is al most about
240 seconds, to form from the transformed material a hard-
ened material that is at least a part of the three dimensional
ohject, wherein T is greater or equal 1o T, and lower than T,
wherein T | is not greater than T, by more than about 0.8 times
(1,=Ty).

[0029] The method may [urther comprise repealing opera-
tions (a) to (¢), wherein a subsequent layer of powder material
is provided on a previously provided laver of powder mate-
rial. A first provided layer of powder malerial can be provided
on a base. "The lime period can be at most about 120 scconds.
The time period can be at most about 60 seconds. The time
pericd can be at most about 30 seconds. T, can be not greater
than T, by more than about 0.5 times (T.-T,). T, can be not
greater than 1, by more than about 0.3 times (1'5="1,).°1", can
be not greater than 1, by more than about 0.1 times (U5="17,).
[0030] Hardening can comprise solidifving, Transforming
can comprise fusing. Fusing can comprise melting or sinter-
ing. The energy can comprise an energy beam. The energy
heam can comprise an clectromagnetic beam. clectron beam.
or a plasma beam. "The clectromagnetic beam can comprise 4
laser beam or a microwave beam.

[0031] Inanother aspect, an apparatus tor forming a three-
dimensional object comprises a confroller that is pro-
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grammed to: (a) supply a laver of powder material having an
average lemperature (1)) rom a powder dispensing member
Lo a powder bed operatively coupled 1o the powder dispensing
member; (b) direct an energy beam from an energy source 1o
the powder bed 1o transform at least a portion of the powder
material o a transformed malerial (hat subsequently hardens
o vield the three-dimensional objectl. wherein the portion
reaches a maximum (emperature (1), thal is greater than 1
and (¢} direct a cooing member adjacent to the laver to remove
thermal energy from the laver to reach an average tempera-
lure T, in a time period that is al most about 240 seconds, Lo
form from the translormed material a hardened material that
is at least a part of'the three dimensional object, wherein T, is
areater or equal to T, and lower than T., wherein T, is not
areater than T, by more than about 0.8 times (T.—-T,).

[0032] In another aspect, a system for generating a three-
dimensional object comprises: an enclosure thal accepls a
layer ol malerial having an average base lemperature (1,); a
cooling member adjacent o the Tayer. wherein the cooling
member removes thermal energy from the laver; and a con-
troller operatively coupled to the cooling member and pro-
grammed (o (i) translorm at least a portion of the material in
the layer o lorm a transformed material. wherein the trans-
formed material reaches a maximum temperature (T, ) and (ii)
vsing the cooling member 1o remove thermal energy such that
after 240 seconds or less, the transtormed material forms
hardened material that is al least a part of the three dimen-
sional objeel. wherein 1) 1s greater or equal o T, and lower
than T,, wherein T, is not greater than T,, by more than about
0.8 times (T,-T,).

[0033] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a countroller that is pro-
grammed Lo (a) supply a layer of powder malerial rom a
powder dispensing member o a powder bed operatively
coupled to the powder dispensing member, wherein the pow-
der material comprises elemental metal, metal alloy, ceramic
oran allotrope of elemental carbon; (b) direct an energy beam
from an energy source Lo the powder bed (o translorm al least
a porlion ol the powder material (o a transformed material that
subsequently hardens 1o vield the three-dimensional object;
and (¢) direct a cooing member to remaove energy trom the
powder bed, wherein the cooling member lacilitates removal
ol at Teast 30 pereent ol the energy in the direction above an
exposed surlace ol the powder bed.

[0034]  In another aspectl. a method [or generaling a three-
dimensional object comprises (a) providing a material bed in
an enclosure; (b) directing an energy beam at the material
along a path (o translorm at least a portion ol the material 1o
form a transformed malerial, which translormed material
hardens to [orm a hardened material as part ol the three-
dimensional object; and (¢) bringing a heat sink adjacent to an
exposed surface ot'the material bed to remove thermal energy
from the material bed. wherein during the removal of thermal
cnergy [rom the material bed. the heat sink is separated [rom
the exposed surlace by a gap. and wherein the exposed sur-
tace of the material bed is a top surface of the powder bed.

[0035] The gap can be at a spacing between the heat sink
and the top surtace that is less than or equal to abour 50
millimeters. The path can be generated according lo a model
ol the three-dimensional object. The translorming can com-
prise [using imdividual particles of the powder material. los-
ing can comprise sintering, melting or binding the individual
particles.
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[0036] Inanother aspect, an apparatus tor forming a three-
dimensional objecl. comprises a controller that is pro-
grammed Loz (a) supply a layer ol material from a malerial
dispensing member 1o a material bed operatively coupled to
the material dispensing member; (b) direct an energy beam
[rom an energy source 1o the material bed Lo trans form al Teast
a portion of the powder malerial o a translormed material that
subscquently hardens (o yield the three-dimensional object:
and (c) direct a cooing, member 1o remove energy from the
material bed, wherein the cooling member is disposed adja-
cent to an exposed surface ol the material bed. wherein during
the removal ol thermal energy [rom the material bed. the heat
sink is separated from the exposed surface by a gap, and
wherein the exposed surface of the material bed is a top
surface of the powder bed.

[0037] In another aspect, a system for generating a three-
dimensional object comprises: an enclosure thal accommo-
dates a material bed; an energy source thal provides an energy
beam to the material in the material bed; a heat sink that
removes thermal energy from the powder bed, wherein during
removal of thermal energy [rom the malerial bed. the heat
sink is separaled [rom an exposed surlace ol the material bed
by a gap, and wherein the exposed surlace of the powder bed
is a top surtace of the powder bed; and a controller operatively
coupled to the energy source and the heat sink and pro-
grammed (o (i) direct the energy beam al the material along a
path (o transform at least a portion of the malerial o form a
transtormed material, which transformed material hardens to
form a hardened material as at least a part of the three-
dimensional object, and (ii) bring the heat sink adjacent to the
exposed surlace ol the powder bed Lo remove thermal energy
[rom the powder bed.

[0038] The cnergy beam can comprise an clectromagnelic
beam, a charged particle beam or a non-charged particle
beam. The energy beam can comprise a laser beam.

[0039] The heat sink can be disposed within a path of the
energy beam that exlends rom the energy source Lo the pow-
der material. The heat sink can comprise at least one opening.
and during use, the enerpy beam can be directed trom the
energy source to the powder material through the at least one
opening. The heat sink can be movable, The controller can be
programmed to move the heal sink. The enclosure can be a
vacuum chamber. The cnclosure has a pressure ol al lTeast
about 107" Torr. The heat sink can be thermally coupled to the
powder material trough the gap. The gap can comprise a gas.
The gap can be al a spacing belween the heal sink and the
exposed surface that 1s less than or equal 1o aboul 50 milli-
meters. The gap can be al an adjustable spacing between the
heat sink and the exposed surtace. The controller can be
programmed 1o regulate the spacing. The controller can be
programmed o regulate the spacing by using an energy per
unit arca that is sullicient to transform the al Teast a portion ol
the material. The controller can be programmed 1o regulate at
least one of the spacing and the enerpy source 10 provide an
energy per unit ares that is sutficient to form the three-dimen-
slonal objeet al a deviation [rom a model ol the three-dimen-
slonal object that 1s less than or equal Lo about the sum ol 23
micrometers and one thousandths of the fundamental length
scale of the three-dimensional object. The heat sink can tacili-
Late the transler of thermal energy [rom the powder malerial
via comvective heal transler. The heat sink can comprise 4
malerial with a thermal conductivity ol al least about 20 Walls
per weter per degree Kelvin (W/mK). The heat sink can
further comprise a cleaning member that removes the powder
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material or debris from a surface of the heat sink. The clean-
ing member can comprise a rolating brush. The cleaning
mechanism can comprise a rolaling brush (hat rotates when
the heat sinks moves. The heat sink can comprise at least one
surface thatcan be coated with an anti-stick laver that reduces
or prevents absorplion ol the powder material or debris on the
al least ome surlace. The system may [urther comprise a
collection member that collects a remainder ol the powder
material or debris from the heat sinlk or the powder bed. The
mechanism for collection of at least one of remaining powder
and debris can comprise a venluri scavenging novzle. The
venluri secavenging novrle can be aligned with the energy
source such that an energy beam from the energy source
passes through an opening of the ventur scavenging nozzle.
The mechanism for collection of at least one of remaining
powder and debris can comprise one or more vacuum suclion
porl. The mechanism lor collection of at least one ol remain-
ing powder and debris can be coupled to the heat sink. The
collection member can comprise one or more sources of
negative pressure. The collection member can be operatively
coupled 1o the heat sink. The system may [urther comprise a
source ol the malerial that supplics the material to the enclo-
sure, The heat sink may facilitate the removal of energy
without substautially changing the position of the at least part
ol the three dimensional objecl. The heat sink can be in
proximily 1o at least the layer. The heat sink can be located
between the cnergy source and (he layer. "The heat sink can be
movable 10 or from a position that can be between the energy
source and the base. The heat sink can comprise at least one
opening though which energy [rom the energy source can be
directed to the portion ol the layer. The system may Turther
comprise an additional energy source that provides energy to
aremainder of the laver that did not transtorm to subsequently
form at least a portion of the three dimensional object. The
energy source can supply energy al an energy per unil area 81
and the additional energy source can supply energy al a sce-
oid energy per unit area S2, wherein 82 can be less than S1.
52 can be less than or equal 1o about 0.5 times 1. S2 can be
less than or equal 10 about 0.2 times 81, 82 can be less than or
cqual to aboul (.1 times S1. The system may [urther comprise
a chamber containing the base. The chamber can be a vacuum
chamber. The chamber can be at a pressure that is greater than
about 107° Torr. The chamber may provide an inert gaseous
cnvironment. The gap can comprise a gas. The gap can be al
an adjustable distance between the Tayer and the heat sink.
The heat sink can be integrated with a leveling mechanisim
that provides and/or moves the material adjacent 1o the base or
to a previously deposited laver of material. The heat sink can
be integraled with a removing mechanism that removes and?
orreeyceles the malerial adjacent o the basce or 1o a previously
deposited laver of powder material. The heat sink may facili-
tate the transfer of energy trom the laver via convective heat
transler.

[0040] Transtorm can comprise fuse. Fuse can comprise
mell. sinter or bind. Bind can comprise chemically bind.
Chemically bind can comprise covalently bind. The energy
source provides energy by an electromagnetic beam, laser
beam, electron beam, plasma beam, or microwave beam.

[0041] Inanother aspect, an apparatus for forming a three-
dimensional objecl comprises a controller that is pro-
grammed Lo (a) supply a layer of powder malerial rom a
powder dispensing member o a powder bed operatively
coupled to the material dispensing member; (1) direct an
energy beam from an energy source 1o the powder bed 1o
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transtorm at least a portion of the powder material to a trans-
lormed material that subsequently hardens 1o vield the three-
dimensional object that is suspended in the powder bed; and
(¢} direct a leveling member to level an exposed surtace of the
material bed such that the three-dimensional object sus-
pended in the material bed s displaced by about 300
micromelers or less.

[0042]  In another aspect, a2 method for generating a three-
dimensional object suspended in a material bed, comprises
(a}) dispensing a material into an enclosure 1o provide the
material bed; (b) generating the three-dimensional object
[rom a portion of the material. wherein upon generation the
three-dimensional object s suspended in the material bed:
and (¢} using a leveling member to level an exposed surtace of
the material bed such that the three-dimensional object sus-
pended in the material bed s displaced by about 300
micromelers or less.

[0043]  Generating can comprise additively generaiing. The
material bed can be devoid of a supporting seattold substan-
tially enclosing the three-dimensional object. In operation
(¢}, the three-dimensional object can be displaced by about 20
micromelers or less. The material may comprise a powder
malerial. The material may comprise clemental metal. metal
allov, ceramie, or an allotrope of elemental carbon. The pow-
der material can be devoid of at least two metals that are
present al a ratio that lorms a culectic alloy. The powder
malerial can comprise al most a metal that can be substan-
tially of a single clemental metal composition. The powder
material can comprise a metal alloy that can be of a single
metal alloy composition. The three-dimensional objectcanbe
planar. The three-dimensional object can be a wire. "The three-
dimensional objeel can be devoid ol auxiliary support [ca-
mures. The three-dimensional object can comprise auxiliary
support features that are suspended in the powder bed.
[0044] In another aspect, a system for generating a three-
dimensional object suspended in a material bed comprises: an
enclosure that accommodates (he powder bed: an cnergy
source thal provides an encrgy beam 1o the malerial in the
material bed; a leveling member that levels an exposed sur-
face ot the material bed; and a controller operatively coupled
1 the energy source and the leveling member and pro-
grammed o (i) receive instructions o generate the three-
dimensional object, (il ) generate the three-dimensional object
from a portion of the material in accordance with the instrue-
tions, wherein upon generation the three-dimensional olyject
is suspended in the material bed. and (i) direct the leveling
member 1o level the exposed surlace ol the material bed such
that the three-dimensional object suspended in the material
bed is displaced by about 300 micrometers or less.

[0045] Upon generation of the three-dimensional object,
the malerial bed can be devoid ol a supporting scallold sub-
stantially enclosing the three-dimensional object. The male-
ral can comprise elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon. The material can comprise a
powder material. The system may further comprise a powder
dispenser thal provides the powder material into the enclo-
sure. The leveling mechanism can be coupled (o the powder
dispenser. The powder dispenser can be disposed adjacent to
the powder bed. The powder dispenser may comprise an exit
opening that can be located al a dillerent location than a
hottom portion of the powder dispenser (hal [aces the powder
hed. The exit opening can be located al a side ol the powder
dispenser. The side can be a portion of the powder dispenser
that does not face the powder bed or does not tace a direction
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opposite 10 the powder bed. The exit opening can comprise a
mesh. The controller can be operatively coupled 1o the pow-
der dispenser and programmed o control an amount of the
material that can be dispensed by the powder dispenser inlo
the enclosure. The controller can be operatively coupled 1o
the powder dispenser and programmed to control a position ot
the powder dispenser. The powder dispenser can be movable.
The system may [urther comprise one or mechanical mem-
bers operatively coupled to the powder dispenser. wherein the
ole or more mechanical members subject the powder dis-
penser to vibration. The controller can be operatively coupled
to the one or more mechanical members. The controller can
be programmed (o control the one or more mechanical mem-
bers o regulate an amount ol the powder material that is
dispensed by the powder dispenser into the enclosure. The
controller can be programuined 1o control a position of the
leveling member, wherein the leveling member can e mov-
able. The controller can be programmed (o control a loree or
pressure exerted by the leveling member on the powder male-
rial. The system may further comprise a removal vnit that
removes excess material from the material bed. The removal
vuit can comprise a source of vacuum, magnetic force, elec-
tric lorce. or clectrostatic foree. The remeval unit can com-
prise a reservoir lor accommodaling an excess of powder
material. The removal unit can comprise ole or more sources
of negative pressure in communication (e.2., fluid communi-
cation) with the powder bed. which one or more sources of
negalive pressure are [or removing an excess ol powder mate-
rial from the powder bed. The controller can be programmed
to direct removal of an excess of powder material using the
removal unit. The leveling member can comprise a knife, The
system may lurther comprise a cooling member. "The cooling
member may be in proximitly (o the layer. The cooling mem-
ber can be located between the energy source and the layoer.
The three dimensional object can be devoid of auxiliary sup-
ports. The cooling member can be movable 10 or from a
position thal can be between the energy source and the pow-
der material. The cooling member may Facilitate the cooling
of'the fused portion of the laver and/or facilitates the cooling
of a remainder of the laver that did not transtorm to subse-
quently form at least a portion ot'the three dimensional object.
The cooling member may [acilitale the cooling ol the portion
and the remainder al substantially the same raie. The cooling
member can be separated from the laver and/or from the base
by a gap. The gap can comprise a gas. The gap has a cross-
seelion that can be al most about 1 millimeter or less. The gap
can be adjustable. The controller can be operatively coupled
o the cooling member and can be able w0 adjust the gap
distance from the material bed. The cooling member can be
adapted to be positioned between the base and the energy
source. The cooling member may track an energy that can be
applied (o the portion of the layer by the energy source. The
controller can be operatively coupled to the cooling member
and regulates the tracking of'the cooling member. The cooling
member can comprise at least one opening though which
cnergy from the energy source can be direeted to the portion
ol the layer. The cooling member can be substantially trans-
parent. The cooling member can comprise one or more heat
sinks. The energy source may direct energy 1o the portion of
the layer through radiative heal transler, The energy source
can be alaser. "The system may lurther comprise an additional
cnergy source that provides energy 1o aremainder of the layer
that did not fuse 1o subsequently torm at least a part of the
three dimensional object. The additional energy source can be
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a laser or an infrared (IR radiation source. The energy source
may provide energy via an cleclromagnetic beam, laser beam.
cleetron beam. plasma beam. or microwave beam. "The sys-
tem may torther comprise a chamber comprising a base above
which the material bed can be disposed. The chamber can be
4 vacuum chamber. The chamber may provide an inerl gas-
cous environment. The syslem may [urther comprise an opli-
cal system that dircel energy from the energy source o 4
predetermined position of the laver, The optical svstem can
comprise a mirror (.2, detlection mirror or galvanometer
mirror), 4 lens, a (iber. a beam guide. a rotating polygon or a
prism. The controller can control the deflection andfor the
modulation of the energy beam (e.g., electromagnetic beam).
The controller can control the optical path (e.g., vector) trav-
elled by the energy beam (e.g., by controlling the optical
syslem). "The controller can be programmed Lo control a tra-
jectory ol the energy source with the aid ol the oplical sysiem.
The processor can be in communication with a central pro-
cessing unit that supplies instructions to the controller to
generate the three dimensional object. The communication
can be nelwork communication. The central processing unit
can be a remote compuler. The remole compuler sysiem may
provide instructions pertaining 1o a three dimensional model
1o the controller, and wherein the controller directs the energy
source Lo supply cnergy based on the instructions pertaining
1o the three dimensional model. The design instructions may
be provided using a {ile having a Slandard ‘Tessellation |.an-
guage file format. The controller can be programmed to opti-
mize at least the amount, intensity or duration of energy
supplied by the energy sowrce. The controller can be pro-
grammed Lo oplimive a trajectory or a path of energy supplicd
from the energy source 10 the at least a portion of the laver.
The controller can be programuned 1o optimize the removal of
energy from the at least a portion of the laver. The controller
can be programmed (o control a lemperature prolile of the
base (hal can be separale [rom a tlemperalure profile ol the
laver. The controller can be programmed 1o regulate the trans-
formation of the portion of the laver without transtorming a
remainder ol the layer.

[0046] In another aspecl, an apparatus [or gencraling a
three-dimensional  object comprises: an enclosure  that
accommodales a powder bed comprising the powder malerial
comprising an elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon; and an energy source that
provides an cnergy beam (o the powder malerial in the powder
hed 1o [orm at least a portion of a (hree-dimensional objecl.
wherein upon lormation the three-dimensional objeet (i) is
devoid of surtace features indicative of laver removal during
or affer the three-dimensional printing process, (ii) has an
exposed layer surlace with a surface arca of aboul one cenlti-
meler squared fem®) or more. and (iii) is devoid ol an auxil-
iary support feature or suxiliary support feature mark that is
indicative of a presence or removal of the auxiliary support
feature, and wherein a given laver of the lavered strueture is
devold ol at least two metals that lorm a cutectic alloy.
[0047]  In another aspecl. an apparatus or lorming a three-
dimensional objecl. comprises a controller that is pro-
grammed to0: (a) supply a laver of powder material from a
powder dispensing member to a powder bed operatively
coupled 10 the powder dispensing member, wherein the pow-
der malerial comprises clemental metal, metal alloy. ceramic
or an allotrope of clemental carbon; and (b) direet an cnergy
beam from an energy source to the powder bed 1o transform at
least a portion of the powder material to a transtormed mate-

Jul. 21, 2016

rial that subsequently hardens to vield the three-dimensional
object that (1) is devoid ol surlace [eatures indicative ol layer
removal during or aller the three-dimensional printing pro-
cess, (i1) has an exposed layer surface with a surface area of
about one centimeter squared (em”) or more, and (iil) is
devoid of an auxiliary support leature or auxiliary support
leature mark that is indicative ol a prescnce or removal ol the
auxiliary support leature, and wherein a given layer ol the
lavered structure is devoid of at least two metals that form a
eutectic alloy.

[0048]  In another aspecl. an apparaius lor generaling a
three-dimensional  objecl. comprising: an cnclosure (hal
accommodales a powder bed comprising the powder material
comprising an elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon; and an energy source that
provides an encrgy beam Lo the powder malerial in the powder
bed o form at least a portion ol a three-dimensional object,
wherein upon formation the three-dimensional object (1) is
devoid of surtace features indicative of laver removal during
or after the three-dimensional printing process, (ii) has an
exposed layer surface with a surlace area ol aboul one centi-
meler squared (em®) or more, and (iii) is devoid of an auxil-
lary support feature or suxiliary support feature mark that is
indicative of a presence or removal of the amxdliary support
feature, and wherein a given layer of the lavered structure is
devoid of at least two metals that Torm a culectic alloy.
[0049]  In anoiher aspect, a three-dimensional object
formed by a three-dimensional printing process comprises a
lavered struecture comprising successive solidified melt pools
of'a material that comprises an elemental metal, metal alloy,
ceramic. or an allotrope of elemental carbon, wherein the
three-dimensional object (13 i devoid of surlace lealures
indicative of laver removal during or after the three-dimen-
sional printing process, (i1) has an exposed laver surtace with
a surlace area ol about one centimeter squared (em®) ormore,
and (i) is devoid o an auxiliary support lealure or auxiliary
support [eature mark that is indicative ol a presence or
removal of the auxiliary support feature that is indicative of'a
presence or removal of the auxiliary support feature, and
wherein a given layer of the layered structure is devoid ol at
least two metals that form a cutectic alloy.

[0050]  The surface area can be aboul lwo cenlimeler
squared (cm?®) or more.

[0051] The auxiliary support feature can comprise a linear
struecture, The avxiliary support teature can comprise a non-
linear structure. The auxiliary support fealure can comprise a
ledge, column, (in. pin, blade. or scallold. The auxiliary sup-
port teature can comprise a sintered powder scaffold. The
sintered powder scatfold can be formed of the material. The
auxiliary support leature mark can comprise a mark ol'a mold
cmbedded on the three-dimensional object. The auxiliary
support feature mark can comprise a geometric delormaltion
of' one or more of the suecessive solidified melt pools, which
deformation can be complementary to the auxiliary support
feature. A given layer ol the layered struclure can comprise a
plurality ol solidified material melt pools.

[0052]  The three-dimensional object can be devoid ol sur-
face features that are indicative of the use of a trHimming
process during or atter the formation of the three-dimensional
objeet. The trimming process may be an operation conducted
alier the completion ol the 31 printing process. The trimming
process may be a scparale operation [rom the 31) printling
process. The trimming may comprise cutting, {(e.g., using a
peircing saw). The trimming can comprise polishing or blast-
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g, The blasting can comprise solid blasting, gas blasting or
liquid Mlasting."'he solid blasting can comprise sand blasting.
The gas blasting can comprise airblasting. The liquid blasting
can comprise water blasting., The blasting can comprise
mechanical blasting. The lavered structure can be a substan-
Lially repetitive layered structure. Hach layer ol the layered
structure has an average layer thickness greater than or equal
Lo about 5 micromelers {um). lach layer ol the layered struc-
Ture has an average laver thickness less than or equal to about
1000 micrometers (). The lavered structure can comprise
individual layers of the successive solidificd mell pools. A
given one ol the successive solidilied melt pools can comprise
a substantially repetitive material variation selected from the
group consisting of variation in grain orientation, variation in
material density, variation in the degree of compound sepre-
galion (o grain boundaries. variation in the degree ol clement
segregalion Lo grain boundarices. variation in malerial phase.
variation in metallurgical phase, variation in material poros-
iy, variation in crystal phase, and vadation in erystal strue-
mire. A given one of the suecessive solidified melt pools can
comprise a crysial. The crystal can comprise a single erystal.
The layered struclure can comprise one or more lealures
indicative of solidification of melt pools during the three-
dimensional printing process. The lavered structure can com-
prise a [eature indicative ol the use of the three-dimensional
printing process. The three-dimensional prinling process can
comprise sclective laser melling (S1.M). selective laser sin-
tering, (SLS), direct metal laser sintering (DMLS), or fised
deposition modeling (FDM ). The three-dimensional printing
process can comprise seleetive laser melling. A fundamental
lengih seale of the three-dimensional object can be al Teast
about 120 micrometers.

[0053] The allotrope of elemental carbon can be selected
from the group consisting of amorphous carbon, graphite,
graphene. [ullerene. and diamond. The (ullerene can be
sclected [rom the group consisting ol spherical, elliplical.
lincar, and tubular. The Mullerene can be selecied rom the
group consisting of buckyball and carbon nanotube. The
material can comprise a reinforcing fiber. The reinforcing
fiber can comprise carbon [iber, Kevlar®, "Twaroni. ultra-
high-molecular-weight polyethylence. or glass liber.

[0054] In another aspecl, an apparatus [or gencraling a
three-dimensional object, comprising: an enclosure that
accommodates a powder bed comprising the powder lmaterial
comprising an elemental metal, metal alloy, ceramic, or an
allotrope ol clemental carbon; and an energy source hat
provides an cnergy beam (o the powder malerial in the powder
bed 1o form at least a portion of a three-dimensional object,
wherein vpon formation the three-dimensional object (i) is
devold ol an auxiliary support leature or auxiliary support
[cature mark that is indicalive ol a presence or removal of the
auxiliary support feature. (i1) is devoid ol surlace leatures
indicative of laver removal during or atter the three-dimen-
sional printing process, and (iii) has an exposed laver surface
with a surlace area ol al least aboul one cenlimeter squared
{em™). and whercin cach layer of the layered structure of the
three-dimensional object comprises at most substantially a
single elemental metal composition.

[0055] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a controller that is pro-
grammed 10: (a) supply a layer of powder material [rom a
powder dispensing member 10 a powder bed operatively
coupled 1o the powder dispensing member, wherein the pow-
der material comprises elemental metal, metal alloy, ceramic
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or an allotrope of elemental carbon; and (b) direct an energy
beam [rom an energy source Lo the powder bed Lo trans(orm at
least a portion ol the powder malerial (o a translbvrmed mate-
rial that subsequently hardens to vield the three-dimensional
olject that (i) is devold of an auxiliary support feature or
auxiliary support [cature mark that is indicative ol a presence
or removal ol the auxiliary support [cature, (i1) is devoid of
surlace features indicative ol layer removal during or alter the
three-dimensional printing process, and (i) has an exposed
laver surface with a surface area of at least about one centi-
meler squared (em?). and wherein cach laver of the layered
structure ol the three-dimensional objecl comprises al mosl
substantially a single elemental metal composition.

[0056] In another aspect, a three-dimensional object
formed by a three-dimensional printing process colnprises: a
layered structure comprising successive solidified melt pools
ol'a malerial that comprises an clemental metal. metal alloy,
ceramic. or an allotrope of elemental carbon, wherein the
three-dimensional object (1) is devoid of an avxiliary support
teature or auxiliary support feature mark that is indicative off
a presence or removal ol the auxiliary support leature. (i) is
devoid of surlace [eatures indicative of Tayer removal during
or atfter the three-dimensional printing process, and (iii} has
an exposed laver surtace with a surface area of at least about
one centimeter squared (cm?), and wherein each laver of the
layered structurc ol'the three-dimensional objecl comprises al
most substantially a single clemental melal composition.
[0057]  Thesurlace arca can be al least aboul lwo cenlimeter
squared (cm®). Each layer ofthe three-dimensional objectcan
comprise at most a single metal alloy composition at a devia-
tion ol abouwt 2% or less [rom a single melal alloy composi-
tion. lach layer of the three-dimensional object can comprise
at most substantially a single metal alloy composition. Sub-
stantially can comprise a composition deviation of about 2%
or less from a single metal alloy composition.

|0058]  In another aspecl. an apparaius lor generaling a
three-dimensional  object  comprises: an enclosure  (hal
accommodales a powder bed comprising the powder material
comprising an elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon; and an energy source that
provides an encrgy beam Lo the powder malerial in the powder
bed o form at least a portion ol a three-dimensional object,
wherein upon tformation the three-dimensional object (i) is
devoid of surtace features indicative of laver removal during
or after the three-dimensional printing process, (ii) has an
exposed layer surlface with a surlace arca ol at least aboul one
centimeler squared (em™). and (iii) is devoid of an auxiliary
support feature or avxiliary support feature mark that is
indicative of a presence or removal of the amxdliary support
lcature. and wherein a given layer ol the layered structure hag
4 radius of curvature ol al least aboul 50 centimelers as
measured by optical microscopy.

[0059] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a countroller that is pro-
srammed to: (a) supply a layer of powder material from a
powder dispensing member o a powder bed operatively
coupled o the powder dispensing member. wherein the pow-
der material comprises elemental metal, metal alloy, ceramic
or an allotrope of elemental carbon; and (b) direct an energy
beam [rom an energy source Lo the powder bed Lo trans(orm at
least a portion ol the powder malerial (o a translbvrmed mate-
rial thal subscquently hardens o yield the three-dimensional
olyject that (i) is devoid of surface features indicative of laver
removal during or atter the three-dimensional printing pro-
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cess, (i1) has an exposed laver surtace with a surface area of at
least aboul one centimeler squared fem™), and (iii} is devoid o
an auxiliary support [eature or auxiliary supporl feature mark
that is indicative of a presence or removal of the auxiliary
support feature, and wherein a given laver of the lavered
structure has a radius ol curvature of at least about 50 centi-
moelers as measured by oplical microscopy.

[0060] In another aspeel. a three-dimensional objoct
formed by a three-dimensional printing process comprises: a
layered structure comprising successive solidified melt pools
ol a material thal comprises an clemental metal, metal alloy.
ceramic. or an allotrope of clemental carbon, wherein the
three-dimensional objeet (i) is devold ol surface leatures
indicative of laver removal during or atter the three-dimen-
sional printing process, (ii) has an exposed laver surface with
a surlace arca ol atl least aboul one centimeter squared (em?).
and (111} 1s devoid of an auxiliary support [eature or auxiliary
supporl fealure mark that is indicalive ol a presence or
removal of the avxiliary support feature, wherein a given
laver of the lavered structure has a radius of curvature of at
least aboul 50 cenlimeters as measured by oplical micros-
copy.

[0061] The given layer can be a [irst-generaled layer. The
radius of curvature can be at least about 100 centimeters (cm)
as measured by optical microscopy. A plurality of lavers of
the layered structure have the radius ol curvalure ol al Teast
aboul 50 cenlimeters (cm) as measured by optical micros-
copy.

[0062] In another aspect, an apparatus for generating a
three-dimensional object comprises: an enclosure that
accommodales a powder bed comprising the powder malerial
comprising an ceramic, or an allotrope of clemental carbon:
and an energy source that provides an energy beam 1o the
powder material in the powder bed 1o form at least a portion
ot a three-dimensional object, wherein npon formation the
three-dimensional objeet (i) is devold ol surface leatures
indicative ol layer removal during or aller the three-dimen-
sional printing process, and (ii) is devoid of one or more
auxiliary support teatures or auxiliary support feature marks
that are indicative ol a presence or removal of the auxiliary
support [calure.

[0063] In another aspecl. an apparatus for lorming a three-
dimensional object comprises a confroller that is pro-
grammed to0: (a) supply a laver of powder material from a
powder dispensing member to a powder bed operatively
coupled 10 the powder dispensing member, wherein the pow-
der material comprises ceramic or an allotrope ol clemental
carbon; and (b) direct an energy beam from an energy source
1o the powder bed to transtorm at least a portion of the powder
malerial o a translormed material that subsequently hardens
1 yield the three-dimensional object (hat (1) is devoid ol
surlace [eatures indicative ol layer removal during or afier the
three-dimensional printing process, and (ii) is devoid of one
or more guxiliary support features or anxiliary support feature
marks that are indicative ol a presence or removal ol the
auxiliary support [cature.

[0064] In another aspeel. a three-dimensional objoct
formed by a three-dimensional printing process comprises a
layered structure comprising successive solidified melt pools
ol a material that comprises a ceramic or an allotrope ol
clemental carbon. wherein the three-dimensional objeet (1) is
devold ol surlace Teatures indicative ol layer removal during
or after the three-dimensional printing process, and (i) is
devoid of one or more auxiliary support teatures or auxiliary
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suppaort feature marks that are indicative of a presence or
removal ol the auxiliary support lcalure.

|0065]  In another aspecl. an apparaius lor generaling a
three-dimensional  object  comprises: an enclosure  (hal
accommodates a powder bed comprising the powder material
comprising an elemental metal, metal alloy, ceramic, or an
allotrope of clemental carbon: and an energy source that
provides an encrgy beam Lo the powder malerial in the powder
bed to torm at least a portion of a three-dimensional abject,
wherein upon tformation the three-dimensional object (i) is
devoid of surtace features indicative of laver removal during
or afler the three-dimensional printing process. and (i1) com-
prises two auxiliary support [ealures or auxiliary supporl
teature marks that is indicative of'a presence or removal of'the
auxiliary support features; wherein the lavered structure has a
layering plance. wherein the two auxiliary support lealures or
supporl marks are spaced apart by al least about 40.5 milli-
melers or more, and wherein the acule angle between the
straight line connecting the two auxiliary support teatures or
support marks and the direction of normal to the lavering
planc is [rom about 45 degrees 1o aboul 90 degrees.

[0066]  In another aspect, an apparatus [or lorming a three-
dimensional objecl comprises a controller that is pro-
srammed to: (a) supply a layer of powder material from a
powder dispensing member to a powder bed operatively
coupled o the powder dispensing member. wherein the pow-
der malerial comprises an clemental metal, metal alloy,
ceramic. or an allotrope ol clemental carbon; and (b} direct an
energy beam from an energy source 1o the powder bed 1o
transform at least a portion of the powder material 10 a trans-
formed material that subsequently hardens Lo yield the three-
dimensional object that (i) is devold of surlace leatures
indicative of laver removal during or after the three-dimen-
sional printing process, and (ii) comprises two auxiliary sup-
port features or suxiliary support feature marks that is indica-
live ol a presence or removal of the auxiliary support lealures,
wherein the layered structure has a layering plane, wherein
the two auxiliary support features or support marks are spaced
apart by at least about 40.5 millimeters or more; and wherein
the acute angle between the straight line connecting the two
auxiliary support lcalures or support marks and the direelion
ol normal to the layering plane is from aboul 45 degrees 1o
about 90 degrees.

[0067] In another aspect, a three-dimensional object
formed by a three-dimensional printing process colnprises: a
layered structure comprising successive solidified melt pools
ol'a malerial that comprises an clemental metal. metal alloy,
ceramie, or an allotrope of elemental carbon, wherein the
three-dimensional object (i) is devoid of surface teatures
indicative of layer removal during or alier the three-dimen-
sional prinling process. and (il) comprises two auxiliary sup-
port leatures or auxiliary support lcalure marks that is indica-
tive of'a presence or removal of the auxiliary support features,
wherein the lavered structure has a layering plane, wherein
the two auxiliary support [eatures or support marks are spaced
apart by at least about 40.5 millimeters or more. and wherein
the acute angle between the straight line connecting the two
auxiliary support teatures or support marks and the direction
of normal to the layvering plane is from about 45 degrees 1o
aboul Y0 degrees. Any two auxiliary supporl [catures or aux-
iliary supporl marks may be spaced apart by at least about 45
millimeters or more.

[0068] In another aspect, an apparatus for generating a
three-dimensional object comprises an enclosure that accom-
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modates a powder bed comprising the powder material com-
prising an clemental metal, metal alloy. ceramic, or an allot-
rope of clemental carbon: and an energy source that provides
an energy beam 1o the powder material in the powder bed to
form at least a portion of a three-dimensional object, wherein
upon lormation the three-dimensional object (i) is devoid ol
surlace [eatures indicative ol layer removal during or afier the
three-dimensional printing process. and (i) compriscs an
auxiliary support feature or anxiliary support feature mark
that is indicative of a presence or removal of the auxiliary
supporl leature, wherein (he Tayered structure has a layering
plane. wherein X is a point residing on the surface ol the three
dimensional object and Y is the closest auxiliary support
feature or auxiliary support feature mark to X, wherein Y is
spaced apart from X by at least about 10.5 millimeters or
more; wherein the sphere ol radius XY 1s devold ol auxiliary
supporl [eature or auxiliary supporl leature mark, and
wherein the acute angle between the straight line XY and the
direction of normal to the lavering plane is from about 45
degrees to about 90 deprees.

[0049] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a controller that is pro-
grammed 10: (a) supply a layer of powder material [rom a
powder dispensing member to a powder bed operatively
coupled 1o the powder dispensing member, wherein the pow-
der malerial comprises an clemental metal. metal alloy.
ceramic. or an allotrope ol clemental carbon: and (b direet an
energy beam [rom an energy source o the powder bed Lo
transtorm at least a portion of the powder material to a trans-
formed material that subsequently hardens to vield the three-
dimensional object that (1) is devoid ol surface leatures
indicative ol layer removal during or aller the three-dimen-
sional printing process, and (ii) comprises an auxiliary sup-
port feature or auxiliary support feature marl that is indica-
tive of a presence or removal of the suxiliary support feature,
wherein the layered structure hag a layering plane. wherein X
is 4 poinl residing on the surlace ol the three dimensional
ohject and Y is the closest auxiliary support feature or amxil-
iary support feature mark 1o X, whereinY is spaced apart from
X by at least aboutl 10.5 millimelers or more; wherein the
sphere of radius XY 1s devoid ol auxiliary support leature or
auxiliary support [cature mark that is indicative ol a presence
or removal of the avxiliary support feature, wherein the acute
angle berween the straight line XY and the direction of nor-
mal to the layering plane is from aboul 45 degrees o about 90
degrees.

[0070] In another aspeel. a three-dimensional objoct
lormed by a three-dimensional printing process, comprises 4
layered structure comprising successive solidified melt pools
of'a material that comprises an elemental metal, metal alloy,
ceramic. or an allotrope of clemental carbon, wherein the
three-dimensional objeet (i) is devold ol surface leatures
indicative of laver removal during or atter the three-dimen-
sional printing process, and (ii) comprises an auxiliary sup-
port feature or auxiliary support feature marl that is indica-
tive ol a presence or removal of the auxiliary support feature.
wherein the layered structure hag a layering plane. wherein X
is a point residing on the surface of the three dimensional
ohject and Y is the closest auxiliary support feature or amxil-
iary support [eature mark 1o X, wherein ¥ is spaced apart [rom
X by at least aboutl 10.5 millimelers or more; wherein the
sphere of radius XY 1s devoid ol auxiliary support leature or
auxiliary support feature mark, wherein the acute angle
between the straight line XY and the direction of normal to
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the lavering plane is from about 45 degrees to about 90
degrees. and wherein the three dimensional object comprises
clemental metal, metal alloy. ceramic or an allotrope of
elemental carbon. X may be spaced apart from Y by at least
about 10 millimeters or more,

[0071] In another aspect, an apparatus for generating a
three-dimensional object comprises an enclosure that accom-
modates g powder bed comprising the powder material com-
prising an clemental metal. metal alloy, ceramic. or an allot-
rope ol elemental carbon; and an energy source that provides
an energy beam to the powder material in the powder bed 1o
form at least a portion of a three-dimensional object, wherein
upon lormation the three-dimensional objeet is devoid ol
surlace features indicative ol layer removal during or alter the
three-dimensional printing process, wherein N s a layering
plane of the lavered structure, wherein X and Y are points
residing on the surtace of the three dimensional object,
wherein X is spaced apart [rom Y by al least about 10.3
millimeters or more. wherein the sphere of radiugs XY (hat is
centered at X lacks auxiliary support feature or auxiliary
suppart feature mark that is indicative of a presence or
removal of the auxiliary support feature, and wherein the
acule angle between the straight line XY and (he direction of
normal o N is lrom about 45 degrees 1o aboul 90 degrees.

[0072]  In another aspect, an apparalus [or lorming a three-
dimensional objecl comprises a controller that is pro-
grammedto: supply a laver of powder material from a powder
dispensing member 10 a powder bed operatively coupled 1o
the powder dispensing member. wherein the powder material
comprises an clemental metal, metal alloy. ceramic. or an
allotrope ol clemental carbon; and direel an energy beam
from an energy source to the powder bed to transform at least
aportion ofthe powder material to a transtormed material that
subsequently hardens 1o yicld the three-dimensional object
that is devoid ol surlace leatures indicative ol Tayer removal
during or atter the three-dimensional printing process,
wherein N is a layering plane of the layered structure, wherein
X andY are points residing on the surface of the three dimen-
sional object, wherein X is spaced apart from Y by at least
about 10.5 millimelers or more, wherein the sphere of radius
XY that is centered at X lacks aunxiliary support feature or
auxiliary support feature mark that is indicative of'a presence
or removal ol the auxiliary support [eature. and wherein the
acule angle between the straight line XY and (he direction of
normal o N is lrom about 45 degrees 1o aboul 90 degrees.

[0073] In anoiher aspect, a three-dimensional object
formed by a three-dimensional printing process comprises a
lavered struecture comprising successive solidified melt pools
of'a material that comprises an elemental metal, metal alloy,
ceramic. or an allotrope of elemental carbon, wherein the
three-dimensional object s devoid of surface lealures indica-
tive of laver removal during or affer the three-dimensional
printing process, wherein N is a lavering plane of the lavered
structure, whereln X and Y are points residing on the surtace
ol the three dimensional object, wherein X is spaced apart
fromY by al least about 10.5 millimeters or more, wherein the
sphere of radius XY that is centered at X lacks auxiliary
support feature or avxiliary support feature mark that is
indicative of a presence or removal of the auxiliary support
feature. and wherein the acule angle between the straight line
XY and the direetion oM mormal 1o N is from aboul 43 degrees
to about 30 degrees. In some cases, B is spaced apart from C
by at least about 10 millimeters or more.
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[0074] Inanother aspect, an apparatus tor forming a three-
dimensional object comprises a controller that is pro-
grammed 10: (a) supply a layer of powder material [rom a
powder dispensing member to a powder bed operatively
coupled 1o the powder dispensing member, wherein the pow-
der malerial comprises an clemental metal. metal alloy.
ceramic. or an allotrope ol clemental carbon: and (b direet an
energy beam [rom an energy source o the powder bed Lo
transtorm at least a portion of the powder material to a trans-
formed material that subsequently hardens to vield the three-
dimensional object that (1) is devoid ol surface leatures
indicative ol layer removal during or aller the three-dimen-
sional printing process, (ii) has an exposed laver surface with
a surface area of at least about one centimeter squared (cm?),
and (iii) is devoid of one or more auxiliary support features or
auxiliary supporl feature marks that are indicative of a pres-
ence or removal ol the auxiliary support [eature. and wherein
any two metals residing within the laver are incapable of
forming a evtectic alloy.

[0075] In another aspect, an apparatus for generating a
three-dimensional object comprises an enclosure (that accom-
modales a powder bed comprising the powder material com-
prising an clemental metal, metal alloy. ceramic, or an allot-
rope of elemental carbon; and an energy source that provides
an energy beam 1o the powder material in the powder bed to
lorm at least a portion ol a three-dimensional objectl. wherein
upon lormation the three-dimensional object (i) is devoid ol
surface features indicative of laver removal during or atter the
three-dimensional printing process, (ii) has an exposed laver
surface with a surtace area of at least about one centimeter
squared (em), and (iii) is devoid ol one or more auxiliary
supporls [eature or auxiliary support leature marks that are
indicative of a presence or removal of the auxiliary support
feature, and wherein any two metals residing within the laver
are incapable of lorming a cutectic alloy.

[0076] In another aspeel. a three-dimensional objoct
lormed by a three-dimensional printing process, comprising a
layered structure comprising successive solidified melt pools
of'a material that comprises an elemental metal, metal alloy,
ceramic, or an allotrope of elemental carbon, wherein the
three-dimensional objeet (i) is devold ol surface leatures
indicative ol layer removal during or aller the three-dimen-
sional printing process, (ii) has an exposed laver surface with
a surface area of at least about one centimeter squared (cm?),
and (iii) is devoid of one or more auxiliary support features or
auxiliary supporl feature marks that are indicative of a pres-
ence or removal ol the auxiliary support [eature. and wherein
any two metals residing within the laver are incapable of
forming a evtectic alloy.

[0077] Inanother aspect, an apparatus for forming a three-
dimensional objecl. comprising a controller that is pro-
grammed 10: (a) supply a layer of powder material [rom a
powder dispensing member to a powder bed operatively
coupled 1o the powder dispensing member, wherein the pow-
der material comprises an elemental metal, metal alloy,
ceramic. or an allotrope ol clemental carbon: and (b direet an
energy beam [rom an energy source o the powder bed Lo
transtorm at least a portion of the powder material to a trans-
formed material that subsequently hardens to vield the three-
dimensional object that (1) is devoid ol surface leatures
indicative ol layer removal during or aller the three-dimen-
slonal printing process. (i1) has an exposed layer surlace with
a surface area of art least about one centimeter squared (cm?),
and (iii) is devoid of one or more auxiliary support features or
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auxiliary support feature marks that are indicative of a pres-
cnee or removal of the auxiliary support [eature, and wherein
cach layer ol the three dimensional object comprises al most
substantially a single elemental metal.

[0078] In another aspect, an apparatus for generating a
three-dimensional object cowmprises: an enclosure that
accommodales a powder bed comprising the powder material
comprising an clemental metal, metal alloy. ceramic. or an
allotrope of elemental carbon; and an energy source that
provides anenergy beam to the powder material inthe powder
bed to torm at least a portion of a three-dimensional abject,
wherein upon formation the three-dimensional object (1) is
devoid of surlace [eatures indicative of Tayer removal during
or after the three-dimensional printing process, (ii) has an
exposed laver surtace with a surtace area of at least about one
centimeler squared {em?). and (iii) is devoid of one or more
auxiliary supporl [ealures or auxiliary support [cature marks
thal are indicative ol a presence or removal ol the auxiliary
support feature, and wherein each laver of the three dimen-
sional object comprises at most substantially a single elemen-
lal metal.

[0079]  In anoiher aspect, a three-dimensional object
formed by a three-dimensional printing process comprises a
lavered struecture comprising successive solidified melt pools
of'a material that comprises an elemental metal, metal alloy,
ceramic. or an allotrope of elemental carbon, wherein the
three-dimensional object (13 i devoid of surlace lealures
indicative of layer removal during or alier the three-dimen-
sional printing process, (i1) has an exposed laver surtace with
a surface area of at least about one centimeter squared (cm™),
and (ii1) is devoid ol one or more auxiliary support [eatures or
auxiliary supporl [eature marks that are indicative ol a pres-
ence or removal of the auxiliary support feature, and wherein
each laver of the three dimensional object comprises at most
substantially a single elemental metal.

[0080]  The layered struclure can comprise substlantially
repetitive layers. The layers can have an average layer sive of
al most aboul 500 um or less. The layered structure can be
indicative of lavered deposition. The lavered structure can be
indicative of solidification of melt pools formed during a
three dimensional prinling process. The structure indicalive
ola three dimensional prinling process can comprise subslan-
tially repetitive variation comprising: variation in grain ori-
entation, variation in material density, variation in the degree
of compound segregation to grain boundaries, variation in the
degree ol clement segregation (o grain boundarics, varialion
in malerial phase. variation in metallurgical phase, variation
in material porosity, variation in crvstal phase, or variation in
cryvstal structure, The layered structure can comprise substan-
lially repetitive layers, wherein the layers have an average
layer sive of al least aboul 5 um or more. The mell pools are
indicative ol a addilive manulacluring process comprising
selective laser melting (SLM), selective laser sintering (SLS),
direct metal laser sintering (DMLS), or tused deposition
modeling (1M}, The mell pools may be indicative ol an
additive manulacluring process comprising selective laser
melting. The melt pools may comprise crvstals. The melt
pools may comprise single crvstals.

[0081] Inanother aspect, an apparatus for forming a three-
dimensional objecl comprises a controller that is pro-
grammed Lo supply a layer of powder material [rom a powder
dispensing member to a powder bed operatively coupled 1o
the powder dispensing member, wherein the powder material
comprises an elemental metal, metal alloy, ceramic, or an
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allotrope of elemental carbon; and direct an energy beam
[rom an energy source Lo the powder bed 1o translorm at Teast
a portion of the powder malerial o a translormed material that
subsequently hardens into a hardened material to vield the
three-dimensional object that is suspended in the powder bed,
wherein at Teast one layer of the hardened malerial has a
radius of curvature of at Teast about 30 contimelers as mea-
sured by oplical microscopy. and wherein the powder bed is
devoid of a supporting scatfold substantially enclosing the
three-dimensional olject.

[0082] In another aspect, an apparatus for generating a
three-dimensional object comprises an enclosure (that accom-
modales a powder bed comprising the powder material com-
prising an elemental metal, metal alloy, ceramie, or an allot-
rope of elemental carbon; and an energy source that provides
an energy beam Lo the powder malerial in the powder bed Lo
lorm a hardened material that is at least a portion of a three-
dimensional object. wherein upon [ormation the three-di-
mensional object is suspended in the powder bed, wherein at
least one laver of hardened material has a radivs of curvature
of al least aboul 50 cenlimelers as measured by optical
microscopy, and wherein the powder bed 1s devold ol a sup-
porting scaffold substantially enclosing the three-dimen-
sional olyject.

[0083] In another aspect, a method for generating a three-
dimensional objeet suspended ina powder bed comprises: (a)
providing the powder bed in an enclosure. wherein the pow-
der bed comprises a powder malerial having an clemental
metal, metal alloy, ceramic, or an allotrope of elemental car-
bow; (b) transforming at least a portion of the powder material
inte a transformed material: and (¢} hardening the trans-
lormed malerial 1o lorm at least one layer ol hardened male-
rial as part of the three-dimensional object, which three-
dimensional object is suspended in the powder bed, wherein
the at least one laver of hardened material has a radius of
curvature of al least aboul 30 centimelers as measured by
optical microscopy, and wherein the powder bed is devoid ol
a supporting scaffold substantially enclosing the three-di-
mensional object.

[0084] The supporting scatfold can be a sintered structure.
The at least one layer of hardened material can have a radius
ol curvalure ol one meter or more. The layer of hardened
material can be devoid of at least two metals that form a
eutectic alloy. The laver of hardened material can comprise at
most a metal that can be of a single elemental metal compo-
sitiom. The layer of hardened malerial can comprise a melal
alloy that can be ol a single metal alloy composition. The
laver of hardened material can be of a single material com-
position. A fundamental length scale of the three-dimensional
object can be aboul 120 micrometers or more. The three-
dimensional object can be non-supporied by one or more
auxiliary support [eatures in the powder bed. "The three-di-
mensional object can be devoid of suxiliary support features.
The three-dimensional abject can comprise one or more anx-
iliary support leatures that are suspended in the powder bed.
The trans [orming operation can be performed according o a
model of'the three-dimensional object, and wherein the three-
dimensional object deviates trom the model by at most about
50 micrometers. The transforming operation can comprise
[using imdividual particles ol the powder malerial. using can
comprise sintering or melling the individual particles. The
hardening can comprise soliditving the transformed material.
[0085] The powder material can comprise an elemental
metal or metal allov. The powder material can be provided
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adjacent to a base that can be positioned within the enclosure.
In some emboediments. upon [ormation ol the at least one
layer of hardened malerial, the (hree-dimensional objeet is
not in contact with the base,

[0086] In another aspect, a system for generating a three-
dimensional object suspended in a powder bed comprises: an
enclosure that accommodates the powder bed, wherein the
powderbed comprises a powder material having an clemental
metal, metal alloy, ceramie. or an allotrope ol clemental car-
bon; an energy source that provides an energy beam to the
powder material in the powder bed; and a controller opera-
lively coupled 1o the energy source and programmed 1o (i)
receive instructions (o generale al least a portion ol the three-
dimensional object and (11) direct the enceregy beam along a
predetermined path in accordance with the instructions to
transform at least a portion of the powder material 10 a trans-
formed material that hardens (o [orm al least one layer of
hardened material as part of the three-dimensional object,
which three-dimensional object is suspended in the powder
bed, wherein the at least one laver of hardened material has a
radius of curvature of at least about 50 centimeters as mea-
sured by optical microscopy. and whereln upon lormation ol
the at least one layer o[ hardened material, the powder bed is
devoid of a supporting scaffold substantially enclosing the
three-dimensional object.

[0087] The powder material can be disposed adjacent to a
basc thal can be positioned within the enclosure. In some
instances, upon the transformed malerial hardening inte the
three-dimensional object, the three-dimensional objeet 1s nol
in contact with the base. The three-dimensional object can be
devoid of suxiliary support features. The supporting scattold
may extend over al least about one millimeter. The powder
bed can be devoid of a supporling scallold substantially
cnelosing the three-dimensional object The at least one layer
of hardened material can be devoid of at least two metals that
form a eutectic allov. The energy beam can comprise an
clectromagnetic energy heam. a charged particle beam. or a
non-charged particle beam. The energy beam can comprise an
electromagnetic energy beam. The system may turther com-
prise a heat sink tor removing heat from the powder bed, and
wherein the heat sink can be disposed within the enclosure. In
some instances. upon lormation of the al least one layer ol
hardened material. al least aboul 30 percent ol the heat
removal oceurs from the top surtace of the powder bed using
the heat sink. In some instances, vpon formation of'the at least
one layer ol hardened material. atleast about 200, 25%, 30%,
35%, 40, 45%. 30%. 55%, 6090, 63%, T0%. T5%. 0%,
83%, 90%, or 95% ol the heatl removal oceurs [rom the op
surtace of the powder bed nsing the heat sink. The powder
material can be disposed adjacent to the base, and wherein the
heal sink does not comtact a base that can be positioned within
the enclosure. "The heat sink can be disposed adjacent o an
exposed surface of the powder bed. The heat sink can be
disposed along a path of the energy beam that extends from
the energy source 1o the powder bed. The heat sink can be
separaled from the powder bed by a gap. The at least a portion
ol the three dimensional object deviates rom the model by at
most the sum of 25 micrometers and oo of a fundamental
length scale of the three dimensional object. Hardening can
comprise allowing the translormed malerial 1o solidily. The
trans [orming operalion can comprise selectively (ranslorm-
ing the portion of the powder material by dirceting a beam ol
laser light at the portion of the powder material. The system
may further comprise heating a portion of a remainder of'the
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powder material that did not fuse to form at least a portion of
the three dimensional objeet by dirceling energy o the por-
tion ol the remainder. The energy can be direeted using a laser
beam. The powder material can comprise individual particles
of particles sizes that are less than or equal 1o about 500
nanomelers {nm). Trans forming can be conducted according
1o & predetermined patiern thal corresponds Lo a model ol the
three dimensional object.

[0088] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a confroller that is pro-
grammed to supply a laver of powder material trom a powder
dispensing member (o a powder bed operatively coupled Lo
the powder dispensing member, wherein the powder malerial
comprises an elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon; and direct an energy beam
[rom an energy source Lo the powder bed 1o translorm at Teast
a portion of the powder malerial o a translormed material that
subscquently hardens o yield the three-dimensional objoct
that is devoid of the suxiliary support features, wherein the
three-dimensional olject has a radius of curvature of at least
aboul 50 centimelers as measured by oplical microscopy.
[0089] In another aspecl, an apparatus [or gencraling a
three-dimensional object comprises an enclosure (that accom-
modates a powder bed comprising the powder material com-
prising an elemental metal, metal alloy, ceramie, or an allot-
rope of clemental carbon: and an energy source that provides
an energy beam Lo the powder malerial in the powder bed Lo
lorm at least a portion ol a three-dimensional objectl. wherein
upon formation the three-dimensional object is devoid of the
auxiliary support features, wherein the three-dimensional
object has a radius ol curvature ol at least aboul 50 centime-
lers as measured by oplical microscopy.

[0090]  In another aspect, a method for generating a three-
dimensional object devoid of auxiliary support features com-
prises: (a) providing a powder bed in an enclosure, wherein
the powder bed comprises a powder malerial having an
clemental metal, metal alloy, ceramic, or an allotrope ol
clemental carbon; (b) translorming a portion ol the powder
material into a transformed material, and (¢} hardening the
transtormed material 1o form the three-dimensional object
that 1s devoid ol the auxiliary support [eatures, wherein the
three-dimensional objeet has a radiugs of curvalure ol at Teast
about 30 centimeters as measured by optical microscopy.
[0021] The avxiliary support can comprise a supporting
scatfold substantially enclosing the three-dimensional obyject.
The supporting scallold can comprise a sintered struclure.
The three-dimensional objeel has a radius of curvature ol
dboul one meler ormore. The three-dimensional object canbe
devoid of at least two metals that form a eutectic alloy. The
three-dimensional olyject can comprise a metal that can be at
mosl of a single elemental melal composition. The three-
dimensional object can comprise a metal alloy that can be ol
a single metal alloy composition. The three-dimensional
ohjectcan be of'a single material composition. A tundamental
length scale of the three-dimensional object can be at least
dboul 120 micromelers. The translorming can comprise [us-
ing individual particles of the powder material. Fusing can
comprise sintering or melting the individval particles. Hard-
ening can comprise solidifving the transtormed material.
Transforming can comprise direcling an cnergy beam at the
portion ol the powder material alomg a path that can be gen-
craled according o a model ol the three-dimensional objeet.
The powder material can be provided adjacent to a base
within the enclosure, and wherein vpon the transformed
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material hardening into the three-dimensional object, the
three-dimensional objeet can be not in contact with the base.
[0092]  In another aspeel. a sysiem lor generaling a three-
dimensional object devold ol auxiliary support [eatures com-
prises: an enclosure that accommodates the powder bed,
wherein the powder bed comprises a powder material having
an clemental metal, metal alloy. ceramie, or an allotrope of
clemental carbon; an encrgy sowrce thal provides an energy
beam to the powder material in the powder bed; and a con-
troller operatively coupled to the enerpy source and pro-
grammed 1o (1) receive instructions 10 generate the three-
dimensional object and (11) direct the enceregy beam along a
path in accordance with the instructions Lo transform a por-
tion of the powder material to a transtormed material that
hardens 1o form the three-dimensional object that is devoid of
the auxiliary support leatures. and wherein the three-dimen-
sional object has a radius ol curvature of at least about 50
cenlimelers as measured by optical microscopy.

[0093] The powder material can be disposed adjacent to a
base within the enclosure, and wherein the three-dimensional
object can be not in contact with the base. The auxiliary
supporl can comprise a supporting scallold that substantially
encloses the three-dimensional objeel. "The supporting scal-
told can be a sintered structure. The three-dimensional object
has a radivs of curvature of about one meter or more. The
three-dimensional object can be devoid ol at Teast two melals
that form a cutectic alloy. The path can be generated rom a
model of the three-dimensional objeet. The system may [ur-
ther comprise a heat sink for removing heat from the powder
bed, and wherein the heat sink can be disposed within the
cnclosure. In some cmbodiments. upon the transformed
material hardening into the three-dimensional object, at least
about 30 percent of heat removal occurs from the top surtace
of the powder bed using the heat sink. The powder material
cal be disposed adjacent 1o a base, and wherein the heat sink
does not contact the base. The heat sink can be disposed
adjacent 10 an exposed surlface ol the powder bed. The heat
sink can be disposed along a path of the energy beam that
extends from the energy source to the powder bed. The heat
sink can be separated lrom the powder bed by a gap.

[0094]  In another aspect, a method for generating a three
dimensional object comprises: (a) providing a powder bed in
an enclosure, wherein the powder bed comprises a powder
material having an elemental metal, metal alloy, ceramic, or
an allotrope of elemental carbon; (1) transforming a portion
ol the powder malerial inlo a translormed material: and (¢)
hardening the transformed malterial o Torm al least one layer
of hardened material as part of the three-dimensional object,
wherein the at least one laver of hardened material has a
radius ol curvature of at least aboul 30 cenlimelers as mea-
sured by oplical microscopy. and wherein, with X and Y heing
peinis on a surface ol the three-dimensional object. (i) the
surface of the three-dimensional object along a sphere of
radivs XY is devoid of auxiliary support features, and (ii) an
acule angle belwoen a straight line XY and a diveetion normal
lo an average layering plane (N) ol the at least one layer ol
hardened material is from about 45 degrees to 90 degrees
when X and Y are spaced apart by at least about 2 millimeters.
[0095] The acute angle between the straight line XY and
the direetion normal to N of the at least ome layer ol hardened
material can be [rom about 45 degrees o 90 degrees when X
and Y are spaced apart by at Teast about 10.5 millimeters. The
acute angle between the straight line XY and the direction
normal to N of the at least one laver of hardened material can
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be trom about 45 degrees 10 90 degrees when X and Y are
spaced apart by al least about 40.5 millimeters. The powder
bhed can be devold ol a supporting scallold substantially
enclosing the three-dimensional objeet. The supporling scal-
fold can comprise a sintered structure, The at least one laver
ot hardened material may have a radius of curvature of at least
about one meter. The at least one laver of hardened material
can be devold ol at Teast two metals that form a culectic alloy.
The at least ome layer ol hardened malerial can comprise at
most a metal that can be of a single elemental metal compo-
sition. The at least one laver of hardened material can com-
prise a metal alloy that can be of a single metal alloy compo-
sitiom. The al least one layer ol hardened material can be ol a
single material composition. The method may [urther com-
prise repealing (a) o (). A Mundamental length seale of the
three dimensional object can be about 120 micrometers or
more. The three dimensional object can be devoid of auxiliary
support [catures. The three-dimensional objeet can comprise
auxiliary support leatures that are suspended in the powder
bed. The acute angle between the straight line XY and the
direction of normal to N can be from about 60 degrees to
about 90 degrees (e.g., when X and Y are spaced apart by at
least aboul 2 millimeters). The transforming can comprise
[using imdividual particles ol the powder malerial. using can
comprise sintering or melting the individval particles. Hard-
ening can comprise solidifving the transtormed material.
Transforming the powder material can comprise direeling an
energy beam at the portion ol the powder malerial along a
path that can be generated according to 2 model ol the three-
dimensional object. Transforming can be conducted accord-
g 1o a model of the three-dimensional object, and wherein
the three-dimensional object deviales [rom the model by
gboul 30 micromelers or less. The powder malerial can be
disposed adjacent to a base that can be positioned within the
enclosure, and wherein upon formation of the a1 least one
laver of'a hardened material, the three-dimensional object can
bhe not in contacl with the base. The method may [urther
comprise repeating operations (a) o {¢), wherein a subse-
quent layer of powder material can be provided on a previ-
ously provided laver of powder material. The remainder of
the powder material that did not transtorm to form at least a
part ol the three dimensional object. can be devoid ol a con-
linuous structure extending over about 0.3 millimeler or
more. The method may further comprise separating the at
least a portion of the tlree dimensional object from the
remainder of the powder material that did not translorm Lo
lorm al Teast a part ol the three dimensional objeet. "The three
dimensional object and the remainder may be removed [rom
a base on which the powder material can be disposed within
the enclosure. Operations (a)-(¢) may be performed at a pres-
sure oat least 1079 Torr, Operations (a)-(¢) may be perlormed
al a pressure of al most 107" “Torr or more. The powder
material can be devoid of two or more metals at a ratio that can
form a eutectic alloy. A remainder o' the powder material that
did not torm the at least a part of the three dimensional obyject,
can be devoid ol a continuous struclure extending over about
1 millimeter or more. A remainder of the powder material that
did not torm the at least a part of the three dimensional obyject,
can be devoid of a scattold enclosing the three dimensional
object. The solidus temperature ol the malerial can be less
than or equal 1o about 4007 C. The liguidus wemperature o[ the
malerial can be greater than or equal o aboul 300° C. In some
examples, in operation (b} the powder material can be trans-
forming excludes sintering.
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[0096] In another aspect, a system for generating a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed. wherein the powder bed comprises a
powder material having an elemental metal, metal alloy,
ceramie, or an allotrope of elemental carbon; an energy
source that provides an energy beam Lo the powder material in
the powder bed: and a coniroller operatively coupled Lo the
cnergy source and programmed (o (i) recelve instructions 1o
generate at least a portion of the three-dimensional object and
(i) direct the energy beam along apath in accordance with the
instructions Lo trans [orm a portion of the powder malterial o a
trans [ormed material that hardens o form at least one layer ol
a hardened material as part of the three-dimensional object,
wherein the at least one laver of hardened material has a
radius of curvature of at least about 50 centimeters as mea-
sured by oplical microscopy. and wherein, X and Y heing
peinis on a surface ol the three-dimensional object. (i) the
surface of the three-dimensional object along a sphere of
radivs XY is devoid of auxiliary support features, and (ii) an
acute angle between a straight line XY and a direction normal
lo an average layering plane (N) ol the at least one layer ol
hardened malerial is [rom aboul 43 degrees o 90 degrees
when X and Y are spaced apart by about 2 millimeters or
more,

[0097] Insomeembodiments, upon formation of the at least
one layer of a hardened material. the three dimensional object
can be suspended in the powder bed. In some embodiments,
the powder material can be disposed adjacent to a base that
can be positioned within the enclosure. In some embodi-
ments, upon tormation of the at least one laver of a hardened
material, the three-dimensional object can be not in contact
with the base. In some embodiments, upon lormation of the at
least one laver of hardened material, the powder bed can be
devoid of a supporting scaffold substantially enclosing the
three-dimensional objeet. The supporting scallold can com-
prise a sintered structure. The al Teast one layer ol hardened
malerial has a radius ol'curvature ol aboul one meter ormore.
The energy beam can comprise an electromagnetic beam, a
charged electron beam, or a non-charged electron beam. The
system may [urther comprise a heat sink lor removing heal
from the powderbed. The path can be generated [rom a model
of the three-dimensional object.

[0098] In another aspect, a method for generating a three
dimensional object comprises: (a) providing a powder bed in
an enclosure, wherein the powder bed comprises a powder
material having a ceramic, or an allotrope ol clemental car-
bon; (b) trans forming a portion ol the powder malerial inlo a
transformed material; and (c) hardening the transtormed
material 1o form at least one laver of hardened material as part
ol the three-dimensional object. wherein the three-dimen-
sional object (1) is devoid of surface [eatures indicative ol
layer removal during or afler (he three-dimensional printing
process, and (ii) is devoid of one or more auxiliary support
teatures or auxiliary support feature marks that are indicative
ol'a presence or removal of the auxiliary support [cature.
[0099]  In another aspeel. a sysiem lor generaling a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed, wherein the powder bed comprises a
powder material having a ceramie, or an allotrope of elemen-
tal carbon; an energy source that provides an energy beam 1o
the powder malerial in the powder bed; and a controller opera-
lively coupled 1o the energy source and programmed 1o (i)
receive instructions to generate at least a portion of the three-
dimensional object and (ii) direct the enerpgy beam along a
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predetermined path in accordance with the nstructions to
transform a portion of the powder malerial o a translormed
malerial that hardens to [orm atl least one layer of a hardened
material as part of the three-dimensional object, wherein the
three-dimensional object (i) is devoid of surface features
indicative ol layer removal during or aller the three-dimen-
slonal prinling process, and (i) 1s devoid of one or more
auxiliary support lealures or auxiliary support [cature marks
that are indicative of a presence or remmoval of the auxiliary
support feature.

[0100] In another aspect, a method for generating a three
dimensional object comprises (4) providing a powder bed in
an enclosure. wherein the powder bed comprises a powder
material having an elemental metal, metal alloy, ceramic, or
an allotrope of elemental carbon; (b) transforming a portion
of the powder material into a transtormed material; and (¢)
hardening the translormed material (o Torm at least one layer
ol hardened material as part of the three-dimensional objeet.
wherein the at least one laver of hardened material has a
radius of curvature of at least about 50 centimeters as mea-
sured by optical microscopy, wherein the three-dimensional
object (1) is devoid ol surface leatures indicative ol layer
removal during or aller the three-dimensional printing pro-
cess, and (i) comprises two avxiliary support teatures or
auxiliary support teature marks that is indicative of a presence
or removal ol the auxiliary support [eature, wherein the lay-
ered structure has 2 layering plane, wherein the two auxiliary
supports or auxiliary support marks are spaced apart by at
least about 40.5 millimeters or more; and wherein the acute
angle berween the straight line connecting the two auxiliary
supports or auxiliary support marks and the direction ol nor-
mal to the layering plane is from aboul 45 degrees o about 90
degrees.

[0101] In another aspect, a system for generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed, wherein the powder bed comprises 4
powder malerial having an clemental metal. metal alloy.
ceramic, or an allotrope of elemental carbon; an energy
source that provides an energy beam 1o the powder material in
the powder bed; and a controller operatively coupled 1o the
energy source and programmed Lo (1) receive instructions Lo
generale al least a portion ol the three-dimensional object and
(i) direct the energy beam along a predetermined path in
accordance with the instructions to transform a portion of the
powder material 10 a transtormed material that hardens to
lorm at least one layer of a hardened malerial as part ol the
three-dimensional object. wherein the al Teast one layer ol
hardened material has a radius of curvature of at least about 30
centimeters as measured by optical microscopy, wherein the
three-dimensional objeet (i) is devold ol surface leatures
indicative ol layer removal during or aller the three-dimen-
slonal printing process, and (i) comprises two auxiliary sup-
port features or auxiliary support feature marks that is indica-
tive of a presence or removal of the suxiliary support feature,
wherein the layered structure has a layering plane. wherein
the two auxiliary support features or the two auxiliary support
marks are spaced apart by at least about 40.5 millimeters or
more, and wherein the acute angle between the straight line
connecting the two auxiliary support features or auxiliary
supporl marks and the direction ol normal 1o the layering
plane is [rom abow 45 degrees (o about 90 degrees.

[0102]  In another aspect. 2 method [or generaling a three
dimensional object comprises (a) providing a powder bed in
an enclosure, wherein the powder bed comprises a powder
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material having an elemental metal, metal alloy, ceramic, or
an allotrope ol clemental carbon; (b) ranslorming a portion
ol the powder malerial inlo a translormed material: and (¢)
hardening the transtormed material 1o form at least one laver
of hardened material as part of the three-dimensional object,
wherein the al least one layer ol hardened material has a
radius ol curvature of at least aboul 30 cenlimelers as mea-
sured by oplical microscopy. wherein the three-dimensional
olject (i) is devoid of surface features indicative of laver
removal during or atter the three-dimensional printing pro-
cess. and (1) comprises an auxiliary support [ealure or an
auxiliary supporl mark thal is indicalive ol a presence or
removal ot the auxiliary support feature, wherein the layered
structure has a lavering plane, wherein X is a point residing on
the surtace ofthe three dimensional object and Y is the closest
auxiliary support mark lo X, wherein'Y is spaced apart [rom
X by al least about 10.5 millimelers or more: wherein the
sphere of radivs XY is devoid of the auxiliary support teature
or auxiliary support mark, wherein the acute angle between
the straight line XY and the direction of normal 1o the layvering
planc is [rom about 45 degrees o aboul 90 degrees, and
wherein the three dimensional object comprises clemental
metal, metal alloy, ceramic or an allotrope of elemental car-
bon.

[0103] In another aspect, a system for generating a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed. wherein the powder bed comprises a
powder material having an clemental metal. metal alloy,
ceramie, or an allotrope of elemental carbon; an energy
source that provides an energy beam to the powder material in
the powder bed: and a coniroller operatively coupled Lo the
cnergy source and programmed (o (i) recelve instructions 1o
generate at least a portion of the three-dimensional object and
(i1} direct the energy beam along a predetermined path in
accordance with the instructions to transtorm a portion of' the
powder material (o a translormed material that hardens 10
form al least one layer ol a hardened material as part ol the
three-dimensional object, wherein the at least one laver of
hardened material has a radius of curvature of'at least about 50
cenlimelers as measured by optical microscopy. wherein the
three-dimensional object (13 i devoid of surlace lealures
indicative of layer removal during or alier the three-dimen-
sional printing process, and (ii) comprises an auxiliary sup-
port feature or auxiliary support mark that is indicative of a
presence or removal of the auxiliary support [eature, wherein
the layered structure has a layering plane, wherein X is a poinl
residing om the surface ol the three dimensional objeet and Y
isthe closest auxiliary support mark 1o X, whereinY is spaced
apart from X by at least about 10.5 millimeters or more;
wherein the sphere ol radius XY 15 devoid of the auxiliary
support [eature or auxiliary support mark. wherein the acule
angle between the straight line XY and the direction of nor-
mal to the lavering plane is trom about 45 degrees to about 90
degrees, and wherein the three dimensional object comprises
clemental metal, metal alloy. ceramic or an allotrope of
clemental carbon.

[0104]  In another aspect, a method for generating a three
dimensional object comprises (a) providing a powder bed in
an enclosure, wherein the powder bed comprises a powder
material having an clemental metal. metal alloy. ceramic. or
an allotrope ol clemental carbon; (b) ranslorming a portion
ol the powder malerial inlo a translormed material: and (¢)
hardening the transtormed material 1o form at least one laver
of hardened material as part of the three-dimensional object,
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wherein the at least one laver of hardened material has a
radius of curvature of at Teast about 30 contimelers as mea-
sured by optical microscopy, wherein the three-dimensional
ohject (i) is devoid of surtace features indicative of laver
removal during or after the three-dimensional printing pro-
cess, (11) has an exposed layer surface with a surlace arca ol'at
least aboul one centimeler squared fem®), and (iii} is devoid o
one or more auxiliary supporl lealures or auxiliary support
feature marks that are indicative of a presence or removal of
the auxiliary support feature, and wherein any two metals
residing within the layer are incapable of lorming 4 culectic
alloy.

[0105]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed, wherein the powder bed comprises a
powder material having an elemental metal, metal alloy,
ceramic. or an allotrope ol clemental carbon; an cnergy
source that provides an energy beam Lo the powder material in
the powder bed; and a controller operatively coupled 1o the
energy source and programmed 1o (1) receive instructions to
generale al least a portion ol the three-dimensional object and
(i1} direct the encrgy beam along a predelermined path in
accordance with the instructions (o translorm a portion of the
powder material 10 a transtormed material that hardens to
form at least one laver of a hardened material as part of the
three-dimensional object. wherein the al Teast one layer ol
hardened maiterial has a radius ol curvature ol at least about 50
centimeters as measured by optical microscopy, wherein the
three-dimensional object (i) is devoid of surface features
indicative of laver removal during or atter the three-dimen-
slonal printing process. (i1) has an exposed layer surlace with
a surlace arca ol atl least aboul one centimeter squared {cm?).
and (iii) is devoid of one or more auxiliary support features or
auxiliary support feature marks that are indicative of a pres-
ence or removal ol the auxiliary support [eature. and wherein
any two melals residing within the layer are incapable ol
lorming a culeclic alloy.

[0106] In another aspect, a method for generating a three
dimensional object comprises (a) providing a powder bed in
an enclosure, wherein the powder bed comprises a powder
malerial having an elemental metal. metal alloy. ceramic, or
an allotrope of clemental carbon; (b) transforming a portion
of the powder material into a transtormed material; and (¢)
hardening the transformed material to form at least one laver
of hardened material as part of the three-dimensional obyject,
wherein the al least one layer ol hardened malerial has a
radius of curvature of at Teast about 30 contimelers as mea-
sured by optical microscopy, wherein the three-dimensional
ohject (i) is devoid of surtace features indicative of laver
removal during or aller the three-dimensional printing pro-
cess, (11) has an exposed layer surface with a surlace arca ol'at
least aboul one centimeler squared fem®), and (iii} is devoid o
one or more auxiliary support features or auxiliary support
feature marks that are indicative of a presence or removal of
the auxiliary support [eature, and wherein cach layer of the
three dimensional objecl comprises al most substantially a
single elemental metal.

[0107] In another aspect, a system for generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed, wherein the powder bed comprises 4
powder malerial having an clemental metal. metal alloy.
ceramic. or an allotrope ol clemental carbon; an cnergy
source that provides an energy beam 1o the powder material in
the powder bed; and a controller operatively coupled 1o the
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energy source and programmed to (1) receive instructions 1o
generale al least a portion ol the three-dimensional object and
{1i} dircet the energy beam along a predetermined path in
accordance with the instructions to transtorm a portion of' the
powder material to a transformed material that hardens to
form al least one layer ol a hardened material as part ol the
three-dimensional  object. wherein the  three-dimensional
object (i) is devold ol surlace leatures indicative of layer
removal during or atter the three-dimensional printing pro-
cess, (11} has an exposed laver surface with a surtace area of at
least about ome centimeter squared (em?). and (i) is devoid of
one or more auxiliary support leatures or auxiliary support
feature marks that are indicative ot a presence or removal of
the auxiliary support feature, and wherein each laver of the
three dimensional object comprises at most substantially a
single clemental metal.

[0108]  Theatleast one layer ol hardened material may have
4 radius of curvature ol al least aboul 50 centimelers as
measured by optical microscopy. The at least one laver of
hardened material may have a radius of curvature of at least
aboul 50 centimelers as measured by optlical microscopy.
[0109]  In another aspectl. a method [or generaling a three-
dimensional object devold ol auxiliary support [eatures com-
prises (a) providing a powder bed in an enclosure, wherein the
powder bed comprises a powder material having an elemental
metal, metal alloy, ceramie. or an allotrope ol clemental car-
bon; (b) trans forming a portion ol the powder malerial inlo a
transformed material; and (c) hardening the transtormed
material 1o form the three-dimensional object that is devoid of
the auxiliary support teatures, wherein the three-dimensional
objeet is devoid ol at Teast two melals (that [orm a culectic
alloy.

[0110] The solidified material can be formed within a
deviation from the designed three dimensional structure of at
most about the sum o 235 micrometers and one thousandths of
a lundamental length scale of the three dimensional object.
The selidified material can be formed within a deviation [rom
the designed three dimensional strueture of at most about the
sum of 25 micrometers and Y2son of a fundamental length
seale ol the three dimensional object. Operations (a)-(¢) can
be performed al a pressure thal can be greater than about 107°
lorr. Operations (a)-(¢) can be perlormed atl a pressure that
can be greater than or equal to about 107" Torr. The methods
disclosed herein may further comprise removing the solidi-
fied material rom the powder malterial that did not fuse 1o
form at least a part ol the three dimensional object.

[0111]  In another aspeel. a sysiem lor generaling a three-
dimensional object devoid of auxiliary support features com-
prises an enclosure that accommodates the powder bed,
wherein the powder bed comprises a powder malerial having
an clemental metal, metal alloy. ceramie, or an allotrope of
clemental carbon; an encrgy sowrce thal provides an energy
beam to the powder material in the powder bed; and a con-
troller operatively coupled to the enerpy source and pro-
grammed 1o (i) receive nstructions 1o generale the three-
dimensional object and (11) direct the enceregy beam along a
path in accordance with the instructions to ranstorm a por-
tion of the powder material to a transtormed material that
hardens 1o form the three-dimensional object that is devoid of
the auxiliary support leatures. and wherein the three-dimen-
sional object is devoid ol at least two metals that form a
eutectic alloy.

[0112] The auxiliary support can comprise a scattold
enclosing the three-dimensional object. The three dimen-
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sional olject can comprise a single elemental metal compo-
sitiom. The three dimensional object can be devoid ol an
clemental metal. The powder malerial can be devoid ol more
than one metal. The three dimensional objectcan be devoid of
more than one metal. The powder material can be devoid of
lwo or more melals al a ratio that form a cutectic alloy.
[0113]  In another aspect, a2 method for generating a three-
dimensional object devoid ol auxiliary support lealures com-
prises (a) providing a powder bed inanenclosure, wherein the
powder bed comprises a powder material having an elemental
metal, metal alloy, ceramic, or an allotrope of elemental car-
hon: (b) heating a portion of the layer of the powder material
Lo & lempoerature that is at least a melting lemperature ol the
powder material to form a molten material, wherein during
the heating, a portion of 1 remainder of the powder material
that was nol heated o at least a melling temperature. 15 al 4
temperature that is below a sinlering temperature of the pow-
der material: and () solidilying the molten malerial 1o form at
least part of the three-dimensional object that is devoid of the
auxiliary support features, wherein the three-dimensional
object is devold of al Teast two melals that [orm a culectic
alloy.

[0114] The powder material can be devoid of lwo or more
metals that form a evtectic alloy. In some instances, a remain-
der of the powder material that did not fuse and solidify to
lorm at Teast a part ol the three dimensional object, can be
devold ol a continuous structure exlending over about 1 mil-
limeler or more. [n some inslances, a remainder of the powder
material that did not fuse and solidity to form at least a part of
the three dimensional object, can be devoid of a scattold that
encloses the three dimensional structure. The method may
[urther comprise providing an additional layer of powder
material adjacent 1o the laver subsequent to {¢). The method
may further comprise repeating operations (a) to (¢). The
method may further comprise cooling the portion and the
remainder of the powder material that did not melt and
solidily o form al least a portion ol the three dimensional
ohject. The portion and the remainder may be cooled at sub-
stantially the same rate.

[0115] The melting temperature can be at least about 4007
(. ormore and the sinlering lemperature can be al most about
4007 . or less. The melling (emperature can be at least about
400° C. or more and the sintering temperature can be at most
about 300° C. or less. The method may further comprise
separating the remainder of the laver that did not fuse and
solidily o form al least a portion ol the three dimensional
objeet, [rom the portion. The method may [urther comprise
delivering the three dimensional object to a customer. The
method may further comprise packaging the three dimen-
slonal object.

[0116] In another aspect, a system [or generating a three-
dimensional object devoid ol auxiliary support lealures com-
prises an enclosure that accommodates the powder bed,
wherein the powder bed comprises a powder material having
an elemental metal, metal alloy, ceramic, or an allotrope of
clemental carbon: an cnergy source thal provides an cnergy
heam 1o the powder malerial in (he powder bed: and a con-
troller operatively coupled to the energy source and pro-
grammed to (i) receive instructions 1o generate the three-
dimensional objeet and (i) direet the energy beam along a
path in accordance with the instructions (o heat and mell a
portion ol the powder malerial o a molien malerial that
solidifies into the three-dimensional object that is devoid of
the avxiliary support features, wherein a portion of a remain-
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der of the powder material that was not heated to at least a
melling lemperature, is at a lemperature that is below a sin-
lering emperature of the powder material. and wherein the
three-dimensional object is devoid of at least two metals that
form a eutectic allov,

[0117] Inanother aspect, an apparatus for selectively fusing
powder material compriscs a controller conligured lo: {a)
control the provision ol a layer ol the powder material o a part
bed trom a powder material deposition device, wherein the
powder material comprises elemental metal, metal alloy,
ceramic or clemental carbon: (b)) contrel the provision of
radiation 1o Muse at least a portion of the powder malerial of
the Tayer; (¢) control the provigsion ol an additional layer ol
powder material overlying the prior laver of particulate mate-
rial, including the previously fused portion of material from
the particulale malerial deposition deviee; (d) control the
provisiom ol radiation o Tuse a further portion of the material
within the overlying lurther layer and 1o luse said Turther
portion with the previously fused portion of material in the
prior laver; and (e) control the successive repeating of opera-
tions (¢) and (d) 1o lorm a three dimensional object, wherein
the three dimensional object is formed withoul auxiliary sup-
ports.

[0118] In another aspect, a method for generating a three
dimensional object comprises (a) receiving a request for gen-
cration ol a requested three dimensional object from a cus-
lomer. wherein the requesied three dimensional object com-
prises an elemental metal, metal alloy, ceramic, or an
allotrope of elemental carbon; (b) additively generating a
generated three dimensional object according to a model of
the three dimensional object; and (¢} delivering the generated
three dimensional object o the cuslomer. wherein operation
{b)-(c) are performed without remorval of avxiliary teatures,
wherein the generated three dimensional object is substan-
Lially identical Lo the requesied three dimensional object.
[0119]  The generated three dimensional object may deviale
from the requested (hree dimensional objeel by al most aboul
the sum of 25 micrometers and Yioco times the fundamental
length scale of the requested three dimensional object. The
generaled three dimensional object may deviale [rom the
requesied three dimensional objeet by al most aboul the sum
ol 25 micrometers and Yaseo limes the Tundamental Tength
scale of the requested three dimensional object.

[0120] Inanother aspect, an apparatus for forming a three-
dimensional object comprises a countroller that is pro-
grammed to: supply alayer ol powder material [rom a powder
dispensing member to a powder bed operatively coupled 1o
the powder dispensing member, wherein the powder material
comprises an elemental metal, metal alloy, ceramic, or an
allotrope ol clemental carbon; and direel an energy beam
from an energy source Lo the powder bed (o translorm al least
a porlion ol the powder material (o a transformed material that
subsequently hardens 1o vield the three-dimensional object
that is delivered 1o a customer without removal of auxiliary
lcatures. wherein the generaled three dimensional object is
substantially identical o the three dimensional objecl
requested by the customer,

[0121] In another aspect, an apparatus for generating a
three-dimensional object comprises an enclosure that accom-
modales a powder bed comprising the powder malerial com-
prising an clemental metal. metal alloy, ceramic. or an allot-
rope ol elemental carbon; and an energy source that provides
an energy beam to the powder material in the powder bed 1o
form at least a portion of a three-dimensional object, wherein



US 2016/0207109 Al

upon formation the three-dimensional object is delivered toa
customer withoul removal ol auxiliary lealures. wherein the
generaled three dimensional objeet is substantially identical
10 the three dimensional object requested by the customer,
[0122] In another aspect, a system for generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed, wherein the powder bed comprises 4
powder malerial having a ceramic, or an allotrope ol elemen-
Ll carbon: an energy source thal provides an energy beam Lo
the powder material in the powder bed; and a controller opera-
tively coupled to the energy source and programmed to (i)
receive instructions (o generale a desired three-dimensional
object according 1o a customer request. and (i) direct the
energy beam along a predetermined path in accordance with
the instructions 1o transtorm a portion of the powder material
to a transformed material that hardens to form at least one
layer of a hardened material as part ol the generated three-
dimensional objeel. wherein the generated three-dimensional
ohject is delivered 1o the customer without removal of amdl-
iary features, wherein the generated three dimensional object
is subslantially identical o the requested three dimensional
ubject.

[0123]  In another aspect. 2 method [or generaling a three
dimensional object comprises (a) receiving a request for pen-
eration of a requested three dimensional object from a cus-
tomer, wherein the requested three dimensional object com-
prises an clemental metal, metal alloy, ceramic, or an
allotrope ol clemental carbon; (b) additively generating a
generated three dimensional object according 1o a model of
the requested three dimensional object; and (¢) delivering the
generaled (hree dimensional object o the customer. wherein
operation (b) is performed withoul usage of auxiliary [ca-
tures; wherein the remainder of the powder malterial that did
100t form the three dimensional object, 1s devoid of a seatfold
structure that encloses the generated three dimensional objet,
and wherein the generated three dimensional object is sub-
stantially identical 1o the requested three dimensional objeet.
[0124] The powder material can be devoid of lwo or more
metals at a ratio that can form at least one evtectic alloy. The
request can comprise the model of the three dimensional
object. The method may further comprise generating the
model of the three dimensional object. The model can be
generaled [rom a representalive physical model ol the three
dimensional object. The method may further comprise
receiving an item of value from the customer in exchange for
the three dimensional object. The three dimensional objoct
can be additively generated al with a deviation ol al most
aboul 50 micromelers [rom the model of the three dimen-
sional object. The generated three dimensional object may
deviate from the requested three dimensional object by at
most aboul the sum of 25 micrometers and Vioos limes the
[undamental length scale ol the requested three dimensional
object. The generated three dimensional object may deviate
from the requested three dimensional object by at most about
the sum of 25 micrometers and Y2so0 times the tundamental
lengih seale of the requested three dimensional object. Opera-
Lions (a)-(c) may be perlormed in a time period that can be at
most about 2 days or less. Operations (a)-(c) may be per-
formed in a tine period that can be at most about 1 days or
less. Operations (a)-(¢) may be perlormed in a time period
thal can be al most aboul six hours or less. The additively
generaling can comprise successively depositing and lusing
the powder material. The design can be devoid of auxiliary
features. The method may further comprise transforming the
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desigh into instructions vsable by the processor 1o generate
the three dimensional object. Operation (b) can be performed
withoul iterative and/or corrective printing. The request can
be received from the customer.

[0125] In another aspect, a system for generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed. wherein the powder bed comprises a
powder malerial having a ceramic. or an allotrope of clemen-
tal carbon; an energy source that provides an energy beam 1o
the powder material in the powder bed; and a controller opera-
tively coupled 10 the enerpy source and programmed 10 (i)
receive instruetions 1o generale a desired three-dimensional
object according 1o a cuslomer request, and (ii) direct the
eneray beam along a predetermined path in accordance with
the instructions 1o transform a portion of the powder material
to a transformed material that hardens to form at least one
layer ol a hardened malerial as part of the generated three-
dimensional object, is devold ol auxiliary lfeatures; wherein
the remainder of the powder material that did not form the
three dimensional object, is devoid of'a scattold structure that
encloses the generated three dimensional objel. and wherein
the generated three dimensional object is substantially iden-
lical to the requested three dimensional object.

[0126] In another aspect, a method for generating a three
dimensional object comprises (a) receiving a request for gen-
eration of a three dimensional object from a customer,
wherein the three dimensional object comprises an clemental
metal, metal alloy, ceramie. or an allotrope ol clemental car-
bon; (1) additively generating the three dimensional object
according 1o a model of the three dimensional object; and (c)
delivering the (hree dimensional object (o the customer,
wherein operations (a)-(c) are performed in a time period that
15 aboutl 72 hours or less, and wherein the three dimensional
object is additively generated at a deviation trom the models
of at most about the sum of 30 micrometers plus Yiooo times
the [undamental length scale ol the three dimensional object.
[0127]  Therequest can be accompanied by the model of the
three dimensional object. The method may Turther comprise
generating the model of the three dimensional object. The
three dimensional object can be additively generated by devi-
ating from the model by at most about the sum of 23 microme-
ters plus Yiooo limes (the [undamental lengih scale of the three
dimensional objecl. The three dimensional object can be
additively generated by deviating from the model by at most
about the sum of 23 micrometers plus Y2500 times the funda-
mental length scale ol the three dimensional object. The three
dimensional objeet can be additively generated by devialing
from the model by al most aboul the sum ol 50 micromelers.
The three dimensional object can be additively generated by
deviating from the model by at most about the sum of 25
micrometers. Operations (a)-(¢) may be performed in a ime
period that can be al most about 48 hours or less. Operations
{a)-(¢) may be performed in a time period that can be at most
about 24 hours or less. Operations (a)-(c) may be performed
in a time period that can be at most about 12 hours or less.
Operations (2)-(c) may be performed in a ime period that can
be al most aboul 6 hours or less. Operations (a)-(c) may be
performed in a time period that can be at most about 1 hour or
less. The additively generating can comprise successively
depositing and [using the powder. "The method may Turther
comprise transforming the design into instructions usable by
the processor Lo additively generate the three dimensional
olyject. The method may further comprise receiving an item ot
value trom the customer in exchange for the three dimen-
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sional olject. Operation (b) can be performed without itera-
tive andfor corrective printing. "The request can be received
[rom the customer.

[0128]  Inanother aspecl. an apparatus for lorming a three-
dimensional object comprises a confroller that is pro-
grammed to0: (a) supply a laver of powder material from a
powder dispensing member 10 a powder bed operatively
coupled 10 the powder dispensing member, wherein the pow-
der material comprises an elemental metal, metal alloy,
ceramic, or an allotrope of elemental carbon, wherein the
powder bed is disposed within an enclosure, wherein the
pressure in the enclosure is greater than about 107% Torr: and
(b dircel an energy beam lrom an energy source Lo the pow-
der bed to transform at least a portion of the powder material
10 a transformed material that subsequently hardens tw vield
the (hree-dimensional object thal is generated within a time
period that s aboul 72 hours or less. wherein the (hree dimen-
slonal object is additively generated al a deviation from the
models of at most about the sum ot 50 micrometers plus Yiono
times the fundamental length scale of the three dimensional
object.

[0129]  In another aspecl, an apparatus [or gencraling a
three-dimensional object comprises (2) an enclosure that
accommodates a powder bed comprising the powder lmaterial
comprising an elemental metal, metal alloy, ceramic, or an
allotrope ol clemental carbon. wherein the pressure in the
enclosure is grealer than about 107° Torr; and (b)Y an cnergy
source that provides an energy beam Lo the powder material in
the powder bed to form at least a portion of a three-dimen-
sional object, wherein upon formation the three-dimensional
object 1s generated within a time period that is aboul 72 hours
or less, wherein the three dimensional object 1s additively
generated at a deviation from the models of at most about the
sum of 30 micrometers plus Yloon times the tundamental
length scale of the three dimensional object.

[0130]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed, wherein the powder bed comprises 4
powder material having a ceramic, or an allotrope of elemen-
tal carbon, wherein the pressure in the enclosure is greater
than aboul 107% Torr; an encrgy source thal provides an
energy beam 1o the powder material in the powder bed: and a
controller operatively coupled 1o the energy source and pro-
grammed to (i) receive instructions 1o generate the three-
dimensional object according to a customer request, and (ii)
direet the energy beam along a predetermined path in accor-
dance with the instructions o translorm a portion ol the
powder material 10 a transtormed material that hardens to
form at least one laver of a hardened material as part of the
three-dimensional object, wherein the three dimensional
object 1s generated within a time period that is aboul 72 hours
or less, wherein the three dimensional object 1s additively
generated at a deviation from the models of at most about the
sum of 30 micrometers plus Yloon times the tundamental
lengih scale ol the three dimensional objeet.

[0131]  In another aspect. 2 method [or generaling a three
dimensional object comprises (2) receiving a request for gen-
eration of a three dimensional object from a customer,
wherein the three dimensional object comprises an elemental
metal. metal alloy, ceramie, or an allotrope of clemental car-
bhon: (b) additively generating the three dimensional object
according 1o a model of the three dimensional object: and (¢)
delivering the three dimensional object 1o the customer,
wherein operation (b) is performed in a time period that is
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about 12 hovurs or less from the recerving in operation (a), and
wherein operation (b} is performed ala pressure that is greater
than about 107 Torr.

[0132] The request can be accompanied by the model
design of the three dimensional object. The method may
further comprise generating the model design of the three
dimensional objecl. The three dimensional object can be
additively generated by deviating [rom the model by al most
about 30 micrometers or less. The method may turther com-
prise transforming the design into instructions vsable by the
processor (o additively generate the three dimensional object.
The method may [urther comprise receiving an item ol value
from (he customer in exchange lor the three dimensional
object. Operation (b) can be performed in a time period that
cal be less than or equal 10 about 6 hours. Operation (b) can
be performed in a lime period that can be less than or equal 1o
about 1 hour. The pressure can be al least about 1077 Torr or
more. The pressure can be at least about 1 Torr or more. The
pressure can be at least about 730 Torr or more. Operation (b)
cal be performed without iterative and/or corrective printing,.
The request can be received [rom the customer.

[0133]  In another aspeel. a sysiem lor generaling a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed, wherein the powder bed comprises a
powder material having a ceramie, or an allotrope of elemen-
tal carbon; an energy source that provides an energy beam 1o
the powder malerial in the powder bed; and a controller opera-
tively coupled 10 the enerpy source and programmed 10 (i)
receive instructions to generate the three-dimensional object
according 1o a customer request, and (ii) within at most about
12 hours, direet the energy beam along a predelermined path
in accordance with the instructions o transform a portion ol
the powder material to a transtormed material that hardens to
form at least one laver of a hardened material as part of the
three-dimensional object.

[0134] In another aspect, a method lor printing a three
dimensional object comprises (a) recciving a request lor gen-
eration of a three dimensional object from a customer,
wherein the three dimensional object comprises an elemental
metal, metal alloy, ceramie. or an allotrope ol clemental car-
bon; (b) additively generating the three dimensional object
according (0 a model of the requested three dimensional
object; and (¢) delivering the three dimensional object to the
customer, wherein the three dimensional object is generated
withoul al least one ol ilerative printing and correelive print-
ing.

[0135]  Operation (b) can be perlormed withoul ileralive
and without corrective printing. Operation (b) can be per-
formed at a pressure that is at least about 107° Torr or more,
The three dimensional objoct can be additively gencerated al a
deviatiom [rom the model by at most abouwt 50 micromelers or
less. "The method may lurther comprise translorming the
design imo instruetions vsable by the processor to additively
generate the three dimensional object. The method may fir-
ther comprise receiving an ilem ol value [rom the customer in
exchange [or the three dimensional objecl. In some instances,
inoperation (b), the formation ot the three dimensional object
reaches completion without iterative and corrective printing.
The request can be received from the customer.

[0136]  Inanother aspect, an apparalus [or lorming a three-
dimensional objecl comprises a controller that is pro-
grammed Lo (a) supply a layer of powder malerial rom a
powder dispensing member to a powder bed operatively
coupled to the powder dispensing member, wherein the pow-
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der material comprises an elemental metal, metal alloy,
ceramic. or an allotrope ol clemental carbon: and (b direet an
energy beam [rom an energy source o the powder bed Lo
transtorm at least a portion of the powder material to a trans-
formed material that subsequently hardens to vield the three-
dimensional object thatl 1s gencrated without at Teast one ol
ileralive printing and correclive printing.

[0137] In another aspecl, an apparatus [or gencraling a
three-dimensional object comprises (a) an enclosure that
accommodates a powder bed comprising the powder lmaterial
comprising an clemental metal. metal alloy, ceramic, or an
allotrope ol elemental carbon; and (b) an energy source that
provides an cnergy beam (o the powder malerial in the powder
bed 1o form at least a portion of a three-dimensional object,
wherein upon formation the three-dimensional object is gen-
craled withoul at least one ol ierative printing and corrective
printing.

[0138]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure that accommo-
dates the powder bed, wherein the powder bed comprises a
powder malerial having a ceramic, or an allotrope ol elemen-
Ll carbon: an energy source thal provides an energy beam Lo
the powder material in the powder bed: and a controller opera-
tively coupled to the energy source and programmed to (i)
receive lstruections to generate the three-dimensional olject
according 1o a customer request. and (1i), direet the cnergy
bheam along a predetermined path in accordance with the
nstructions to transform a portion of the powder material to a
transtormed material that hardens to form at least one laver of
a hardened material as part of the three-dimensional object,
wherein the three dimensional objeet is generated without at
least one ol ilerative prinling and corrective printing.

[0139] In another aspect, a method for generating a three
dimensional objectcomprises (a) providing a layer of powder
material comprising an elemental metal, metal alloy, ceramic,
or an allotrope ol clemental carbon; (b} transforming at least
a portion o[ the powder material in the layer o lorm a trans-
formed material; (¢} hardening the transformed material to
form a hardened material that is at least a portion of the three
dimensional object: (d) oplionally repeating operations (a)-
(&) and (¢) removing the generated three dimensional objoct
[rom a remainder of the powder malterial that did not form the
three dimensional object, in a time period of 30 minutes or
less after a last hardening operation.

[0140] In some instances, during the method the three
dimensional objeetl can be devoid ol one or more auxiliary
[eatures. The one or more auxiliary support lealure can com-
prise a scatiold that encloses the three dimensional object.
The powder material can be devoid of two or more metals that
lorm a cuteetic alloy. A remainder ol the powder malerial that
did not form the at least a part ol the three dimensional objeet.
can be devoid ol a continuous struclure extending over about
1 millimeter or more. A handling temperature of the three
dimensional object can be at most about 100° C, or less. The
handling temperature can be al most about 80° C. or less.
[0141]  In another aspect, a system [or generating a three-
dimensional object comprises an enclosure thal accommo-
dates the powder bed, wherein the powder bed comprises a
powder material having a ceramic, or an allotrope of elemen-
Ll carbon: an energy source thal provides an energy beam Lo
the powder malerial in the powder bed: an object removal
mechanism that removes (he three dimensional object rom a
remainder of the powder material that did not form the three
dimensional object; and a controller operatively coupled to
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the energy source and programuned 1o (1) receive instructions
o generate the three-dimensional object according Lo a cus-
lomer request, (i1}, direet the energy beam along a predeter-
mined path in aceordance with the instructions to transtorm a
portion of the powder material to a transformed material that
hardens 1o form al least ome layer of a hardened malerial as
part ol the three-dimensional objeet. and (i), direet the
objeet removal mechanism lo remove the three dimensional
object trom the remainder within at most about 30 minutes
from a generation of the three dimensional object.

[0142] The object removal system can comprise a block-
able mesh. The object removal sysiem can comprise arobolic
arm. The object removal syslem can comprise a conveyor.
The object removal systel can conprise a revolving opening,
[0143] In another aspect, an apparatus for leveling a top
surface of powder material of a powder bed comprises an
cnclosure that accommodates (he powder bed comprising the
powder materialy an energy source thal provides an energy
beam to the powder material in the powder bed to form at least
a portion of'a three-dimensional object, wherein vpon forma-
tiow, the at least the portion of the three-dimensional object is
suspended in the powder bed; and a powder leveling member
for leveling an the top surface of the powder bed. wherein the
leveling member is disposed above the powder bed, wherein
during vse, the powder leveling member displaces at least a
portion ol'the three dimensional object by less than or equal 1o
300 micromaelers.

[0144]  In another aspectl. a method [or generaling a three-
dimensional object sugpended in a powder bed comprises (a)
dispensing powder material into an enclosure to provide the
powder bed, wherein the powder material comprises an
clemental metal. metal alloy, ceramic. or an allotrope of
clemental carbon; (b generating the  three-dimensional
object tfrom a portion of the powder material, wherein npon
generation the three-dimensional object is suspended in the
powder bed; and (¢) using a leveling member o level an
exposed surlace of the powder bed such that the three-dimen-
sional object suspended in the powder bed is displaced by
about 300 micrometers or less.

[0145] The generating can comprise additively generating,
The powder bed can be devoid of a supporting scattold sub-
stantially enclosing the three-dimensional objecl. In some
cmbodiments. in {(c). the three-dimensional object can be
displaced by about 20 micrometers or less. The powder mate-
rial can be devoid of at least two metals that are present at a
ralio thal [orms a cutectic alloy. The powder material can
comprise al most a metal that can be substantially ol a single
clemental metal composition. The powder material can com-
prise a metal allov that can be of'a single metal allov compo-
sition. The three-dimensional object can be planar. The three-
dimensional object can be a wire. The three-dimensional
objeet can be devoid ol auxiliary support features. The three-
dimensional object can comprise suxiliary support teatures
that are suspended in the powder bed. The transforming can
be conducted according to a model that can be representative
ol the three dimensional objecl. The leveling mechanism can
comprise a roller. The leveling mechanism can comprisc a
rake. The leveling mechanism can be svochronized with a
powder dispenser. The powder dispenser can comprise an air
kaife. The powder dispenser can comprise a curved wube with
an opening (through which the powder can be released. The
powder dispenser can comprise an auger screw. T he rake hag
a plurality of blades with varving height. The rake has a
plurality of blades with varving angle of contact on the addi-
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tional laver of powder material. In some instances, at least a
[raction of the powder in the powder layer can be removed
[rom the substrate prior o (b). Al times. al least a [raction ol
the powder in the powder laver can be collected by a powder
recvcling system. The fraction of the powder collected by the
powder recycling system can be re-circulated, and at least a
[raction of the powder collected by the powder reeyeling
syslem can be dispensed in operation (¢). The leveling mecha-
nism can comprise aplurality of needles distributed across the
axis of the leveling mechanism. The needles can be arranged
on the leveling mechanism such that cach needle in the plu-
rality ol needles contacts a dillerent location of the powder.
The plurality of needles can level a powder dispensed from a
top-dispense powder dispenser. The leveling mechanism can
further comprise a roller adjacent to the plurality of needles.
The needles can be distributed across the axis ol the leveling
mechanism. The leveling mechanism can comprise a blade.
The leveling mechanism can comprise a powder level sensor
configured 1o determine a powder level located ahead of the
leveling mechanism. The powder level sensor can be an opti-
cal sensor. The powder level sensor can be in communication
witha powder dispensing system conligured lo dispense pow-
der when the powder level sensor detects a powder level
below a predetermined threshold. The rake can comprise a set
ol blades cach ol which can be diagonal with respeet o a
surlace of the powder layer or of the additional layer. Dis-
pensing of powder lrom the auger serew can be controlled by
avalve, The rake cancomprise a smooth blade. The roller may
flatten powder dispensed from a powder dispenser. The pow-
der dispenser can comprise a lop-dispense powder dispenser.
A surface ol the roller has a stalic [riction coefllicient of at
least about 0.5 or more. The roller may comprise an active
rotation mechanism configured 1o force rotation of the roller
in a cloclowise direction. The roller may comprise an active
rolation mechanism conligured 1o [oree rotation of the roller
in a counter-clockwise dircetion. The roller may comprise an
eccentric shape such that during rotation it allows for multi-
height planarization. The blade may level the powder dis-
pensed [rom a lop-dispense powder dispenser. The top-dis-
pense mechanism can comprise of a vibrating mesh though
which the powder 1s released Lo the powderbed. 'The vibration
can be driven by an ultrasonic transducer. The vibration can
be driven by a piezo-electric device. The vibration can be
driven by a rolating motor with an ceeentric cam.

[0146] In another aspect, a system [or generating a three-
dimensional object suspended in a powder bed compriscs an
enclosure thal accommodates the powder bed. wherein the
powder bed comprises powder material having an elemental
metal, metal alloy, ceramic, or an allotrope of elemental car-
bhon: a leveling member that levels an exposed surlace of the
powder bed: and a controller operatively coupled (o the
energy source and the leveling member and programined to
(i) receive instructions to generate the three-dimensional
ohject, (i1} generate the three-dimensional olyject from a por-
tion of the powder malerial in accordance with the instruc-
Lions. whereln upon generation the three-dimensional object
is suspended in the powder bed, and (iil) direct the leveling
member 1o level the exposed surface of the powder bed such
that the three-dimensional object suspended in the powder
hed is displaced by about 300 micrometers or less.

[0147]  Insome embodiments. upon generation ol the three-
dimensional object. the powder bed can be devoid ol a sup-
porting scaffold substantially enclosing the three-dimen-
sional object. The system may further comprise a powder
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dispenser that provides the powder material into the enclo-
sure. The leveling mechanism can be coupled (o the powder
dispenser. The powder dispenser can be disposed adjacent 1o
the powder bed, and wherein the powder dispenser has an exit
opening that can be located at a different location than a
botlom portion ol the powder dispenser that faces the powder
bed. The exit opening can be located at a side of the powder
dispenser. The side can be a portion of the powder dispenser
that does not tace the powder bed or does not face a direction
opposite 10 the powder bed. The exit opening can comprise a
mesh. The controller can be operatively coupled 1o the pow-
der dispenser and programmed o control an amount of the
powder material that can be dispensed by the powder dis-
penser into the enclosure. The controller can be operatively
coupled 1o the powder dispenser and programuned o control
a posilion of the powder dispenser. The powder dispenser can
be movable. The system may [urther comprise one or more
mechanical members operatively coupled 1o the powder dis-
penser, wherein the one or more mechanical members subject
the powder dispenser 1o vibration. The controller can be
operatively coupled o the one or more mechanical members.
The controller can be programmed Lo control the one or more
mechanical members o regulate an amount of the powder
material that can be dispensed by the powder dispenser into
the enclosure. The controller can be programmed (o control a
position ol the leveling member, wherein the leveling mem-
ber can be movable. The controller can be programmed 1o
control a force or pressure exerted by the leveling member on
the powder material. The leveling member can comprise a
removal unil thal removes excess powder material [rom the
powder bed. The removal unil may comprise a source ol
vacuum, maghetic force, electric force, or electrostatic force.
The removal vnit can comprise a reservoir for accommodat-
ing an excess of powder material. The removal vnit can com-
prisc one or more sources ol negative pressure lor removing
an excess ol powder material [rom the powder bed. The
controller can be programmed 1o direct removal of an excess
ofpowder material using the removal unit. The leveling mem-
ber can comprise a knile.

[0148]  In another aspect, an apparalus [or removing 2 gen-
craling a three-dimensional object comprises (a) an enclosure
thatl accommodates a powder bed comprising powder male-
rial having elemental metal, metal allov, ceramics, or an allo-
trope of elemental carbon, wherein during use, at least a
portion of the powder material is translormed in 1o a trans-
formed material that subsequently hardens 1o form the three-
dimensional objeet; and (b) a base that is situated within the
enclosure, wherein during use the powder material is simated
adjacent to the base, and wherein the base comprises a mesh
that is operable in at least blocked and unblocked positions
such that (1) when blocked, the mesh does not permil cither
the powder material or the three-dimensional object to pass
though the mesh, and (ii) when unblocked, the mesh permits
at least part of the powder material 10 pass though the mesh
and prevents the three-dimensional object rom passing
though the mesh.

[0149]  In another aspecl. an apparaius lor generaling a
three dimensional object comprises an enclosure containing a
powder material comprising elemental metal, metal alloy,
ceramics, or an allotrope of clemental carbon: and a base
disposced within the enclosure: wherein the powder material is
disposed adjacent (o the base, wherein the base comprises a
blockable mesh that when nnblocked, the mesh is of a type
that both permits at least part of the powder material to How
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though, and prevents the three dilmensional object from flow-
ing though. In some embodiments, unblocked can comprise
allering the position (e.g., verlical or horivontal position) ol
the base. Insome embodiments, unblocked does notcomprise
altering the position of the base.

[0150] In another aspect, a system for generating a three-
dimensional object comprises an enclosure thal accommo-
dales a powder bed, wherein the powder bed comprises a
powder material comprising an elemental metal, metal alloy,
ceramic, or an allotrope of elemental carbon; an energy
source that provides an energy beam 1o the powder material in
the powder bed; a base disposed adjacent Lo the powder bed.
wherein the base comprises a blockable mesh that is aller-
nately blocked or vnblocked, wherein (i) when the blockable
mesh is blocked, the powder material does not flow through
the mesh, and (i) when the blockable mesh is unblocked, at
least parl of the powder malterial Jows though the mesh while
the three-dimensional object is provented [rom [owing
though the mesh; and a controller operatively coupled 1o the
energy source and programmed 1o (1) receive instructions to
generale al least a portion ol the three-dimensional object. (1i)
dircet the energy beam along a path in accordance with the
nstructions to transform a portion of the powder material to a
transtormed material that hardens to form at least one laver of
a hardened material as part of the three-dimensional object,
and (i) direets the mesh blocking device 1o unblock the
mosh. The blockable mesh can be unblocked by allering a
position of the blockable mesh or a mesh blocking device
adjacent to the blockable mesh. The mesh blocking device
can be a movable plane thal allernates between a vertical or
horizontal position that blocks the blockable mesh and
another vertical or horizontal position that unblocks the
blockable mesh. The base can alternate between a vertical or
horzontal position that blocks the blockable mesh and
another vertical or horizontal position that unblocks the
hlockable mesh.

[0151]  In another aspect. 2 method [or generaling a three
dimensional object comprises (a) dispensing a laver of pow-
der material adjacent to a base, wherein the base comprises a
mosh that permils al least a portion ol the powder Lo Tow
through when the mesh is unblocked; (b) transforming a
portion ol the powder malerial 1o a translormed malterial: (¢)
hardening the transformed material 1o provide a hardened
material that is at least a portion of the three-dimensional
object: and (d) unblocking the mesh Lo retricve the hardened
malerial [rom a remainder ol the powder malerial that does
not form the at least the portion ol the three-dimensional
ohject.

[0152] Uponretrieving the hardened material, the hardened
malerial may rest on a substrale (hat is disposed below the
base. Upon retrieving the hardened material, the remainder
may be removed [rom the hardened material. The unblocking
may comprise moving the mesh relative to the powder mate-
rial. The unblocking may comprise moving the mesh relative
Lo the base. A surlace o[ the mesh may bemoved relative o the
powder malerial by pulling on one or more posts connecled Lo
the surface. The one or more posts may be removable trom an
edge of the base by a threaded connection. In some embodi-
ments, the hardening comprises directing cooling gas to the
trans formed malerial 1o cool the translirmed malerial and
yield the hardened material.

[0153]  In another aspect, a method for generating a three-
dimensional object suspended in a powder bed comprises (a)
dispensing powder material into an enclosure 1o provide a
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powder bed, wherein the powder bed comprises a top surtace;
{b} generating the three-dimensional object [rom a portion ol
the powder material by trans[orming the powder material into
a transtormed material that subsequently forms a hardened
material, wherein the hardened material protrudes from the
lop surlace ol the powder bed. wherein the hardened material
is movable within the powder bed; and (¢} adding a layer ol
powder malerial on the top surlace ol the powder bed,
wherein the adding displaces the hardened material by about
300 micrometers or less, wherein the top surface ot the layer
ol powder material is substantially planar.

[0154]  In another aspect, a method for generating a three
dimensional object [rom a powder material comprises (2)
dispensing powder malerial inlo an enclosure o provide a
powder bed, wherein the powder bed comprises a top surtace;
(b using an energy beam trom an energy source, transform-
ing the powder material into a (ranslormed material that sub-
sequently forms a hardened material. wherein the hardened
material protrudes trom the top surtace of the powder bed,
and wherein the hardened material is movable within the
powder bed; and (¢) dispensing a laver of powder material on
the top surlace of the powder bed such that the hardened
material is displaced by about 300 micrometers or less,
wherein upon dispensing the laver of powder material, the top
surtace of the powder bed is substantially planar.

[0155] Thehardened material can be at least a portion of'the
three-dimensional object. The at least the portion ol the three-
dimensional object can comprise warping, buckling, bulging,
curling. bending. rolling. or balling. The dispensing in (¢} can
further comprise using a powder digpensing member to
deposit the laver of powder material on the top surface ot the
powder bed. The dispensing in (¢) can Turther comprise using
a powder leveling member 1o level the top surlace of powder
bed by shearing an excess of the powder material. The dis-
pensing in {¢) can further comprise vsing a powder removal
member to remove an excess of powder material without
conlacting the layer of powder malerial. The three-dimen-
sional object can be suspended n the powder bed. 'The three-
dimensional object can be devoid of auxiliary support fea-
tures. The avxiliary support features comprise a scattold that
substantially encloses the three-dimensional object. The
three-dimensional object can comprise auxiliary support lea-
lures that are suspended in the powder bed. The powder
material can be devoid of at least two metals that are present
at a ratio that torms a evtectic alloy. The leveling can be
conducted aller the powder dispensing mechanism com-
pleted dispensing & row of powder material in the enclosure.
The leveling can be conducted aller the powder dispensing
mechanism completed dispensing a portion of a laver of
powder material in the enclosure. The leveling can be con-
ducted aller the powder dispensing mechanism completed
dispensing a layer of powder material in the enclosure. The
powder dispensing mechanism can span at least part of the
enclosure length. The powder dispensing mechanism can
span an entire length ofthe enclosure. The powder dispensing
mechanism can span al least part of the enclosure widih. The
powder dispensing mechanism can span an entire width ol the
enclosure. The powder dispensing mechanism can comprise a
mesh through which the powder material can be able to dis-
pense oul ol the dispensing mechanism. The powder dispens-
ing mechanism can comprise a position of the mesh (hal
prevents the powder material held within the powder dispens-
ing mechanism to be dispensed out of the powder dispensing
mechanism though the mesh. The powder dispensing mecha-
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nism ean comprise a position of the mesh that allows the
powder material held within the powder dispensing mecha-
nism 1o be dispensed rom the powder dispensing mechanism
though the mesh. The position ol the mesh may determinge the
amount of powder material dispensed from the powder dis-
pensing mechanism through the mesh. The powder dispens-
g mechanism can comprise a first position of the mesh that
prevents the powder material held within the powder dispens-
ing mechanism 1o be dispensed out of the powder dispensing
mechanism though the mesh, and a second position of the
mesh that allows the powder material held within the powder
dispensing mechanism 1o be dispensed from the powder dis-
pensing mechanism though the mesh. The rate at which the
powder dispensing mechanism allernates between the st
and sceond position may alter at least one dispensing param-
eter of the powder materdal. The dispensing parameter can
comprise homogeneity of powder distribution in the enclo-
sure. The dispensing parameler can comprise amount ol pow-
der dispensed [rom the mesh. The rate al which theamount ol
time the mesh can be atin a first or in g second position may
determine the amount of powder material dispensed from the
powder dispensing mechanism. The rate at which the mesh
allernates between the first and the second position may deter-
mine the arca covered by the powder material dispensed [rom
the powder dispensing mechanism in the enclosure. The pow-
der dispensing mechanism can further comprise a control
mechanism coupled (o the powder dispensing mechanism.
The control mechanism may regulate the amount of powder
dispensed. The control mechanism may control the position
of the powder dispensing mechanism. The control can be
automatic or manual. The control mechanism may coutrol the
position of the mesh. The control mechanism can comprise 1
sensor sensing the amount ol powder material dispensed by
the dispensing mechanism. The control mechanism can com-
prise a sensor sensing the amount of powder material accu-
mulated in the enclosure. The control mechanism can com-
prise a sensor sensing the amount of powder malerial
accumulaled in a positlon in the enclosure. The leveling can
be conducted by a leveling mechanism. The leveling mecha-
nhism can comprise a leveling aid comprising a rolling cvlin-
der, a rake, a brush, a knite, or a spatula. The movement of the
leveling ald can comprise forward movement. backward
movemenl. sideward movement or movement al an angle.
The movement of the leveling aid can comprise a lateral
movement. The leveling mechanism can span at least part of
the enclosure length. The leveling mechanism can span an
entire length ol the enclosure. "The leveling mechanism can
span al least part of the enclosure width. The leveling mecha-
nhism can span an entire width of the enclosure. The leveling
mechanism can further comprise a control mechanism
coupled 10 the leveling aid. "The control mechanism can com-
prise a sensor sensing (he Tevel of the powder malerial in the
enclosure. The leveling aid can comprise a rolling cvlinder.
The rolling cylinder may rotate cloclkwise or anti clockwise in
a position perpendicular to the long axis of the cylinder. The
rolling cylinder may rotate with the direction ol lateral move-
ment ol the leveling aid or opposite Lo the lateral movement ol
the leveling aid. The dispensing can comprise vibrating at
least part of the powder material in the powder dispensing
mechanism. “The dispensing can comprise vibraling at least
part ol an opening through which the powder malerial exits
the powder dispensing mechanism. The leveling may dis-
place an object within or under the deposited layer of powder
material by at most 20 micrometers. The displacement can be
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a horizontal displacement. Leveling may comprise utilizing a
blade. The leveling mechanism may level the layer of powder
material while moving in a first direction. [eveling can com-
prise moving the blade in the first direction. Leveling can
comprise moving the blade in a direction opposite 1o the first
dircetion.

[0156] In another aspect, system for generating a three
dimensional object comprises an enclosure thal accommo-
dates a powder bed comprising powder malerial, wherein the
powder bed comprises a top surface; an energy source that
provides anenergy beam to the powder material inthe powder
bed; a layer dispensing mechanism thatl provides the powder
material in the enclosure or on the Wop surlace ol the powder
bed; and a controller operatively coupled Lo the energy source
and the laver dispensing mechanism and programmed 1o (i)
receive instructions to generate the three-dimensional object,
{1i} in accordance with the instructions, use the energy beam
lo transform the powder malerial inlo a translormed material
that subsequently forms a hardened material, wherein the
hardened material protrudes trom the top surface of the pow-
der bed, and wherein the hardened material is movable within
the powder bed, and (i11) direet the layer dispensing mecha-
nism 1o dispense a layer of powder material on the lop surface
of'the powder bed such that the hardened material is displaced
by about 300 micrometers or less, wherein the top surface of
the dispensed layer ol powder material is substantially planar.
[0157]  Thehardened maierial can be at least a portion ol the
three-dimensional objecl. “The layer dispensing mechanism
can comprise a powder dispensing member that provides the
powder material. The controller can be operatively coupled to
the powder dispensing member and programmed 1o direct the
powder dispensing member 1o dispense the layer ol powder
malterial on the top surface ol the powder bed on in the
cnclosure. The layer dispensing mechanism can comprise a
powder leveling member that levels the top surtace of the
powder bed without contacting the top surtace of the powder
bed The controller can be operatively coupled Lo the powder
leveling member and programmed (o direct the powder lev-
eling member to level the top surtace of the powder bed. The
powder leveling member may shear an excess of the powder
material from the top surface of the powder bed. The powder
leveling member may level the lop surlace ol the powder bed
withoul displacing the excess of powder malerial 10 another
position in the powder bed. The powder leveling member can
comprise a koite that shears an excess of powder material.
The layer dispensing mechanism can comprise @ powder
removal member that removes an excess ol powder material
from the lop surlace ol the powder bed without contacting the
top surface of the powder bed. The controller can be opera-
tively coupled to the powder removal member and pro-
grammed Lo direet the powder removal member o remove the
excess ol powder material [rom the top surlace. The powder
removal member can comprise a source of vacuum, a mag-
netic force generator, an electrostatic force generator, an elec-
tric force generator, or a physical force generator. The powder
leveling member can be coupled 1o the powder removal mem-
ber. The powder removal member can be coupled 1o a powder
dispensing member. The excess of powder material can be
rensable by the powder dispensing member. The powder dis-
pensing member can be disposed adjacent (o the powder bed.
The powder dispensing member can comprise an exil opening
thai can be located at a location that can be dillerent from the
bottom of the powder dispensing member that faces the top
surtace of the powder bed. The exit opening can be located at
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a side portion of the powder dispensing mechanism. The side
can be a portion ol the powder dispensing mechanism may be
one that cither does not [ace the lop surface ol the powder bed.
or does not face a direction opposite to the top surface of the
powder bed. The controller may regulate an amount of the
powder malerial that can be dispensed by the powder dispens-
ing member. The system may lurther comprise one or more
mechanical members operatively coupled o the powder dis-
pensing member, The one or more mechanical members may
subject the powder dispensing member to vibration. The con-
troller can be operatively coupled (o the one or more mechani-
cal members. The controller can be programmed o control
the one or more mechanical members to regulate an amount
of the powder material that can be dispensed by the powder
dispensing member into the enclosure. The powder dispens-
ing membaer can be located adjacent (o the top surlace of the
powder bed and can be separated [rom the lop surlace of the
powder bed by a gap. The powder dispensing member can
comprise an gas-tlow. The powder dispensing member can
comprise an airflow. The powder dispensing member can
comprisc 2 vibrator. The controller can be operalively
coupled 1o the vibrator and regulate the vibralor. The control-
ler may regulate the vibration amplitude of the vibrator, The
controller may regulate the vibration frequency ot the vibra-
tor. The controller may regulate the amount ol malerial
released by the powder dispensing member. The controller
may regulate the rate ol powder dispensed by the powder
dispensing member. The controller may regulate the velocity
of powder dispensed by the powder dispensing member. The
controller may regulate the position of the powder dispensing
member. The position can be a vertical position. The position
can be a horizontal position. The controller may regulate the
position of the layer dispensing mechanism. The position can
be a vertical position. The position can be a horizontal posi-
tion. The controller may regulate the height of the powder
layer [ormed by the layer dispensing mechanism. "The level-
g member can further comprise a blade. The controller can
be operatively coupled to the blade and may regulate the rate
ol movement ol the blade. The controller can be operalively
coupled Lo the blade and may regulate the position ol the
blade. The position can be a vertical position. The position
can be a horizontal position.

[0158] In another aspect, an apparatus for leveling a top
surface of powder material of a powder bed comprises an
enclosure thal accommodales the powder bed comprising the
powder malerial: an energy source that provides an cnergy
beam to the powder material in the powder bed to form at least
a portion of'a three-dimensional object that is movable in the
powder bed; and a layer dispensing mechanism lor dispens-
ing a layer of powder material that is substantially planar.
wherein during use. the layer dispensing mechanism dis-
places at leasta portion ofthe three dimensional object by less
than or equal to 300 micrometers.

[0159] Inanotheraspect, anapparatus for leveling apowder
malerial [or the lormation of a three dimensional object com-
prises (a) a powder leveling member that shears an excess ol
powder material in a powder bed i1 which the three-dimen-
sional object is generated; and (b} a powder removing mem-
ber that removes the excess of powder material, wherein the
powder removing member is coupled to the powder leveling
member; wherein the leveling mechanism is able 1o displace
the three-dimensional object by at most 300 micrometers.
[0160] The three dimensional object can be suspended in
the powder material. The powder material can be devoid of'a
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contimious structure extending, over about 1 millimeter or
more. The powder malerial can be devold ol a scalTold enclos-
ing the three dimensional object. The powder material can be
devoid of two or more metals at a ratio that can form at least
obe evtectic allov, The leveling mechanism can be able 1o
displace an object that can be suspended in the powder mate-
rial by al most 20 micrometers. "The apparatus may Turther
comprise a4 moving member {c.g., a displacing member)
coupled 1o at least one of'the powder leveling member and the
powder removing member. The translation member may
translaie the powder dispenser along a horizontal path (hat
can comprise al least a portion ol the horizontal cross-scelion
of'the powder bed. The leveling mechanism can be connected
to a powder dispensing member that dispenses the powder
material into an enclosure. The three dimensional object can
be devold ol auxiliary supports. The objeel can comprise
auxiliary supporls.

[0161] In another aspecl, an apparatus [or dispensing a
powder material for the formation of a three dimensional
object comprises (a) a powder reservoir that accommodates a
powder material; (b) an exit opening through which the pow-
der malerial can exil the apparatus Lo the powder bed. wherein
the apparatus facilitates a free [all ol the powder material
using gravitational torce, wherein the apparatus is suspended
above the powder bed and is separated from the exposed
surlace ol the powder bed by a gap wherein the exit opening
is situated on a lace ol the apparatus that is diflerent rom a
botlom ol the apparatus: (c) a translation member coupled 1o
the reservoir, wherein the translation member translated the
powder dispenser along a horizontal and/or vertical path,
wherein the horlzontal path comprises 2 path within a hori-
sonlal cross seetion of the powder bed, wherein the verlical
path comprises a path within the gap; and (d) an obstruction
sinated within the exit opening, wherein the obstruction
regulates the amount of powder dispensed though the exit
opening.

[0162] The exil opening can be situated on a side ol the
apparalus. The apparatus can be ol a shape other than a
sphere. The a shape of the apparatus can be other than an an
ellipsoid. The bottom of the apparatus can comprise a first
slanted bottom plane of the apparatus that faces the substrate.
The first slated botlom plane lorms a [irst acute angle with a
plane parallel to the average surlace ol (the substrate. in a first
direction. In some embodiments, any additional slated bot-
tom plane of the apparatus may form a second acute angle
with a plane parallel (o the average surface of the substrale, in
the first direction. The (irst slated bollom plane may lTorm a
first acule angle with a plane parallel (o the average surlace ol
the sulbstrate, in a first direction. In some embodiments, any
optional additional slated bottom plane of the apparatus
forms a seeond acute angle with a plane parallel o the average
surlace ol the substrale, in a dircetion opposite Lo [irst direc-
tion. The additional slated bottom plane can be separated
trom the exit opening by a gap. The gap can be a vertical gap.
The gap can be a horizontal gap. The gap can be both avertical
and a horivontal gap. The obstruction can comprise 1 mesh.
Themesh can comprise ahole that allows the powder material
within the apparatus 1o exit the apparatus. The hole in the
mesh may have s fundamental length scale from atleast about
[ilty {50) micrometers o al most aboul one (1) millimeters.
The powder malerial can comprise parlicles of average lun-
damental length scale rom at least about 25 micromelers (o al
most about 43 micrometers, The obstruction can comprise a
blade. The obstruction can comprise both a blade and a mesh.
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The blade can be a doctor blade. The apparatus can comprise
a vibrator. The apparatus can comprise an array of vibralors.
The array o vibralors may bearranged in a linear pattern. The
array of vibrators may be arranged along a line. The array of
vibrators mav be arranged along the opening. The vibrator
can comprise a4 motor. The powder material may exil the
apparalus on operalion of the vibralor. The vibralor may
generale vibrations with a frequency ol at least about 200
Hertz. The vibrator may generate vibrations with an ampli-
tude of at least about 7 times the gravitational force (G). The
apparalus may be able 1o travel in a horlzontal direction [rom
one side of the powder bed (o the other side ol the powder bed.
The apparatus can turther comprise a leveling member. The
apparatus can be connected to the leveling member. The
leveling member can comprise a blade. The blade can com-
prise a concave planc. The blade can comprise a tapered
hottom plane. The tapered botlom plane [orms an acule angle
withthe average top surface ofthe powder material. The blade
can comprise a compliant mounting. The compliant mounting
allows the blade 10 move vertically. The compliant mounting
allows the blade o move verlically when conlronting an
object. The compliant mounting allows the blade (0 move
vertically when confronting at least part of the three dimen-
sional object. The concave plane can be utilized in leveling a
layer of powder material deposited adjacent Lo (he substrate.
The concave plane may lace the substrale. The concave plane
can be slated. The vertical position of the apparalus can be
adjustable. The vertical position of the blade can be adjust-
able. The apparatus may further comprise a bulk reservoir
capable ol containing the powder malerial.

[0163] In another aspect, a method for generating a three-
dimensional object comprises (a) dispensing a layer of pow-
der material to provide a powder bed nsing a powder dispens-
g mechanism comprising: (i) a powder reservoir that
accommodates a powder material; (i) an exit opening
through which the powder material can exit the apparatus Lo
the powder bed. wherein the apparatus lacilitates a [ree [all of
the powder material vsing gravitational force, wherein the
apparatus is suspended above the powder bed and is separated
[rom the exposed surlace ol the powder bed by a gap wherein
the exil opening is situated on a [ace ol the apparatus that is
different from a bollom of the apparalus; (1ii) a translation
member coupled to the reservoir, wherein the translation
member translated the powder dispenser along a horizontal
and/or vertical path, wherein the horizontal path comprises 4
path within a horizontal cross seetion ol the powder bed.
wherein the vertical path comprises a path within the gap: and
(iv) an obstruetion situated within the exit opening, wherein
the obstruction regulates the amount of powder dispensed
though the exit opening; (b leveling (he exposed surface of
the powder bed: and {¢) generating at least a portion of the
three-dimensional abject from at least a portion ot the powder
material.

[0164] In another aspect, a system for generating a three
dimensional object comprises an enclosure that accommo-
dales a powder bed; (a) an energy source that provides an
energy beam 1o the powder malerial, and thereby transforms
the powder material into a transtormed material that subse-
quently hardens to form a hardened material, wherein the
hardened material may lorm at least a parl ol the three-
dimensional objeel; a powder dispensing member that dis-
penses the powder material into the powder bed, comprising:
(i) a powder reservoir that accommodates a powder material;
(i) an exit opening through which the powder material can
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exit the apparatus to the powder bed, wherein the apparatus
lacililales a [ree [all of (he powder malerial using gravita-
lional foree, wherein the apparatus is suspended above the
powder bed and is separated from the exposed surtace of the
powder bed by a gap wherein the exit opening is situated on a
lace ol the apparatus that is diflerent [rom a botlom of the
apparalus: (iii) a (ranslation member coupled to the reservoir,
wherein the translation member translated the powder dis-
penser along a horizontal and/or vertical path, wherein the
horizontal path comprises a path within a horizontal cross
seetion of the powder bed. wherein the vertical path com-
prises a path within the gap; and (iv) an obstruction situated
within the exit opening, wherein the obstruction regulates the
amount of powder dispensed though the exit opening; (b) a
powder leveling member that levels an exposed surtace of the
powder bed: and () a controller operatively coupled o the
cnergy source, the powder dispensing member, the powder
leveling member, and the powder removing member, and is
programmed 10: (1) direct the powder dispenser to dispense a
firstlaver of the powder material having a first top surface into
the powder bed, (i1) receive instructions o generate al least
part of the three-dimensional object, (1i) generate the at least
part of the three-dimensional object from a portion of the
powder material in accordance with the instructions, (iv)
direct the powder dispenser 1o dispense a sceond layer of
powder material having a second lop surlace adjacent lo the
first top surlace, and (v} direet the powder leveling member 1o
level the second top surface to a first planar surface that is at
or below the lowest point of the second top surtace.

[0165] In another aspect, a method for generating a three-
dimensional objeel comprises (a) dispensing a first layer of
powder malerial in an enclosure w0 provide a powder bed
having a first top surface; (b) directing an energy beam 1o the
first laver of powder material to generate at least a portion of
the three-dimensional object from atleast a portion of the first
layer: (c) subscquent o generating at least (he portion ol the
three-dimensional object, dispensing a second layer ol pow-
der material in the enclosure, wherein the second laver of
powder material comprises a second top surtace; (d) shearing
the sceomd layer ol powder malerial to form a first planar
surlace. wherein the [irst planar surface is at or below a lowest
point of the second top surlace: and (¢} removing subslan-
tially all powder material thatis above a second planar surtace
trom the second laver of powder material, wherein the second
planar surlace is located below the first planar surlace, and
wherein the removing occurs in the absence ol contacting the
powder bed.

[0166] The generaling can comprise transforming the pow-
der material 10 generate a transtformed material that subse-
quently hardens to form a hardened material, wherein at least
a portion of the hardened malterial protrudes [rom the irst (op
surface. thus forming a protrusion. The protrusion can be al
leasta portion ofthe three-dimensional object. The protrusion
cal comprise warping, bending, bulging, rolling, curling, or
balling ofthe hardened material. The protrusion can comprise
# hardened material that can be nol a part ol the three-dimen-
sional object. The protrusion may have aheight [rom about 10
micrometers 1o about 300 micrometers with respect to the
first top surface. In some embodiments, an average vertical
distance [rom the first op surlace o the second planar surlace
can be from about S micrometers w0 about 1000 micrometers.
The average vertical distance [rom the [irst op surlace o the
firstplanar surface can be from about 10 micrometers to about
300 micrometers. The removing can comprise Using vacuum
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suetion, magnetic force, electrostatic force, electric force, or
physical force. In some examples. the removing can comprise
vacuum suclion. The method may [urther comprise reusing
an excess of powder material from the first layver and/or sec-
ond layer. The second planar surface can be situated above the
first top surlace. The first layer ol powder malerial can be
dispensed using gravitational loree. The (irst layer of powder
malerial can be dispensed using gas-low that displaces the
powder material. The airflow travels at a velocity having a
Mach number from about 0.001 to about 1. In some embodi-
ments. upon shearing the second layer ol powder material Lo
lorm the first planar surface, the at least the portion ol the
three-dimensional object can be displaced by about 300
micrometers or less.

[0167] In another aspect, a system for generating a three
dimensional object comprises an enclosure that accommo-
dates a powder bed comprising powder material; an cnergy
source that provides an energy beam Lo the powder material in
the powder bed; a powder dispensing member that dispenses
the powder material into the enclosure to provide the powder
bed; a powder leveling member that levels a top surface of the
powder bed: a powder removing member thal removes pow-
der material [rom the top surface ol the powder bed without
contacting, the top surtace; and a controller operatively
coupled to the enerpy source, the powder dispensing member,
the powder leveling member, and the powder removing mem-
her, wherein the controller is programmed to: (i) direct the
powder dispensing member o dispense a (irst layer of the
powder material in the enclosure to provide the powder bed
having a first top surtace, (ii) direct the energy beam trom the
energy source Lo the (irst layer ol powder material (o generale
al Teast a portion ol the three-dimensional object [rom a
portion of the first laver, (iii) direct the powder dispensing
member to dispense a second layer of powder material in the
enclosure, wherein the second laver of powder material com-
prises a sceond top surface. (iv) direel the powder leveling
member 1o shear the second layer ol powder material o form
a first planar surtace, wherein the first planar surtace is at or
below a lowest point of the second top surface, and (v) direct
the powder removing member (o remove subsiantially all
powder material that is above a second planar surlace [rom
the sceond layer ol powder malerial, wherein the sccond
planar surtace is located below the first planar surface.

[0168] The energy source can provide an energy beam to
the powder material and thereby transforms the powder mate-
rial into a transformed material thal subsequently hardens Lo
lorm a hardened malerial, wherein the hardened malerial may
lorm at least a parl of the (hree-dimensional object. The
second planar surface can be disposed above the first top
surface. In some embodiments, vpon the powder leveling
member shearing the sceond layer of powder malerial 1o form
the [irst planar surface. the al least the portion ol the three-
dimensional object is displaced by about 300 micrometers or
less. The powder dispensing member can be separated from
the exposed surface of the powder bed by a gap. The sap may
have a separation distance (e.g.. vertical separalion distance)
that can be [rom about 10 micrometers (o about 30 millime-
ters. In some embodiments, as the powder material exits the
powder dispensing member to an environment of the enclo-
sure and travels in the direction of the powder bed. it encoun-
Lers at least one obstruction. In some examples, during opera-
tion, the powder dispensing member can be in (e.g.. [uid)
communication with the powder bed along a path that
includes at least one obstruction. The obstruction can com-
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prise a rough surface. The obstruetion can comprise a slanted
surlace that [orms an angle with the top surface ol the powder
bed. 'The powder removing member can be integrated with the
powder dispensing member as a powder dispensing-remov-
ing member. The powder dispensing-removing member can
comprise ome or more powder exil ports and one or more
vacuum entry porls. The powder dispensing-removing moem-
ber can comprise one or more powder exits and one or more
vacuum entries. The powder dispensing-removing member
cal comprise ane or more powder exit ports and one or more
vacuum cntry porls are allematively arranged. The powder
dispensing-removing member can comprise one or more
powder exit ports and oLe or Nore VacUuL entry ports operate
sequentially. The powder dispensing-removing member can
comprise one or more powder exits and one or More vacuum
entrics that operale sequentially. The powder removing mem-
ber can comprise a vacuum nozrle.

[0169]  In another aspect, an apparalus [or lorming a three-
dimensional object comprises a countroller that is pro-
arammed 1o (a) supply a first laver of powder material from a
powder dispensing member o a powder bed operatively
coupled (o the powder dispensing member, wherein the [irst
laver comprises a first top surface; (b) direct an energy beam
from an energy source to the powder bed to transform at least
aportion ofthe powder material to a transtormed material that
subsequentily hardens 1o yield at least a portion ol the three-
dimensional object; (¢} subsequent o yielding at least the
portion ofthe three-dimensional obyject, supply a second laver
of powder material from the powder dispensing member 1o
the powder bed operatively coupled to the powder dispensing
member, wherein the seeond layer ol powder material com-
prises a second lop surlace; (d) dircel a powder removal
member operatively coupled to the powder leveling member
to remove substantially all powder material that is above a
second planar surface from the sceond layer of powder male-
rial. wherein the second planar surlace is located below the
first planar surface. and wherein the removing oceurs in the
absence of contacting the powder bed.

[0170] In another aspect, an apparatus for generating a
three dimensional object comprises (a) a powder bed com-
prising powder malerial: (b) powder dispenser that dispenses
4 predetermined amount o powder malerial al a position in
the powder bed, wherein the powder dispenser is disposed
above the powder bed and is separated from the powder bed
by a gap: and (¢} a leveling mechanism conligured o level the
powder material in the powder bed without relocaling the
excess amount of powder material onto a dillerent position in
the powder bed, wherein the leveling mechanism is located
above the powder bed and laterally adjacent to the powder
dispenser.

[0171]  The leveling mechanism can comprise a knile. The
leveling mechanism can comprise a knile that performs the
shearing. The leveling mechanisim can comprise a suction
device that sucks the excess of powder material. The leveling
mechanism can comprise a device lor collecting the excess of
powder malerial. The leveling mechanism can comprise a
device for removing the excess of powder material from the
powder bed.

[0172] Inanother aspect, an apparatus for forming a three-
dimensional object, comprises a controller (hal is pro-
grammed 1o (a) supply a [irst layer ol powder material [rom a
powder dispensing mechanism to a powder bed operatively
coupled 10 the powder dispensing member; (b) direct an
energy beam from an energy source 1o the powder bed 1o
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transtorm at least a portion of the powder material to a trans-
lormed material that subsequently hardens 1o vield the three-
dimensional object; () supply a sceond layer ol powder
material from the powder dispensing member to the powder
bed, wherein the second layer is disposed adjacent to the first
layer; and (d) direct a powder leveling mechanism operativel y
coupled o the powder dispensing member (o level the
exposed surlace of the powder bed, wherein the leveling
comprises remaoving anexcess of the powder material without
relocating the excess amovnt of powder material onto a dit-
lerent position in the powder bed.

[0173] Inanother aspect, a method for generating a three-
dimensional object comprises (2) providing a (irst layer of
powder malerial into an enclosure 1o provide a powder bed:
(b} generating at least a portion of the three-dimensional
ohject from at least a portion of the powder material, (¢)
dispensing a sceond layer ol powder material onto the powder
hed, wherein the second layer of powder malerial comprises
an exposed surlace; and (d) leveling the exposed surflace.
wherein the leveling comprises removing an excess of the
powder material without relocating the excess amount of
powder material onto a different position in the powder bed.

[0174] In another aspect, a system for generating a three
dimensional objecl. comprising an enclosure thal accommo-
datles a powder bed; an energy source that provides an cnergy
beam to the powder material, and thereby transtorms the
powder material into a transformed material that subse-
quently hardens to form a hardened malerial, wherein the
hardened material may lorm at least a parl ol the three-
dimensional objeel; a powder dispensing member that dis-
penses the powder material into the powder bed; a powder
leveling member that levels an exposed surface of the powder
hed withouwt relocaling the excess amount of powder material
onte a dillerent position in the powder bed: and a controller
operatively coupled to the energy source, the powder dispens-
g member, the powder leveling member, and the powder
removing member, and is programned 1o: (1) direct the pow-
der dispenser (o dispense a first layer of the powder malerial
inte the powder bed, (i) receive instructions o generale al
least part of the three-dimensional object, (i) generate the at
least part of the three-dimensional object from a portion of the
powder material in accordance with the imstructions. (iv)
dircet the powder dispenser (o dispense a second layer ol
powder material having an exposed surlace, and (v) direct the
powder leveling member to level the exposed surface.

[0175]  Additional aspects and advantages of the present
disclosure will become readily apparent to those skilled in
this art from the following detailed description, wherein only
illustrative cmbodiments ol the present disclosure are shown
and described. As will be realived, the present disclosure is
capable of other and different embodiments, and its several
details are capable of modifications in various obvious
respects, all without departing, from the disclosure. Accord-
ingly. the drawings and descriplion are 10 be regarded as
illustrative in nature, and not as resiriclive.

INCORPORATION BY REFERENCE

[0176]  All publications, patents. and palent applications
mentioned in this specification are herein incorporaled by
reflerence Lo the same extent as il cach individual publication.
patent, or patent application was specifically and individually
indicated to be incorporated by reference.
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BRIEF DESCRIPTION OF DRAWINGS

[0177] The novel features ot the invention are set forth with
particularity in the appended claims. A better vnderstanding
ol'the features and advantages of the present invention will be
obtained by relerence 1o the ollowing detailed descriplion
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings or ligures (also “IIG” and “IIGR™ herein), of
which:

[0178] IG5 1 illustrates a schemalic of three-dimensional
(3D} printing system and its components;

[0179] FIG. 2illustrates a schematic ofthe cooling member
provided in the 312 printing systlem;

[0180]  IFIG. 3 illustrates a detailed view ol the Tormation of
a single solidified laver in the 3D printing process;

[0181] FIG. 4 shows a graph of a temperature time history
of a powder laver or group of powder lavers;

[0182] FIG. § schematically illustrates the volume of the
powderbed heated by the primary and complementary energy
sources;

[0183] FIG. 6 illustrates a timeline of the 3D printing pro-
cess for a single layer;

[0184] IP1¢5. 7 illustrates a Jow chart deseribing 2 313 print-
ing process:

[0185] FIG. 8 schematically illustrates a computer control
svstem that is programmed or otherwise configured to facili-
late the formation of a 31 object;

[0186] I'1¢5. 9 depicts a schemaltic ol scleet components of
a three dimensional (3D) printing system which may be vsed
to maintain planar vniformity of a powder laver;

[0187] FIG. 10A schematically depicts an air knife for
depositing powder onlo a substrate: 'IG. 1003 schematically
depicts a curved wbe [or depositing powder onto the sub-
strate;

[0188] FIG. 11 depicts a rake for pushing, spreading and/or
leveling powder along a substrale withoul disturbing a 31
objeet in the powder;

[0189] FIGS. 12A-1217 schematically deplel verlical side
cross sections of varions mechanisims tor spreading andfor
leveling the powder material;

[0190]  FIGS. 13A-131) schematically depict vertical side
cross seclions ol varlous mechanisms [or dispensing the pow-
der material;

[0191] FIGS. 14A-14D schematically depict vertical side
cross sections of various mechanisims for spreading and lev-
cling the powder malerial,

[0192] FIG. 15 schemalically depicts vertical side cross
sections of a leveling mechanism and a powder dispenser;
[0193] FIGS. 16 A-16D schematically depict vertical side
cross sections of varions mechanisms for dispensing the pow-
der material;

[0194]  IPI¢ 17 schemalically depicts vertical side cross
sections of various mechanisins for dispensing the powder
material;

[0195]  FIGS. 18A-181) schematically depict vertical side
cross seclions ol varlous mechanisms [or dispensing the pow-
der material;

[0196] FIGS. 19A-19D schematically depict vertical side
cross sections of varions mechanisms for dispensing the pow-
der material;

[0197]  FIG. 20 schemalically depicts vertical side cross
seetions ol a knile having a tapered bollom:

[0198] FIG. 21A depicts exposed metal planes within a
laver of powder material before leveling of the layer of pow-
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der material; FIG. 21B depicts exposed metal planes within a
layer of powder material alter leveling ol the layer of powder
malerial thal was deposited on the planes in V1. 21A. using
a leveling mechanisim described herein;

[0199] FIG. 22 schematically depicts a vertical side cross
scetions of a roll deseribed herein:

[0200] I 23 schematically depicts a vertical side cross
soctions of a powder removal system (e.g.. a suction device)
described herein;

[0201] FIG. 24 schematically depicts vertical side cross
soctions ol a mechanism lor spreading and leveling and
removing the powder material;

[0202] FIGS. 25A-25C schematically depict bottom views
of various mechanisms for removing the powder material;
[0203] FIGS. 26A-26D schematically depict sequential
slages in a method for dispensing and leveling a layer of
powder material;

[0204] FIGS. 27A-27D schematically depict vertical side
cross sections of varlous powder dispensing members
described herein; and

[0205] V¢ 28 schematically depicts vertical side cross
soctions of a powder dispensing member deseribed herein.
[0206] The figures and components therein may not be
drawn to scale. Various components of the figures described
herein may not be drawn Lo scale.

DETAILED DESCRIPTION

[0207]  While various embodiments of the invention have
been shown and described herein, it will be obvious to those
skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substi-
Lutions may oceur (o those skilled in the art without departing
[rom the invention. It should be understood that various aller-
natives to the embodiments of the invention described herein
may he emploved.

[0208] Three-dimensional printing (also “3D printing™)
generally relors Lo a process lor generating a 313 object. lior
example, 31 printing may reler (o sequential addition ol
material layver or joining of material layers or parts of material
lavers to form a 3D strueture, in a controlled manner (e.g,.,
under automaled control). In the 31 printing process, the
deposited malterial can be lused, sintered. melied, bound or
olherwise commecied Lo Torm al least a part of the 313 objeet.
Fusion, sintering, melting, binding or otherwise connecting
the material is collectively reterred 10 herein as transforming
the material {c.g.. powder malerial). Fusing the malerial may
include melling or sintering the material. Binding can com-
prise chemical bonding. Chemical bonding can comprise
covalent bonding. Examples of 3D printing include additive
printing (e.g., laver by laver printing, or additive manufactur-
ing). The 31 printing may [urther comprise subiractive print-
ing.

[0209] The material may comprise elemental metal, metal
allov, ceramics, or an allotrope of elemental carbon. The
allotrope of elemental carbon may comprise amorphous car-
bon, graphite. graphene. diamond, or fullerene. The fullerene
may be sclected from the group consisting ol a spherical.
elliptical, linear, and tbular fullerene. The fullerene may
comprise a buclyball or a carbon nanotube. In some embodi-
ments. the malerial may comprise an organic malerial, for
example, a polymoer or a resin. The material may comprise 4
solid or a liquid. The solid material may comprise powder
material. The powder material may be coated by a coating
(e.2., organic coating such as the organic material (e.g., plas-
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tic coating}). The powder material may comprise sand. The
liquid malterial may be compartmentalized inlo reactors,
vesicles or droplets. The compartmentalized material may be
compartmentalized in one or more lavers. The material may
comprise at least two materials. The second material canbe a
reinforeing material (c.g.. that forms a (ber). The reinfloreing
material may comprise a carbon [iber, Kevlaril, Twarondé,
ultra-high-molecular-weight polyethylence, or glass fiber.’The
material can comprise powder (e.g., granular material) or
wires.

[0210] 3D printing methodologies can comprise extrusion,
wire. granular, laminated. light polymerization, or powcer bed
and inkjet head 313 printing. ixtrusion 312 prinling can com-
prise robo-casting, fused deposition modeling (FDM) or
tused filament fabrication (FFF). Wire 3D printing can com-
prise clectron beam [reclorm fabrication (1131°3). Granular
31 printing can comprise dircel metal laser sinlering
{13M1.5), electron beam melting (1:13M3, sclective laser melt-
ing (SLM), selective heat sintering (SHS), or selective laser
sintering (SLS). Power bed and inkjet head 3D printing can
comprise plaster-based 313 printing (PP). Laminated 301
prinling can comprise laminaled object manulacturing
(LOM). Light polymerized 3D printing can comprise sterea-
lithography (SLAJ, digital light processing (DLI') or lami-
nated object manutacturing (LOM).

[0211]  Three-dimensional  printing methodologics may
diller from methods traditionally uwsed in semiconductor
device labrication {(c.g.. vapor deposition, ciching, annealing,
masking, or molecular beam epitaxy). In some instances, 3D
printing may further comprise one or more printing method-
ologies that are traditionally used in semiconductor device
labrication. 31 priniing methodoelogics can diller from vapor
deposition methods such as chemical vapor deposition,
plivsical vapor deposition, or electrochemical deposition. In
some instances, 3D printing, may further include vapor depo-
sition metheds.

[0212] The lundamenial length scale ol the printed 31)
object (eg. the diameler. spherical equivalent diameter,
diameter of a bounding circle, or largest of height, width and
length) can be at least about 30 micrometers (pum), 80w, 100
wrm 1200y 1303 pm, 170 wm. 200 um, 230 pm, 250 pm. 270
urm. 300 pm, 400 pm. 300 um, 600 pm, 700 um. 800 pm, 1
millimeter (mm), 1.5 mm, 2 mm, § mm, 1 centimeter (cm),
1.5 cm, 2 cm, 10 ¢m, 20 cm, 30 cm, 40 cm, 50 cm, 60 cm, 70
cm, B0 cem, 90em, Il m, 2m, 3 m, 4 m, 5m, 10m, 50m, 80 m,
or 100 m. The lundamental length scale ol the printed 310
objeet can be at most aboul 1000 m. 500 m. 100 m. 80 m, 50
m, 10m, 5m,4m,3m,2m, 1 m, %0 cm, 80 cm, 650 cm, 50 cm,
40 c¢m, 30 ¢m, 20 ¢m, 10 cm, or 3 ¢, In some cases the
lundamental length scale of (the printed 31) object may be in
between any ol the alore-mentioned fundamental length
scales. Vor example. the [undamental length scale ol the
printed 3D object may be from about 30 pm to about 1000 m,
from about 120 pm to about 1000 m, from about 120 wm to
about 10m, rom abouwt 200 pm 1o about 1 m. rom about 150
wm 1o about 10 m.

[0213]  The term “powder,” as used herein. generally relers
to a solid having fine particles. The powder may also be
referred to as “particulate material” Powders may be granular
materials. In some examples, powders are particles having an
average lundamental length scale (e.g., the diameler. spheri-
cal cquivalent diameter, diameter ol a bounding circle, or
largest of height, width and length)of'at least about 5 nanom-
eters (nm), 10 nm, 20 nm, 30 o, 40 nm, 50 nm, 100 am, 200
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nm, 300 nm, 400 om, 500 nm, 1 pm, 35, 10 pm, 15 wun, 20 um,
35 pm, 30 pm. 40 um. 45 pm. 30 pm, 55 pm, 60 pm. 65 um. 70
pum, 75 pm, 80 pm. or 100 pm. The particles comprising the
powder may have an average lundamental length scale of at
most about 100 un, 80 pm, 735 um, 70 um, 65 i, 60 um, 53
pwm, 30 pun, 45 pm, 40 pm, 35 o, 30 um, 25 um, 20 pm, 15
pwm, 10pm, 3w, 1 um, 300 am, 400 nm, 300 nm, 200 0m, 100
nm, 30 nm. 40 nm. 30 nm, 20 nm. 10 nm. or 3 nm. In some
cases the powder may have an average [undamental length
scale between any of the values of the average particle fun-
damental length scale listed above. For example, the average
fundamental length scale of the particles may be thom about
Snmio about 10O um. from about 1 pm to about 100 pm, lrom
dboul 15 pm to aboul 45 pm, [rom about 5 pm Lo about 80 pm.
[rom abouwt 20 um Lo aboutl 80 pm. or from aboul 500 nm Lo
about 30 um.

[0214] ‘The powder can be composed ol individual par-
ticles. The particles can be spherical, oval, prismatic, cubic, or
irregularly shaped. The particles can have a tundamental
lengih scale. The powder can be composed ol a homog-
enously shaped particle mixture such that all of the particles
have substantially the same shape and fundamental length
scale magnitude within at most 190, 3%, 8%, 10%, 15%, 20%,
25%, 30%, 35%, 40%, 50%, 60%, or 70%, distribution of
[undamental length seale. In some cases the powder can be a
helerogencous mixture such that the particles have variable
shape and/or fundamental length scale magnitude.

[0215] ‘The term “base™ as used herein, generally relers Lo
any work piece on which a material used 1o form a 3D object,
is placed on. The 3D object may be formed directly on the
base. dircetly lrom the base. or adjacent o the base. The 313
object may be formed above the base. In some instances. the
313 object does not contact the base. "The 313 objeel may be
suspended adjacent (e.g., above) the base. At times, the base
may be disposed on a substrate or on the bottom of an enclo-
sure. The substrale may be disposed in an enclosure (c.g., 4
chamber). The enclosure can have one or more walls [ormed
of various types of materials, such as elemental metal, metal
allov (e.g., stainless steel), ceramics, or an allotrope of
elemental carbon. The enclosure can have shapes of various
cross-sectioms, such as cireular, triangular, square, reclangu-
lar, or partial shapes or combinations thereol. The enclosure
may be thermally insulated. The enclosure may comprise
thermal insulation. The enclosure may comprise a sealing lip
(t.g.. Mexible scaling 1ip). The scaling lip may provide ther-
mal insulation. The sealing lip may provide environmental
(t.g.. gasous) insulation. The enclosure may comprise an
opew top. The enclosure may comprise an open side or an
open bottom. The base can comprise an elemental metal,
metal alloy. ceramic. allotrope of carbon. or polymer. The
hase can comprise stone, veolile, clay or glass. The clemental
metal can include iron, molvbdenum, ungsten, copper, alu-
minm, gold, silver or titanium. A metal alloy may include
steel (e.g., stainless steel). A ceramic material may inclide
dlumina. The base can include silicon. germanium, silica.
sapphire. #inc oxide, carbon (e.g., graphile, Graphene. dia-
mond, amorphous carbon, carbon fiber, carbon nanotbe or
fullerene), SiC, AIN, GaN, spinel, coated silicon, silicon on
oxide. silicon carbide on oxide, gallium nitride. indium
nitride, titanium dioxide. aluminum nitride. In some cascs.
the base comprises a susceplor (1.e.. amalerial thal can absorb
electromagnetic energy and comvert it 1o heat). The base,
substrate and/or enclosure can be stationary or translatable.
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[0216] Insome examples the powder material, the base, or
both the powder and (he base comprise a malerial whereln its
constituents (e.g. atoms) readily lose their outer shell elee-
trons, resulting in a tree flowing cloud of electrons within
their otherwise solid arrangement. [n some examples the
powder, the base, or both the powder and the base comprise a
material characterized in having high clectrical conductivily,
low clectrical resistivity. high thermal conductivity. or high
density. The high electrical conductivity can be at least about
1¥10° Siemens per meter ($/m), 54107 $/m, 1*10° $/m, 5¥10°
Sim. 1F107 8/m, 5%107 $/m, or 1*10% §/m. The symbol =*
designales the mathematical operation “times” The high
clectrical conductivily can be from about 1107 $/m (o aboul
1#10® 8/m. The low electrical resistivity may beatmostabout
1¥107% phm times meter (Q3*m), 5¥107° Q*m, 1¥107° Q*m,
SEIOTT FmL 11077 QFm. ST10- or 1¥107% £2%m. The low
clectrical resistivity can be from aboul 11077 £2%*m (o aboul
1107 m. ‘The high thermal conductivily may be al least
about 20 Watts per meters tines degrees Kelvin (W/mK), 50
WimK, 100 W/mi, 150 Wimi, 200 W/mK, 205 W/nkK, 300
WimK. 350 Wiml, 400 W/mK. 450 WimK. 300 W/mK, 5350
WmK. 600 WmK. 700 WimK, 800 WimkK, 200 W/mK, or
1000 W/mK. The high thermal conductivity can be from
about 20 W/mK to about 1000 W/mK. The high density may
be at least about 1.5 grams per cubic centimeter (gicm’), 2
glem?, 3 giem?, 4 gfem®. 5 glom?, 6 giem®. 7 glem?, 8 giem?,
9 giem®, 10 glem®, 11 gfom®. 12 glem®. 13 giem?®. 14 giem®,
15 gfem®, 16 gfem?®, 17 gfem®, 18 g/em®, 19 giom®, 20 glom®,
or 25 gfem”. The high density can be from about 1, gfem® 10
about 1000 25 giem?.

[0217] Lawvers of a powder material can be provided addi-
lively or sequentially. At least parts ol the layers can be
trans[ormed 10 form at least a lraction (also used herein “a
portion.” or “a part”) olahardenced {e.g.. solidilicd) 3D object.
At times a transformed powder laver may comprise a cross
section of a 3D object (e.2., a horizontal cross section). A
layer can have a thickness ol at least about 0.1 micrometer
{um), (.5 wm. 1.0 pm, 10 pm, S0 pm, 100 wm. 150 pm. 200 pm,
300 pm, 400 wm, 500 pm, 600 pm, 700 1m, 300 pm, 500 un,
or 1000 . A laver can have a thickness of at most about
1000 pmy, 900 pum, 800 pm, 700 pm, 60 mn, 500 pm, 450 pm,
400 prm. 350 pmy, 300 pm, 250 um. 200 um. 130 pm, 1064 pm,
75 pm. 50 pm, 40 pm. 3G um. 20 m, 10 um. 5 um. 1 um. or
0.5 um, or less. A laver may have any value i between the
aforementioned laver thickness values. For example, the
layer may be [rom about 1000 pm 1o about .1 pm. 800 um 1o
aboul 1 pm. 600 pm to about 20 pm, 300 pm Lo aboul 30 pm,
or 1000 pm 1o gbout 10 pm. The malerial composition of at
least one laver may differ thom the material composition
within at least one other laver in the powder bed. The mate-
rials ol at least one layer may differ in its crystal structure
from the cryslal siructure of the malerial within al least one
other layer in the powder bed. The materials of at least one
laver may differ in its grain strueture from the grain struocture
of the material within at least one other laver in the powder
bed. The materials ol atl least one layer may dilfer in the
lundamental length seale ol its powder malerial rom the
tundamental length scale of the material within at least one
other laver in the powder bed. A layer may comprise Two or
more material types al any combination. For cxample, two or
more clemental melals. two ormore metal alloys, lwo or more
ceramics, lwo or more allotropes of clemental carbon. For
example an elemental metal and a metal allov, an elemental
metal and a ceramic, an elemental metal and an allotrope of
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elemental carbon, a metal allov and a ceramic, a metal alloy
and an allotrope ol elemental carbon, a ceramic and an allo-
trope of clemental carbon. All the layers deposiled during the
313 printing process may be ol the same material composilion.
In some instances, a metal alloy is formed in situ during the
process of transtorming the powder material. In some cases,
the layers of different compositions can be deposited at a
predetermined patlern. lior example. cach layer can have
composilion thal increases or decreases in a cerlain clement.
or in a cettain material tvpe. In some examples, each even
laver may have one composition, and each odd laver may
have another composition. The varied compositions of the
layer may [ollow a mathemalical series algorithm. In some
cases. al least one arca within a layer has a dillerent malerial
composilion than another arca within that layer.

[0218] A metallic malerial {e.g.. clemental metal or metal
alloy) can comprise small amounts ol non-metallic materials.
such as, for example, oxvgen, sulfur, or nitrogen. In some
cases, the metallic material can comprise the non-metallic
malerials in trace amounts. A (race amount can be al most
aboul 100000 parts per million {pprm). 10000 ppm, 1000 ppm.
500 pp, 400 ppm, 200 ppm, 100 ppm, 30 ppm, 10 ppm, 3
ppm, or 1 ppm (on the basis of weight, w/w) of non-metallic
material. A trace amount can coprise at least about 10 ppt,
100 ppt, 1 ppb, 5 ppb, 10 ppb. 30 ppb, 100 ppb. 200 pph. 400
pph, 300 ppb, 1000 ppb. 1 ppm, 10 ppm, 100 ppm, 300 ppm.
1000 ppm, or 10000 ppm (on the basis of weight, w/w) of
nop-metallic material. A trace amount can be any valve
hetween the alore-mentioned trace amounts. Vor example. a
trace amournl can be [rom aboul 10 parts per trillion (pp() Lo
dboul 100000 ppm. [rom aboul | ppb (o about 100000 ppm.
from about 1 ppm to about 10000 ppm, or from about 1 ppbto
about 1000 ppm.

[0219] In some instances, adjacent components are sepa-
rated trom one another by one or more intervening lavers. In
an example, a lirst layer s adjacent (0 a second layer when the
first layer is in direet contact with the second layer. In another
example, a first laver is adjacent 1o a second laver when the
first laver is separated thom the second laver by at least one
laver (e.g., athird laver). The intervening laver may be of any
layer sive disclosed herein.

[0220] The term “auxiliary [ealures,” as used herein, gen-
crally relers Lo [eatures that are part ol a printed 312 object, but
are not part of the desired, intended. designed, ordered. or
final 3D object. Avxiliary features (e.g., amxiliary supports)
may provide struetural support during, and/or subsequent to
the lormation of the 312 objeet. Auxiliary lcatures may cnable
the removal or energy [rom the 31 object that is being lormed.
Examples of auxiliary features comprise heat fins, anchors,
handles, supports, pillars, columns, frame, footing, scattold,
flange, projection, protrusion, mold (ak.a. mould) or other
slabilization features. In some instances. the auxiliary support
is a scallold that encloses the 31D objeet or parl thereol. The
scatfold may comprise lightly sintered or lightly fised pow-
der material.

[0221] The present disclosure provides svstems, appara-
muses and methads tor 3D printing of'an object trom a material
(c.g.. powder material). The objeel can be pre-designed, or
designed inreal time (Le., during the process of 31 printing).
The 31 printing method can be an additive method in which
a first laver is printed, and thereatter a volume of a material is
added to the first layer as separate sequential lavers. Each
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additional sequential laver can be added to the previous laver
by trans(orming {c.g., Musing. c.g., melling) a fraction of the
powder malerial.

[0222] Relerence will now be made 1o the ligures. wherein
like numerals refer 1o like parts throvghout. It will be appre-
ciated that the figures and features therein are not necessarily
drawn to scale.

[0223] Anexample of'a system that can be used 10 generate
an object by a 31D printing process is shown in UIG. 1. The
system can comprise a powderbed 100 on abase 102, In some
instances, the base 102 can be used during the formation
process. In some situations, the nascent object, or object
formed during the 31 printing process. [oats in the powder
bed 101 withoutl touching the base 102, The base 102 can
support at least one. two. three, lour, (ive, six, seven, cight,
nine, ten, eleven, twelve, thirteen, fourteen, or fifteen powder
lavers. The base can be heated or cooled to a predetermined
lemperalure or according 10 a lemperalure gradient. The lem-
perature gradient can be defined for a predetermined amount
of'time. The predetermined temperature can be at least about
10 degrees Celsivs (° C.), 20° C, 25° C,, 30° C,, 40° C, 50°
C.,60°C,70°C,80°C., 90°C., 100°C, 130°C., 200° C |
2507 €., 3007 CL 3507 L, 4000 C., 4500 CL 5000 O, 5500 €,
6007 C., 6307 C.L7007 C, 750 C, 8000 ClL 8300 O, 900° .,
or 1000° C. The predetermined temperature can be at most
about 1000° C., 900° C., 800° C.,700° C., 600° C., 650° C |
6007 €., 5507 C.L 5007 ., 4500 C, 4000 CL 3500 L 3000 ¢,
2507 C.o2000 C, 1507 ¢, 1007 CL 50° Cloor 107 L 'The
predetermined temperature can be in between any ol the
values of temperature listed above. For example, from about
10° C. 1o about 1000° C ., from about 100° C. 10 about 600° C .,
from aboul 2007 C. o about 5007 C.. or rom about 3007 C. o
aboul 4507 C. The base can be thermostable. The base 102 can
have walls. The base having walls can be referred 10 as a
container that accommodates a powder bed. The base (e.g.,
the walls ofthe base) may comprise temperature sensors (e.g.,
one or more thermocouples). The lemperature sensors may be
operatively coupled 1o a controller. The controller may com-
prise a processor (e.g., a computer). In some instances, the
temperature measures of the powder bed 101 and/or the base
102 can be made optically, for example by using an infrared
{1} lemperature sensor. The temperalure sensors can moni-
lor the temperature at the edges of the powder bed, al one or
more random places in the powder bed, at the center of the
powder bed, at the base, or in any combination thereot. The
lemperalure sensors can monitor the emperature al predeter-
mincd limes, al random times. or at a whim. In some casces the
walls o[ the base can be insulated. 'The base {e.g., the walls of
the base) can be heated or cooled continvously or sporadi-
cally 1o maintain a desired temperature of the powder bed.
The powder bed can have an exposed (op surlace, a covered
lop surlace. or a partially exposed and partially covered lop
surface. The powder bed can be at least about 1 mm, 10 mm,
25 mm, 50 mm, 100 mm, 200 mm, 300 mm, 400 mm, or 500
mm wide. The powder bed can be at least about 1 mum, 10mm,
25 mm. 30 mm, 100 mm, 200 mm, 300 mm, 400 mm, or 500
mm deep. The powder bed can be at least about 1 mm, 10 mm,
25 mm, 50 mm, 100 mm, 200 mm, 300 mm, 400 mm, or 500
mn long, The powder bed 101 on the base 102 can be adjacent
Lo a powder reservoir (e.g.. 103). The powder reservoir can be
disposed in a container {c.g., 104). The container may be a
stationary or a translatable. The powder bed 101 can be main-
tained at or near thermal equilibrinm throughout the printing
process. The average temperature of the powder bed can
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thermally fluctate iy at least0.1°C., 0.2°C,03°C.,04°C,
0.5 C.O0°C, 07 C, 08 CL08°C, 170,20 CL3, 7 L
4005 CLotCL, T LB Ol CL 0P CL 15 CL 200 O
30°C., 40° C, or 50° C., or less during the printing process.
The average temperature of the powder bed can thermally
fuctuate by al most aboul 307 C., 40° CL30° C, 200 C, 107
(., or 53 C. during the printing process. The average lempera-
ture of the powder bed can thermally Nuciuale between any ol
the atorementioned temperature fluctuation valves. For
example, the average temperature of the powder bed can
fluctuale by a lemperature range ol from 50° C. o 5 C.or
[rom 307 C. 10 57 C.

[0224] During the printing process powder from the pow-
der reservoir (eag., 103) can be moved from the reservoir Lo
the base (e.g., 102) to provide new powder, recycled powder,
cool powder or any combination thereot to the powder bed
(c.g.. 107 yon the base. Powder can be moved from the powder
reservolr o the powder bed by a layer dispensing mechanism
(also herein “translating mechanism™ e.g., 105, Also herein
“laver adding mechanism™). The laver dispensing mecha-
nism can be a translating mechanism (e.g., translating
deviee). which can include one or more moving parts. The
layer dispensing mechanism can be a devise capable ol mov-
ing the powder, depositing the powder, leveling the powder,
removing the powder, or any combination thereof.

[0225] The layer dispensing mechanism may be translated
substantially horizontally, vertically or al an angle. The layer
dispensing mechanism may be translated laterally. In some
examples. the base, the substrale, the enclosure, or the powder
bed may be translatable. The laver dispensing mechanism
may comprise springs. The base, substrate, enclosure or the
powder bed may be translated substantially horizontally (c.g..
right (o lelt and vice versa). substantially vertically (e.g.. op
1o hollom and vice versa) or al an angle. Al least ome of the
enclosure, the substrate, and the base may comprise a lower-
able platform (e.g., an elevator). The elevator may translate
the powder bed (or the container thereol) o a first posilion.
Powder may be deposited in the powder bed (or in the con-
tainer thereof) in the first position. The powder bed may be
subsequently translated to a second position. In some
examples, the second position is lower than the first position.
In the second position the powder bed may be verlically
[arther from the Tayer dispensing mechanism. as compared Lo
the first position. In some examples, the powder bed or the
container thereof may be smationary. In some examples, the
socond position is higher than the st position (c.g.. by the
clevalor). In some examples, layer dispensing mechanism
may be able (0 move Lo the second position. The side ol the
laver dispensing mechanism that is closest to the exposed
surface of the powder bed is designated herein as the bottom
ol the layer dispensing mechanism. When the powder bed (or
the container thereol is in the sceond position, al least part ol
the deposited powder may be located vertically above the
bottom of the laver dispensing mechanisim. At times, the
container accommodating the powder bed may be devoid of
powder material. Al times. the container accommodating the
powder bed comprises powder material. The layer dispensing
mechanism may be translated laterally along the powder bed
such that at least part of the powder material obstructs the
movement ol the layer dispensing mechanism in the sccond
position. The layer dispensing mechanism may push, com-
press or colleet the obstructing powder material as il moves
laterally. The laver dispensing mechanism may level the pow-
der material on its lateral movement along the powder bed
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{e.g., along the width or the length of the powder bed). The
leveling ol the powder may resull in generaling a plane with
substantially planar unilormity i at least one plane (e, a
horizemtal planc) al the top (i.c., exposed surface) of the
powder bed. The leveling of the powder may result in gener-
ating a plane with average planar nniformity in at least one
plane (e.g., horizontal plane) at the top of the laver of powder
material. The average plane may be a plane delined by a least
squares planar [ of the lop-most part of the surlace of the
laver of powder material. The average plane may be a plane
calculated by averaging the powder height at each point on the
top surtace of the powder bed. The laver dispensing mecha-
nism (c.g.. 103} can comprise a roller. a brush, a rake (c.g.,
saw-looth rake or dowel-looth rake), 2 plough. a spatula or a
kaifcblade. The layer dispensing mechanism may comprise a
vertical cross section (e.g., side cross section) of a circle,
triangle, square, pentagon, hexagon, octagon, or any other
polygon. In some cases, the layer dispensing mechanism can
comprise a roller. The roller can be a smooth roller, The roller
can be a rough roller. The roller may have protrusions or
depressions. The extrusions may be bendable extrusions (e.g.,
brush); the extrusion may be hard extrusions (e.g., rake). The
exlrusions may comprise a poinly end. a round end or a blunt
cnd. The protrusions or depressions may [orm a patlern on the
roller, or be randomly situated on the roller. Alternatively or
additionally, the layer dispensing mechanisin can comprise a
plough or a rake. The layer dispensing mechanism may com-
prisc a blade. The blade may comprise a planar concave,
planar convex. chiscl shaped. or wedge shaped blade. "The
blade may have a chisel or wedge shape, as well as a concave
top surtace (FIG. 12C ar 1212) that may allow powder 1o
accumulate om its lop (c.g. 1214). The blade may have a
chisel or wedge shape (e.g., FIG. 1213 at 1207 and allow the
powder o slide on its top. (eag., 12093, The blade may com-
prise a sharp edge or a curved surface. The curved surface
may comprise a radivs of curvature ot at least about 0.5 mm,
1 mm. 2mm, 3 mm, 4 mm. 3 mm. 6 mm, 7 mm, 8 mm. $mm,
10 mm. or 11 mm. The radius ol curvalure may be ol al most
about 12 mm, 11 mm, 10 mm, 9 mm, 8§ mm, 7 mm, 6 mm, 5
m, 4 mm, 3 mn, 2 mm, or 1 mm. The radivs of curvature of
the curved surface may be any value between the aforemen-
tioned values {e.g.. [rom aboul (.5 mm Lo about 12 mm. [rom
about (.5 mm 1o aboul 5 mm, or [rom aboul 3 mm lo about 12
m). The laver dispensing mechanism may be comprised of
a ceramic, metallic, metal alloy (e.g., steel) or polymeric
malterial (c.g., rubber). lior example. the layer dispensing
mechanism (e.g., 105) can comprise 2 rake with vertical lea-
lures thal can be used (0 move the powder. and vertical open-
ing in between the features. In some cases the layver dispens-
ing mechanism can have a substantially convex, concave,
slanted. or straight edge that contact the powder bed. The edge
ol the layer dispensing mechanism can be perpendicular,
parallel or at an acute angle that is between zero and 90
degrees with respect to the surface of the powder bed. The
laver dispensing mechanism can be configured 10 provide a
smooth. even, andfor leveled layer ol reeyeled powder, new
powder. cool powder, hol powder, powder al ambient lem-
peratures, or any combination thereof across the top surface
of the powder bed. The powder material can be chosen such
thal the powder material is the desired or otherwise predeter-
mined malerial lor the object. Insome cases. alayerol the 31
object comprises a single type ol material. In some examples,
a laver of the 3D object may comprise a single elemental
metal tvpe, or a single alloy tvpe. [ some examples, a laver
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within the 3D object may comprise several tvpes of material
(t.g.. an clemental metal and an alloy. an alloy and a ceramics.
an alloy and an allotrope of elemental carbon). In cerlain
embodiments each tvpe of material comprises only a single
member of that tvpe. For example: a single member of
clemental metal {c.g., iron). a single member ol metal alloy
(t.g.. stainless steel), a single member of ceramic malerial
(c.g.. silicon carbide or lungsten carbide). or a single member
(e.g., an allotrope) of elemental carbon (e.g., araphite). In
some cases, a laver of'the 3D object comprises more than one
type of material. In some cases. a layer of the 313 object
compriscs more than one member of a malerial ype.

[0226] The clemental metal can be an alkali metal, an alka-
line earth metal, a transition metal, a rare earth element metal,
or another metal. The alkali metal can be Lithium, Sodium,
Potassium, Rubidium, Cesium, or Francium. The alkali earth
metal can be Beryllium. Magnesium. Caleium, Strontium.
Barium, or Radium. The transition metal can be Scandium.
Titanium, Vanadium, Chromium, Manganese, Iron, Cobalt,
Nickel, Copper, Zine, Yttrivm, Zirconinm, Platinum, Gold,
Rutherlordium. Dubnium, Scaborgium, 3ohrium, | lassiwm.
Meitnerium. Ununbium. Niobium, Iridium. Molybdenwm.
Technetium, Ruthenium, Rhodium, Palladium, Silver. Cad-
mium, Hafnium, Tantalum, Tongsten, Rhenium, or Osmium.
The transition metal can be mercury. The rare earth metal can
be a lantanide. or an actinide. The lantinide metal can be
lanthanum. Cerium, Prascodymium, Neodymium. Prome-
thium, Samarinm, Buropium, Gadolinium, Terbium, Dyspro-
sium, Holmivm, Erbium, Thulium, Yiterbivm, or Lutetium.
The actinide metal can be Actinium, Thorium, Protactinium,
Uranium. Neptlunium, Plutonium, Americium. Curium, 13er-
kelium, Califormium, Hinsteiniuom, Fermium. Mendelevium.
Nobelivm, or Lawrencium. The other metal can be Alu-
minivm, Gallium, Indivm, Tin, Thallivim, Lead, or Bismuth.
[0227] The metal alloy can be an iron based allov, nickel
based alloy. coball based allow. chrome based alloy, cobalt
chrome based alloy, itanium based alloy. magnesium based
allov, copper based alloy, or any combination thereof. The
alloy may comprise an oxidation or corrosion resistant alloy.
The allov may comprise a super alloy (e.g., Inconel). The
super alloy may comprise lnconel 600. 617, 625, 690, 718. or
X-750. The maetal (e.g., alloy or clemental) may comprise an
allov vsed for applications in industries comprising aero-
space, automotive, marine, locomotive, satellite, defense, oil
& pas, energy generation, semiconductor, tashion, construe-
tion, agricullure, printing, or medical. The metal (e.g., alloy
or clemental) may comprise an alloy used lor products com-
prising, devices, medical devices (human & veterinary),
machinery, cell phones, semiconductor equipment, genera-
lors, engines. pistons. clectronics (e.g., cireuils). clectronic
cquipment, agriculture cquipment. molor. gear, lransmission.
communicalion equipment, compuling equipment {e.g., lap-
1op, cell phone, i-pad), air conditioning, generators, furniture,
musical equipment, art, jewelry, cooking equipment, or sport
gear. The metal (c.g.. alloy or clemental) may comprise an
alloy used [or produets lor human or velerinary applications
comprising implants, or prosthetics. The metal alloy may
comprise an alloy used for applications in the fields compris-
g human or veterinary surgery, implants (e.g., dental), or
prosthetics.

[0228] ‘The methods, apparaluses and systems ol the
present disclosure can be used o form 31 objects [or various
uses and applications. Such uses and applications include,
without limitation, electronics, components of electronics
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{e.g., casings), machines, parts of machines, tools, implants,
prosthetics. Tashion items. clothing, shoes or jewelry. “The
implants may be directed (e.g., integrated) o a hard, a soll
tissue or to a combination of hard and soft tissues. The
implants may form adhesion with hard or soft tissue. The
machines may ineclude motor or motor parts. The machines
may include a vehicle. The machines may comprise acro-
space related machines. The machines may comprise air-
borne machines. The vehicle may include airplane, drone,
car, train, bicycle, boat, or shuttle (e.g., space shuttle). The
machine may include a satellite or a missile. The uses and
applicaliom may include 313 objocts relating (o the indusiries
and/or products listed above.

[0229]  Insome instances, the iron alloy comprises Llinvar,
liernico.  Perroalloys,  lnvar,  Iron hydride,  Kowvar,
Spiegeleisen, Staballoy (stainless steel), or Steel. In some
instances the metal allov is steel. The Ferroalloy may com-
prise erroboron, Ferrocerium. lierrochrome, erromagne-
sium, Ferromanganese. erromolybdenum, lierronickel. Fer-
rophosphorus, Ferrosilicon, Ferrotitanium, Ferrouraniom, or
Ferrovanadium. The iron allov may include cast iron, or pig
iron. The steel may include Bulat steel, Chromoly, Crucible
steel, Damascus steel. | Hadlield steel. High speed steel, I8ILA
steel, Maraging steel. Reynolds 331, Silicon steel. Spring
steel, Stainless steel, Tool steel, Weathering steel, or Wootz
steel. The high-speed steel may include Musher steel. The
stainless steel may include AlL-6XN, Alloy 20, cclesirium,
marine grade stainless, Martensitic stainless stecl, surgical
stainless steel, or Zeron 100, The ol stecl may include Silver
steel. The steel may comprise stainless steel, Nickel steel,
Nickel-chromivm steel, Molyhdenum steel, Chromium steel,
Chromium-vanadium steel, Tungsten steel, Nickel-chro-
mium-molybdenum sieel. or Silicon-manganese steel. The
steel may be comprised of any Sociely of Aulomotive lingi-
neers (SAE) arade such as 440F, 410, 312, 430, 4404, 4408,
440,304, 305,304L, 3041, 301, 304LN, 301LN, 2304, 316,
3161, 316LN, 316, 3T60.N. 3161, 3161.. 316, 3171.. 2205,
409, 9041, 321, 2548MO, 31670, 32111 or 30411 The sicel
may comprise stainless steel of at least one crvstalline strue-
ture selected trom the group consisting of avstenitic, super-
austenitic, ferritic, martensitic, duplex, and precipitation-
hardening martensitic. Duplex stainless stecl may be lean
duplex, standard duplex, super duplex, or hyper duplex. The
stainless steel may comprise surgical grade stainless steel
{e.g., austenitic 316, martensitic 420, or martensitic 440). The
ausienilic 316 stainless steel may include 3161, or 3161 WM.
The steel may include 17-4 Precipitation [lardening sieel
{also known as type 630, a chromium-copper precipitalion

hardening stainless steel, 17-4P'H steel).

[0230] The titanium-based allovs may include alpha alloys,
near alpha allovs, alpha and beta alloys, or beta alloys. The
titanium alloy may comprise grade 1,2, 2H, 3, 4, 5, 6,7, TH,
8,9,10. 11,12, 13, 14. 15, 16. 1611. 17, 18. 19, 20. 21, 2, 23,
24, 25,26, 2611, 27. 28, 29. 30, 31. 32, 33. 34,35, 36, 37. 38,
or higher. In some instances the titanium base alloy includes
Ti-6A1-4V or Ti-0A1-7Nb,

[0231] The Nickel allov may include Alnico, Alumel,
Chromel, Cupronickel, Ferronickel, German silver, Hastel-
loy, Inconel, Monel metal, Nichrome, Nickel-carbon. Nicro-
sil, Nisil. Nitinol, or Magnetically “solC alloys. The magneti-
cally “soft” alloys may comprise Mu-metal, Permalloy,
Supermalloy, or Brass. The brass may include Nickel hydride,
Stainless or Coin silver. The cobalt alloy may inelude Mega-
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livm, Stellite {(e. 2. Talonite), Ultimet, or Vitallium. The
chromium alloy may include chromium hydroxide. or
Nichrome.

[0232] The aluminum alloy may include AA-BOOD. AL i
(aluminmim-lithivm), Alnico, Duralumin, Hiduminivm, Kry-
ron Magnalium, Nambe, Scandinm-aluminum, or Y alloy.
The magnesium alloy may be Llekiron. Magnox, or’|-Mg
Al Zn (Bergman phasc) alloy.

[0233] ‘The copper alloy may comprise Arsenical copper.
Bervllium copper, Billon, Brass, Bronze, Constantan, Copper
hyvdride, Copper-tungsten, Corinthian bronze, Cunife,
Cupronickel. Cymbal alloys. Devarda™s alloy. Dlectrum.
Hepatizon, lleusler alloy, Manganin, Molybdochalkos.
Nickel silver. Nordic gold, Shakudo. or Tumbaga. The 13rass
may include Calamine brass, Chinese silver, Dutch metal,
Gilding metal, Muntz metal, Pinchbeck, Prince’s metal, or
Tombac. The Bronze may include Aluminum bronse, Arseni-
cal bronse, Bell metal. llorenting bronge. (fuanin. (runmetal.
Glueyvdur, Phosphor bronze, Ormolu, or Speculum metal.
[0234] The powder can be confignred 1o provide support to
the 3D object as it is formed in the powder bed by the 3D
printing process. In some inslances, a low lowability powder
can be capable of supporting a 313 object betler than a high
Mlowability powder. A low lowabilily powder can be achicved
iter alia with a powder composed of relatively small par-
ticles, with particles of non-unitorm size or with particles that
allract cach other."The powder may be ol low, medium or high
fMlowability. The powder malterial may have compressibility ol
at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, or 10%
i1 response to an applied force of 135 kilo Pascals (kPa). The
powder may have a compressibility of at most about 9%, 8%,
Ty, 0% 5%, 4.5%, 4.0%, 3.5%. 3.0, 2.5%, 2.0%. 1.5%.
1.0%, or 0.5% In response (o an applied loree ol 15 kilo
Pascals (kI'a). The powder may have a basic tlow energy of at
least about 100 milli-Toule (ml), 200 ml, 300 I, 400 mJ, 450
mJ, 300 ml, 350 ml. 600 ml, 650 ml. 700 ml. 750 ml), 800m..
or 900 mJI. The powder may have a basic [ow energy ol at
maost about 200 mJ, 300 ml, 400mI. 450 ml, 500 ml, 550 ml.
600mJ, 650 mJ, 700 mJ, 750 mJ, 800 mJ, 300 mJ, or 1000 m].
The powder may have basic low energy in between the above
listed values ol basic [ow cnergy. For example, the powder
may have a basic flow energy from about 130 mj (o about
1000 mJ, from about 100 myj to about 600 ml, or from about
500 mj to about 1000 mJ. The powder may have a specific
energy of at least about 1.0 milli-Joule per gram (ml/g), 1.5
mlfg. 2.0 mlig, 2.5 mlig, 3.0 mlg, 3.5 mlig. 4.0 mlfg. 4.5
mlfg. or 3.0 mlg. The powder may have a specilic energy ol
atmost 5.0ml/g, 45 mle, 4.0 ml/g, 3.5 ml/g, 3.0 mlig, 2.5
ml, 2.0mle, 1.5 mlg, or 1.0 ml/g. The powder may have
a specifie energy in between any of the above valucs ol
speeilic energy. lor example, the powder may have a speceilic
energy [rom aboul 1.0 mJ/g to aboul 5.0 mlfg. [rom about 3.0
mle to about 5§ mlg, or from about 1.0 ml/g to about 3.5
[0235] The 3D object can have auxiliary teatures that can
be supported by the powder bed. "The 31) object can have
auxiliary leatures thal can be supported by the powder bed
and not touch the base, substrate, container accommodating
the powder bed, or the bottom of the enclosure. The three-
dimensional part (313 object) in a complele or partially
lormed stale can be completely supported by the powder hed
(t.g.. withoul touching the substrate, base. container accom-
modating the powder bed, or enclosure). The three-dimen-
sional part (3D object) in a complete or partially formed state
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cal be completely supported by the powder bed (e.2., without
louching anything except the powder bed). "The 313 object in
a complele or partially lormed state can be suspended in the
powder bed without resting on any additional support struc-
tures. In some cases, the 3D object in a complete or partially
formed (Le.. nascent) stale can oal in the powder bed.
[0236] The 31D object can have various surlace roughness
profiles. which may be sultable [or various applications. "The
surface roughness may be the deviations in the direetion ol
the normal vector of a real surface, from its ideal form. The
surface roughness may be measured as the arithmetic average
ol the roughness profile (hereinalier “Ra”™). Ra may use abso-
lute values. The 31 object can have a Ra value ol at least aboul
200 pm, 100 um, 75 un, 50 pm, 43 pm, 40 m, 35 wun, 30 un,
25pum, 20w, 15, 10pum, 7 pm, 5 pm, 3 pm, 1 pm, 500 i,
400 nm, 300 nm, 200 nm, 100 nm, 50 nm, 40 nm, or 30 nm.
The lormed object can have a Ra value of al most about 200
wrm. TO0 wm, 75 pm. 50 pm, 45 um. 40 pm, 35 pm. 30 pm, 25
i, 20 pm, 15 pm, 10 pm, 7 wm, 5 pm, 3 un, 1w, 300 o,
400 nm, 300 nm, 200 nm, 100 nm, 50 nm, 40 nm, or 30 nm.
The 31 object can have a Ra value between any of the alore-
mentioned Ra values. lior example, the Ra value can be [rom
aboul 30 nm (o aboul 30 um from aboul 5 pm (o aboul 40 pm
from about 3 pm 1o about 30 wm from abont 10 om to about 50
wm or trom about 15 nm to about 80 pm. The Ra values may
be measured by electron microscopy (e.g., scanning clectron
microscopy), scanning lunneling microscopy, alomic [orce
microscopy, optical microscopy (e.g., contocal, laser), or
vltrasound. The Ra valves may be measured by a contactor by
a non-contact method.

[0237]  The 313 object may be composed of successive lay-
ors (c.g. successive cross scellons) ol solid material (hat
originaled from a translormed malerial (e.g.. [used. sinlered,
melted, bound or otherwise connected powder material). The
transformed powder material may be connected 1o a hardened
{c.g.. solidilied) material. "The hardened malerial may reside
within the same layer. or in another layer (e.g. 4 previous
laver). In some examples, the hardened material comprises
disconnected parts of the three dimensional object, that are
subsequently connected by the newly transformed material
{c.g.. by Musing. sintering. melting, binding or otherwise con-
neeling a powder malerial ).

[0238] A cross seelion (e.g. verlical cross seetion) ol the
generated (1.e., formed) 3D object may reveal a microstruc-
ture or a grain strueture indicative of a lavered deposition.
Wilthout wishing (o be bound 1o theory, the microstruclure or
grain struclure may arise due o the solidification of trans-
formed powder material that is typical Lo andéor indicative ol
the 3D printing method. For example, a cross section may
reveal a microstrueture resembling rpples or waves that are
indicative al solidificd melt pools that may be lormed during
the 312 printing process. The repetitive layered structlure ol the
solidified melt pools may reveal the orientation at which the
part was printed. The cross section may reveal a substatially
repetitive microstructure or grain structure, The microstruc-
lure or grain struclure may comprise substantially repetitive
varialions in material composilion, grain orientation, material
density, degree of compound segregation or of element sep-
regation to grain boundaries, material phase, metallurgical
phase, crystal phase. crystal structure, malerial porosity, or
any combination thereol. The microstructure or grain slruc-
lure may comprise subslantially repetitive solidification ol
lavered melt pools. The substantially repetitive microstruc-
ture may have an average layer size of at least about 0.5 pm,
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1 pm, 5 pm, 10 pm, 20 pm, 30 pm, 40 pm, 50 pm, 60 um, 70
pm, 80 pm. 90 pm. 100 wm. 150 pmy, 200, 250 wm. 300 wm.
350 pwm. 400 pm. 450 pm or 300 um. The substantially repeti-
Tive microstructure may have an average laver size of at most
about 300 pw, 450 wm, 400 pmy, 350 pmy, 300 (um, 250 um, 200
pwm, 150 pm, 100 pm, 90 um, 80 pum, 70 un, 60 pm, 50 jum, 40
pm, 30 pm, 20 um. or 10 um. The substantially repetitive
microsiructure may have an average layer size ol any value
between the atorementioned values of laver size. For
example, the substantially repetitive microstructure may have
an average layer size [rom aboul 0.5 pm o aboul 300 pm.
[rom about 15 pm o aboul 50 pm. lrom abowl 5 pm o about
150 pm. [rom about 20 um o about 100 pm, or [rom about 10

pm to about 80 1m.

[0239] ‘The printed 31 object may be prinied without the
nse of auxiliary tfeatures, may printed vsing a reduced amount
of avxiliary features, or printed nsing spaced apart auxiliary
[eatures. In some embodiments, the printed 31 objecl may be
devold ol one or more auxiliary support leatures or auxiliary
support features or auxiliary support teature marks that is
indicative of a presence or removal of the auxiliary support
feature that are indicative of a presence or removal of the
auxiliary support leatures. The 31 objeet may be devold ol
one or more auxiliary support [eatures and ol one or more
marks of an auxiliary feature (including a base structure) that
was removed (e.g., subsequent to the generation of the 3D
object). The printed 313 object may comprise a single auxil-
iary support mark. The single auxiliary feature (e.g., auxiliary
supporl or auxiliary structure) may be a base. a substrale. ora
mold. The auxiliary support may be adhered 1o the base,
substrate, or mold. The 3D object may comprise marks
helonging o one or more auxiliary structures. The 31 object
may comprise lwo or more marks belonging o auxiliary
[eatures. The 31 object may be devoid ol marks pertaining Lo
an auxiliary support. The 3D object may be devoid of an
auxiliary support. The 3D object may be devoid of one or
more auxiliary support [eatures and ol one or more marks
perlaining (o an auxiliary supporl. The mark may comprise
variation in grain orlentation, variation in lavering orienta-
tion, variation in lavering thickness, variation in material
density, variation in the degree of compound segregation to
grain boundarics, varialion in malerial porosily. varialion in
the degree ol clement segregation (o grain boundarics, varia-
Tion in material phase, variation in metallurgical phase, varia-
tion in crystal phase, or variation in crystal structure, where
the variation may nol have been created by the geometry ol
the 312 objeet alone. and may thus be indicative of a prior
existing auxiliary support (thal was removed. "The varlation
may be torced upon the generated 30 object by the geometry
of the support. [n some instances, the 3D structure of the
printed object may be forced by the auxiliary support (c.g.. by
amold). For example, 2 mark may be a point of discontinuily
that is not explained by the geometry of the 3D object, which
does not include any avxiliary supports, a mark may be a
surface feature that cannot be explained by the geometry of a
313 object, which does not include any auxiliary supporis
(t.g.. amold). The two or more auxiliary [ealures or auxiliary
support feature marks may be spaced apart by a spacing
distance of at least 1.5 millimeters (mm}), 2 mm, 2.5 mm, 3
mm, 3.5 mm. 4 mm, 4.5 mm, 5 mm. 5.5 mm, 6 mm, 6.5 mm.
7 mm, 7.5 mm, § mm. 8.5 mm. 9 mm. 9.5 mm. 10 mm, 10.5
mm, TTmm. 1T.3mm. 12mm, 12.5mm. 13 mm, 13.5mm. 14
mm, 14,5 mm, 15 mm, 15.5 mm, 16 mum, 20 mm, 20.5 mm, 21
mm, 25 mm, 30 mm, 30.5 mm, 31 mm, 35 mm, 40 mm, 40.5
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mm, 41 mm, 45 mm, 30 mm, 80 mn, 100 mm, 200 mm 300
mu. or 300 mm. The two or more auxiliary support lcatures
or auxiliary support [ealure marks may be spaced aparl by a
spacing distance ofatmost 1.5 mm, 2 mm. 2.5 mm, 3 mm. 3.5
mm, 4 mm, 4.5 mn, 3 mm, 5.5 mn, 6 mm, 6.5 mm, 7 mm, 7.5
m, 8 mm, 8.5 mm, 9 mm, 9.5mm, 10 mm, 10.5 mm, 11 mm,
11.5mm, 12 mm, 12.5 mm, 13 mm, 13.5 mm, 14 mm, 14.5
mm. 15 mm. 155 mm, 16 mm, 20 mm. 20.5 mm. 21 mm, 25
mm. 30 mm. 30.5 mm, 31 mm, 35 mm. 40 mm. 40.5 mm, 41
m, 45 mm, 50 mm, 80 mm, 100 mm, 200 mm 300 mm, or
5300 mm. The two or more auxiliary support teatures or aux-
iliary support feature marks may be spaced apart by a spacing
dislance ol any value between the alorementioned auxiliary
supporl space values. For example. the auxiliary fealures can
be spaced apart by a distance from 1.5 mm (o 500 mm, [rom
2 mm to 100 mm, from 15 mm to 50 mm, or from 435 mm to
200 mm. (collectively referred to herein as the “auxiliary
feature spacing distance.”

[0240] The 3D object may comprise a lavered structure
indicative of 3D printing process that is devoid of one or more
auxiliary support [catures or one or more auxiliary supporl
leatlure marks (that are indicalive of a presence or removal of
the ome ormore auxiliary support features. The 313 object may
comprise a lavered structure indicative of 3D printing pro-
cess, which includes one, two or more auxiliary support
marks. he supports or support marks can be on the surlace of
the 3D object. The auxiliary supports or supporl marks can be
on an external, on an internal surlace (e.g.. a cavily within the
3D object), or both. The lavered structure can have a lavering
plane. In one example, two auxiliary support features or aux-
iliary support [eature or auxiliary support lealure mark
present in the 31 object may be spaced apart by the auxiliary
lealure spacing distance. The acule (1.c. sharp) angle alpha
between the straight line connecting the two auxiliary sup-
ports or auxiliary support marks and the direction of normal to
the layering planc may be al least about 43 degrees(™). 507,
559 607, 63°, 707, 75, 80%, or 85°. The acule angle alpha
between the straight line connecting the two auxiliary sup-
ports or auxiliary support marks and the direction of normal to
the lavering plane may be at most aboutr 90°, 85°, B0®, 75°,
T07 657,607, 557, 50°, or 45°. The acule angle alpha between
the straight line connecling the two auxiliary supporls or
auxiliary support marks and the direction of normal to the
lavering plane may be any angle range between the aforemen-
tioned angles. lor example. [rom aboul 45 degrees(®). 1o
about ¥, [rom about 60" lo aboul 90°, rom aboul 73° 1o
about ¥, [rom about 80 lo aboul 90°, rom aboul 83° 1o
about 90°, The acute angle alpha between the straight line
connecting the two avxiliary supports or auxiliary support
marks and the direction of normal Lo the layering plance may
from about 877 (0 aboul 90°. The two auxiliary supporls or
auxiliary support marks can be onthe same surtace. The same
surface can be an external surface or on an internal surtace
{e.g., a surface of a cavity within the 3D object). When the
angle between the shorlest straight line connecling the two
auxiliary supports or auxiliary support marks and the diree-
tion of normal to the lavering plane is greater than 90 degrees,
obe can consider the complementary acute angle. [n some
cmbodiments. any (wo auxiliary supports or auxiliary support
marks are spaced apart by at least aboul 10.5 millimeters or
more. In some cmbodiments. any two auxiliary supporls or
auxiliary support marks are spaced apart by at least about 40.5
millimeters or more. In some embodiments, any two auxiliary
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supports or auxiliary support marks are spaced apart by the
auxiliary lealure spacing dislance.

[0241] The one ormore layers within the 31 object may be
substantially al. The substantially lal one or more layers
may have a large radius of curvature. The one or more lavers
may have a radius of curvature equal to the surface radivs of
curvature. The surface radius ol curvature may have a valucol
al least about (.1 centimeter (em). 0.2 em, 0.3 em, 0.4 cm. 0.5
cm, 0.6 cm, 0.7 cm, 0.8 em, 0.9 ¢, 1 ey, S cm, 10 cm, 20cm,
30 cm, 40 cm, 50 cm, 60 cm, 70 cm, 80 cm, 90 c, 1 meter
(m),1.5m, 2m,2.5m,3m, 35m,4m, 4.5m,5m, 10m, 15
m. 20 m, 25 m. 30 m, 30 m. or 100 m. The surface radius of
curvature may have a value ol at most about 0.1 centimeler
{cm), 0.2 cm, 0.3 cm, 0.4 ¢, 0.5 cm, 0.6 ¢, 0.7 ¢m, 0.8 cm,
09cm, 1 cm, 5 ¢cm, 10 ¢cm, 20 cm, 30 em, 40 ¢, 50 cm, 60
cm, 70em, 80 em, Y0 cm. I meter (m). 1.5 m. 2m, 2.5 m, 3 m.
35mdm,45m, 5m, 10m, 15 m. 20 m. 25 m, 30 m, 30 m.
or 100m. The surface radius of curvature may have any value
between any of the atore-mentioned values of the radivs of
curvature, For example, trom about 10 ¢m 1o about 90 m,
[rom about 50 ¢m o about 13 m, [rom about 5 cm 1o aboul 1
m. [rom aboutl 30 ¢cm to aboul 5 m, or from aboul 40 ¢m (o
about 50 11 In some examples, the one or more lavers may be
included in a planar section of the 31 object, or may be a
planar 3D object. The radivs of curvature may be measured by
oplical microscopy, clectron microscopy, conlocal micros-
copy, alomic force microscopy, spherometer, caliber (c.g..
vernier caliber), positive lens, interferometer, or laser (e.g.,
tracker).

[0242] Each laver of the three dimensional structure can be
made ol asingle malerial or ol mulliple materials as disclosed
herein. A layer of the 313 object may be composed of a
composite material. The 3D object may be composed of a
composite material.

[0243] The 3D object may comprise a point X, which
resides om the surface ol the 31 object and Y, which is the
closest auxiliary support or auxiliary support mark o X, In
some embodiments. X is spaced apart from'Y by the auxiliary
feature spacing distance. The acute angle hetween the short-
est straight line XY and the direction of normal to the lavering
plane may have the value of the acule angle alpha. When the
angle between the shortest straight Tine XY and (he direetion
normal to the layvering plane is greater than 90 degrees, one
can consider the complementary acute angle. In some
embodiments, X is spaced apart from’Y by at leastabout 10.5
millimeters or more. Insome embodiments. X 1s spaced apart
[rom Y by al least aboul 40.5 millimelers or more.

[0244] The 3D object may comprise a layering plane N ol
the lavered structure. The 3D object may comprise points X
and Y, which reside on the surtace ot the 3D object, wherein
X is spaced apart [rom Y by at least about 1005 millimeters or
more. In some embodiments. 13 is spaced apart from C by the
auxiliary feature spacing distance. A sphere of radius XY that
is centered at X lacks one or more auxiliary supports or one or
more auxiliary support marks that are indicative of a presence
or removal ol the ome or more auxiliary support leatures. In
some embodiments. Y is spaced apart [rom X by at least about
10.5 millimeters or more. An acute angle between the straight
line XY and the direction of normal 10 N may be from about
45 degrees 10 about Y0 degrees. "The acule angle between the
straight line XY and the direction of normal (o the layering
planc may be ol the value ol the acule angle alpha. When the
angle berween the straight line XY and the direction of nor-
mal 1o N is greater than 90 degrees, one can consider the
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complementary acute angle. The laver structure may com-
priscany material used lor 31 printing described herein. Lach
layer of the three dimensional structure can be made ol a
single material or of multiple materials. Sometimes one part
of'the laver may comprise one material, and another part may
comprise a second material dillerent than the first material.
[0245] The straight line XY, or the surtace having a fonda-
mental length scale (e.g., radiug) of XY may be substantially
[Tat. Vor example. (he substantially Jat surface may have a
large radins of curvature. The straight line XY or the surface
having a radivs (or a fundamental length scale of) XY may
have a radius ol curvature equal (o the values of the surface
radius of curvature. The radius ol curvature of the straight line
XY may be normal to the length ol the Iine XY, The curvalure
of'the straight line XY may be the curvature along the length
of the line XY,

[0246] One or more sensors (at least one sensor) can Moni-
tor the amount ol powder in the powder bed. The at least one
sensor can be operatively coupled o a control system (e,
computer control svstem). The sensor may comprise light
sensor, acoustic sensor, vibration sensor, chemical sensor,
electrical sensor, magnetic sensor, fluidity sensor, movement
sensor. speed sensor, position sensor, pressure sensor, lorce
sensor. densily sensor, or proximily sensor. The sensor may
include temperature sensor, weight sensor, powder level sen-
sor, gas sensor, or humidity sensor. The gas sensor may sense
any ol the gas delineated herein. The wemperature sensor may
comprise 13olometer, Bimetallic strip, Calorimeter, 1ixhaust
gas lemperalure gauge. Plame detection. Gardon  gauge,
Golay cell, Heat flux sensor, Infrared thermometer, Microbo-
lometer, Microwave radiometer, Net radiometer, Quartz ther-
momeler, Resistance lemperature detector, Resistance ther-
mometer, Silicon band gap lemperalure sensor, Special
sensor microwave/imager. Temperalure gauge, "Thermistor,
Thermocouple, Thermometer, or Pyrometer. The pressure
sensor may comprise Barograph, Barometer, Boost gauge,
Bourdon gauge, ot (llament lonization gauge. lonization
gauge, Mcl cod gauge. Oscillating U-tube. Permanent Down-
hole Gavge, Piezometer, Pirani gavge, Pressure sensor, Pres-
sure gauge, Tactile sensor, or Time pressure gauge. The posi-
tion sensor may comprise Auxanometer, Capacitive
displacement sensor. Capacitive sensing, Dree [all sensor,
Gravimeler. Gyroscopic sensor, lmpact sensor. Inclinometer,
Integrated circuit piezoelectric sensor, Laser rangefinder,
Laser surface velocimeter, LIDAR, Linear encoder, Linear
variable differential translormer (1 V1T, Liquid capacilive
inclinomelers. Odomeler. Pholoclectric sensor, Picrocleciric
acceleromeler. Rate sensor. Rotary encoder. Rolary variable
differential transformer, Selsvn, Shock detector, Shock data
logger, Tilt sensor, Tachometer, Ulirasonic thickness gauge,
Variable reluclance sensor. or Velocily receiver. The oplical
sensor may comprise a4 Charge-coupled device. Colorimeter,
Contact image sensor, Electro-optical sensor, Infra-red sen-
sor, Kinetic inductance detector, light emitring diode (e.g.,
light sensor), Light-addressable potentiometric sensor,
Nichols radiometer, 'iber oplic sensors. Oplical position sen-
sor. Phote detector. Photodiode, Photomultiplier tubes, Pho-
totransistor, Photoelectric sensor, Photolonization detector,
Photomultiplier, Photo resistor, Photo switch, Phototube,
Scintillometer, Shack-llarimann. Single-photon avalanche
diode, Superconducling nanowire single-photon detector,
Transitiom edge sensor, Visible light photon counter. or Wave
tront sensor. The weight of the powder bed can be monitored
by one or more weight sensors in, or adjacent to, the powder.
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For example, a weight sensor in the powder bed can be at the
hottom ol the powder bed. The weight sensor can be beltween
the bollom ol the enclosure and the subsirale. The weight
sensor can be between the bottom of the enclosure and the
base. The weight sensor can be between the bottom of the
enclosure and the powder bed. A weight sensor can comprise
4 pressure sensor. The weight sensor may comprise a spring
scale. a hydraulic scale. a pneumnatic scale. or a balance. AL
least a portion of the pressure sensor can be exposed on a
bottom surface of the powder bed. In some cases, the weight
sensor can comprise 4 buttom load cell. The bulteom Toad cell
can sense pressure rom powder adjacent (o the Toad cell. In
another example. one ormore sensors (e.g., oplical sensors or
optical level sensors) can be provided adjacent 1o the powder
bed such as above, below, or to the side of the powder bed. In
some examples, the one or more sensors can sense the powder
level. In some cases. the powder level sensors can monilor
powder level ahead of a leveling mechanism (e, leveling
device). The powder level sensor can be in communication
with a powder dispensing system (also referred to herein as
powder dispensing member. powder dispensing mechanism.
or layer dispensing mechanism) conligured (o dispense pow-
der when the powder level sensor detects a powder level
below a predetermined threshold. Alternatively, or addition-
ally a sensor can be configured 1o monitor the weight of the
powder bed by monitloring a weight ol a structure that con-
lains the powder bed. One or more position sensors (c.g..
height sensors) can measure the height of the powder bed
relative to the substrate. The position sensors can be optical
sensors. The posilion sensors can determine a distance
helwoeen one or more energy sources (... a laser or an elee-
tron beam.) and a surface of the powder. The one or more
sensors may be connected to a control system (e, to @
Processor, 1o a computer).

[0247] The system can comprise a first (e.g., FIG. 1, 106)
and second (e.g., FIG. 1, 107) energy source. In some cagses,
the system can comprise three, lour, live or more cnergy
sources. The system can comprise an array ol cnergy sources.
In some cases, the system can comprise athird energy source.
The third energy source can heat at least a fraction of a 3D
ohject at any point during formation of'a 3D object. Alterna-
tively or additionally, the powder bed may be heated by a
heating member comprising a lamp. a heating rod. or a radia-
tor (e.g., a panel radiator). In some cases the svstem can have
a single (e.g., first) energy source. An energy source can be a
source comligured o deliver cnergy Lo an arca (e.g.. aconlined
area). An energy source can deliver encrgy o (he conlined
area through radiative heat transler. The energy beam may
clude a radiation comprising an electromagnetic, charge
particle, or non-charged particle beam. The energy beam may
include a radiation comprising clectromagnetic. clectron.
positron. prolon, plasma, or ionic radiation. "The clectromag-
Letic beam may comprise microwave, infrared, ultraviolet, or
vigsible radiation. The energy beam may include an electro-
magnetic energy beam, electron beam, particle beam or ion
bheam. lor example. An ion beam may include a catlon or an
aniom. A particle beam may include radicals. The electromag-
letic beam may comprise a laser beam. The energy source
may include a laser source. The energy source may include an
cleetron gun. The energy source may include an cnergy
source capable ol delivering energy (0 a poinl or 1o an area. In
some embodiments the energy source can be a laser. In an
example a laser can provide light energy at a peak wavelength
of'at least about 100 nanometer (nn ), 500 nm, 1000 am, 1010
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nm, 1020 om, 1030 wun, 1040 nm, 1050 nm, 1060 nm, 1070
nm. 1080 nm, 1090 nm. 1100 nm. 1200 nm, 1500 nm. 1600
nm. 1700 nm, 1800 nm, 1900 nm. or 2000 nm. In an cxample
a laser can provide light energy at a peak wavelength of at
most about 2000 nm, 1900 nm, 1800 nm, 1700 nm, 1600 nm,
1500 nm. 1200 nm. TTO0 nm, 1090 nm. 1080 nm, 1070 nm,
1060 nm. 1030 nm. 1040 nm, 1030 nm. 1020 nm, 1010 nm,
1000 nm. 500 nm. or 100 nm. The laser can provide light
eneray at a peak wavelength between any of the afore-men-
tioned peak wavelength values. For example, the laser can
provide light cnergy at a peak wavelength [rom about 100 nm
1o aboul 2000 nm, from about 300 nm to about 1500 nm. or
trom about 1000 nm to about 1100 nm. An energy beam from
the first and/or second enerpy source can be incident on, or be
directed to, the top surface of the powder bed (e.g., 101). The
cnergy beam can be incident on a speeilied area of the powder
bed lor a specilied lime period. The powder malerial in the
powder bed can absorh the energy from the energy beam and,
and as a result, a localized region of the powder material can
increase in temperature. The energy beam can be moveable
such that it can translale relative o the op (ic. exposed)
surface ol the powder bed. In some instances. the energy
source may be movable such thatit can translate relative to the
top surtace of the powder bed. The first and optionally the
second energy beams and/or sources can be moved via a
galvanomeler scanner, a polygon a mechanical stage, or any
combination ol thereol. The first energy source andior beam
can be movable with a first scanner (e.g., FIG. 1, 108). The
optionally second energy source and/or beam can be move-
ablewith a sceond scanner (e.g.. V1G. 1. 109). The lirst energy
source and the optionally sceond energy source and/or beam
cal be translated independently of each other. In some cases
the first and optionally second energy source and/or beam can
be translated at different rates such that the movement of the
first or sceond energy source and/or beam is laster compared
o the movement of the oplionally sccond or (irst energy
source.

[0248] Energy (e.g., heat) can be transterred from the pow-
der to a cooling member (e.g., heat sink FIG. 1, 110). The
cooling member can [acililate transfer ol energy away [rom a
least a portion of a powder layer. In some cases the cooling
member can be a thermally conductive plate. The cooling
member can comprise a cleaning mechanism (e.g., cleaning
device), which removes powder and/or process debris from a
surlace ol the cooling member Lo sustain ellicient cooling.
1ebris can comprise dirt, dust, powder (e.g., that resull [rom
healing. melling. evaporation andior other process ransi-
tiong), or hardened material that did not form a part of the 3D
olject. In some cases the cleaning mechanism can comprise a
stationary rotating rod. roll. brush. rake, spatula, or blade (hat
rotales when the heal sinks moves in a dircelion adjacent 1o
the base. The cleaning mechanism may comprise a vertical
cross section (e.g., side cross section) of a circle, triangle,
square, pentagon, hexagon, octagon, or any other polygon.
The verlical cross section may be ol an amorphous shape. In
some cases the cleaning mechanism rotales when the cooling
member moves in a direction thatis not lateral. In some cases
the cleaning mechanism rotates without movement of the
cooling member. In some cases, the cooling member com-
prises al least one surlace that 1s coated with a layer (hal
prevents powder andfor debris [rom attaching (o the at least
obe surface (e.g., an anti-stick laver).

[0249] Oneor more temperature sensors can sense the tem-
petature of the cooling member. The temperature sensor can
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comprise thermocouple, thermistor, pyrometer, thermometer
(t.g.. resistance thermomeler). or asilicon band gap lempera-
lure sensor. 'The cooling member can comprise lwo or more
thermally conductive plates. The cooling member can be
made from a thermally conductive material, for example a
metal or metal alloy. The cooling member can comprise cop-
per or aluminum. ‘The cooling member (c.g., heal sink) can
comprisc 4 malerial that conducts heat efliciently. The ¢lli-
clent heat conductivity may be at least about 20 Watts per
meters times degrees Kelvin (W/nK), 50 W/mK, 100 W/mK,
150 WimkK, 200 Wimk, 205 WimkK. 300 Wimk, 350 W/mk.
400 W/ml, 450 WimK, 300 WimK. 530 WimkK, 600 W/mk.
700 Wi/mK, 800 W/mK, 900 W/mK, or 1000 W/mK. The
efficient heat conductivity may of any valve between the
aforementioned values. For example, the efficient heat con-
ductivity may be from about 400 W/mK 1o about 1000 WimK.
or lrom aboul 20 W/mK 1o about 500 W/mK. The heat sink
can comprise an elemental metal or a metal allov, The heat
sink can comprise elemental metal, metal alloy, ceramie, an
allotrope of elemental carbon, or s polymer. The heat sink can
comprise slone, zeolile. clay or glass. Theheat sink (e, 110)
can be placed above the lop surlace ol the powder bed (e.g..
101). The heat sink can be placed below the powder bed, orto
the side of the surtace of the powder bed. In some cases the
heat sink can contact a surface ol the powder bed. "The heat
sink can just touch the surlace ol the powder bed. The heat
sink can apply a compressive [oree Lo the exposed surface ol
the powder bed. In some cases the heat sink can extend past
the edges of the top surtace ot the powder bed. In some cases
the heal sink can extend up Lo the edges ol the top surlace of
the powder bed. In some cases the heal sink can extend 1o the
edges of the top surface of the powder bed. The heat sink can
facilitate the transter of energy from at least a portion of a
powder layer without substantially changing and initial con-
figuration ol the powder material in the powder layer. Insome
cases the powder layer can comprise a fully or partially
formed 3D object. The heat sink can facilitate the transter of
energy trom at least a portion of a powder laver without
substantially allering the position of the printed 31D object {or
a parl thereol) by any of the position alteration values dis-
closed herein.

[0250] The cooling member may be a heat transler member
that enables heating, cooling or maintaining the temperature
of the powder bed or of the 3D object being tormed in the
powder bed. In some examples, the heat transler member is 4
cooling member that enables the transfer ol energy out ol the
powder bed. The heal trans fer member can enable the transfer
of energy to the powder bed.

[0251] Heat can be transterred from the powder bed 1o the
heat sink through any one or combination of heat transter
mechanisms (e.g., conduction, natural convection. forced
convection, and radiation). The heat sink can be solid. liguid
or semi-solid. In some examples, the heat sink is solid. The
Lieat sink may comprise a gas. Alternatively the heat sink can
comprise one or more openings (e.g., FIG. 2, 205). The open-
ings can be arranged in a patlern or randomly. The openings
can be arranged in a striped patlemn or a chesshoard patlern. In
some cases, powder removal openings (e.g., suction nozzles)
can be adjacent 1o the openings. In an example, the heat sink
can be a plate. An example of a heal sink is shown in IG. 2.
In the example shown in 1(r. 2 the heal sink 200 s a distance
d [rom the surlace ol the powder bed 202, which constitules a
gap. The gap can be adjustable or fixed. The heat sink can be
controlled by a control system (e.g., aprocessor). The gap can
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be adjusted by the control svstem based on a melting energy
per unit arca that is sullable 1o translorm the powder bed or a
portion thereall A layer of gas (c.g.. 203) can be provided
between the heat sink and the surtace ot the powder bed. The
heat sink can be thermally coupled to the powder bed through
the layer of gas. "The layer of gas can comprise ambicnl gas
{c.g.. air). argon. nitrogen. helium, neon, krypton, xenon,
hydrogen, carbon monoxide, carbon dioxide. or oxygen. In
some cases, the laver of gas can be chosen to achieve a desired
heat transter property between the top surface of the powder
bed and the heat sink. A distance sensor can moeasure the
distance ol the gas gap. The distance sensor may comprise an
optical sensor, a capacitance sensor, or both an optical sensor
and a capacitance sensor. In an example, a gas with high
thermal conduetivity can be chosen. The gas gap can be an
cnvironment between the heat sink and an exposed surface of
the powder bed. The sive of the gap may be controlled. In
some cases, rotational gas How currents can be generated in
the gap. The currents can increase, or cause, convective heat
transfer between the powder bed and the heat sink. In some
cases, the currents can be driven by movement ol the heat sink
with periodic wedges present along the heat sink 1o direct the
currents to the powder bed. The wedges can be periodically
spaced along a surface of the heat sink with a spacing distance
from aboutl 1 pwm o about 100 mm, or [rom about 10 pm 1o
aboul 10 mm. Allematively or additionally. a convective cur-
renl can be generated in the gas gap by loreing gas Mlow in the
gap. The gas flow can be forced by a first array or matrix of
nozzles embedded in the heat sink (e.g., in the surtace of the
heal sink). The novrdes can be orienied lowards a surlace of
the powder bed and can allow gas (o [ow in Lo the gap (e,
via release of a pressurized gas). A second array or matrix of
nozzles can remove the gas introduced by the first array or
matrix of nozzles 1o create gas flow (e.g., via vacuum mecha-
nism).

[0252] In some cases the heal sink can comprise a heal
oxchanger (c.g.. 204). The heat exchanger {e.g.. thermostat)
cal be configured to maintain the temperature ot the heat sink
at a constant target temperature, In some cases the target
lemperature can be higher than. lower than, or substantially
cquivalent o the ambient temperature. The heat exchanger
can circulate a cooling [Tuid through a plumbing system (c.g.,
pipe or coil) embedded in the heat sink. The cooling fluid can
be configured 10 absorh heat from the heat sink through any
one or combination ol heat (ransler mechanisms {(e.g., con-
duction. natural convection, lorced comvection, and radia-
tion). The cooling Nuid can be waler. oil, or arelrigerant (e.g.,
R34a). In some examples, the cooing member is not embed-
ded within the powder bed (e.g., in a form of pipes).

[0253] The cooling member can cool a surface of the pow-
der through mechanical contacl. The cooling member can
conlact a surlace ol the powder bed [or most about 1 second
{s), 55,105,205, 305,405, 505,605,704, 805,90, 100 s,
110s,1205, 1305, 1405, 1505, 1605, 1705, 180 5, 1903, 200
5,210, 2205,2305, 2405, 250 5, 260 5, 270 5, 2805, 200 5,
300 5, 10 minutes. 15 minuies. 30 minules, 1 hour, 3 hours. 6
hours, 12 hours. 1 day, or less. The cooling member can
contact a surface of the powder bed for at least about 1 second
{s), 55,105,205, 305,405, 505,605,704, 805,90, 100 s,
1105, 1205, 130 5. 1405, 1505, 160 s, 1705, 180 5. 1905, 200
5, 2108, 2205, 230 5. 240 5, 250 5. 260 5, 270 5. 280 s, 200 5,
300 5, 10 minutes. 15 minuies. 30 minules, 1 hour, 3 hours. 6
hours, 12 hours, 1 day, or more. The cooling member can
contact a surface ot the powder bed for at time between any of
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the aforementioned time periods. For example the cooling
member can conlact a surlace of the powder bed Tor at time
period [rom about 1 % (0 about 15 min. from about 1 5 o about
10 min, from about 1 s to about 5 min, from about 1 s to about
1 min, or from about 1 s to about 30 s. The cooling member
can be a plate that contacts the surface of the powder bed
dlong a planar dimension. In some cases the cooling member
can be a one or more eylinder that roll along the surlace of the
powder. Alternatively the cooling member can be a belt that
runs along the surface of'the powder. The cooling, member can
comprise spikes. ridges. or other protrusions [eatures conlig-
ured Lo penelrale into the powder 1o enhance cooling surlace
area and depth. The protruding features may be bendable
{e.2., soft) or non-hendable (e.g., stitl).

[0254] In some instances the cooling member does not
reside within the powder material. In other examples, the
cooling member may reside within the powder material. The
cooling member can be a duct or a pipe.

[0255] Insomeinstances, the cooling memberis not aplate.
The cooling member can be a cooled powder laver. The
cooled powder laver can act as a heat sink. The cooled powder
layer can be inlegrated with a raking member that provides
and/or moves the powder material adjacent 1o the base andéor
another powder laver. A raking member can provide a laver of
cooled powder with a thickness of at least about 0.5 mm, 1
mm, 5 mm. 10 mm, 15 mm, 20 mm. 25 mm, or 30 mm
adjacent o a first powder layer. A raking member can provide
a layer ol'cooled powder with a thickness ol al most about 0.5
mm, 1 mn, 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, or 30 mm
adjacent 1o a first powder layver. Heat (e.g., thermal energy)
[rom a first powder layer can be removed by translor from the
first powder layer o the cooled powder layer. The cooled
powder laver can be provided at a temperature of at most
about —40° C., -20°C.,-10°C.,0°C,10°C,20°C., 25° C,,
30°C,40°C,50°C,,60°C,,70°C.,80°C,90°C,, 100°C.,
2000 €L 3000 CL 4000 C or 3007 C. The cooled powder layer
can be provided al a lemperature ol at least about =407 C..
=20°C -10°C. 0°C,,10°C,20°C. 25°C,30°C 40° C,,
50°C., 60°C.,70°C,,80°C.,50°C,, 100° C, 200° C ., 300°
., 400° C.oor 5300° C. The cooled powder layer can be
provided al a lemperature belween the above listed lempera-
ture values. Afler the heat transfer has occurred most ol the
laver of conled powder can be removed such that the remain-
g laverhas a thickness of'at most about 300 m, 250 (um, 100
pm, 50 . 45 pm. 40 pm, 35 pm, 30 um. 35 um, 30 pm, 25
pm, 20 um, 15 pm. 3 pm. 1 pm. or 0.5 pm. The remaining
cooled powder can be exposed o elther or both of the (irst and
the optionally second (or additional ) energy source to form at
least a portion of a 3D object.

[0256] 1'I(r. 9 depicts another example of a syslem that can
be used to generate a 313 object using a 312 printing process.
The system 200 shown in FICG. 9 can be similar Lo the syslem
shown in FIG. 1. The system 900 shown in FIG. 9 can com-
prise at least some of the components included in the system
shown in U'IG. 1. "The system 900 shown in U1(. 9 can com-
prise additional components that are not included in FIG. 1.

[0257] ‘The syslem 900 can include an enclosure {e.g.. a
chammber 901). At least a fraction of the components in the
system 900 can be enclosed in the chamber 901. At least a
[raction ol the chamber 901 can be [illed with a gas Lo creale
4 gascous cnvironment. The gas can be an inerl gas (c.g..
Argon. Neon. or Helium). The chamber can be [lilled with
another gas or mixture of gases. The gas can be a non-reactive
gas (e.g., an inert gas). The gaseous environment can com-
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prise argon, nitrogen, helivm, neon, kevpton, xenon, hvdro-
gen. carbon monoxide, or carbon dioxide. The pressure in the
chamber can be at Teast 1077 Torr, 107° Lorr, 1077 lorr. 10*
Torr, 107 Torr, 107 Torr, 107" Torr, 1 Torr, 10 Torr, 100 Torr,
1 bar, 2 bar, 3 bar, 4 bar, 5 bar, 10 bar, 20 bar, 30 bar, 40 bar,
30 bar, 100 bar. 200 bar. 300 bar, 400 bar, 33 bar. 1000 bar,
ormore. The pressure in the chamber can be at Teast 100 Torr,
200 Torr. 300 Torr, 400 Torr, 500 Torr, 600 Torr, 700 Torr. 720
Torr, 740 Torr, 750 Torr, 760 Torr, 300 Torr, 1000 Torr, 1100
Torr, 1200 Torr. The pressure in the chamber can be at most
1077 Towr, 107 Torr, 1077 Torr, or 107% Lo 107 Torr, 1077
Torr. 107" Torr. 1 Torr, 10 Torr. 100 Torr, 200 Torr. 300 Torr,
400 Torr, 300 Torr, 600 Torr, 700 Torr, 720 Torr, 740 Torr, 750
Torr, 760 Torr, 900 Torr, 1000 Torr, 1100 Torr, or 1200 Torr.
The pressure in the chamber can be at a range berween any of
the alorementioned pressure values. Vor example, the pres-
sure may be from about 1077 lorr 1o about 1200 Torr, [rom
about 1077 Torr to about 1 Torr, from about 1 Torr to about
1200 Torr, or from about 1072 Torr 1o about 10 Torr. In some
cases the pressure in the chamber can be standard atmo-
spheric pressure. In some examples. the chamber 901 can be
under vacuum pressure.

[0258] The chamboer can comprise (wo or more gascous
lavers. The gaseous lavers can be separated by molecular
weight or density such that a first gas with a first molecular
welght or density is located in a [irst region (c.g., 903) ol the
chamber and a second gas with a second molecular weight or
density thatl is smaller than the [irst molecular weight or
density is located in a second region (e.g., 902) of the cham-
ber. The gaseous lavers can be separated by temperature. The
[irst gas can be in alower region of the chamber relative o the
second gas. The second gas and the first gas can be in adjacent
locations. The second gas can be on top of, over, and/or above
the first gas. In some cases the first gas can be argon and the
second gas can be helium. The molecular weight or density of
the first gas can be al Teast aboul 1.5% 2% 3% 4% 8% 1 15%
20%. 25T, 30F, 35%, 40%, S0%. 55, 60T, FOF. TEE 0%, 90,
100% 200% 300%, 400%, or 500% larger or greater than the
molecular weight or density of the second gas. “*” used
herein designates the mathematical operation “limes” The
moleeular welight of the [irst gas can be higher than the
moleeular weight of air. The molecular weight or density of
the first gas can be higher than the molecular weight or den-
sity of oxyaen gas (e.2., ,). The molecular weight or density
ol the [irst gas can be higher than the molecular weight or
density ol nitrogen gas (2., NoJo AL limes. the molecular
welght or density of the (irst gas may be lower than that of
OXygen gas or nitrogen gas.

[0259] The first gas with the relatively higher molecular
weight or density can fill a region of the svstem (e.g., 903)
where al least a [raction ol the powder is stored. The second
gas with the relatively lower molecular weight or density can
fill a region of the svstem (e.g., 902) where the 3D object is
formed. The region where the 3D object is formed can com-
prise a powder layer that is receiving energy in a predeter-
mined patlern o form at least a fraction ol the 3D object; the
powder layer can be supported on a substrate (c.g.. 9d)."The
substrate can have a circular, rectangular, square, or itregn-
larly shaped cross-section. The substrate may comprise a base
disposed above the substrate. The substrale may comprise a
basc disposcd between the subsirale and a powder layer (ora
space o be occupled by a powder layer). Thereglon where the
3D object is formed can further comprise a leveling mecha-
nism (.9, a roll, brush, rake, spatula or blade) configured 1o
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move and/or level powder material along the powder layer.
The leveling mechanism may comprise a verlical cross see-
tion (e.g., side cross seclion) of a cirele, triangle. square.
pentagon, hexagon, octagon, or any other polygon, or partial
shape or combination of shapes thereof. The leveling mecha-
nism may comprise a vertical cross section (e, side cross
soction) ol a an amorphous shape. The leveling mechanism
may comprisc onc or more blades. In some cxamples. the
leveling mechanism comprises a blade with two mirroring
sides, or Two blades attached 1o form two mirroring blades.
Such mirroring arrangement may ensure a4 similar action
when the leveling mechanism is traveling in one side and in
the opposite side. A thermal control unit {e.g., a cooling
member such as a heat sink or a cooling plate, a heating plate,
or athermostat) can be provided inside ot'the region where the
313 object is Tormed or adjacent Lo the region where the 312
object is formed. The thermal control unit can be provided
outside of the region where the 3D object is formed (e.g., at a
predetermined distance). In some cases the thermal control
unit can form at least one section of'a boundary region where
the 313 object is formed (e.g., the container accommodating
the powder bed).

[0260] The concentration of oxygen in the chamber can be
minimized. The concentration of oxygen or humidity in the
chamber can be maintained below a predetermined threshold
value. lior example, the gas composition of the chamber can
contain a level ol oxygen or humidity that is al most about 100
parts per billion (ppb), 10 ppb, | ppb, 0.1 ppb. .01 ppb, 0.001
ppl, 100 parts per million (ppm), 10 ppm, 1 ppm, 0.1 ppm,
0.01 ppm, or 0.001 ppm. The gas composition of the chamber
can conlain an oxygen or humidity level belwoeen any ol the
alorementioned valucs. For example. (he gas composition ol
the chamber can contain a level of oxvgen or humidity from
about 100 ppb to about 0.001 ppm, from about 1 ppb to about
0.01 ppm, or trom about 1 ppm to about 0.1 ppm. In some
cases. the chamber can be opened at the completion ol a
lormation of a 313 object. When the chamber s opened.
ambient air containing oxygen and/or lumidity can enter the
chamber. Exposvore of one or more components inside of the
chamber (o air can be reduced by, lor example, [owing an
inert gas while the chamber is open (c.g., o prevent entry ol
ambicnt air), or by Mowing a heavy gas (c.g.. argon) thal rests
on the surface of the powder bed. [n some cases, components
that absorb oxygen and/or water on to their surtace(s) can be
scaled while the chamber 1s open.

[0261] The chamber can be conligured such thal gas inside
ol the chamber has a relatively low leak rate [rom the chamber
1o an environment outside of the chamber. In some cases the
leak rate can be a1t most about 100 milliTorr/minute (mTory!
min}, 30 mTorr/min, 25 mTorr/min, 15 mTors/min, 10 mTorr!
min, 3 mlorr/min. 1 m'lorrfmin. 0.5 m'lore/min, 0.1 m'lorr/
min, .05 mlorr/min. 0.01 m'lorrfmin, 0.005 m'lorr/min.
0.001 mTorr/min, 0.0005 mTorr/min, or 0.0001 mTorr'min.
The leak rate may be between any of the atorementioned leak
rates (e.g,., from about 0.0001 mTorr/min to about, 100 mTorr!
min, [rom aboul 1 m'lerr/min to about. 100 m'lorr/min. or
[rom about 1 m'Torr/min 1w about. 100 m Torrimin. The cham-
ber (e.g., 901 ) can be sealed such that the leak rate of'gas from
inside the chamber to an environment outside of the chamber
is low. The scals can comprise O-rings. rubber scals, metal
scals. Toad-locks, or bellows on a piston. In some cases the
chamber can have a controller conligured to deleet leaks
above a specified leak rate (e.g., by vsing a sensor). The
sensor may be coupled to a controller. In some instances, the
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controller is able to identify a lealk by detecting a decrease in
pressure in side ol the chamber over a given lime interval.
[0262] Powder can be dispensed on o the subsirale (e.g.,
9043 10 [orm a 313 object [rom the powder material. The
powder can be dispensed from a powder dispensing mecha-
nism (e.2., 905 such as a powder dispenser). The powder
dispensing mechanism can be adjacent o the powder bed.
The powder dispensing mechanism may span the entire width
of the powder bed, entire length of the powder bed, or a
portion of the powder bed. The powder dispensing mecha-
nism may comprise an array of powder delivery components
{c.g.. array ol powder dispensers ). The array of powder deliv-
cry componenls may be spaced apart evenly or unevenly. The
array of powder dispensing components may be spaced apart
at most 0.1 mm, 0.3 mm, 0.5 mm, 1 mm, 1.5 mm, 2 mm, 3
mmt. 4 mm, or 5 mm. The array of powder delivery compo-
nentls may be spaced apart at least (001 mm, 0.3 mm, 0.5 mm,
1 mm, 1.5 mm. 2 mm, 3 mm. 4 mm, or 3 mm. The array ol
powder delivery components (e.2., members) may be spaced
apart between any of the atore-mentioned spaces of the lev-
cling members {(e.g., [rom aboul 0.1 mm (o about 3 mm, [rom
aboul 1.1 mm o about 2 mm. [rom about 1.5 mm 1o aboul 3
m). The leveling mechanism may be coupled to or may be
a part of the powder dispensing mechanisim. The leveling
mechanism may compact the powder within the laver of
powder malerial. In some instances, the leveling mechanism
substantially does not compact the powder in the layer of
powder material.

[0263] FIGS. 13A-I schematically depict vertical side
cross sections of varions mechanisms for dispensing the pow-
der malerial. FIG. 13A depicts a powder dispenser 1303
situated above the surface 1310 moving in the direction 1306,
FIG. 13B depicts a powder dispenser 1311 situated above the
surface 1317 moving in the direction 1314, FIG. 13C depicts
a powder dispenser 1318 situated above the surtace 1325
moving in the direction 1321, FIG. 1312 depicis a powder
dispenser 1326 situated above the surface 1333 moving in the
direction 1329,

[0264] The powder dispensing mechanisin may be coupled
to or may be a part of a powder removal mechanisim (e.g., a
powder removal member). The powder removal member may
be referred herein as a powder removal system. or example,
FIG. 25C shows a powder dispensing mechanism that is
integrated with the powder remowval system (e.g., 2531). In
that svstem (i.e., mechanism), the powder delivery compo-
nents {e.g.. 2533) are spaced apart. and are integrated with the
powder removal mechanism components (c.g.. 2532). "The
integration of the components may form a pattern, or may be
separated into two groups each of which containing one type
ol component, or may be randomly situated. The one or more
powder exil ports and one or more vacuum entry porls may he
arranged in a pallern (e.g.. sequentially). grouped together, or
at random. The one or more powder exit ports and one or more
vacuum entry ports operate sequentially, sinultaneously, in
concerl. or separale [rom cach other.

[0265] The powder dispensing mechanism may be inte-
graled with both the powder removal system and the powder
leveling svstem. FIG. 24 shows an example for an integration
of'the three svstems. As the system moves along the direction
2401 above a powder bed 2409, the powder dispensing
mechanism 2406 deposits powder malerial 2407, That deliv-
ory syslem 1s coupled (e.g., through 24037 10 a powder level -
ing svstem 2405 that includes a leveling component 2408
{e.g., a knitey and levels the deposited powder material 2411,
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The powder leveling svstem is coupled (e.g., though 2402) to
a4 powder removal system 2404 that removes (the deposited
and leveled powder malterial without contacting the lop sur-
face of the leveled powder layver 2411, The removal may
utilize negative pressure (e.g., vacuum) as exemplified in
II(7. 24, 2421,

[0266] 1IGS. 25A-C schematically depict botlom views ol
various mechanisms lor removing the powder material. G,
25A schemalically depicts a powder removal member 2511
having a powder entrance opening port 2512, FIG. 25B sche-
matically depicts a powder removal member 2521 having
manifolds {c.g., 2523 ol mulliple powder entrance opening
ports (e.g., 25223, Il 250 schematically depicls an inle-
grated powder dispensing-removal member 2531 having
powder entrance opening ports (e.g., 2532), and powder exit
opening ports (e.g., 2533),

[0267] The powder removal sysiem can be oriented above.
helow, andior 1o (he side of the subsirate (e.g., the substrale.
the base or the powder bed). The powder removal systlem may
rotate at an axis. The axis of rotation may be normal to the
direction in which powder enters the powder removal system.
In some examples. the powder removal system may not be
rolatable. The powder removal system may translatable hori-
zontally, vertically or atan angle. The powder removal svstem
may comprise a powder entrance opening and a powder exit
opening port. The powder entrance and powder exit may be
the same opening. The powder entrance and powdoer exil may
be dillerent openings. The powder entrance and powder exit
may be spatially separated. The spatial separation may be on
the external surface of the powder removal system. The pow-
der entrance and powder exit may be connected. The powder
entrance and powder exil may be connected within the pow-
der removal system. The connection may be an inlernal cavily
within the powder removal system. For example, FIG. 24
schematically shows a powder removal system 2404 having a
norzle 2413 opening though which the powder enlers. The
noyzle may comprise a single opening or a multiplicity ol
openings. The multiplicity of openings may be aggregated
(e.g., 10 a nozzle). FIG. 24 schematically depicts a nozzle
having three openings 2415, 2417, and 2419. The multiplicity
ol openings may be verlically Teveled {e.g.. aligned). In some
instances. al least one opening within the multiplicity ol
openings may be vertically misaligned. In some examples,
none of the openings may reside on the same vertical level.
FIG. 24 exemplifies three openings that each resides on a
different vertical level (e.g., 2416. 2418. and 2420).

[0268] The powder material may travel from the powder
enlry 10 the powder exil. though the inlernal cavily. lior
example, FIG. 24 shows a powder material that enters the
openings 2415, 2417, and 2419 and travels through the inter-
nal cavily 2424 1o an exil 2423, In some cases. the powder
malerial can be dispensed [rom a lop powder removal syslem
that is located above the powder bed. The top powder removal
system can remove powder from the powder bed trom a
position above the powder bed at a predetermined time, rate,
location. removal scheme, or any combination thereol. In
some examples. the powder removal system conlacts the
powder bed (e.g., the exposed surface of the powder bed). In
some examples, the powder remorval system does not contact
the powder bed (e.g.. the exposed surlace of the powder bed).
The powder removal system may be separated from the 1op
surlace ol the powder bed (e.g.. the exposed surface ol the
powder bed) by a gap. The gap may be adjustable. The vertical
distance of the gap from the exposed surface of the powder
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bed may be at least about 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm,
Smm. 6mm, 7 mm, 8 mm. 9 mm. 10mm. 20 mm, 30 mm. 40
mm. 50mm. 60 mm, 70 mm, 80 mm, 90 mm. or 100 mm. "The
vertical distance of the gap from the exposed surtace of the
powder bed may be at most about 0.5 mm, 1 mm, 2 mm, 3
mm. 4 mm, 3 mm. 6 mm. 7mm, § mm. 9 mm, 10 mm, 20 mm,
30 mm, 40 mm, 50 mm, 60 mm, 70 mm. B0 mm. 90 mm. or
100 mm. The vertical distance of the gap [rom the exposed
surtace of the powder bed may be any value between the
aforementioned values (e.g,., from about 0.5 mm to about 100
mm. [rom aboul 0.5 mm o aboul 60 mm. or [rom aboul 40
mm to about 100 mm). The top powder removal sysiem may
have at least one opening. The size of the opening, the shape
of the opening, the timing and the duration of the opening
may be controlled by a controller. The top-dispense powder
dispenser can remove powder [rom a height that is higher
compared o a surface ol the top surlace of the powder bed.
The powder dispensing mechanism can remove powder from
at least a fraction of the powder bed. The powder removal
svstel may comprise a force that cavses the powder material
o travel [rom the powder bed towards the inlerior ol the
powder removal system. The powder removal system may
comprise nepative pressure (e.g., vacuuwm), electrostatic
force, electric force, magnetic force or physical torce. The
powder removal syslem may comprise positive pressure (e,
a gas) thal causes the powder (o leave the powder bed and
travel into the openings ol the powder removal pressure. 'The
245 may comprise any 2as disclosed herein. The gas may aid
in thidizing the powder material that remains in the powder
bed. The removed powder malerial may be recyeled and
re-applied into the powder bed by the powder dispensing
svstem. The powder may be continuously recveled though the
operation of the powder removal system. The powder may be
recyeled atter each layer of material has been deposited (e.g.,
and leveled). The powder may be reeyceled alier several layers
ol material have been deposited (e.g.. and leveled). The pow-
der may be recvcled after each 3D object has been printed.
[0269] Any of the powder removal systems described
herein can comprise a reservoir of powder and/or a mecha-
nism conligured (o deliver the powder from the reservoir 1o
the powder dispensing system. "The powder in the reservoir
can be treated. The treatment may include healing, cooling,
maintaining a predetermined temperature, sieving, filtering,
or thidizing (e.g., with a gas). A leveling mechanism (e.g.,
FICr 11, 1103: PICE. 12A-10 1202, 1207, 12121217, 1222, or
1227 or PIGL 15, 1503 such as a rake, roll. brush, spatula or
blade) can be synchronized with the powder removing sys-
e,

[0270] The powder removal mechanism may have an open-
ing though which powder enters the suction device trom the
lop surlace ol the powder bed {e.g., I'lG. 23, 2312). "The
cntrance chamber o which the powder enlers the suclion
device (e.g., F1G. 23, 2305) can e of any shape. The entrance
chamber can be a tube (e.g., flexible or rigid). The entrance
chamber can be a tunnel. The entrance chamber can have a
reclangular cross secltiom or a conical cross scetlon. The
cntrance chamber can have an amorphic shape. The powder
removal mechanism (e.g., suction device) may include one or
more suction nozzles. The suction nozzle may comprise any
ol the nozrles deseribed herein. The noveles may comprisc of
a single opening or a mulliplicity of openings as desceribed
herein. The openings may be vertically leveled or not lev-
eled). The openings may be vertically aligned, or misaligned.
In some examples, at least two ot'the multiplicity of openings
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may be misaligned. The multiplicity suction hozzles may be
aligned al the same height relative (o the substrate {e.g.. VG
23, 2311). or al dilferent heights (e.g.. vertical height). The
ditferent height nozzles may form a pattern, or may be ran-
domly sitvated in the suction device. The nozzles may be of
one type. or ol dillerent types. The powder removal mecha-
nism (¢.g.. suction device) may comprise a curved surlace, for
example adjacent o the side ol a nozsle. Powder malerial that
enters though the nozzle may be collected at the curved sur-
face. The nozzle may comprise a cone. The cone mav be a
converging cone or 4 diverging cone. The powder removal
mechanism (e.g., suction device) may comprise a powder
reservoir. The powder that enters the powder removal lmecha-
nhism may at times enter the powder removal mechanism
reservoir. The reservolr can be emptied after each powder
layer has been leveled. when it is (illed up, at the end ol the
build eycele, or at a whim. "The reservoir can be conlinuously
emptied during the operation of the powder removal mecha-
nism. FIG. 23, 2307 shows an example of a powder reservoir
within the suction device. A1 times, the powder removal
mechanism docs nol have a reservoir. Al limes. the powder
removal mechanism constilules a powder removal (c.g.. a
suetion) channel that leads 10 an external reservoir. The pow-
der removal mechanism may comprise an internal reservoir,

[0271] The powder removal mechanism may travel later-
ally belore leveling member (c.g.. a roller) relative o the
dircetion ol movement. The powder removal mechanism may
travel laterally atter the leveling member, relative 1o the direc-
tion of movement. The powder removal mechanism may be
part of the leveling member. The powder removal mechanism
may be the leveling member. The powder removal mecha-
nism may be connecled o the leveling member (e, the
roller). The powder removal mechanism may be disconnected
from the leveling member, The powder removal mechanism
may comprise an array ol powder entries (c.g. suction
devices or novrles). The array ol powder enltries (c.g.. nozle.
powder openings, or an aggregale ol openings) may be spaced
apart evenly or vnevenly. The array of powder entries may be
spaced apart at most about 0.1 mm, 0.3 mm, 0.5 mm, 1 mm,
1.3 mm, 2 mm, 3 mm, 4 mm, or 5 mm. The array ol le powder
entrics may be spaced apart at least about 0.1 mm. 0.3 mm. 0.3
mm, 1 mm, 1.5 mm, 2 mm, 3 mn, 4 mm, or 5 mm. The array
of powder entries may be spaced apart between any of the
afore-mentioned spaces of the leveling members (e.g., from
aboul (L1 mm 1o aboul 3 mm. rom about 0.1 mm (o about 2
mm, from about 1.5 mm io aboul 5 mm).

[0272] A controller may control the powder removal sys-
tem. The controller may control the speed (velocity) of lateral
movement of the powder removal system. The controller may
control the level ol pressure {e.g.. vacuum or posilive pres-
sure) in the powder removal sysiem. The pressure level (e.g..
vacuum or posilive pressure) may be constant or varied. The
pressure level may be wrned on and off manvally or by the
controller. The pressure level may be less than about 1 atmo-
sphere pressure (760 ‘lorr). The pressure level may be any
pressure level disclosed herein. The controller may control
the amount of force exerted or residing within the powder
removal svstem. For example, the controller may control the
amount of magnetic force, electric force, electrostatic force or
physical lorce exerted by the powder removal system. The
controller may control il and when the alorementioned lorees
are exerted.

[0273] The powder dispensing mechanisim can be oriented
above, bhelow, and/or 1o powder bed (or the container thereot).
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The powder dispensing mechanisim may rotate at an axis, The
axis ol rolation may be normal 1o the direction in which
powder exils the powder dispensing mechanism. In some
examples, the powder dispensing mechanism may not be
rotatable. The powder dispensing mechanism may translat-
able horizontally, verticallv or atanangle. The axis of rotation
ol the powder dispensing mechanism may be normal or par-
allel o the direetion of translation. "The powder dispensing
mechanism may comprise a powder entrance opening and a
powder exit opening port. The powder entrance and powder
oxil may be the same opening. The powder entrance and
powder exil may be dillTerent openings. The powder entrance
and powder exil may be spatially scparated. The spatial scpa-
ration may be on the external surtace ot the powder dispens-
ing mechanism. The powder entrance and powder exit may be
commeeled. The powder entrance and powder exil may be
commeeled within the powder dispensing mechanism. The
commeetion may be an inlernal cavily within the powder dis-
pensing mechanism. The powder material may travel from
the powder entry to the powder exit, though the internal
cavily. In some cases. the powder material can be dispensed
from a lop-dispense powder dispenser that is located above
the substrate. The top-dispense powder dispenser can release
powder on to the substrate from a position above the substrate
at a predetermined time, rate, location, dispensing scheme, or
any combination thereol. The lop-dispense powder dispenser
may have al least one opening. The sive ol the opening. the
shape of the opening, the timing and the duration of the
opening may be controlled by a controller. The top-dispense
powder dispenser can release powder on 1o the subsirale [rom
a height that is higher compared (o a surlace ol the substrale.
The powder dispensing mechanism can dispense powder onlo
at least a fraction of the substrate 904, The powder dispensing
mechanism may comprise openings though which gas can
travel though. "The gas may comprise any gas disclosed
herein. The gas may aid in Muidizing (he powder malterial that
resides in the powder dispenser reservoir, or that is dispensed
from the powder dispensing mechanism.

[0274] The powder dispensing mechanisim may comprise a
chamber through which gas Hows, The powder dispensing
mechanism chamber may comprise a single compartment or
a multiplicily ol compartments. The multiplicity ol compart-
ments may have identical or dillerent vertical cross seelions,
horizontal cross sections, surtace areas, or volumes. The
walls of the compartments may comprise identical or difter-
ent materials. The multiplicity o compartments may be con-
neeled such thatl gas may travel (Tlow) from one compartment
o another (lermed herein “lowably connected™). The multi-
plicity of compartments may be connected such that powder
material that was picked up by the gas (e.g., airborne powder
materialymay travel (llow) from ome compartment Lo another.
111G, 27C shows examples of a powder dispensing mecha-
nism having three compartments of various vertical cross
sections (2738, 2739, and 2740) that are flowably connected
as illustrated by the gas flow 2733 within the internal cavity of
the powder dispensing mechanism. The powder dispensing
mechanism chamber may comprise 4 gas enlrance. gas exil,
powder entrance, and powder exit. In some examples, powder
dispensing mechanism chamber may comprise of two pow-
der exits. The gas entrance and the powder malerial entrance
may be the same or diflerent entrances. The gas exit and the
powder material exit may be the same or different entrances.
The portion that faces the substrate, the base, or the exposed
surtace of the powder bed is designated herein as the bottom
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portion. The portion that faces away trom the substrate, the
base. or the exposed surlace ol the powder bed is designated
herein as the lop portion."The portion that is dilTerent [rom the
top or the bottom portion is designated herein as the side
portion. In some examples, a powder exit faces the substrate,
the base, or the exposed surlace ol the powder bed. In some
examples. a powder exil resides at the bottom ol the powder
dispensing system. The bollom exil may comprise a mesh.
slit, hole, slanted baffle, shingle, ramp, slanted plane or any
combination thereof. For example, FIG. 27A shows an
example ol'a mesh 2715 al the botlom of the powder dispens-
ing mechanism; FIG. 2713 shows an example of a combina-
tion of's mesh 2725 and slanted bafiles (e.g., 2726); and F1G.
27C shows an example of slanted batlles (e.g., 2736) at the
bottom of the powder dispensing mechanism. The mesh may
haveany mesh values disclosed herein. In some examples. the
moesh can comprise hole sizes ol atleast aboul 5 pum, 10 pum, 20
pm, 30 pum, 40 pm, 50 1w, 60 pm, 70 um, 80 pm, 90 um, 100
pm, 200 pm, 300 pum, 400 pm, 500 pm, 500 pm, 700 Lwm, 300
pm, 900 pm, or 1000 nm. The mesh can comprise hole sizes
ol al most about 10, 20 pm, 30 pm, 40 pm. 50 pm. 60 pm.
F0 wm. 80 pmy, 90 pm, 100 pm, 200 wm., 300 pm. 400 pm. 5(0
pm, 600 m, 700 un, 800 um, 900 pm, or 1000 . The mesh
can comprise hole sizes between any of the hole sizes dis-
closed herein. For example. the mesh can comprise hole sives
[rom aboul § pm to about 1000 pm. rom about 5 pm Lo about
500 pm, from about 400 pm 1o about 1000 pm, or rom about
200 pm to about 300 m.

[0275] The chamber in which the bottom opening is situ-
ated can be symumetrical with respect to the incoming gas
(c.g.. IIG. 27A). or unsymmetrical {e.g.. PIG. 2713). The
dircetion ol the gas [ow can coineide with the direction ol
lateral movement of the powder dispensing system, not coin-
cide, or flow opposite thereto. For example, FIG. 274 sche-
matically shows a powder dispensing mechanism where the
dircetion ol the gas flow 2713 coincides with the direction ol
lateral movement of the powder dispensing system 2712, The
powder can be disposed away thom the bottom opening. The
powder can be supplied trom a reservoir. The supply of the
powder can be [rom the lop of the powder dispensing cham-
her, [rom the botlom. or [rom the side. lor example, I 27A
shows 2 powder reservoir 2719 that delivers powder [rom the
bottom of the powder dispenser chamber. The powder can be
elevated by an elevation mechanism. The elevation mecha-
nism can comprise a conveyor or an clevator. The elevation
mechanism can comprise a mechanical 1l The elevation
moechanism can comprise an escalator. clevalor. conveyor.
lift, ram, plunger, auger screw, or Archimedes screw. The
elevation mechanism can comprise a transportation system
that is assisted by gas (c.g.. pressurived gas). gravity, clectric-
ily. heat {e.g.. steam), or gravity (c.g.. weights). The conveyor
may be coarse; the convevor may comprise ledges, protru-
sions, or depressions. The protrusions or depressions may
trap powder material to be conveved 1o the chamber interior
where gas flows [rom one side o the other. UG 2713 shows 1
powder reservoir 2729 (hat delivers powder [rom the top ol
the powder dispenser chamber. The powder delivery can
clude any other top-powder delivery methods described
herein.

[0276] The gas may travel within the powder dispensing
mechanism chamber al a velocily. The velocity may be var-
icd. The velocily may be varlable or comstant. The velocily
may be at least about 0.001 Mach, 0.03 Mach, 0.005 Mach,
0.07 Mach, 0.01 Mach, 0.03 Mach, 0.05 Mach, 0.07 Mach,
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0.1 Mach, 0.3 Mach, 0.5 Mach, 0.7 Mach, or 1 Mach. The
velocily may be varied. The velocily may be variable or
constant. The veloclly may be at most about 0.001 Mach, 0.03
Mach, 0.005 Mach, 0.07 Mach, 0.01 Mach, 0.03 Mach, 0.05
Mach, 0.07 Mach, 0.1 Mach, 0.3 Mach, 0.5 Mach, 0.7 Mach,
or 1 Mach. "The velocity may be between any ol the alore-
mentioned velocity values. Lior example, the velocily may be
from about 0L01 Mach to about (.7 Mach, [rom aboul (.005
Mach to about 0.01 Mach, from about 0.05 Mach to about 0.9
Mach, from about 0.007 Mach to about 0.5 Mach, or from
about 0.001 Mach 10 about 1 Mach. Mach as used herein
relers (o Mach number that represents the ratio ol low veloe-
ity past a boundary to the local speed of sound.

[0277] Any of the powder dispensing mechanisms
described herein (e.g., FIG. 9, 905; FIG. 13C, 1319, or FIG.
15, 1508) can comprise a reservoir of powder and a mecha-
nism conligured (o deliver the powder from the reservoir 1o
the powder bed. Powder in the reservoir can be preheated,
cooled, be at an ambient temperature or maintained at a
predetermined temperature. A leveling mechanism (e.g., F1G.
11, 1103: I 12A-1 1202, 1207, 12120 1217, 1222, or
1227 or PIGL 15, 1503 such as a rake, roll. brush, spatula or
blade) can be synchronized with the powder dispenser.
[0278] A controller may control the powder dispensing
mechanism. The controller may control the speed (veloeity)
of lateral movement of the powder dispensing mechanism.
When applicable. the controller may control gas velocily in
the powder dispensing system. The controller may control
type of gas that travels within the powder dispensing system.
The controller may control the amount of powder material
released by the powder dispensing syslem. “The controller
may conlrol the position in which the powder is deposited in
the powder bed. The controller may control the radius of
powder deposition in the powder bed. The controller may
control the rate of powder deposition in the powder bed. The
controller may control the vertical height of the powder dis-
pensing system. The controller may control the gap belween
the bottom of the powder dispensing system and the top
surface of the powder bed. The controller may control the gap
between the opening ot the powder dispensing system and the
slanted plane that is included n the powder dispensing sys-
lem. The controller may control the angle (theta) ol (hat
slanted plane. The controller may control the rate of vibration
of'the vibrators that are part of the powder dispensing syvstem
{e.g., FIG. 28, 2836). For example, the controller may control
the rale ol vibration ol the powder in the powder reservoir
within the powder dispensing sysiem.

[0279]  The layer dispensing mechanism can dispense the
powder material, level, distribute, spread, and/or remove the
powderinthe powder bed. The leveling mechanism can level,
distribule andior spread the powder in the powder bed. The
leveling mechanism can reduce the height ol the powder layer
deposited (e.g., on the top of the powder bed or within the
container accommodating the powder bed). The leveling
mechanism can relocate, cut, shear or scrape off'a top portion
ol the powder Tayer. In some examples, the leveling mecha-
nism can remove (e.g., evacuale) the powder material. In
some examples, the removal of the powder material can be
performed by a separate mechanisim that is connected to the
powder leveling mechanism (e.g., powder removal mecha-
nism}. lior example. FIG. 15 shows a leveling mechanism
1503 that reduced the height level from a height ol 1517 0 a
smaller height of 1516, The leveling can take place as the
powder is dispensed by the powder dispenser, or after the
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powder is dispensed by the powder dispenser. The leveling
can be synchronived with the powder dispensing mechanism.
The leveling operation can be separale [rom the powder dis-
pensing operation. The leveling operation can be integrated
with the powder dispensing operation. The leveling mecha-
nism may be heated or cooled. Al least some of the compo-
nents ol'the leveling mechanism may be heated orcooled. The
leveling mechanism may comprise openings though which
gas may travel though, The gas mayv be any gas disclosed
herein. The gas may aid in fluidizing, the powder material. In
some embodiments, the leveling member (c.g.. leveling
mechanism) enables the powder 1o be substantially evenly
distributed across a powder bed. The leveling member may be
exchangeable, removable, non-removable or non-exchange-
able. The leveling member may comprise exchangeable parts.
The leveling member may distribule powder across the pow-
der bed. ‘The leveling member may be a part ol the powder
dispensing mechanism (e.g., powder dispenser). The rake
(e.2.,FIG. 11, 1103%) is an example of g leveling member. The
leveling member can provide powder nniformity across the
hed such that portions of the bed thal are separated from one
another by at least about 1 mm, 2 mm. 3 mm. 4 mm, 5 mm. or
10 mm, have a height deviation of at most about 10 mm, 9
mm, 8 mm, 7 mm, 6 mm, 5 mmn, 4 mm, 3 mm, 2 mn, 1 mn,
500 pm, 400 pm, 300 pm, 200 um, 100 pm. 90 pm, 80 pm, 70
pm,, 60 pmy, 50 wm. 40 pm. 30 pwm. 20 pm, or 10 pm: ol at most
aboul 10 mm, 9mm, 8 mm. 7 mm. 6 mm, 5 mm, 4 mm. 3 mm.
2 mm, 1 mm, 300 pm, 400 1w, 300 un, 200 pm, 100 wm, 90
pm, 80 pmy, 70 um, 60 pm, 30w, 40 pm, 30 pm, 20 jum, or 10
pm: or ol any value between the alore mentioned height
deviation values. lior example. the leveling member can pro-
vide powder nniformity across the bed such that portions of
the bed that are separated from one another by a distance of
from about 1 mm 1o about 10 mm, have a height deviation
[rom about 10 mm (o about 10 pm. The leveling member may
achieve a deviation [rom a planar unilormily in al least ome
plane (e.g., horizontal plane) of at most about 20%, 10%, 3%,
2%, 1% or 0.5%, as compared to the average plane (e.g.,
horizontal plane) created by the top of the powder bed.
[0280] DICG 12A-1 schemaltically depict verlical side cross
soctions ol various mechanisms lor spreading and/or leveling
the powder material. FIG. 12A schematically depicts a knife
1207 sitnated substantially perpendicular 1o the surface 1203
moving in the direction 1205, F1G. 12B schematically depicts
aknile 1207 situated substantially parallel to the surlace 1208
moving in the direction 12100 1. 120 schemaltically depicts
a knite 1212 simated substantially parallel to the surtace 1213
moving in the direction 1215. FIG. 12D schematically depicts
a sprinkler 1217 situated moving in the direction 1220, 1.
121: schematically depicts aroller 1222 situated substantially
parallel w0 (he surlace 1223 moving in the direction 1225,
FIG. 12F schematically depicts a roller 1227 situated substan-
tially parallel 1o the surface 1228 moving in the direction
12340,

[0281] DIGS. 14A-D schematically depicl vertical side
cross scelions of various mechanisms [or spreading and lev-
eling the powder material; parallelograms 1413, 1423, 1426,
1446, 1447, 1453, and 1456 schematically depict a schematic
representation of any blade described herein; rectangles
1415. 1424. 1444 and 1454 schematically depict a schemalic
representation ol any powder dispenser deseribed herein.
[0282] UI(r 24 schematically depicts vertical side cross
sections of a mechanism for spreading and leveling and
removing the powder material. In this figure, parallelogram
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2408 depicts a schematic representation of any blade
deseribed herein, rectangle 2406 depict a schemalic represen-
tation ol any powder dispenser deseribed herein, and rect-
angle 2404 depict a schematic representation of any powder
removal member described herein.

[0283] Insomeexamples,the leveling member comprises a
roller (e.g., a cylinder). The roller may comprise ohe or more
opening ports (i.c., powder exit ports) thorough which pow-
der malerial can exit theroller. The exils may be located along
the rectangular cross section of the roller (e.g., cvlindrical
roller). The rectangular cross section of the roller may com-
prisc the height of the roller. The powder exil porls may be
situated randomly or in a paltern alomg the reclangular cross
seetion of the roller. The powder exil porls may be situated
along a line within the rectangular cross section of the roller.
The roller may comprise at least one opening port from which
the powder enters the roller (1.e.. the powder entlrance por).
The powder entrance may be situated al the circular surface
area ot the roller (e.g., the side of the roller), atits rectangular
surface area, or at both circular of rectangular surfaces. An
opening (e.g., port) may be in the torm comprising an ellipse
{c.g.. a circle). parallelogram {e.g.. reclangle or a square),
triangle. any other geometric shape. an irregular shape, or any
partial shape or combination of shapes thereof. The roller
may comprise an internal cavity that connects the powder at
least one entrance port and the one or more powder exil ports.
The internal cavily may allow the powder o [ow rom the
cntrance porl o the exil port, thus [orming a Muid conneclion
between the one or more entrance and exit ports. The powder
material may travel (e.g., flow) thovgh the internal caviry
from the powder entrance Lo the powder exil. The shape
andior size of the powder opening porl may delermine the
amount of powder distributed from the roller. The roller may
be rotatable. The roller may rotate along its height (e.g., along
its long axis). The long axis of the roller may span the entire
powder bed. or a part ol the powder bed. The rate ol rotation
ol the roller (revolulions of the roller) may determine the
amount of powder distributed by the roller. The rate of rota-
tion may determine the area of powder distributed by the
roller. The roller may be coupled o a control system. The
control system may control the rate ol rotations ol the cylin-
der andfor the rale ol its lateral {e.g., along a powder bed),
horizontal or angular movement.

[0284] The roller may comprise a smooth surface, a rough
surface, an indentation, a depression, or a cavity, The roller
may be any ol the rollers disclosed herein. FIGE. 220 2203,
2204 and 2205 shows examples ol various allermnative rollers
deseribed herein. The roller of the leveling mechanism may at
times rotate in the direction of lateral movement of the level-
ing mechanism, or in a direction opposite of the direction of
lateral movement ol the leveling mechanism. FI¢r. 22, 2201
shows examples ol the lateral movement direction ol roller
2203, In this example, roller 2203 rotates opposite to the
direction of movement of the leveling mechanism, along an
axis that is both the long axis of the roller and normal to the
lateral direetion of the movement ol the roller (2201). When
the roller revolves (rotates), it may induce movement ol any
atmosphere surrounding the roller. FIG. 22, 2207 shows
examples of the movement of atmosphere surrounding the
roller. "The roller may be situated al a first distance above the
surface of the layer of powder material. The diameter of the
roller may be at least 1%, 5%, 10%, 50%, 100*, 500*, or more
times (i.e., “*") the first distance. The first distance may be at
least abour 10 pm, 30 pm, 100 pm, 150 um, 200 pum, 250 pm,
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300 pmy, 350 pm, 400 wm, 450 um, 500 pm, 350 un, or 600
pm. The first distance may be at mostabout 10 pm. 50 pum. 100
pmy, 130 pm. 200 wm. 250 pm, 300 pm, 350 pm. 400 pm. 450
pm, 300 jm, 330 um, or 600 m. The first distance may be any
value between the afore-mentioned first distance values. For
example, the first distance may be from about 10 um to about
400 pum. [rom aboutl 300 pm lo aboul 600 pm, or from about
250 pm to aboul 450 pum. In some instances, the movement ol
the atmosphere surrounding, the roller may induce movement
of the powder in the direction of movement. In some
instances. the powder may be suspended within the moving
portion of the atmosphere. The velocity ol movement ol the
almosphere may be highest within the narrowest distance
between the roller and the surface of'the powder material. The
atmosphere around the roller may comprise circular move-
ment of almosphere portions. The almosphere around the
roller may comprise laminar movement ol atmosphere por-
lions. In some instances. when the reller rolls in the direction
(e.g., cloclowise) of its lateral movement, powder may be
pushed downwards into the powder bed (e.g., FIG. 22, 2210
depicting the powder bed). In some instances. when the roller
rolls in the divection opposite (e.g., counter clockwise) (o the
direction of its lateral movement, powder may be directed
upwards (e.g., F1G. 22, depicting solid arrows 2206 designat-
ing the direction of powder movement). The rotating roller
may generale a mollon opposile (c.g., counter clockwise) Lo
the lateral (ranslational movement ol the roller across the
powder bed. The opposite motion may comprise moving the
powder forward (relative to the lateral motion of the roller).
The opposile motion may comprise moving the powder
upwards (c.g.. above the top surlace of the powder layer). The
opposile molion may comprise moving the powder both flor-
ward (relative to the lateral motion of the roller) and upwards
(e.2., above the surtace of the powder laver). The vpward and
lorward moving powder may [orm a boundary layer above the
top leveled surface of the powder bed. The rotation of the
roller may proceed t form the boundary laver vntil a prede-
termined height of powder is achieved. The roller may com-
prise a powder trapping compartment 1o trap any powder
malerial thal travels o the direction behind the roller (relative
Ler its lateral motion). The powder trapping compartment may
be in the form of a curved surtace (e.g., a cup or a spoon). In
some examples, when the powder is thrown upwards, a pow-
der removal mechanism (e.g.. powder suction device) may
colleet the excess of powder [rom the surlace. IG. 23, 2301
shows an example ol a powder removal mechanism. The
leveling mechanisim may span the entire width of the powder
bed, entire length of the powder bed, or a portion of the
powder bed. The leveling mechanism may comprise an array
ol leveling members. The array ol leveling members may be
spaced apart evenly or unevenly. The array of leveling mem-
bers may be spaced apart at most abour 0.1 mm, 0.3 mm, 0.5
mm, 1 mm, 1.5 mm, 2 mm, 3 mn, 4 mm, or 5 mm. The array
ol leveling members may be spaced apart at least about (0.1
mm, 0.3 mm. 0.5 mm. 1 mm, 1.5 mm. 2 mm, 3 mm. 4 mm, or
5 mm. The array of leveling members may be spaced apart
between any of the atore-mentioned spaces of the leveling
members. For example, array of leveling members may be
spaced apart [rom aboul 0.1 mm o aboul 5 mm, from about
1.5 mm 0 about S mm. or from about 0.1 mm (e aboul 2 mm.

[0285] A controller may be operatively coupled 1o the lev-
cling member and control (c.g.. dircel andfor regulale) the
leveling member. The controller may control the rate of lat-
eral movement of the roller. The controller may control the
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revolution rate of the roller. The comtroller may control the
direction ol the rotation ol the roller. The controller may
control the amount indentations or depressions on (he surface
of the roller. The controller may control the degree of inden-
tations or depressions on the surface of the roller. The con-
troller may control the temperature of the roller. "The control-
ler may control the roughness of the surlace ol the roller. The
controller may control the roughness of the powder surface
created by the roller.

[0286] In some examples, the leveling mechanism (e.g.,
leveling member) prevents the accumulation of powder in the
direction ol movement of the leveling member (e.g., a lateral
movement). In some instances. the leveling mechanism com-
priscs a blade. The blade may be ol any blade shape disclosed
herein. The blade may comprise a concave or convex plane.
The blade may be able to level the powder material and cut,
remove, shear or scoop the unwanled powder material. The
blade may have a shape ol a scoop. or shovel. The blade may
have ashape ofthe letter “L" (e.g., FIG. 15, 1515 depicting an
alternative blade). The blade mayv have an indentation,
depression, or cavity. The indentation can be of'any shape. For
example. the indentation can comprise a shape having an
clliptical {¢.g.. cireular). reclangular (e.g., square), riangular,
peatagonal, hexagonal, octagonal, any other geowmetric
shape, or a random shape, The blade may have an indentation
thal is able (o cut, push, 1ill and/or scoop the powder material
as 1l moves (e.g. laterally). UG, 15 shows an example of a
blade 1503 having an indentation 1514 in which powder is
scooped as the blade moves laterally in the direction 1504, In
some instances, the blade can scoop at least about 0.1 em”,
0.15em™ 0.2em”. 0.25em™. 03 em’, 0.35 em?, 0.4 em™, 0.45
e’ 0.5 em®, or 0.55 em”® of powder material. The blade can
scoop at mostabout 0.1 em®, 0.15 em®, 0.2 cm®, 0.25 em®, 0.3
em®, 035 em”, 0.4 em®, 0.45em”, 0.5cm®, 0.55em®, 0.6 e,
0.65 cm®, 0.7 em®, 0.8 em®, or 0.9 em® of powder material.
The blade can scoop powder material belween any ol the
alore-mentioned quantities of powder malerial. lor example,
the blade can scoop powder material in a volume trom about
0.1 em? 10 about 0.55 em®, from abour 0.1 em™ to about 0.3
e, or [rom about 0.25 em? W about 0.55 cm?®.

[0287] The blade may comprise at least one slanted plane.
lior example. the part closer w0 the tip ol (he blade may
comprise at least one slanted planc {e.g.. in V(GG 20, the blade
part closer 1o the 1ip of blade 1503, is 2005). The blade may
comprise a first slanted plane, which may form an angle delta
{&) with average plane formed by the wop surlace of the layer
ol powder malerial, the substrale or the base {e.g.. I1¢G. 20,
2001). T'he blade may comprise a second slanted plane, which
may form an angle zeta (2) with average plane formed by the
top surface of the laver of powder material, with the substrate
or with the base {(c.g., 2003). The first and second slanted
plancs may be curved or planar. The [irst and sceond plane
may tor a syimmetric blade with the axis of svmmetry in the
center betweenthe two planes. The first and second plane may
form an asymmetric blade in relation to the axis of svmmetry
in the center between the two planes. The blade may comprise
al least one plane perpendicular (o the average plane formed
by the top surface of the laver of powered material. In the
direction of movement, the angle delta may be an acute posi-
live angle or an obluse posilive angle (i.c., in counter-clock-
wise direction). The angles dela and #ela may be equal. The
angles gamma and vela may be dilferent. Gamma may be
larger than zeta. Zeta may be larger than delta. Viewed from
the same direction, the angles delta, zeta or both may be
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obtuse angles. Viewed from the same direction, the angles
gamma, scla or bolh may be acule angles. Viewed [rom the
same direction, the angles gamma. vela or both may be rights
angles. The first and second planes may be parallel to each
other. The first and second planes may be non-parallel 1o each
other. Zeta and/or della may be at least about 19, 5%, 107, 157,
200, 30°, 407, 507, 607, 707, 807, 90°, 1000, 1200, 1257, 1307,
1359 1407, 145°, 1507, 155°, 1607, 163°, 1707, 175% {de-
grees ) or more, Delta and/or zeta may be at mostabout 53° 107,
15°, 200, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 120°, 125°,
130° 1357, 1407, 145°, 1507, 15571607, 165°. 1707, 175% or
less. Delta andior zela may be ol any value belween the
afore-mentioned degree values for delta and'or zeta. For
example, delta and/or zeta may be of'a value from about 1° to
about 175°, from about 1° to about 90°, from about 90° to
aboul 175°, or [rom about 159 (o about 135°,

[0288] ‘The blade may comprise a lapered bollom plane
(t.g.. a chamler). "The tapered botlom plane may be planar or
curved. The blade may comprise a planar or a curved plane.
The radivs of curvature may be above the tapered bottom
plane (e.g., away from the direction of the substrate), or below
the tapered botlom plane {c.g.. lowards the direction ol the
substrate). lor example, UG, 20 shows a bollom of a blade
2001 that is tapered in the direction of movement 2002, and is
planar. The tapered bottom plane (e.g., a planar plane) may
lorm an angle epsilon (€} with the average top surlace of the
powder material. with the substrale or with the base. or with
a plane parallel thereto. The angle may be a positive acule
angle or a positive obtuse angle. The blade angle (delta “8™)
may form a positive obtuse angle, and the tapered bottom
angle (epsilon) may lorm a positive acule angle when viewed
[rom the same viewing position. The blade angle (dela) may
form a positive obtuse angle, and the tapered bottom angle
(epsilon) may torm a positive acute angle. The blade angle
(delta) mavy form a positive acute angle, and the tapered
hottom angle (epsilon) may [orm a positive obluse angle. The
blade may be substantially perpendicular o the average o
surface of the laver of powder material, the substrate or the
base. For example, F1G. 20 shows a blade forming an obmise
positive angle delta (83, having a lapered bottom. which lorms
4 posilive acule angle epsilon (€). In some instances. both the
blade angle delta and (he tapered bollom angle epsilon may
form positive obtuse angles. In some instances, both the blade
angle delta and the tapered bottom angle epsilon may form
positive obluse acule. Lpsilon and delta may have a different
value. Positive angles may be counter-clockwise angles.
Posilive may be designated as a first direetion. Both positive
angles may be positive when viewed from the same viewing
position. Epsilon may be at least about 0.1°,0.2°,0.3°, 0.4°,
0.5%,006°, 0,77, 0.8, 0,99, 19,20, 3%, 4° 5% 6, 79 87, 9%, 1{°,
15,207, 307, 407, or 507, Tipsilon may be al mostabout (.17,
02°,03°, 04° 05° 0.6°0.7°,08°,09° 1° 2° 3° 4° 5°,
6°,7°,8°,0°,10°, 15°, 20°, 30°, 40°, or 50°, Epsilon may be
of any value berween the aforementioned degree values tor
epsilon. For example, epsilon may be ol a value [rom about
0.1 1o aboul 50°, [rom about (L1° 1o aboul 20°, [rom about
20° 1o about 50°, or from about 10° to about 30°.

[0289] Insomeinstances, the tapered bottom is of a smaller
height as compared to the height of the entire blade. An
example ol the relative heights is shown in I, 200 depicling
“W" as the height ol the tapered end. In some instances. “h™ is
al least about 0.1 mm. 0.2 mm. 0.3 mm. 0.4 mm, (.5 mm, (.6
mm, 0.7 mm, 0.8 mm, 0.9 mm, 1.0 mm, 1.1 mm, 1.2 mm, 1.3
mm, 1.4 mm, 1.5 mm, 1.6 mm, 1.7 mm, 1.7 mm, 1.8 mm, 1.9
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mm, or 2.0 mm. In some instances, 0" is at most 0.1 mum, 0.2
mm. (L3 mm. 0.4 mm, 0.5 mm. 0.6 mm. 0.7 mm, .8 mm. 0.9
mm. 1L.Omm. 1.1 mm, L.2mm. 1.3 mm. 1.4mm, 1.5mm. 1.6
mm, 1.7 mm, 1.7 mm, 1.8 mm, 1.9 mm, or 2.0 mn. In some
instances, “h” is any valve between the afore-mentioned
heights “h.” For example. “h™ may be [rom about 0.1 mm 1o
aboul 2.0 mm. from aboul 0.1 mm (o aboul 1.0 mm, rom
aboul (L9 mm Lo aboul 2.0mm. or [rom aboul (L7 mm o aboul
1.5 mm.

[0290] At least part of the blade may comprise elemental
metal, metal alloy, an allotrope of elemental carbon, ceramie,
plastic. rubber, resin, polymoer, glass, stone, or 4 zeolite. Al
least part of the blade may comprise a hard material. Al least
part of the blade may comprise a soll material. The al least
partofthe blade mav comprise the tip of'the blade; the bottom
of the blade tacing the bottom of the container, the substrate
or the base. or the entire blade. At least part of the blade may
comprise 4 material that is non bendable during (he Teveling
of the powder material. At least part of the blade may com-
prise a1 material that is substantially non-bendable when
pushed against the powder material during the leveling pro-
cess. Ad least part o the blade may comprise a malerial thal is
bendable when pushed against object comprising a lrans-
formed powder material that was allowed 1o harden. At least
part of the blade may comprise a material that is substantially
non-bendable during the leveling ol the powder material. or
during removal ol an object comprising a transformed pow-
der malerial (hat was allowed to harden. Al least part ol the
blade may comprise an organic material. At least part of the
blade may comprise plastic, mbber or Teflon®. The blade
may comprise a material o which the powder malerial does
not cling. Al least part of the blade may comprise 4 coating lo
which the powder material does not cling. At least part ot the
blade may be charged 1o prevent clinging of the powder
material.

[0291] The blade may comprise compliant mounting. The
blade may be able 1o pivol or swivel relative Lo the compliant
mounting. The blade may be suspended on springs. The
spring may be attached to the compliant mounting. The blade
may be permanently tastened (e.g., to the compliant mount-
ing). In some embodiments, the blade may be prevented from
pivoting. In some embodiments, the blade may be prevented
from swiveling. The blade may be exchangeable, removable,
non-removable, or non-exchangeable. FIG. 144 schemari-
cally shows a blade 1413 (which represents any blade
deseribed herein) on a mounting 1412 (e.g., a compliant
mounting) that is able (o translaie horizontally 1411, The
mounting may allow the blade 1o move vertically. horivzon-
tally, oratan angle. F1G. 14B schematically shows two blades
1423 and 1426 respectively on mountings 1422 and 1425
with arrows (herein representing vertical movements. The
mounling may comprise one or more springs. The mounting
may allow the blade to move vertically when confronting an
obstacle. The obstacle may be a hardened material as
described herein. The obstacle may be a generated part of a
31 object. or a generaled 31) object. or a hardened material
that did not form part ol the 313 objoect. The blade may be
deformed when confronting the olject. The blade may be
substantially non-deformed when confronting the object. The
concave plane may be ulilized in leveling the layer ol powder
material that 1s deposited in the enclosure (e.g.. above the
subsirale or above the base). The powder material may be
pushed by the blade (e.g., by the concave plane). The powder
material may be pushed by the blade in the direction of its
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movement. The powder material may be pushed (e.g., relo-
cated. sheared, or removed) by (he blade in the direetion
opposile o ils movemenl. The powder material may be
pushed by the blade in the direction other than a direction of
irs movement. The powder material may be pushed by the
blade in the direction other than a direetion of its movement or
opposile o ils movement. In some examples, the concave
plane may nol [ace the boltom of the enclosure. ol the sub-
strate or of the base.

[0292] The blade may be movable, For example, the blade
may be movable horizontally, vertically or at an angle. The
blade may be movable manually or aulomatically {e.g., by a
mechanism controlled by a controller). "The movement ol the
blade may be programmable. The movement of' the blade may
be predetermined. The movementof'the blade may be accord-
ing to an algorithm.

[0293] The laver dispensing mechanism may comprise a
leveling mechanism. The layer dispensing mochanism may
comprise a powder dispensing moechanism and a leveling
mechanism. The laver dispensing mechanisim may be mov-
able. The laver dispensing mechanism may be movable hori-
sontally, vertically or al an angle. The layer dispensing
mechanism may be movable manually or aulomatically (c.g..
controlled by a controller). The movement of the Tayer dis-
pensing mechanism may be programmable, The movement
of the laver dispensing mechanism may be predetermined.
The movement of the layer dispensing mechanism may be
according Lo an algorithm.

[0294] The powder dispensing mechanism {(e.g.. powder
dispenser) may be movable. The powder dispensing mecha-
nism may be movable horizontally, vertically or at an angle.
The powder dispensing mechanism may be movable manu-
ally or auwtomatically {c.g., controlled by a controller).
[0295] The powder removal mechanism may be movable.
The removal mechanism may be movable horivontally. ver-
tically or at an angle. The removal mechanism may be mov-
able manvally or automatically (e.g., controlled by a control-
ler). The movement ol the powder removal mechanism may
bhe programmable. The movement ol the powder removal
mechanism may be predelermined. “The movement ol the
powder removal mechanism may be according 1o an algo-
rithm,

[0296] The powder leveling mechanisin may be movable.
The leveling mechanism may be movable horizontally. verti-
cally or al an angle. The leveling mechanism may be movable
manually or aulomatically (c.g.. conirolled by a controller.
The movement of the leveling mechanism may be program-
mable, The movement of the leveling mechanism may be
predetermined. The movement of the leveling mechanism
may be according (o an algorithm.

[0297] ‘The layer dispensing mechanism may be able Lo
travel in a horizontal direction from one side of the enclosure
1o its other side. The powder dispensing mechanisim, powder
removal mechanisim, leveling mechanism and/or blade may
he able to travel in a horbzontal direction rom one side ol the
enclosure W its other side. "The vertical position ol the powder
dispensing mechanisim, powder removal mechanism, level-
g mechanism and/or blade may be adjustable. The horzon-
Lal position ol the powder dispensing mechanism. powder
removal mechanism. leveling mechanism and/or blade may
be adjustable. The angular position of the powder dispensing
mechanism, powder leveling mechanism, leveling mecha-
nism and/or blade may be adjustable.
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[0298] Insome examples, the laver dispensing mechanism
comprises al least one powder dispensing mechanism and at
least one leveling member. "The al least one powder dispens-
ing mechanism and at least one leveling member may be
connected or disconnected. FIG. 14 A schematically shows a
blade 1413 (which represents any blade described herein)
commecled via a connector 1437 10 a powder dispensing
mechanism 1415 (which represents any powder dispensing
mechanism described herein). The at least one powder dis-
pensing mechanism and at least one leveling member may
travel at dillerent speeds or at the same speed. 'The al least one
powder dispensing mechanism and at least one leveling mem-
ber may be simultancously controlled by the controller, or
non-sinultaneously controlled (e.g., sequentially controlled)
by the controller. The speed and/or position of the at least one
powder dispensing mechanism and the at least one leveling
member may be simullancously controlled by the controller,
or mom-simullancously controlled (e, scquentially con-
trolled) by the controller. The speed and/or position of the at
least one powder dispenser and at least one leveling member
may be dependent or independent on cach other. Relative 1o
the dircetion of travel, the leveling member may [ollow (he
powder dispensing mechanism. Relative 1o the direction of
travel, the leveling member may precede the powder dispens-
ing mechanism. In some embodiments, at least one powder
dispenser may be disposed belween two leveling members.
111G, 1413 schematically show an example of a [irst leveling
member having a blade 1423, a second leveling member
having a blade 1426, and a powder dispenser 1424, The two
leveling member may be vertically translatable {c.g., 'IG.
1413) or nom-translatable (c.g.. I 1419, In some examples,
the bottom lace ol both leveling members (which laces the
exposed surtace of the powder bed) is positioned at the same
vertical height relative to the bottom of the enclosure, sub-
strale or base (c.g.. IG. 1417, In some examples. the bollom
lace of both leveling members, which [aces the powder bed,
are positioned at the ditferent vertical heiglt relative to the
bottom of the enclosure, substrate or base (e.g., FIG. 14B).
For example, relative to the direction of movement, the bot-
lom face of the romtal leveling member (c.g.. FIG. 1413,
1426) may be higher than the bottom lace ol the distal level-
ing member(e.g., 1423 ) when moving in a first direction (e.g.,
1430). When the layer dispensing mechanism reaches the end
ol the powder bed. or precedes the end of the powder bed. the
direction of movement may switch and thus the level of the
botlom lace ol the leveling memboers may swilch accordingly.

[0299]  In some examples, al least one powder dispensing
member (e.g.. powder dispenser, FICr. 14A, 1415) may pre-
cede at least one leveling member (e.g., 1412 and 1413 col-
lectively) relative to the direction of movement (e.g., 1411).
In this example, powder dispensed [rom the powder dispenser
may be leveled as the leveling system [ollows the powder
dispenser. When the laver dispensing mechanism reaches the
end of the powder bed, or precedes the end of the powder bed,
the direction of movement may switch and thus the leveling
member may move o a position that allows the powder dis-
pensing member o procede the lTeveling member. FIG. 14
shows an example of switching the position of the leveling
member (from 1443 and 1446 1o 1445 and 1447 respectively),
relative to the powder dispenser 1444; while swiiching the
dircetion of movement [rom 1451 1o 1452, Such movement
may be. for example. a 180-degree rotation aboul the axis that
is substantially perpendicular to the average top surface of'the
laver of powder bed, to the sulstrate, or to the base. The axis
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of rotation may go through the powder dispensing mechanism
(c.g.. 1441). "The axis of rolation may go through the chule
(t.g.. cascade or drop) of powder malerial from the powder
dispensing mechanisim. In some examples, the powder is
dispensed when the laver dispensing mechanism (e.g., com-
prising the leveling member and the powder dispenser) moves
in a lirst direction, and the deposited Tayer ol powder malerial
is leveled when the layer dispensing mechanism moves in the
opposite direction. The powder material may be dispensed by
the layer dispensing mechanisim (e.g., the powder dispenser)
when the layer dispensing mechanism travels in a first diree-
tion. ‘The powder material may be leveled by the leveling
mechanism when the layer dispensing mechanism travelsina
second direction. The first and second direction may be the
same direction. The first and second direction may be oppo-
sile dircelions.

[0300]  In some cases. the mechanism thal is conligured Lo
deliver a powdered malerial (e.g., the powder dispenser) Lo
the powder bed can be an vltrasonic powder dispensing
mechanism. The mechanism that is configured to deliver the
powder to the powder bed can be a vibratory powder dispens-
ing mechanism. The powder dispenser may comprise a vibra-
lor or a shaker. The mechanism conligured 1o deliver the
powder from to the substrate can comprise a vibrating mesh.
The vibration may be formed by an ulirasonic transducer, a
picro-cloctric device. a rolating molor (e.g., having an cecen-
tric cam), or any combination thereol. The ultrasonic andéor
vibratory powder dispensing mechanism can dispense pow-
der in one, two, or three dimensions. The frequency of an
ultrasonic and/or vibratory disturbance of the dispenser can
be chosen such (hal powder is delivered (o the powder bed at
a predelermined rate. The ultrasonic andfor vibratory dis-
penser can dispense powder onto the powder bed trom a
location above the powder bed. The ultrasonic and/or vibra-
tory dispenser can dispense powder onto the powder bed from
a location that is al a relatively higher height relative 1o the
powder bed (e.g., the op ol the enclosure). The ultrasonic
and/or vibratory dispenser can dispense powder onto the
powder bed in a downward or sideward direction. The ultra-
sonic and/or vibratory dispenser can dispense powder onlo
the powder bed in a downward direetion. The powder may be
dispensed using gravitational lorce. The ultrasonic andéor
vibratory dispenser can be a top-dispenser that dispenses the
powder from a position above the substrate, the base or the
powder bed (or a container lor accommodating the powder
bed). The vibralor may comprise a spring. The vibralor may
be an clectric or hydraulic vibrator.

[0301]  The powder dispenser can comprise a vibrator. UG
15,1507 shows an example for a powder dispenser 1509 with
a vibrator 1507. The powder dispenser can comprise two or
more vibralors (eag., an array of vibralors). The array ol
vibrators can be arranged lincarly, non-linearly. or al random.
The array of vibrators can be arranged along the opening of
the powder dispenser, or in proximity thereto. The powder
dispenser can comprise of multiple opening ports. The array
ol vibralors can be situated along the array of opening ports
(c.g.. the multiple openings). The vibralors can be arranged
along a line. The vibrators can be arranged along a linear
pattern. The vibrators can be arranged along a non-linear
patlern. The arrangement ol the vibrators can determine the
rale al which the powder exils the powder dispenser. The
vibrator(s) may reside on a lace of the powder dispenser. G,
16A shows an example of a powder dispenser 1605 compris-
g a mesh 1607 and a vibrator 1603, The vibrator may reside
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next to the exit opening (e.g., port). The powder dispenser can
comprise a mesh that is conneeled 1o a vibralor. The powder
dispenser comprises a moesh thal is capable of vibrating. The
vibrator(s) can vibrate at least part of the powder material
within the powder dispenser (e.g., FIG. 164, 1604). The
vibrators(s) can vibrate at least a part of the powder dispenser
body. The body ol the powder dispenser {e.g., the powder
rescrvoir) may comprise a light malerial such as a light
elemental metal or metal allov (e.g., aluminum). The vibra-
tors can be controlled manvally or avtomatically (e.g., by a
controller). The vibralor [requency may be at least about 20
[lerts (1LY, 301 1, 40 11x, 5011, 60112 7O 1T 80 1 90 112,
100 TTz 110 TTa 120 TTe 130 TTe, 140 1le, 150 1 1x, 160 1 1,
170 Hz, 180 Hz, 190 Hz, 200 Hez, 210 Hz, 220 Hz, 230 Hz,
240 Hz, 250 Hz, 260 He, 270 Hz, 280 Hz, 290 Hz, 300 Hz,
350 1Tz 400 1Tz 450 1Tz 300 1Tz, 350 11, 600 11x, 700 11,
K00 1L 900 1 e, or 1000 1. The vibrator frequency may be
al most about 20 [erlz (112 30 1Ly, 40 1x S0 11 60 1w, 70
Hz, 80 Hz, 90 Hz, 100 Hz, 110 Hz, 120 Hz, 130 Hz, 140 Hz,
150 Hz, 160 Hz, 170 Hz, 180 He, 190 Hz, 200 Hz, 210 Hz,
220 1Tz 230 1T, 240 Tz 230 TTz, 2000 e, 2701, 280 1,
200 [T, 300 Iz 350 Tz, 400 TTz, 430 1, 500 1x, 350 1,
600 Hz, 700 Hz, 800 Hz, 900 Hz, or 1000 Hz. The vilrator
frequency may be any number between the afore-mentioned
vibrator frequencies. For example, the vibrator frequency
may be [rom about 2011710 about 1000 1Ly, rom aboul 201 1,
Lo about 400 11 [rom aboul 300 112 o abowt 700 112 or [rom
about 600 Hz to about 1000 Hz. The vibrators in the array of
vibrators can vibrate in the same or in ditferent frequencies.
"The vibralors can have a vibration amplitude ol at least aboult
1 times the gravitational loree (G5, 2 tmes G, 3 times (3, 4
limes (1, 5 times €7, 6 times (5.7 times (0, 8 Umes 0, 9 times
G, 10times G, 11 times G, 15 times G, 17 times G, 19 times
G, 20 times G, 30 times G, 40 times G, or 50 times G. The
vibralors can have a vibration amplitude of al most aboul 1
limes the gravitational loree ((7). 2 limes €5, 3 times €7, 4 Umes
G, Stimes G, 6 times G, 7 times G, 8 times G, 9 times G, 10
times G, 11 times G, 15 times G, 17 tines G, 19 times G, 20
times G, 30 times G, 40 times G, or 30 times G. The vibrators
can vibrale al an amplitude having any value between the
alore-mentioned vibration amplilude values. lior example,
the vibrators can vibrate at an amplitude from about 1 times G
to about 30 times G, trom about 1 times G to about 30 times
(1, [rom about 19 limes €7 10 about 54 times (5, or [rom aboul
7 limes €7 1o aboul 11 times (5.

[0302]  Insome cases. the mechanism configured 1o deliver
the powder rom the reservoir 1o the substrate (i.c.. powder
dispenser) can be a screw. an clevalor, or a conveyor. In some
cases, the mechanism configured 1o deliver the powder from
the reservoir 1o the substrate (i.e., powder dispenser) can be a
serew. The serew can be a rolary screw in a vessel, When the
serew is rolaled powder can be dispensed from the screw
though an exit opening (e.g., port). The screw can dispense
powder in an upward, lateral or downward direction relative
to the substrate. The spacing and size of the avger screw
threads can be chosen such (hal a predetermined amount off
powder is dispensed on Lo the substrale with cach tum or
partial turn ot the screw in the screw. The turn rate of the screw
in the avger can be chosen such that powder is dispensed on
the subsirate al a predetermined rate. In some cases. powder
dispensed by the serew can be spread on al least a fraction of
the substrate Y4 by a rolary screw. lincar motion ol a spread-
ing tool, and/or one or more baffles. The screw can be an
Archimedes screw. The screw can be an auger screw,
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[0303] The powder dispenser may be shaped as an inverted
cone. a [unndl, an inverted pyramid, a cylinder, any irregular
shape. or any combination thereoll. I'xamples of [unnel dis-
pensers are depicted in FIGS. 13A-D, showing side cross
sections ot a powder dispenser. The bottom opening of the
powder dispenser (c.g.. FIG. 13A. 1334) may be completely
blocked by a verlically movable plane {c.g., 1305) above
which powder is disposed (c.g., 1304). "The plane can be
situated directly at the opening, or at a vertical distance “d™
from the opening. The movement (e.g., 1302) ot the vertically
movable plane may be controlled. When the plane is moved
vertically upwards (c.g. away from (he base (c.g., 1310)).
side openings are formed between the plane and the edges of
the powder dispenser, out of which powder can slide though
the tunnel opening (e.g., 1307). The powder dispenser may
comprise al least one mesh that allows homogenous (c.g..
even) distribution of the powder on 10 the powder bed (or
container accommadating the powder bed). The mesh can be
situated at the bottom opening of the powder dispenser (e.g,,
1334) or at any position between the bottom opening and the
position al which the plane completely blocks the powder
dispenser (e.g., al any position within the distance “d” in LG,
134).

[0304] The powder dispenser can be a double mesh dis-
penser (e.g., FIG. 13C). The double mesh dispenser may be
shaped as an inverled cone. a Tunnel. an inverted pyramid, a
cylinder. any irregular shape, or any combination thereol.
Iixamples of lunnel dispensers are depicled in FIG. 13A-1).
showing, cross sections of a powder dispenser. The bottom of
the double mesh dispenser can comprise an opening (e.g.,
1335). "The opening may comprise of two meshes (c.g.. 1323)
ol which al least one is movable (e.g., horizontally). The two
meshes are aligned such that the opening of one mesh can be
completely blocked by the second mesh. A horizontal move-
ment (e.g., 1320) of the at least one movable mesh may
misalign the two meshes and form openings (hat allow Oow ol
powder [rom the reservoir above the two meshes {e.g., 1319)
down towards the direction of the powder bed (e.g., 1324).
The misaligninent of the meshes can alter the size and/or
shape ol the openings though which the powder material can
exil the powder dispenser. The openings can have a lunda-
mental length scale of at least about 0.001 mm, (.01 mm. 0.03
mm, 0.05 mm, 0.07 mm, 0.09 mm, 0.1 mmn, 1 mm, 2 mm, 3
mm, 4 mm, 5 mm, or 10 mm. The openings can have a
[undamental Tength scale of al most about 0.001 mm. 0.01
mm, 0L03 mm, .05 mm. 0.7 mm, 0.0%9 mm, 0.1 mm, 1 mm.
2 mm, 3 mm. 4 mm, 5 mm. or 13 mm. The openings can have
a fundamental length scale between any of the atoremen-
tioned values. For example, the openings can have a tonda-
mental length seale [rom about 0.001 mm 1o about 10 mm, or
[rom 0.1 mm o aboul 5 mm.

[0305]  "The powder dispenser may comprise an exil open-
ing port that resides within a face of the powder dispenser.
The face may be the bottom of the powder dispenser, which
faces the substrate, the base, or the bottom of the enclosure
(c.g.. chamber). IlG. 13C shows an example ol a powder
dispenser 1318 having a boltom lacing exil opening port
1335, The face in which the exit opening port resides may be
different than the bottom face of the power dispenser. For
example, the face may be a side ol the powder dispenser. The
[ace may be a lace that is not parallel o the layer of powder
malerial. The Face may be substantially perpendicular 1o the
average plane formed by the top surtace of the powder bed.
FIG. 15 shows anexample of a powder dispenser 1509 having
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a side exit opening port 1511 that is substantially perpendicu-
lar to the top surlace of the powder bed 15306, The face may be
substantially perpendicular o the average plane ol the sub-
strate or of the base. The tace may be situated at the top face
of'the powder dispenser. The top tace of the dispenser may be
the face that faces away from the substrate, base or bottom off
the enclosure. The top lace ol the dispenser may be the lace
thal [aces away [rom the exposed surlace ol the powder bed.
The tace may be a side tace. The side tface may be a face that
is not the bottom or the top tace. A plane in the face (e.g., the
entire [ace) may lean lowards the powder bed. the substrale,
the bettom of the container, or the base. |.caning may com-
prisc a plane that is curved lowards the substrate. the base, and
the bottom of the enclosure or towards the powder bed. The
curved plane may have a radius of curvature centering at a
poeint below the botlom ol the powder dispenser. The curved
plane may have a radius of curvature cenlering at a poinl
above the bottom ol the powder dispenser. [.eaning may
comprise a plane forming an acute angle with an average
surtace of the substrate, the base or a top surface ot the layer
ol powder malerial, or with a plane parallel thereto. For
example. a plane al the bottom [ace ol the powder dispenser
may from an acute or an obtuse angle (phi, ¢) withthe average
plane formed by the top surface of the powder material, by the
substrate or by the base. FIGS, 18B and 18D each shows an
example ol a powder dispenser (1813 and 1833 respectively),
having a side exit opening port (1812 and 1831 respectively),
that forms an angle phi (§) with the top surface of the powder
material 1810 and 1830 respectively (or with a line parallel
thereto). UVIGG, 1813 shows an example of an acule angle phi,
and I'1¢5. 1813 shows an example of an obluse angle phi. The
angle phi may beatl least about 57, 107, 157,200, 30°, 407, 50°,
60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160°,
or 170°, Thi may be at most about 5°, 10°, 15°, 20°, 30°, 40°,
500, 60°, 70°, 807, 907, 1007, 1T10%, 1207, 130°, 1407, 150°,
160%, or 1707, The angle phi may be ol any value between the
afore-mentioned degree values tor phi. For example, the
angle phi may be from about 5° 1o about 1707, from about 3°
to about 90°, or from about 90° 1o about 170°,

[0306] The powder dispenser may comprise a bottom hav-
ing a first slanted bottom plane. In some instances, one edge
{side) of the plane al the botlom ol the powder dispenser lies
vertically above another edge ol that plance. The plane may be
convex or concave. The angle ofthe first slanted bottom plane
may be adjustable or non-adjustable. The first slanted bottom
plane may [ace the botlom of the enclosure, the substrale or
the base. "The botom ol the powder dispenser may bhe a
slanted planc. PIG. 17 shows an example of a powder dis-
penser 1702 with a slanted bottom plane 1711, The first
slanted bottom plane may form a first acute angle (gamma
vy in a first direction {e.g., positive direction) with a planc
paralle] to the average lop surlace ol the powder material. the
substrate or the base. The bottom of the powder dispenser
may comprise one or more additional planes. The one or more
additional planes may be adjacent 1o the bottom of the powder
dispenser. The one or more additional planes may be con-
neeled to the botlom of the powder dispenser. The one or more
additional planes may be disconnected from the powder dis-
penser. The one or more additional planes may be extensions
ol the botlom [ace ol the powder dispenser. The one or more
additional plancs may be slanted. The angle of the one or
more additional planes may be adjustable or non-adjustable.
The one or move additional planes that are slanted may form
an acute angle (theta “0™) in a second direction with a plane
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parallel to the average top surtace of the powder material. The
dircetion (ifirst andior second) may be clockwise or anli-
clockwise direction. The dircetion may be posilive or nega-
tive direction. The first direction may be the same as the
second direction. The first direction may be opposite 1o the
second direction. For example, the first and second direction
may be clockwise. The [irst and second direction may be
anli-clockwise. The first direction may be clockwise and the
second direction may be anti-clockwise. The first direction
may be anti-clockwise and the second direction mav be
clockwise. The lirst and sceond direetion may be viewed [rom
the same position. Al least part of the one or more additional
plancs may be silualed al a vertical position (hal is difTerent
than the bottom of the first slanted bottom plane. At least part
of the one or more additional planes may be situated at a
vertical position that is higher than the bottom ol the first
slanted botlom plane. At least part ol the one or more addi-
tional planes may be silualed al a verlical position that is
lower than the bottom of the first slanted bottom plane. The
lower most position of the one or more additional planes may
hesituated ata verlical position that is higher or lower than the
lower most position ol the first slanted bottom planc. The
upper most position of'the one or more additional planes may
be situated at a vertical position that is higher or lower than the
upper most position of the first slanted bottom plane. The one
or more additional plane may comprise a conveyor. "The con-
veyor can move in the direetion ol movement ol the powder
dispenser, or in a direction opposite to the direction of move-
ment of the powder dispenser. FIG. 16D shows an example of
a powder dispenser 1634 having a slanted bollom planc 1639,
and an additional plane parallel 1o the base, which comprises
a conveyor 1640, where the conveyor moves opposile Lo the
direction of movement 1638. Theta and/or delta may be at
least about 5°, 10°, 15°, 20°, 30°, 40°, 50°, 60°, 70°, or 80°.
Thetaand/or delia may beat mostabout 5%, 107, 159, 207, 30
447, 30°, 607, 70, or 80, Theta and/or della may be ol any
value between the afore-mentioned degree values tfor gamma
andi/or delta. For example theta and/or delta may be from
about 5° to about, 80°, trom about 3° to about, 40°, or from
aboul 40° 10 about, 8.

[0307] The one or more additional plane may comprise a
plane that is horivontally separated from the powder oxit
opening (e.g., port) by a gap. I'1G. 28 shows an example ol a
powder dispenser 2839 having an additional slanted plane
2733 that is separated from the opening 2835 by a gap. The
gap may be adjustable. The angle ol the slanted plane may be
adjustable. The angle may be any ol the alorementioned theta
(8) values. The top surface of the slanted plane may be Jat or
rough. The top surtace of the slanted plane may comprise
extrusions or depressions. The depressions or extrusions may
be random or lollow a pattern. "The Lop surlace of the slanted
surlace may be blasted (c.g., by any blasting method dis-
closed herein). The top surface of the slanted surface may be
formed by sanding with a sand paper. The sand paper may be
of at most about 24 grit, 30 grit, 36 grit, 40 grit, 50 grit, 60 g,
FO writ, 80 grit. 90 grit, 100 grit, 120 grit. 140 grit. 150 grit.
160 grit, 18O grit. 200 grit, 220 grit. 240 grit. 300 grit, 360 gril.
400 grit, 600 grit, 800 grit, or 1000 grit. The sand paper may
be ofat least 24 grit, 30 grit, 36 grir, 40 grit, 50 grit, 60 grit, 70
grit, 80 grit, 90 grit, 100 grit. 120 grit, 140 grit. 130 grit, 160
grit, 180 grit. 200 grit, 220 grit, 240 grit. 300 grit, 360 grit. 400
grit, 600 grit, 8O0 grit. or 1000 grit. The sand paper may be a
sand paper hetween any of the atore mentioned grit values.
For example, the sand paper may be from about 60 grit to
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about 400 grit, from about 20 grit 1o about 300 grit, from
about 100 grit to abouwl 600 gril. or lrom aboul 20 grit 1o aboul
1000 grit. The roughness ol the wop surlace of the slanted
plane may be equivalent to the roughness of the sand paper
mentioned herein. The roughness of the top surface of the
slanted plane may be equivalent o0 a the roughness of a
treatment with the sand paper mentioned herein. The slanted
planc (e.g., 2833) and the body of the powder dispenser (e.g.,
the reservoir 2839) may be of the same tvpe of material or of
ditferent tvpes of materials. The slanted plane may comprise
# roughoer malerial than (he one substantially composing the
body ol the powder dispenser. The slanted plane may com-
prise a heavier material than the one substantially composing
the body of the powder dispenser. The slanted plane may
comprise a harder (e.g., less bendable) material than the one
substantially composing the body ol the powder dispensor.
lior example. the body of the powder dispenser may be made
ofalight metal (e.g., aluminum}, while the slanted plane may
be made of steel or a steel allov. The slanted plane may be
mounted, while the body of'the powder dispenser may vibrate
or bend. The powder dispensed out ol the exit opening (c.g.,
porl) ol the powder dispenser reservolr (e.g., UG 28, 2839)
may travel downwards using the gravitational force (eg.,
2834), contact the slanted plane (e.g., 2733) during its fall,
bounce ofl the slanied plane. and continue its downward [all
{c.g.. 2832) lo the powder bed (e.g., 2831), or Lo (he subsirale
or base {c.g.. 28300, In some embodiments, as the powder
material exits the powder dispensing mechanism (e.g., mem-
ber) to the environment of the enclosure (e.g., chamber) and
travels in the verlical direction ol the powder bed (i.c., travels
down towards the powder bed). it encounters at least one
obstruction. The obstruction can be a surface. The surtace can
be stationary or moving (e.g., a conveyor). The surface can be
rough or smooth. The obstruction comprises a rough surface.
The obstruction can be a slanied surlace that forms an angle
with the exposed surlace ol the powder bed. The angle can be
any of the theta angles described herein. The powder remov-
ing mechanism (e.g., member) may be integrated within the
powder dispensing member o lorm a powder dispensing-
removing member deseribed herein,

[0308]  FFICG. 18C shows an example ol a powder dispenser
1824 with a slanied botlom plane 1821 that lorms an anti-
clockwise angle gamma with a plane parallel w the base
1820; the powder dispenser having an additional plane 1823
that is connected 1o the powder dispenser 1824, is slanted and
forms an anii-clockwise angle theta with a plane parallel o
the base, where theta is dilTerent (larger) than gamme: and the
plane 1821 both starts at a higher vertical position (d1) than
the plane 1823 (d2), and ends ata higher vertical position (d2)
than the ending position of plane 1823 (d3) relative (o the
busc.

[0309]  The powder dispenser may comprise 1 bollom hav-
ing a vertical cross section forming a first curved bottom
plane. The first curved bottom plane may have a radius of
curvature that is situated below the hottom of the powder
dispenser {e.g.. in the direction of the substrale). "The [first
curved bollom plane may have a radius of curvalure that is
situated above the bottom of the powder dispenser(e.g., inthe
direction away from the substrate). The radivs of curvature of
the [irst curved bollom plane may be adjustable or non-ad-

Justable. UG, 19A and VG, 19C show examples of vertical

cross seelions ol powder dispensers 1901 and 1921 respec-
tively having curved bottom planes 1902 and 1922 respec-
tively. The bottom of the powder dispenser may comprise one
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or more additional planes. The one or more additional planes
may be adjacent 1o the bollom of the powder dispenser. The
one ormore additional planes may be connected Lo the bottom
ol the powder dispenser. The one or more additional plancs
may be disconnected from the powder dispenser. The one or
more additional planes may be extensions of the bottom face
of the powder dispenser. The one or more additional planes
may be curved. The radius ol curvature of the one or more
additional plancs may be adjustable or non-adjustable. The
vertical cross section of the one or more additional curved
planes may have a radivs of curvature that is situated below
the one or more additional curved planes (e.g., towards the
dircetion of the substraie). The vertical cross section of the
one or more additional curved planes may have a radius ol
curvature that is situated above the one or more additional
curved planes (e.g., towards the direction away from the
substrate). The radius of curvature of the one or more addi-
tional curved planes may be the same or dillerent than the
radius ol curvalure ol the first curved botlom plane. The
radius of curvature of the one or more additional curved
planes may be smaller or larger than the radivs of curvature of
the first curved bottom plane, FIG, 194 shows an examples of
a powder dispenser 1901 with curved bollom planc 1902
having a radius ol curvature vy, and an additional curved plane
1905 that is connected to the curved bottom plane 1902, and
has a radivs of curvature r,, wherein v, is simaller than v, and
hoth radii are situated below the bottom ol the powder dis-
penser and the additional planc. owards the direction ol the
substrate 1906. The one or more additional curved planes and
the first curved bottom plane may be situated on the same
curve, FIG. 19D shows an examples of vertical cross section
ol a powder dispenser 1931 with curved boltom plane 1932
and having a radius of curvature v 5. that extends beyond the
position o[ the powder dispenser exil opening port 1933, and
thus forms an “additional curved plane” 1935, In this
example, the vertical cross section of the “additional curved
planc™ and the bollom of the powder dispenser are situated on
the same curve whose radius of curvature is situated below the
bottom of the powder dispenser, in the direction of the sub-
strate 1936. The powder dispenser may have a planar bottom
that may or may not be slanted. The powder dispenser may
have a planar botlom that is parallel o the substrate (or o an
average planc lormed by the substrate). The powder dispenser
may have one or more additional planes that are curved. The
radius of curvature of the curved planes (or a vertical cross
section thereo Ny may be situaled below the curved plane (c.g..
in the dircetion ol the substrate). UIG. 1913 shows an example
ol vertical cross section of a powder dispenser 1911 with
slanted bottom plane 1912 and a curved additional plane
1915, The powder dispenser may have a curved bottom. The
powder dispenser may have one or more additional plancs
that arc or are nol slanted. The powder dispenser may have
one or more additional planes that are parallel or perpendicu-
lar to the substrate. The radius of curvature of the curved
planes {or a vertical cross section thereof) may be situated
below the curved plane (e.g.. owards the direction ol the
substrate). UG 19C shows an examples of a verlical cross
section of a powder dispenser 1921 with a curved bottom
plane 1922 and a slanted additional (extended) plane 1925,
The radius ol curvature r . v, and/or v, may be at least aboul
0.5 mm. | mm, 2 mm, 3 mm, 4 mm. 3 mm. 6 mm, 7 mm, 8
mm, ¥ mm. 14 mm, 20 mm, 30 mm. 40 mm, 50 mm, 60 mm.
70 nun, 80 mm, 30 mn, or 100 mm. The radius of curvature
£y, by andfor r, may be at mostabout 0.5 mm, 1 mm, 2 min, 3
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mm, 4 mm, 5 mm, 6 mm, 7 mm, 8 mn, 9 mm, 10 mm, 20 mm,
30 mm, 40 mm, 50 mm, 60 mm, 70 mm. B0 mm. 90 mm. or
100 mm. The radius of curvature r,. v, andfor r, , may be ol
any value between the afore-mentioned valves (e.g., from 0.5
mm 1o about 100 mm, from about 0.5 mm to about 50 mm,
from about 50 mm o aboutl 100 mm).

[0310]  In some examples, the power dispenser comprises
both an exil opening port and al Teast a first slanted surface as
delineated above. lior example. the power dispenser can com-
prise both a side exit opening port and at least a first slanted
surface as delineated above. The power dispenser can com-
prisc both a side exit opening and at least a irst slanted plane
and a second slanted plane as delincaled above. The one or
more slanted planes can reside at the bottom of the powder
dispenser. The second plane can be an extension of the bottom
of the powder dispenser. The second plane can be discon-
neeled [rom the bollom of the powder dispenscer.

[0311]  The opening ol the powder dispenser can comprise
a moesh or a plane wilh holes (collectively referred (o herein as
“mesh”, e.n., FIG. 16 A, 1607). The mesh comprises a hole (or
an array of holes). The hole (or holes) can allow the powder
material lo exil the powder dispenser. The hole in the mesh
can have a [undamental length scale ol at least about 10 pm,
20 un, 30 um, 40 pum, 30 pm, 60 wm, 70 um, 80 pm, 90 pun,
100w, 110 pm, 120 pm, 130 pm, 140 pm, 1530 pm, 160 pm,
170w, 180 pum, 190 pm, 200 wm, 230 pm, 300 pm, 350 pm,
400 prm. 450 pmy, 300 pm, 350 um. 600 um. 630 pm, 704 pum,
750 pum. 800 pm, 830 pm, 900 pm 930, pm. or 1000 pm. The
hole in the mesh can have a tundamental length seale of at
most about 10 i, 20 pm, 30 pm, 40 pm, 50 pm, 60 um, 70
wrm. B0 pm, 90 pm, 108G pwm, 110w, 120 pwm. 130 pmy, 140 pum,
130 pm. 160 wm, 170 pm, 180 um. 190 um. 200 pm, 250 pum,
300 prm. 350 pmy, 400 pm, 450 um. 500 um. 530 pm, 604 pum,
650 pm, 700 pum, 750 pm, 800 pm, 830 pm, 500 pm 950 um,
or 1000 . The hole in the mesh can have a fundamental
lengih seale of any value between the alore-mentioned lun-
damental length scales. For example, the hole in the mesh can
have a fundamental length seale from about 10 pm to about
1000 pm, from about 10 um 1o about 600 pm, from about 500
1 to about 1000 pm, or from about 30 pm 10 about 300 pun.
The [undamental length scale ol the holes may be adjustable
or lixed. In some embodiments the opening comprises (wo or
more meshes, At least one of the two or more meshes may be
movable. The movement of the two or more meshes may be
controlled manually or antomatically (e.g., by a controller).
The relative position of the two or more meshes with respeet
o cach other may determine the rale al which the powder
passes through the hole (or holes). The tundamental length
scale of the holes may be electrically controlled. The funda-
mental length scale ol the holes may be thermally controlled.
The mesh may be heated or cooled. The temperature ol the
mesh may be controlled manually or by a controller. The
holes ot the mesh can shrink or expand as a function of the
temperature or electrical charge ot the mesh. The mesh can be
conduetive. The mesh may comprise a mesh ol standard mesh
number 50, 70. 90, 100, 120, 140, 170, 200. 230, 270. 325,
350 or 6235, The mesh may comprise a mesh of standard mmesh
nuber between any of the aforementioned mesh numbers.
For example, the mesh may comprise a mesh of standard
mesh number from 50 1o 623, [rom 50 (o 230. [rom 230 o
625, or [rom 100 lo 325. "The standard mesh number may be
US or Tvler standard.

[0312] The two meshes mav have at least one position
where no powder can pass though the exit opening,. The two
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meshes may have a least one position where a maximum
amount of powder can pass though the exit opening. The two
moeshes can be identical or different. The sive ol the heles in
the two meshes can be identical or different. The shape of the
holes in the two meshes can be identical or ditterent. The
shape ol the holes can be any hole shape as deseribed herein.
FICr. 1607 shows an example ol a powder dispenscr 1624
having an opening 1627 having two meshes or two planes
with holes. FIG. 16C shows an example where the extensions
of two meshes 1622 and 1626 can be translated vertically.

[0313] The opening (e.g., port) of the powder dispenser can
comprise a blade. The blade can be a “doctor’s blade.” 1.
1613 shows an example ol a powder dispenser 1614 having an
opening comprising a “doctor’s blade”™ 1617, The blade can
be any of the atore-mentioned blades. The opening may com-
prise both a blade and a mesh or a plane with holes. The mesh
(or plane with holes) may be closer (o the exil opening than
the blade. The blade may be closer o the exil opening than the
mesh (or plane with holes). The exit opening, can comprise
several meshes and blades. The exit opening can comprise a
first blade followed by a mesh that is tollowed by a second
blade closest o the surlace of the exit opening. The exit
opening can comprise 4 [irst mesh lollowed by a blade. which
is followed by a second mesh closest to the surface of the exit
opening. The first and second blades may be identical or
different. The [irst and second meshes may be identical or
different. The powder dispenser may comprise a spring al the
exil opening. VIGS. 18A-12 show examples ol powder dis-
pensers having an opening comprising a spring (e.g., 1807).
[0314] Aoy of the layer dispensing mechanisims described
hereincan comprise a bulk reservoir (e.g., a tank, a pool, atub,
or 4 basin} of powder and a mechanism conligured to deliver
the powder from the bulk reservolr 1o the layer dispensing
mechanism. “The powder reservoir can be connecled or dis-
connected from the laver dispensing mechanism (e.g., from
the powder dispenser). FIG. 15 shows an example ot a bulk
reservolr 1513, which is connected o the powder dispenser
1509, L1G. 17 shows an example ol a bulk reservoir 1701,
which iz disconnected thom the powder dispenser 1702, The
disconnected powder dispenser can be located above, below
or to the side of the powder bed. The disconnected powder
dispenser can be localed above the powder bed. Tor example
dbove the powder enlrance opening Lo (he powder dispenser.
The connected powder dispenser may be located above,
below or to the side of the powder exit opening port. The
connected powder dispenser may be located above the pow-
der exit opening. Powder material can be stored in the bulk
reservolr. "The bulk reservoir may hold al least an amount ol
powder material sutlicient for one laver, or sufficient to build
the entire 3D object. The bulk reservoir may hold at least
aboul 200 grams (gr). 400 gr, 300 gr, 600 gr, 800 gr, 1 Kilo-
gram (Kg), or 1.5 Kg ol powder material. "The bulk reservolr
may hold at most 200 gr, 400 gr, 500 gr, 500 gr, 800 g, 1 Kpg,
or 1.5 Kg of powder material. The bulk reservoir may hold an
amount of material between any of the afore-mentioned
amounts ol bulk reservoir material (c.g.. [rom about 200 grio
dboul 1.5 Kg. [rom aboul 200 gr to aboul 800 gr, or rom about
700 gr to about 1.3 kg, The powder dispenser reservoir may
hold at least an amonnt of powder material sufficient for at
least one. two, three, four or five layers. The powder dispenser
reservolr may hold at least an amount o powder malerial
sullicient for al most one, two, three. four or [ive layers. The
powder dispenser reservoir may hold an amount of material
between any of the afore-mentioned amounts of material
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{e.g., sufficient to a number of lavers from about one laver 1o
aboul five layers). The powder dispenser reservoir may hold
al least aboul 20 grams (gr), 40 gr. 50 gr, 60 gr. 80 gr, 100 gr,
200 gr, 400 gr, 500 gr. or 600 gr of powder material. "The
powder dispenser reservoir may hold at most about 20 gr, 40
ar, 50 ar, 60 gr, B0 gr, 100 gr, 200 gr, 400 gr, 300 gr, or 600 pr
ofpowder material. The powder dispenser reservoir may hold
an amount of malerial between any ol the alore-mentioned
amounts o powder dispenser reservoir material (c.g.. [rom
about 20 grto about 600 g, from about 20 gr to about 300 gr,
or from about 200 gr to about 600 gr.). Powder may be
transferred trom the wlk reservoir to the powder dispenser by
any analogous method desceribed herein lor exiling of powder
material from the powder dispenser. Al times. the exitl open-
ing ports (c.g.. holes) in the bulk reservoir exil opening may
have g larger fundamental length scale relative 1o those of'the
powder dispenser exit opening port. For example, the bulk
reservolr May colprise an exit comprising a mesh or a sur-
lace comprising al least one hole. The mesh {(or a surface
comprising al least one hole) may comprise a hole with a
lundamental length scale of at least about 0.25 mm, L3 mm,
1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6§ mm, 7 mm, 8 mm, % mm
or 1 centimeter. The mesh (or a surtace comprising at least
obe hole) may comprise a hole with a fundamental length
scale ol at most about (.25 mm, (.5 mm. 1 mm, 2 mm. 3 mm,
4mm, 5 mm, t mm. 7mm. 8 mm. Y mm or 1 centimeler. 'The
mesh (or a surlace comprising at least ome hole) may com-
prise a hole with a fundamental length scale of any value
between the atore-mentioned valves (e.g., from about 0.25
mm 1o about 1 ¢m, trom about 0.25 mm to about 3 mm, or
from aboul 3 mm Lo aboul 1 em). The bulk reservoir may
comprise 4 plane thal may have at least one edge that is
trunslatable into or out of the bulk reservoir. "The bulk reser-
voir may colnprise a plane that may pivot into or out of the
bulk reservoir (e.g., a flap door). Such translation may create
an opening. which may allow powder in the reservoir o low
oul ol the reservoir {e.g.. using gravity ). A controller may be
operatively coupled to the powder reservoir. The controller
may control the amount of powder released from the bulk
reservoir by controlling, tor example, the amount of time the
conditions lor allowing powder (o exil the bulk reservoir are
in elfeel. A controller may control the amount of powder
released from the powder dispenser by controlling, for
example, the amount of time the conditions for allowing
powder o exil the powder dispenser are in elfecl. In some
examples, the powder dispenser dispenses of any excess
amount of powder that is retained within the powder dis-
penser reservolr, prior 1o the loading of powder from the bull
reservolr 1o the powder dispenser reservoir. [n some
examples, the powder dispenser does not dispense ol any
excess amount of powder that is retained within the powder
dispenser reservoir, priorto loading of powder from the bulk
reservolr 1o the powder dispenser reservoir. Powder may be
transferred from the bulk reservoir to the powder dispenser
using a scooping mechanism that scoops powder [rom the
bulk reservoir and translers it o the powder dispenser. The
scooping mechanisim may scoop a fixed or predetermined
amount of material. The scooped amount may be adjustable.
The scooping mechanism may pivol (e.g., rolate) in the diree-
lion perpendicular (o the scooping direction. The bulk reser-
voir may be exchangeable. removable. nom-removable. or
non-exchangeable. The bulk reservoir may  comprise
exchangeable parts. The powder dispenser may be exchange-
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able, removable, non-removalle, or non-exchangeable. The
powder dispensing mechanism may comprise exchangeable
parts.

[0315] Powder in the bulk reservoir or in the powder dis-
pensing mechanism can be preheated, cooled, be at an ambi-
ent temperature or Maintained at a predetermined tempera-
mre. A leveling mechanism (e.g., FIG. 11, 1103, a rake, roll,
brush. spatula or blade) can be synchronived with the powder
dispensing mechanism 1o deliver the powder Lo the powder
bed. The leveling mechanism can level, distribute and/or
spread the powder on the substrate (or on the base when the
substrale comprises 2 base) as the powder is dispensed by the
moechanism.

[0316] In one cxample. the leveling mechanisms (c.g..
powder leveling mechanism), andf/or powder removal mecha-
nisms described herein is able to level the top surface of the
powder material in any method described herein, without
substantially allering the position of a hardened material that
is disposed within (the powdermaterial and is suspended in the
powder material. The hardened material may be debris or at
least a part (or portion) of a 3D object. The hardened material
that is suspended (e.g., floating) in the powder material may
not comnect to the enclosure. the substrate or the base. The
hardened material may not be enclosed in a scaflold that is
suspended in the powder material. The scaffold may be a
filipree (e.g., a lace). The object may comprise auxiliary
supports. The object suspended {e.g., Moating) in the powder
malerial may nol ouch the enclosure. the substrale or the
base. The object may comprise auxiliary supports. The aux-
iliary supports may be suspended in the powder material. The
suspended (e.g., Hoating) auxiliary supports may not be con-
nected 1o the enclosure. the subsiraie or the base. The sus-
pended (e.g.. Moating) auxiliary supporls may nol louch the
enclosure. the substrate or the base. The leveling mechanisms
may be able to level the top surtace of the powder bed while
altering the position of an object (e.g., 3D abject or debris) by
4 posilion alleration valuc. "The position alleration value may
be at most about 1 micromeler (wm), 2 pm. 3 pm, 4 pm, 5 pm.
6 pm, 7 pum, 8 pmy, 9 pm, 10 um, 11 pmy, 12 pm, 13 pm, 14 pm,
15pum, 16 un, 17 wn, 18 um, 19 pm, 20 pm, 25 pun, 30 um, 33
pum, 40 pum, 435 pm, 50 1w, 60 pm, 70 um, 80 pm, 90 um, 100
pm, 200 pm, or 300 pm. The position alleration value may be
any value between the alorementioned values. or example.
the position alteration value may be from about 1 pm to about
300 pm, from about 1 pm 1o about 50 pm, tfrom about 1 pm to
dboul 20 pum, from aboul 1| pm 1o about 10 pm. [rom about 1
pum o aboul 30 pm, or [rom aboul 1 pm o aboutl 100 pm.
Altering the position may be shilling the position. The level-
g mechanisms may be able 1o level the top surtace of the
powder material while altering the position of a hardened
malerial (c.g.. 313 object or debris) by al most 20 micromeler
(m). The leveling mechanisms may be able (o Tevel the op
surface of the powder material while altering the position of
the hardened material by at most 10 micrometer (). The
leveling mechanisms may be able 1o level the top surface of
the powder malerial while allering the position of the hard-
ened malerial by al most 5 micromeler (um). The alleration ol
the position may be horizontal alteration. The alteration of the
position may be vertical alteration. The alteration ot the posi-
tion may be horizontal or vertical alleration. "The alleration ol
the position may be both vertical and horizontal. The object
may be a 31 object. The 312 object may be a substantially
planar object or a wire. The hardened material may comprise
transtormed powder (e.g., that was allowed 1o harden). The
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3D object may be devoid of auxiliary supports. The 3D object
may comprise spaced apart auxiliary supporls as deseribed
herein. The leveling mechanism may level the layer of pow-
der material while not substantially altering the position of
the hardened material (e.g., suspended 3D object). Lack of
substantial alleralion may be relalive o Imaging, or image
processing. "The resolution ol the imaging or image process-
ing may beal most about 1 pm, 2 wm. 3 pm, 4 pm. 5 pm. 6 pm,
7 um, & pm, 9 um, 10 um, 20 um, 30 pm, 40 pm, 30 pm, or 60
1. The resolution of the imaging or image processing may
be at least about 1 pm, 2 pm, 3 pm, 4 pm, 5 pm, 6 pm, 7 pm,
S um. 9 pum. 10 pm, 20 pm. 30 pm, 4 wm. 50 pm, or 60 pm.
The resolution of the imaging orimage processing may of any
value between the afore-mentioned resolution values (e.g.,
from about 1 pm, to about 80 um, trom about 1 pm, 1o about
10 pm, or [rom about 10 pum. to aboul 60 pm). UIG. 21 A shows
an example o two suspended planes 2100 and 2102 within a
laver of powder material betore leveling by a leveling mecha-
nism described herein, and two planes that are connected to a
base 2103 and 2104 which serve as reference points. FIG.
211 shows an example ol the two suspended planes (renum-
bered as 2111 and 2112 in FIG. 2113) aller Teveling by a
leveling mechanisms described herein, and exposure by a soft
blow of air from a position above each of the planes. Planes
2111 and 2112 correspond (o the planes 2101 and 2102
respeclively, Planes 2113 and 2114 correspond o 2103 and
2104, respectively, are atlached 1o the base o serve as reler-
ence points.

[0317] The leveling member and/or the powder dispenser
may travel at a speed of at least about 10 millimeters per
seeond (mmis). 15 mmds. 20 mmds. 25 mmds, 30 mmds, 35
mm/s, 40 mmds, 45 mmds, 50 mmds, T0mm/ds, 90 mm/s. 100
mnys, 120 mmds, 140 m/s, 150 mm/s, 160 mm's, 180 mn/s,
200 ms, 220 mms, 240 mmds, 260 mm¢s, 280 mm/s, 300
mnys, 350 mmds, 400 mo's, 450 mm's, or 500 mns. The
leveling member andfor the powder dispenser may travel al a
speed olal most about 10mmys, 15 mmys, 20mm/s. 25 mmys,
30 ms, 35 mo's, 40 mm's, 45 mmds, 30 mo's, 70 mm/s, 90
mnys, 100 mmds, 120 min/s, 140 mm/s, 150 mm's, 160 mn/s,
180 mm/s, 200 mm/s. 220 mmis. 240 mm/s. 260 mmys, 280
mm/s, 300 mmds, 350 mmds. 400 mmds, 450 mmds, or 500
mms. The leveling member andfor the powder dispenser may
travel a1 any speed between the afore-mentioned speeds (e.g.,
trom about 10 mn's to about 500 mm's, from about 10 mm/s
o about 300 mm/s. or [rom about 200 mmds o about 500
mms). The leveling member and the powder dispenser may
travel at identical speeds or al dilferent speeds. "The traveling
speeds of the leveling member and/or the powder dispenser
may be controlled manvally or automatically (e.g., by a con-
troller). The traveling speed may refer the speed traveled
across the powder bed (c.g.. laterally).

[0318] The powder dispenser may dispense powder al an
average rate of at least about 1000 cubic millimeters per
second (mm®/s), 1500 mm®s, 2000 mm'/s, 2500 mm'/s,
3000 mm?/s, 3500 mm™s, 4000 mm*/s, 4500 mms, S000
mm> /s, 5500 mms, or 6000 mm?s, The powder dispenser
may dispense powder al an average ratle o almost abouwl 1000
mm*s, 1500 mm®/s, 2000 mm*/s, 2500 mm?®/s, 3000 mm?*/s,
3500 mm*/s, 4000 mm™s, 4300 mm*s, 5000 mms, 5500
mm> s, or 6000 mm3s. The powder dispenser may dispense
powder al an average rale between any ol the alore-mentioned
average rates (c.g., from about 1000 mm®s o about 6000
mum*s, from about 1000 mm™s to about 3500 mun/s, or from
about 3000 mm™/s to about 6000 mm*/s.
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[0319] The powder dispenser can comprise a rotating, roll.
The surlface of the roll may be a smooth surlace or a rough
surlace. lixamples of roll surlaces are shown in FIG. 17 and
include a rough surtace roll 1709, roll with protrusions 1707,
roll with depression 1719, The surtace ot the roll may include
depressions. protrusions or both protrusions and depressions
(c.g. II¢r. 1313, 1313, or UIG. 17). The roll may be siluated
such that al a cerlain position. the powder disposed above the
roll (e.g. 1312 or 1703} is vnable to flow downwards as the
roll shuts the opening of the powder dispenser. When the roll
rolates (cither clockwise or counter clockwise). a portion ol
the powder may be trapped within the depressions or protru-
sions (or both), and may be transterred tfrom the powder
occupying side of the powder dispenser, 10 the powder free
side of the powder dispenser. Such transter may allow the
powder 10 be expelled out ol the bottom ol the powder dis-
penser (e.g.. 1336) towards the powder bed (e.g., 1316). A
similar mechanism is depicted in FIG. 13D showing an
example of a powder dispenser that comprises an internal
wall within (e.g., 1327). The powder transterred by the roll
1331. may be thrown onto the wall 1337, and may then exit
the Tunnel {e.g.. 1330) though the exil opening porl.

[0320] "The mechanism configured to deliver the powder
material to the substrate can comprise a flow of gas mixed
with powder particles. FIGS. 10A and 10B show two example
configurations ol mechanisms configured to deliver the pow-
der Lo the substrale (e.g., [rom (he reservoir). The mechanism
configured Lo deliver the powder Lo the subsirate can be an air
knife. The air knife can be articulated by a scanner 1o deliver
powder to atleast atractionofthe substrate (e.g., 904). The air
knile can be articulaled by a scanner thal is also used Lo
arliculale one or more energy sources included in the syslem.
FIG. 10A depicts a schematic of an air knite 1000 that can be
configured 1o deliver the powder 1001 1o the substrate (e.g,.,
from the reservoir). The air knite 1000 can deliver a flow of
gas and powder particles Lo the substrale. The powder par-
ticles can be suspended in the gas. At least one [an 1002 can
be included in the air knite to drive the flow of the gas and
particles. The mumber density of the particles in the gas and
the Mow rale of the gas can be chosen such that a predeter-
mined amount ol powder is dispensed on (o the substrate in a
predetermined time period. The gas Mow rale can be chosen
such that gas blown onto the substrate does not disturh a
powder laver on the substrate and/or the three dimensional
object. The gas Mlow rale can be chosen such that gas blown
onte the substrate does not disturb at least the position ol the
three dimensional object.

[0321] VI 1013 depicts a curved tube 1003 that can be
another mechanism configured to deliver the powder from the
reservoir 1o the substrate. The curved tube can comprise an
opening 1004, The opening can be located al an infloction
point ol the curved ube shape. The opening can be located on
the outside of the curved tube shape. The opening canbeona
side of the twbe that is adjacent to the substrate 904, The
opening 1004 can be a pinhole. The pinhole can have a diam-
cler or other maximum length scale of at least about 0,001
mm, (.01 mm. .03 mm, 0.05 mm, 0.07 mm. .09 mm. 0.1
mm, 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, or 10 mm. A mixtire
of gas and powder particles 1001 can be driven through the
curved tube 1003, The powder particles (i.c., particles of the
powder material) can be suspended in the gas. AL least a
[raction ol the powder particles can exil the curved tube
through the opening 1004 and dispensed onto the substrate
904. The mumber density of the particles in the gas and the
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fow rate of the gas can be selected such that a predetermined
amount of powder is dispensed on o (he substrale in a pre-
determined time period. The gas low rate can be chosen such
that gas blown onto the substrate does not disturb a powder
laver on the substrate and/or the three dimensional object.
The distance 10035 between the opening and the substrale can
be adjusted such that a predetermined amount ol powder is
dispensed on Lo the subsirale in a predetermined time period.
In some cases, the size of the opening can be selected such
that particles in a predetermined size range exit the curved
lube through the opening 1004 and dispensed onte the sub-
strale 904,

[0322] The powder dispensed onlo the substrale by the
leveling mechanism can be spread andior leveled {e.g.. aroll,
see FIG. 12E at 1222). The leveling member can be config-
vred 10 level a layver of the powder on the substrate (eg.,
1223), (o be substantially planar (c.g., horizontal) (e,
1221). "T'he leveling member can comprise a sel ol extrusions
{e.g., hard or soft extrusions) (e.g., FIG. 12F at 1227). The
extrusion may have a pointy, round or blunt end. The extru-
sions may be blades. The leveling member can move at least
# lraction o[ the powder withoul substantially moving the 31
object. In some examples, substantially moving the at least
portion of the 3D object comprises changing the position of
the at least partof the three dimensional ohject by the position
alleration value delineated herein. Substantially moving the
al least portion ol the 312 object comprises changing the
position ol the at Teast part ol the three dimensional object by
the position alteration valve. The leveling member can move
at least a fraction of the powder without substantially chang-
ing a location of the 313 object in the powder bed.

[0323] The leveling member can comprise a combinalion
ol aroller having arolling surlace that comprises protrusions,
depressions or both protrusions and depressions. In some
examples, the roller has a rolling surtace that is smooth and
does not have any protrusions or depressions (e.g., F1G. 12E
al 1222). In some examples. the roller has a rolling surface
thal is rough. In some examples. the roller comprises depres-
sions. In some examples, the roller comprises protrusions
{e.g., 12F a1 1227). The roller can be in front of or behind a
combing mechanism (e.g., comprising a rake, brush, spatula
or knile). The combing mechanism may comprise a verlical
cross seclion (e.g. side cross section) ol a circle. triangle,
square, pentagon, hexagon, octagon, any other polygon, or an
irregular shape. The roller can at least partially level the
powder layer beflore the powder layer is Teveled by the comb-
ing mechanism. The rotation ol the roller can be in the diree-
tion in which the leveling member is moving (c.g.. laterally),
in the opposite direction in which the leveling member is
moving, orany combination of both the directions. The roller
can be in communication with an active rotation mechanism
{c.g.. molor shafll) o ellectuate the rotation of the roller. The
roller can rotate in a clockwise and/or counter-clockwise
direction. The roller can have a rolling surface with a static
triction coetlicient of at least about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, or 1.0, The roller can have a rolling surface with
a dynamic [riction coellicient of al least about 0.1, 0.2. 0.3,
04,05,06,07, 08,09, or 1.0. The roller can be a single
roller, The roller can comprise two or more rollers. The two or
more rollers can rolate in the same or dilferent direciions, al
the same or al dilTerent rates. The rotation ol the two or more
rollers may be synchronized or not synchronized. The rollers
cal be rotated passively, actively (e.g., by a controller and
power source), or any combination thereot. The rollers can be
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rotated manvally or automatically (e.g., controlled by a con-
troller). The roller can have an eccentric rotation. A roller with
ceeentric rolation can permitl mulli-height planarization. The
roller can vibrate. When the roller comprises more than one
roller, at least a fraction of the rollers can be configured to
compress the powder and a [raction ol the rollers can be
configured Lo level {e.g., planarize) the layer of powder male-
rial. The surface (c.g.. rolling surlace) of the powder bed that
was leveled by the roller can be smooth, leveled, or both. The
surface of'the roller can be rough. The surface of the roller can
comprise indentations (c.g.. depressions), prolrusions (c.g..
blades) or both. "The blades can comprise one or more sub-
stantially smooth blades, sharp blades, or any combination
thereot. A substantially smooth blade can have at least one
cutting (e.g., shearing) surface with minimal amount of fea-
Lures protruding [rom the surlace, or imtruding into the surlace
(c.g.. bumps or grooves). A subslantially smooth blade can
have at least one cutting surface with features protruding, from
the surface, or intruding into the surface, wherein the average
distribution of the teature spans at most about 3 pb, 3 pm, 1
uM, 300 nm. 100 wm, 30 nm. or 10nm. Theroller can bemade
ol material that is rigid such that (he roller does not delorm
when translating along a surtace of the powder material. In
some cases, the rigid material can be metal (e.g., elemental or
alloy). hard plastic, ceramic, composile malerial, or any com-
hination thereol. In some cases. the roller can be made [rom a
malerial that is [exible such that the roller at least partially
deform when it translates along a surface of the powder. The
flexible material can be metal foil, rabber, soft plastic, or any
combination thereol.

[0324] Theleveling mechanism can comprise a plurality ol
necdles distributed across an axis o a smoothing mechanism.
The plurality of needles can be arranged 10 8 matrx or rows
and columns, in an array, in a pattern, or randomly. The
needles can be rigid. [exible or any combination thereo . The
neecdles can be arranged on (he leveling mechanism such that
cach needle in the plurality of needles contacts a different
location on the bed of powder material. The plurality of
needles can level and/or smooth the powder dispensed from
the top-dispense powder dispenser. |Leveling ol'the powder by
the needles can arrange the powder such that the powder has
a planar uniformity in at least one plane. Leveling of the
powder material by the powder leveling mechanism and/or
powder removing mechanisim can result in a plane with a
planar uniformity in at least one plane. The planar unilormily
can be in at least one plane (e.g., horizontal plane). The planar
uniformity can be at the top of the laver of powder material
that is exposed. For example, the planar nniforimity can be at
the lop of the layer ol powder material that is exposed 1o the
environment in the enclosure (e.g.. the gas within the cham-
her). The average plane may be a plane delined by a least
squares planar fit of the top-most part of the surface of the
laver of powder material. The average plane may be a plane
caleulated by averaging the powder height al cach point on the
Lop surlace ol the powder bed. Insome cases. citherorboth ol
a rake and a roller can be provided adjacent Lo the plurality ol
ProTEUSIons (e.g., eXIrusions).

[0325] In some cases an air koite can dispense powder
ahead of the rake. Movement of the combing mechanism
(t.g.. rake) and the air knile can be synchronized or non-
synchronized. Movement of the air knile and the rake can be
controlled by the same scanner or by different scanners.
[0326] In some instances, the leveling mechanism com-
prises a gas knite (e.g., air koife) that shears or cuts the laver
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of powder material. The leveling gas knife may comprise a
concentrated or pressurized stream ol gas (e.g.. air 11, e, or
Ar). The blade ol the leveling mechanism can comprise the
2as knife.

[0327] The combing mechanism (e.g., rake) can comprise
obe ormore blades. FIG. 11 depicts an example of'a rake 1103
thatcan move powder along a substrate. The combing mecha-
nizm can have ome or more blades 1101 that contact the bed of
powder malerial. The blades can have dilTerent sives or a
single substantially uniform size. The blades can extend away
from atop 1102 ofthe rake ditferent distances. The blades can
be oriented at diflerent angles (c.g. dilferent angles of
altack). The angle olallack can be an angle ol a surlace ol the
blade relative 10 a surface ol the powder. In some cases a
shallow angles of attack can apply relatively less pressure 1o
the part relative 1o a steep angle of attack. A shallow angle of
allach can be an angle ol al most about 457, 407,35, 307, 25°,
200,15, 10°, or 532 beiween the surface of the hlade and ihe
average top surface of the powder laver. The shallow angle of
attach may be about 0° between the surface of the blade and
the average top surtace of the powder laver. The blades can be
provided in a serics on the combing mechanism, the serics ol
blades can have an increasing or decreasing angle ol contact
relative to each other. The angles of'the blades can be arranged
in a pattern (e.g., in a line) or at random. In some cases the
combing mechanism (e, rake) can comprise a plow. The
powder level (e.g., layer thickness) ahead of the rake can be
aclively or passively controlled.

[0328] T'he blades can be made ol material that is rigid such
that a blade within the combing mechanism does not move
when translated along a surtace of'the powder. In some cases,
the rigid material can be metal (c.g.. elemental or alloy), hard
plastic. ceramic, or any combination thereol. In some cases. al
least a fraction of the blades can be made from a malerial that
is flexible such that the blades at least partially deform when
dragged along a surtace of the powder, The tlexible material
can be metal foil. rubber. soll plastic, or any combinalion
thereol.

[0329]  Any of the systems descried herein (collectively
“the system™) may comprise a powder dispensing mecha-
nism, a powder leveling mechanism, powder removing
mechanism a controller, or any combination thereot.

[0330] Thecontroller may control the vibrator(s). The con-
troller may conltrol the operation ol the vibrator(s). The con-
troller may comtrol the amplitude of vibrations ol the vibratlor
{s). The controller may control the frequency of vibration of
the vibrator(s). When the system comprises more than one
vibrator, the controller may control each of'them individually,
or a8 a group (e.g.. collectively). The controller may control
cach ol the vibralors sequentially. "The controller may control
the amount of powder material released by the powder dis-
penser. The controller may control the velocity of the powder
material released by the powder dispenser. The controller
may conlrol the height ol powder material deposited a layer ol
powder material (c.g.. disposed in the powder bed). "The con-
troller may control the height trom which powder is released
from the powder dispenser.

[0331] Thecontroller may control the height ot the leveling
member. The controller may control the height ol Teveling
member blade. The controller may control the rate of move-
ment of the leveling member (e.g., the blade). The controller
may control the position of the powder dispenser. The con-
troller may control the position of the leveling member. The
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position may comprise a vertical position, horizontal posi-
tion, or angular position. The position may comprise coordi-
nales.

[0332] The controller may control the height ol the powder
removing member, The controller may control the rate of
movement of the powder removing member. The controller
may control the position ol the powder removing member.
The position may comprise a verlical position, horizontal
position. or angular position. The position may comprise
coordinates. The controller may control the amount of mate-
ral removed by the powder removing member, The controller
may conirol the rale of material removed by (he powder
removing member.

[0333] ‘The controller may conirel the path traveled by the
powder dispensing mechanism, powder removal mmechanism
andior the leveling mechanism. The comroller may control
the leveling ol a top surface of a layer ol powder malerial
deposited in the enclosure. lior example, the controller may
control the final height ol the newly deposiled powder maie-
rial that. The controller may control the final height of the
powder material (e.g., the last formed layer of powder mate-
rial). In some embodiments. the powder dispenser may
depositat least part ol a layer o powder malerial having a (irst
vertical height. The leveling mechanism andfor powder
removing mechanism may level the deposited powder mate-
rial such that the vertical height of the leveled section of the
layer of powder malerial may be at least about 0L02%, 0.04%,
0.05%, 0.06%, 0.08%, 0.1%. 0.2%. 0.3%, 0.4%. 0.5%, 0.6%, 0.7,
0.8%, or 0.9 times (*) the first vertical height. The leveling
member may level the deposited powder material such that
the vertical height ol the leveled section olthe layer ol powder
malerial may be al most about 0.02%, 0.04%, 0.05%, 0.06%,
0L08%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%. or 0.9
times () the first vertical height. The leveling member may
level the deposited powder material such that the vertical
height ol the leveled section of the layer of powder material
may be a product of any value belween the alore mentioned
multiplier valves (e.g., from about 0.02% 10 about 0.9%, from
about 0.02% 1o about 0.5%, from about 0.4% 10 about 0.9%, or
from about 0.03% 10 about 0.4%,

[0334] Described herein are methods for generating 3D
object [rom a powder malerial, comprising leveling powder
malerial uliliving any ol the apparatuses deseribed herein.
The powder material may be powder material disposed adja-
cent to (e.g., above) the bottom ot'the enclosure, the substrate
or the base. The powder material may have been deposited by
the layer dispensing mechanism (c.g., powder dispenser).
Deseribed herein is a method lor generating 313 object [rom a
powder material comprising dispensing the powder material
towards the bottom of an enclosure (e.g., towards the sub-
strate or the base) ulilizing any apparatus described herein.
Deseribed herein is a method lor generating 313 object [rom a
powder material comprising dispensing the powder material
towards the bottom of an enclosure (e.g., towards the sub-
strate or the base ) utilizing any of the laver dispensing mecha-
nisms (e.g., powder dispenser) deseribed herein. The method
may comprise dispensing a layer of powder material. The
method may comprise translating the apparatus, the laver
dispensing mechanism, the powder dispensing mechanisim,
the leveling moechanism, the powder removing mechanism.
the subsirate, the base. the enclosure. or any combination
thereol. The controller may control the translation. The pow-
der material may be dispensed by the laver dispensing mecha-
nism (e.g., the powder dispenser) when the laver dispensing
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mechanism travels in a first direction. The powder material
may be leveled by the leveling mechanism when the leveling
mechanism and/or powder removing mechanism travels in a
second direction. The first and second direction may be the
same direction. The first and second direction may be oppo-
site directions.

[0335]  The method may comprise vibraling al least part of
the powder material, at least part ol the powder dispensing
mechanism, or at least part of the laver dispensing mecha-
nism. The at least part of the powder dispensing mechanisim
mey comprise vibrating at least part ol the exit opening ol the
powder dispensing mechanism. The method may comprise
vibrating the powder in the powder bed o level the powder
material. The method may comprise vibrating the enclosure,
the substrate, the base, the container that accommodates the
powder bed. or any combination thereol. (o level the powder
material. The vibrations may be ultrasonic vibrations.
[0336] The method may comprise leveling at least part ol a
laver of powder material using the leveling mechanism. The
leveling may be able 1o level the top surface of the powder
material with a deviation from the average plane created by
the top surlace. The deviation [rom the average planc may be
ol any deviation rom average plane value disclosed herein.
The leveling may displace an object by the position alteration
value disclosed herein.

[0337]  Insome cases. a surlace ol the powder layer can be
maintained with substantially average planar unilormily by
[luidizing the powder in the powder bed. The Nuidized pow-
der bed can have one or more properties of a liquid (e.g., with
a similar volume as the volume of the powder bed). The
[uidized powder bed can exhibit hydrosiatic behavior such
that a planar unilorm powder surlace is maintained without a
combing mechanism (e.g., leveling or smoothing). A fluid-
ized bed can be generated in the powder bed by forcing a
pressurized gas through the powder bed. The gas can be
[lowed [rom the bollom, top or side of the powder bed. "The
gas can bean inerl gas. The gas can be a noble gas, The gas can
comprise argon, nitrogen, helinm, neon, kevpton, xXenon,
hydrogen, carbon monoxide, carbon dioxide, or air. The gas
in the Muidized bed can be the same gas that is used in the
chamber, or a dillerent gas than the one used in the chamber.
[0338] Al least a portion ol the 31 object can sink in the
fluidized bed. At least a portion of the 3D object can be
surrounded by the fluidized bed (e.g., submerged). At leasta
portion of the 3D object can rest in the powder material
withoul substantial sinking (c.g., vertical movement). [ack of
substantial sinking can amount o a sinking (c.g.. verlical
movement) of at most about 40%, 20%, 10%, 5%, or 1% laver
thickness. Lack of substantial sinking can amount to at most
about 100 wm. 30 wm, 10 pm, 3 pm. or | pm. Al least a porlion
ol the 31 object can rest in the powder material withoul
substantial movement {e.g.. horizontal movement. movement
at an angle). Lack of substantial movement can amount 1o at
most 100 pm, 30 um, 10 pm, 3 pm, 1w, or less. The 3D
objeet can rest on the subsirale when the 31 objeet is sunk or
submerged in the [uidized powder bed.

[0339]  The methods deseribed may comprise a powder lev-
eling method wherein the powder comprises a structure that
protrudes trom the exposed surtace of the powder bed (e,
the top surlace ol the powder bed). "The structlure may be a
powder material that was transformed and subsequently hard-
cned. The structure may be a 313 object, part ol a 313 object, or
a powder material that was transforimed and subsequently
hardened but did not form a part ot the 3D object (i.e., debris).
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The height (i.e., vertical distance) of the protruding structure
[rom the exposed (1.c.. lop) surface of the powder bed may be
al Teast about 10 pm. 30 pm, 50 pm. 70 wm, 100 pm. 130 pm.
150 pm, 170 pun, 200 pm, 230 um, 230 pm, 270 um, or 300
pum. The height of the protruding structure (herein after “pro-
trusion™) [rom the op surlace of the powder bed may be at
most aboul 30 unr. 50 pm. 70 pm, 100 pm, 130 pm. 150 pm.
170 wm. 200 wm. 230 pm, 250 um, 270 pm. 300 pm, or 1000
pum. The height of the protrusion from the top surface of the
powder bed may be between any of the aforementioned val-
ues. lor example, [rom about 10 um (o abowt 1000 pm, lrom
aboul 50 um 10 about 100 um from about 30 pm o about 300
pum from about 20 Lm to about 400 pm or from about 100 pm
1o about 900 pm. The term “between™ as used herein is meant
10 be inclusive unless otherwise specified. For example,
hetween X and Y is understood herein 1o mean from X oY,
[0340]  Insomeexamples, the method comprises depositing
a layer ol powder malerial on the powder bed comprises
dispensing the powder material into the enclosure to provide
a powder bed; generating the 3D object from a portion of the
powder malerial by translorming the powder malerial inlo a
transformed material that subsequently forms a hardened
malerial. wherein the hardened malerial protrudes [rom the
top surtace of the powder bed, wherein the hardened material
is movable within the powder bed; and adding a laver of
powder malerial on the wop surface of the powder bed. The
movable hardened material may comprise auxiliary supports.
The movable hardened material may be devoid of auxiliary
supports. In some examples, the hardened material is sus-
pended in the powder bed. In some examples, the hardened
malerial comprising the auxiliary supports is suspended in the
powder bed. In some examples, the hardened material is
anchored (e.g., by auxiliary supports) to the enclosure. The
anchors may be connected to the bottom or sides of the
enclosure. The anchors may be connected Lo the substrale or
1o the base. The anchors may be the substrate. the base, the
hottom ol the enclosure, a scallold struciure. a sintered struc-
mre {(e.g., a lightly sintered structure), or a wold (aka, a
mould).

[0341] Insome example, adding a laver of powder material
om the p surlace ol the powder bed displaces the hardened
malerial by the position alieration value. In some example.
adding a laver of powder material on the top surtace of the
powder bed displaces the hardened material by about 20
icrometers or less. In some examples, the hardened material
compriscs warping. buckling, bending. rolling. curling, bulg-
ing, or balling. lior example. the hardened material can
include at least a part of'a 3D object that was deformed. The
deformation may be any deformation disclosed herein suchas
warping, buckling, bulging, bending, rolling, curling or ball-
ing.

[0342] In some examples, the adding lurther comprises.
nsing a powder dispenser 1o deposit the laver of powder
material in the powder bed (e.g., by any deposition method or
mechanism described herein). In some examples, the top
surlace ol the added layer of powder material is substantially
planar. In some examples. the lop surface o the added layerol
powder material is leveled to become substantially planar.
The leveling may comprise a leveling mechanism and/or a
powder removal mechanism  as deseribed  herein. lior
example, the leveling of the op surlace of the layer o powder
malerial may comprise shearing an excess amount ol the
powder material. The shearing may include shearing with a
knife (e.g., a hard, flexible or air knife as described herein). In
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some instances, the sheared powder material (i.e., the excess
powder material) is displaced 1o another position in the pow-
derbed. In some instances, the sheared powder material (i.c.,
the excess powder material) is not displaced to another posi-
tion in the powder bed. For example, the excess powder
material may be removed by the powder removal mechanism
deseribed herein. The removal ol the powder material may
comprise contacting the powder bed (e.g.. the lop surlace of
the powder bed). The removal of the powder material may
exclude contacting the powder bed (e.g., thetop surface of'the
powder bed). lior example. the adding may comprise using a
powder removal member o remove the excess amount ol
powder material without contacting the laver of powder mate-
rial.

[0343] In some examples, the powder material, the hard-
ened material, or both are devoid of at least two metals that are
present al a ratio that lorms a culectic alloy. In some
examples, the powder material, the hardened material, or both
are made of a single elemental metal. In some examples, the
powder material, the hardened material, or both include at
most substantially a single clemental metal composition. In
some examples, the powder material. the hardened malerial,
or both are made of a single metal alloy. In some examples,
the powder material, the hardened materal, or both include at
most substantially a single metal alloy composition.

[0344] In another aspect described herein is a system for
generaling a three dimensional object, comprising: an enclo-
sure thal accommodales a powder bed comprising powder
material; an energy source that provides an energy beam to
the powder material, and thereby transforms the powder
material into a translormed material that subsequently hard-
cns Lo lorm a hardened material. The hardened material can
protrude from the op surlface of the powder bed [orming the
protrusion described herein. The systems disclosed herein
may turther comprise a laver dispensing mechanism config-
ured 1o add a planar powder layer inlo the powder bed. "The
layer dispensing mechanism may include the powder depos-
iting mechanisin. The laver dispensing mechanism may fior-
ther include the powder leveling mechanism and/or the pow-
der removing mechanisim. The powder leveling mechanisim
{c.g.. member) that levels an excess of powder material [rom
the powder bed, may do so with or without contacting the
powder bed. The powder leveling mechanism disclosed
herein may be configured to at least shear, shave, clip, trim,
crop, cut, scrape, pare, or cutofl an excess of the powder
material rom a top (i.e., exposed) portion of the powder bed.
The powder leveling member may displace the excess amount
of powder material to another position in the powder bed. In
some instances, the powder leveling member may not dis-
place the exeess amount of powder material o another posi-
tion in the powder bed.

[0345]  The powder leveling mechanism may by any pow-
der leveling mechanism disclosed herein. The laver dispens-
ing mechanism may comprise a powder removal mechanisim
{e.g., member) that removes the excess of powder material
from the top portion of the powder bed with or withoul con-
tacting the wop portion ol the powder bed. The layer dispens-
ing mechanism may comprise a powder removal mechanisim
{e.g., member) that removes the excess of powder material
from the lop portion of the powder bed while contacting the
lop portion of the powder bed. "The layer dispensing mecha-
nism may comprise a4 powder removal mochanism  hat
removes the excess of powder material from the top portion off
the powder bed without contacting the top portion of the
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powder bed. The laver dispensing mechanism may be sepa-
rated from the lop portion ol the powder bed by a gap. The gap
may be any gap disclosed herein. The powder removal
mechanism may be any powder removing mechanism
described herein. The powder removal mechanism may be
coupled or not coupled (o the powder leveling mechanism.
The powder removal mechanism may be coupled or not
coupled o the powder dispensing mechanism. The powder
leveling mechanism may be coupled or not coupled 10 the
powder dispensing mechanism.

[0346] The excess of powder material that was removed by
the powder removal mechanism may be reused by the powder
dispensing member. Reused may  include  conlinuously
reused during the operation of the laver dispensing mecha-
nism, rensed after a layer of powder material is added into the
powder bed. reused at a whim, reused manually. reused aulo-
matically. reused alter a 312 object is generated.

[0347] The systems described hercin may lurther comprise
a controller operatively coupled to the energy source and to
the layer dispensing mechanisim or to at least one of its com-
ponents. The controller may be programmed to (1) receive
instructions 1o gencrale the three-dimensional object, (i)
generale the hardened material [rom a portion of the powder
material, and (iit) direct the laver dispensing mechanism to
add a laver of powder material into the powder bed. The added
layer of powder material may have a top surlace that is sub-
stantially planar. "The added layer of powder malerial may
have a wop surface (hal is substantially non-planar. In some
instances, the laver dispensing mechanism may displace the
hardened material. In some instances, the laver dispensing
mechanism may  substantially not displace the hardened
malerial. In some inslances, the layer dispensing mechanism
may displace the hardened material by the position alteration
valve disclosed herein. In some instances, the laver dispens-
g mechanism may displace the hardened material by at
mosl 20 pm. The displacement may be vertical. horizontal. or
angular displacement. The angular displacement may be a
planar angle or a compound angle.

[0348] The controller may be operatively coupled 1o the
powder dispensing mechanism (e.g., powder dispensing
member. or powder dispenser) and may be programmed Lo
dircet the powder dispensing mechanism (o add the layer ol
powder material into the powder bed. The controller may be
operatively coupled to the powder leveling mechanism and
may be programmed 1o level a top surtace of the powder bed.
The controller may be operatively coupled Lo the powder
removal member and may be programmed (o regulale the
removal of the excess of powder material. The controller may
control the recyveling of'the powder material that was removed
by the powder removal mechanism. The controller can regu-
late an amount of the powder material thal is dispensed by the
powder dispensing member.

[0349] The system may further comprise one or more
mechanical members operatively coupled to the powder dis-
pensing member, wherein the one or more mechanical mem-
hers subject the powder dispensing member 10 vibration. The
mechanical members may be molors (e.g., rolary molors), or
sonicators. The mechanical members may cause vibrations.
The controller may be operatively coupled to the one or more
mechanical members. The controller may be operalively
coupled 1o the one or more vibralors. The controller may be
programmed 1o control the one or more mechanical memboers
1o regulate an amount of the powder material that is dispensed
by the powder dispensing member into the enclosure.
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[0350] Inanother aspect, the methods described herein may
comprise methods in which a layer ol powder malerial is
deposiled in an enclosure o lorm a powder bed. at least part
of'the layer is hardened to form a hardened material (which
may or may 1ot comprise at least a part of the 3D object), the
hardened material may or may not protrude trom the exposed
surlace ol the powder bed. A seecond layer of powder material
is deposiled in excess. The exposed surface of this second
laver may or may not be leveled. The leveling of the second
laver may take place in two distinct operations. The first one
involves usage ol the powder leveling mechanism, and the
second ome involves the usage of the powder removal mecha-
nism. In some embodiments, the leveling ol the sceond layer
may ivolves usage of both the powder leveling mechanisim
and the powder removal mechanism in a single operation. [n
some embodiments. the leveling ol the second layer may
involves usage of the powder leveling mechanism closcly
lollowed by the powder removal mechanism. In some
embodiments, depositing the second laver of powder material
by the powder deposition mechanism, leveling it by the lev-
cling mechanism (e.g., shearing) and removing the powder by
the powder removal mechanism, are conducled one aller
another in one lateral run. Forexample, the three mechanisms
may closely follow each other, Forexample, atleast two of'the
three mechanisms may closely follow each other. For
example. the three mechanisms may be inlegraled in one
mechanism. For example. at least two of the three mecha-
nisms may be integrated in one mechanism. The mechanisim
(s) may spread and/or level the powder in the entire powder
bed. or in only a portion of the powder bed. The method may
include spreading and leveling the powder bed as the mecha-
nism(s) travel laterally in one direction. The method may
include spreading the powder bed as the mechanism(s) travel
laterally in a first direction, leveling as the mechanism(s)
travel in the opposile direction, and linally removing as the
mechanism(s) again go in the (irst direction. The method may
include operation of one or two mechanisms as the mecha-
nism(s) travel laterally in a first direction, and operation of
ole or two mechanisms as the mechanism(s) travel laterally
in the opposite direction. The mechanisms may include the
powder dispensing mechanism. the powder leveling mecha-
nism, and the powder removal mechanism. The method may
spread and level the powder material without substantially
altering the position ol the hardened material, whether or not
il 1s anchored (c.g., by auxiliary supports).

[0351]  In another aspect described herein are methods [or
generaling a three-dimensional object relating 1o the deposi-
lion and leveling ol a layer ol powder material. wherein the
final leveling operations takes place without contacting the
top surface of the powder bed. The method comprises pro-
viding a (irst Tayer ol powder material inlo an enclosure 1o
provide a powder bed having a [irst top surlace (the first lop
surface is at this stage the exposed surface); generating at
least a portion of the three-dimensional object from at least a
portion of the powder material; dispensing a second laver of
powder material onlo the powder bed. wherein the second
layer of powder material comprises a second lop surlace (the
second top surface is at this stage the exposed surface);
removing (e.g., shearing ) the second laver of powder material
Lo [orm a lirst planar surface; and removing substantially all
the powder material that is above a predelermined second
planar surlace rom the second layer ol powder malerial,
wherein the removing oceurs without contacting, the powder
bed. The first planar surface can be at or below the lowest
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pointofthe second top surface. The second planar surface can
helocated below the first planar surface. The removing opera-
Lions may comprise any powder removal method utilived by
the powder removal system described herein.

[0352] The generating operation can comprise Transtorm-
g the powder material to generate a transformed material
that subscquently hardens (o form a hardened material.
wherein at least a portion ol the hardened malerial protrudes
[rom the [irst op surlace, thus lorming a protrusion. [n some
instances, the first laver of powder material is provided on a
powder bed. In some instances the first layer of powder mate-
rial comprises the protrusion. "The protrusion can be any pro-
trusion deseribed herein (c.g.. al least a part ol the 31 object.
or a debris). The protrusion may comprise warping, bending,
bulging, curling, rolling, or balling, of the hardened material.
The height (i.e., vertical distance) of the protruding structure
[rom the exposed (i.c., top) surlace of the powder bed may any
ol the protrusion values disclosed herein. In some examples.
the second planar surface is situated above the first top sur-
face.

[0353] FIGS. 26 A-D show examples of various stages of'a
layering method deseribed herein, FIG. 26 A shows a powder
bhed 2601 in which a (bent) 31 objoct 2603 is suspended in the
powder bed, and is protroding from the exposed (top) surface
of'the powder bed by a distance 2605, The exposed surface of
the powder bed can be leveled (e.g., as shown in FIG. 264,
having a leveled plane 26047, or nol leveled. G 2613 shows
a succeeding operation where a layer is deposiled in the
powder bed (e.g., above the plane 2604). The newly deposited
laver mayv not have a leveled top surface (e.g., 2608). The
unleveled top surlace 2608 includes a lowest verlical point
2609. The planc 26006 is a planc that 1s situaled al or below the
lowesl vertical point of the unleveled surface. and at or above
the protruding height 2605, The plane 2606 is located higher
than the top surtace 2604 by a height 2610, FIG. 26C shows
4 succeeding operation where the layer is leveled (o the ver-
tical position ol'the plane 2606 by a leveling mechanism. That
leveling can be shearing of the powder material. That leveling
may not displace the excess of powder material 1o a different
position in the powder bed. FIG. 26D shows a succeeding
operation where the leveled layer is leveled (o a lower vertical
plane level that is above 2604 and below 2606, and is desig-
nated as 2611, This second leveling operation may be con-
ducted by the powder removal mechanism, which may or may
Lot contact the exposed layer of the powder bed. This second
leveling operation may or may nol expose the protruding
object. This second leveling operation may be a higher [idel-
ity leveling operation. The average vertical distance from the
first top surface to the second planar surface can be at least
dboul 5 pm, 10 pum, 50 pm, 100 pm. 150 pm. 200 pum, 250 pm.
300 pm. 350 pm. 400 pm, 450 pm. or 300 um. The average
vertical distance [rom the [irst top surlace o the second planar
surface can be at most about 700 pm, 500 pm, 4350 pm, 400
pwm, 330 pm, 300 um, 250 wn, 200 wm, 150 pm, 100 pm, 50
pm, 10 um. or § pm. The average vertical distance [rom the
{irst top surlace 1o the second planar surface can be helween
any of the afore-mentioned average vertical distance values.
The average vertical distance from the first top surface to the
second planar surface can be from about 3 um to about 500
pm, [rom aboul 10 pm 1o dbout 100 um. [rom aboul 20 pm o
dboul 300 pm, or [rom aboutl 25 pm o aboul 250 pm.
[0354] The average vertical distance from the [irst top sur-
face to the second top surface can be at least about 5 pm, 10
pwm, 30 un, 100 pm, 150 pm, 200 pum, 250 um, 300 wun, 350
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i, 400 um, 450 wm, 500 pm, 1000 pm, or 1500 pm. The
average verlical distance [rom the (st top surface o the
second top surlace can be al most about 2000 um. 1300 pm,
1000 pm, 700 (um, 300 un, 450 pm, 400 1wm, 330 um, 300 pm,
250 um, 200 um, 130 pm, 100w, 30 um, 10 um, or 3 pm. The
average verlical distance [rom the (st top surface o the
second lop surface can be belwoeen any ol the alore-men-
lioned average vertical distance values. lior example. the
average vertical distance from the first top surface to the
second top surtace can be from about 3 jum 1o about 2000 pm,
from abouwt 50 pwm 1o aboul 1300 pm [rom about 100 pm o
about 1000 pum or from about 200 um o about 500 pm.
|0355]  The average vertical distance Trom the (irst top sur-
tace 1o the first planar surface can be at least about 5 um, 10
i, 50 pm, 100 um, 150 pm, 200 wm, 250 pm, 300 pm, 350
pm. 400 pm, 450 wm. 500 pm. or 1000 pm. The average
vertical distance [rom the first op surface Lo the [irst planar
surface can be al most dbout 1000 pm. 700 pm, 500 pm. 4350
i, 400 pm, 350 pm, 300 1w, 230 pm, 200 pm, 150 pm, 100
wm, 30 um, 10 pm, or 5 um. The average vertical distance
from the first lop surlace o the st planar surlace can be
between any of the alore-mentioned average vertical distance
values. The average vertical distance first top surface to the
first planar surface can be from about 5 um 1o about 1000 pm,
trom about 30 pm to about 500 um, from about 10 pm to about
100 pm, from aboul 20 pm o about 300 pm, or rom about 25
um 1o about 230 pm.

[0356] The removing comprises any methodology used
herein by the powder removal mechanism. For example, the
removing operation Mmay comprise vsing vacuum. The
removed powder malerial may be reeyeled or reused as
deseribed herein. lior example. the removed (i.c., excess)
powder material may be continvously reused in any of the
methods described herein.

[0357] The dispensing method may utilize any of the pow-
der dispensing mechanism described herein. For example. a
dispensing method that ulilives gravitational loree. and/or
one that uses gas How (e.g., airllow) that displaces the powder
material.

[0358] In another aspect described herein are systems for
generating a three dimensional object, comprising an enclo-
sure thal accommodales a powder bed; an energy source (hal
provides an encrgy beam (o the powder material, and (herehy
transforms the powder material into a transtormed material
that subsequently hardens 1o form a hardened material; a
powder dispensing member thal dispenses the powder male-
rial inlo the powder bed; a powder leveling member that levels
an exposed surlace of the powder bed; a powder removing
member that removes powder material from an exposed sur-
tace of the powder bed without conrtacting, the top surtace of
the powder bed: and a coniroller operatively coupled Lo the
cnergy source, the powder dispensing member, the powder
leveling member, and the powder removing member, and is
programimed to: direct the powder dispenser to dispense a first
laver of the powder material having a first top surtace into the
powder bed, receive instructions 1o generate al least part ol
the three-dimensional object, generate the at least part ol the
three-dimensional object from a portion of the powder mate-
rial, direct the powder dispenser to dispense a second laver of
powder material having a second lop surlace adjacent lo the
first top surlace, direet the powder leveling mechanism (e,
member) o level the second top surlace 10 a [first planar
surface that is at or below the lowest point of the second top
surface, and direct the powder removing mechanism (e.g.,
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member) to remove an excess of powder material from the
socond layer w0 a predetermined sccond planar surface.
wherein the second planar surlace is below the (irst planar
surface. The hardened material may form at least a part of the
3D object, or be a debris. The second planar surface may be
siluated above the first top surlace. The powder dispensing
member may be separated [rom the exposed surface ol the
powder bed by a gap. The gap may be any gap disclosed
herein. The height (vertical distance) of the gap may be any
gap height disclosed herein. For example, the gap distance is
[rom about 10 pum to aboul 50 mm. The powder leveling
mechanism and/or powder evacuating mechanism may dis-
place the hardened material (e.g., 3D object) by about 300
micrometers or less. The powder leveling mechanism and/or
powder evacuating mechanisms may be able 10 level the top
surlace of the powder bed while allering the position of the
hardened material by al most about 1 micrometer (um). 2 um.
3 um, 4 pm, 3, 6 pm, 7 pm, 8 pm, 9 um, 10, 11 pm, 12
pm, 13 un, 14 pm, 15 pm, 16w, 17 um, 18 um, 19 pm, 20
pwm, 235 un, 30 pm, 35 pm, 40 un, 45 um, 50 um, 60 pm, 70
pm, 80 pm, 90 pm. 100 pm, 200 pm, or 300 pm. The powder
leveling mechanism andfor powder evacuating mechanisms
may be able to level the top surtace of the powder bed while
altering the position of the hardened materal by any value
hetween the alorementioned values. Lor example. the powder
leveling mechanisms and/or powder removing mechanism
may be able w0 level the top surlace of the powder malerial
while altering the position of the hardened material by a
distance of trom about 1 um 1o about 300 um, from about 1 pm
Lo about 50 pm, [rom about 1 pm o aboul 20 pm. [rom about
1 pm to about 10 pwm. [rom about 1 wm o aboul 50 pm. or from
about 1 um 1o about 100 pm.

[0359] The system described herein (e.g., 900) can com-
prise a recyeling system (e.g2., 907). The recveling svstem can
collecet unused powder material and retum the unused powder
malerial 1o a reservoir ol a powder dispensing mechanism, or
Lo the bulk reservoir. Ad least a [raction of the powder malerial
pushed away by the translating mechanism (e.g., combing
mechanism and/or roller) can be recovered by the recycling
syslem. A vacuum {c.g.. 908, which can be located al an edge
ol the powder bed) can colleet unused powder. Unused pow-
der can be removed trom the powder bed without vacuum.
Unused powder can be removed trom the powder bed by
actively pushing it from the powder bed (e.g., mechanically or
using a posilive pressurived gas). A gas low (c.g. 909) can
direet unused powder o the vacuum. A powder collecting
mechanism {(e.g., a shovel) can direct vnvsed powder 1o exit
the powder bed (and optionally enter the recyeling system).
The reeycling system can comprise one or more [illers Lo
control a sive range of the particles returned 1o the reservoir.
[0360]  Insome cases, unused powder can be collected by a
Yenluri scavenging nozzle. The nosrle can have a high aspoct
ratio {e.g., at least about 2:1, 5:1, 10:1, 20:1, 30:1, 40:1, or
100:1) such that the nozzle does not become clogged with
powder particle(s). "The nosrsle can be aligned with one or
more energy beams emilled (e.g., from (he primary andéor
complementary energy source). For example, the nozzle and
the one or more energy beams can be aligned such that the
energy source(s) can travel through the nozzle opening when
heating the powder layer.'The novyle can colleet unused pow-
der as the energy beam is traveling through (he nozzle o heat
the powder laver.

[0361] In some cases, powder can be collected by one or
more nozzles and/or vacuum suction ports provided on or
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adjacent to a heat transter member, such as a cooling member
{c.g.. cooling plale). healing member or a heat stabilizing
member (¢.g.. thermostat). The nosvdes andfor vacuum suc-
tion ports can be mechanically coupled 1o the heat transter
member.

[0362] Insomeembodiments, the powder may be collected
by a drainage system though one or more drainage ports that
drain powder from the powder bed inlo one or more drainage
reservoirs. The powder in the one or more drainage reservoirs
may be re nsed (e.g., atter filtration and/or turther treatment).
[0363] The system components described herein can he
adapled and conligured 1o gencrale a 31 object. "The 31
objeet can be generated through 2 31 printing process. A first
layer of powder can be provided adjacent 1o a base. substrate
or bottom of an enclosure. A base can be a previously tormed
laver of the 3D object or any other surface upon which a laver
or bed ol powder is spread. held, placed. or supported. In the
case of lormation of the (irst layer of the 313 object the [first
powder laver can be formed in the powder bed without a base,
without one or more auxiliary support features (e.g., rods), or
without any other supporting structure other than the powder.
Subsequent layers can be [ormed such that at least one porlion
ol the subsequent layer mells, sinters, [uses. binds and/or
otherwise connects 1o the at least a portion of a previously
formed laver. In some instances, the at least a portion of the
previously formed layer that is trans[ormed and subsequently
hardens into a hardened malerial, acts as a base for [ormaiion
ol the 31 object. In some cases the (st layer comprises al
least a portion of the base. The material of the powder can be
any material used for 3D printing described herein. The pow-
der layer can comprise particles ol homogencous or helero-
geneous sive andfor shape.

[0364] I'1¢5. 3 depicts an example of a bed 301 having a
partially formed 3D object 302, The partially formed 3D
olject 302 can comprise at least one laver that was previously
trans [ormed and hardened into the 31 object 302, A first layer
ol powder 303 can be provided adjacent Lo partially formed
31 object 302, The first layer ol powder 303 can be provided
at a first temperature (T ). The first temmperature can be sub-
stantially close 1o the ambient temperature. In some cases the
first layer can have a first emperature (1)) that is above or
below room lemperature. lor example. the first lemperature
(T, ) can be atleastabout 0°C., 5° C, 10°C,15°C,, 20°C,,
25°C,30°C,,35°C,,40°C45°C 50° C,,60° C,TO° C,
80° (., 90°C., 100° C., 200° C., 300° C., 400° C., or 500° C.
The first temperature (1)) can be al most abouwl 07 €. 5% O
1O, 157 CL 200 CL 259 CL 307 CL 357 Cla0m L 457 €,
50°C,60°C,70°C,,80°C,,90°C, 100° C,, 200° C, 300°
C., 400° C., or 500° C. The first temperature can be any value
between the alore-mentioned wemperature values {e.g.. [rom
about ¢ C. 1o aboutl 300 C., [rom about 0° €. 10 aboul 3"
(.. [rom about 200° C. 1o about 500° (., or [rom aboul 1{{}"
C. to about 400° C. In some cases the first temperature (T, )
can be below 0° C,

[0365] Energy trom a first (or primary) energy source 304
can be provided 1o at least a portion ol the (irst layer o[ powder
303, I'mergy from the st energy source 304 can be provided
to the portion of the first laver of powder (e.g., using a vector
scanning, technique). In some cases, the primary energy
source can be a laser. In some cases, the primary energy
source can project a radiation comprising cleciromagnetic,
clectrom. positron. protom. plasma, or ionic radiation. The
electromagnetic beam may comprise microwave, infrared
(IR), nltraviolet (UV) or visible radiation. The ion beam may
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ineclude a cation or an anion. The electromagnetic beam may
comprisc a laser beam. The primary cnergy source may
include a laser source. The primary energy source may
include an electron gun or any other energy source configured
10 provide targeted energy to a surtace or base, The primary
energy source can comprise a direct laser diode fiber coupled
Lo & laser. The energy provided o the portion ol the irst layer
ol powder can be absorbed by the powder and the powder can
experience and increase in temperature as a result of the
absorption of energy. The energy provided by the primary
energy source can [use, sinter, mell. bind or otherwise con-
nect one or more portions of a previously solidified layer.
Mclting ol the previously solidified layer and the powder
material can merge (e.g., fuse, sinter, melt, bind or otherwise
connect) the two together 1o form the 3D object. In some cases
the primary energy source can mell at least about 1. 2,3, 4. 5.
6. 7.8, 9. 10, 20.30. 40, 30. 60. 70, 80. 90, or 100 layers ol the
previously solidilied layer. A layer can have a thickness ol at
least about 1 pum, 5 pm, 10 un, 15 um, 20 pm, 25 pm, 30 1,
335w, 40 pm, 45 pm, 50 pm, 60 wm, 70 pm, 80 pum, 90 nm,
100 pm, 150 pum, 200 pm. 250 pmy 30 wm, 350 wm. 400 um.
450 pm. 300 um. or 750 pm. In some cases the (st cnergy
source can be a beam of laser light. The laser light can have a
power per vnit area that is lower than or equal to the power per
unit area of the second energy source. The laser light can have
a power per unit arca that is higher than the power perunit arca
ol the second energy source. The rise in lemperature can be
sutficient to transtorm at least a portion of the first laver of
powder. The rise in temperature can be sutticient to melr at
least a portiom ol a first layer of powder and allow the mollen
powder o remain molten forat least about 1 lemtosecond (1s).
50 s, 100 T, 500 T3, 1 picosecond (ps). 50 ps. 100 ps. 500 ps.
1 nanosecond (ns), 50 ns, 100 ns, 500 ns, 1 microsecond (p),
50 us, 100 ps, 300 ps, 1 millisecond (ms), 30 ms, 100 ms, or
500 ms. The rise in lemperature can be sullicient 10 mell the
entire first layer o powder. "The rise in lemperature can be
sutficient to sinter at least a portion first laver of powder for at
least 1 femtosecond (f5), 50 fs, 100 t5, 500 15, 1 picosecond
(ps), 50 ps, 100 ps, 300 ps, 1 nanosecond (ns), 50 ns, 100 s,
500 ns. 1 microsccond (p). 50 ps. 100 s, 500 ps. 1 millisce-
ond (mg), 30 ms. 100 ms, or 500 ms. The rise in lemperature
can be sufficient 1o sinter at least a portion first laver of
powder for a period of time between the aforementioned
periods of time (e.g., rom aboul 1 s o about 500 ms, rom
aboul 1 ns o about 330 ms, from about 1 [ 1o aboul 30 ns, or
[rom about | ps lo about 1 ms). Therise in lemperature can be
sutficient 1o sinter the entire first laver of powder. The first
laver of powder can be melted along a predetermined pattern
or al random. Upon melling the first layer ol powder can be at
a second lemperature (1), The seeond lemperature (1) can
be greater than the first temperature (T,). The second tem-
perature (1) can be lower than the first temperature (T ). The
second temperature (T, ) can be substantially equal to the first
lemperature (1)) or example, the second temperature (1)
can be al least aboul 500° C.. 7507 C.. 10007 .. 12507 ..
1500° C., 1730° C, 2000° C, 2250° C_ 2300° C, 2750° C.,
3000° C., 3500° C., 4000° C., or 5000° C. The second tem-
perature can be any value between the afore-mentioned tem-
perature values {e.g.. from aboul 5007 C. o aboul 23007 ..
[rom about 22507 (7. (o about 3000 C.. or lrom about 15007
C. 1o about 3500° C.

[0366] The primary energy source can deliver energy Lo al
least one point in a first laver of powder during a fixed time
pericd. The fixed time period can be chosen such that a
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specitied volume of the powder may reach a target tempera-
lure. ‘The time period can be chosen based on the thermal
propertics ol the powder material and the amount of energy
provided by the primary energy source. The fixed time period
cal be at least about 1 temtosecond (fs), 30 {3, 100 f5, 300 15,
1 picosecond (ps). 30 ps, 100 ps. 500 ps. | nanosceond (ns),
50 ns. 0.1 microsceonds (ps). 0.5 ps, 10 ps, 2.0 us, 3.0ps, 4.5
us, 5.0 us. 10ps. 20 us, 30ps. 100 ps. 300 ps. 500 us, or 1 ms.
The fixed tine period can be at most about 0.1 microseconds
{us), 0.5 s, 1.0ps, 2.0 pns, 3.0us, 4.5 1s, 5.0 pg, 10 us, 20 s,
50 ps. 100 ps. 300 ps, SO0 ps, or 1 ms. The lixed time period
can be any value belween the above-mentioned values (c.g.,
from about 1 £310 about 1 ms, from about 1 ps to about 500 ps,
from about 1 {3 10 about 30 us, or from about 1 ps 1o about 1
ms ). The fixed time period can comprise a time period that the
primary energy source delivery energy (o a point in the pow-
der bed. A point can be a spol in the powder bed with an arca
equal 1o a beam tundamental length scale of the primary
energy source. The overall time in which energy is applied 1o
an area in the first powder laver can be at least about 1 us, 50
us, 100 ps, 500 ps, T ms, 50 ms, 0.1 sceond (), 0.5 5. or 1 s,
During the tme that the primary cnergy source delivers
eneray 1o the first powder laver, the primary energy source
cal deliver energy to each point in the powder laver once,
more than once, or not ai all.

[0367] Al least a portion of a powder can be selectively
heated by an energy source 1o lorm an intended (c.g.. prede-
lermined andfor requested) 313 objectl. The portion of the
powder that did not form at least a part of the intended 3D
olject can be referred to as the remainder. In some cases, the
remainder does not Torm a conlinuous structure exlending
aver 1T mm, (05 mm. (L1 mm or more. The continuous struc-
ture may be a continuous solid structure or continuous solidi-
fied structure. A continuous structure can be formed by trans-
forming or partially transforming portions of' the powder, The
systems and methods deseribed herein may nol produce a
conlinuous solid structure in the remainder. lior example, they
may not produce a transformed portion of powder in the
remainder. In some cases the contimous structure does not
cnclose the 31 object or part thereoll In some cases. the
remainder does not lorm scallold that encloses a part of, or the
cntire 313 object. In some cases. the remainder does not lorm
a lightly sintered structure that encloses a part of, or the entire
3D object.

[0368] Energy trom a second (or complementary) energy
source 35 can opliomally be provided (o al least a portion ol
the remainder ol the lirst powder layer. The complementary
cnergy source 35 can be separale from (he primary energy
source 304, In some cases the second energy source is inte-
arated with the primary energy source 304, The energy from
the complementary energy source can be provided o the
remainder ol the [irst powder layer belore, aller. or concur-
rently with providing energy to the portion ot'the first powder
laver with the primary energy source. In some cases, the
primary energy source can transtorm the portion of the first
powder layer. The complementary energy source can increase
the temperature of al least a portion ol the remainder ol the
first powder layer. In some cases the energy provided by the
complementary energy source may 0ot be sutficient to trans-
form the remainder of the first powder layer. The primary
cnergy source can be any encrgy source disclosed herein. The
primary cnergy source can be any energy source generaling
anenergy beam disclosed herein. The complementary energy
source can be any energy source disclosed herein. The
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complementary energy source cal be any energy source gen-
crating an energy beam disclosed herein.'The complementary
energy source can be a laser. The complementary cnergy
source may include a radiation comprising electromagnetic,
electron, positron, proton, plasma, or lonie radiation. The
clectromagnetic beam may comprise microwave, nlrared.
uliraviolel or visible radiation. The ion beam may include a
cation or an anion. The clectromagnetic beam may comprise
a laser beam. The complementary source may include a laser
source, The complementary energy source may include an
cleetron gun or any other energy source conligured o provide
largeted energy o a surlace or base. The complementary
energy source can have a power per unit area that is less than
the power per unit area of the primary energy source, For
example, the complementary energy source can produce and
energy beam with an arca that is from about 100 0 about
1.000,000 Targer than the beam arca ol the (irst {c.g.. primary)
energy source, The complementary energy source can deliver
energy 10 at least a portion of the remainder of the first laver
ot powder for a fixed time period. The tixed time period can be
chosen such that a specified volume of the powder reaches 1
Larget lemperature. the ime period can be chosen based on the
thermal properties of the powder and the amount of energy
provided by the complementary energy source. The fixed
time period can be al least aboul 1 ps, S0 s, 100 ps. 500 s, 1
ms, 3 ms, 10ms, 15 ms. 20 ms, 30 ms. 100 ms, 200 ms, 500
ms, 1 s, 55 105, or 1T minute. The (ixed time period can be at
most about 1 us, 50 ps, 100 us, 500 ps, 1 ms, S ms, 10 ms, 15
ms, 20 ms, 30 ms, 100 ms, 200 ms, 500 ms, 15,55, 10s, 0r 1
minule. The lixed time period can be any value between the
dbove-mentiomed values (c.g.. from aboul 1 ps 10 aboul 1
mimite, from about 1 ps to about 100 ms, trom about 50 ms to
about 1 mimite, or from about 100 ms to about 10 s). The
target temperature can be a temperature below the transform-
ing lemperature of the powder material. In some cases. the
complementary energy can be delivered o a single point.
delivered 1o more than a single point, not delivered at all,
delivered at least once, twice, 5 times, 10 times, 30 times, 100
times. or 1000 Gmes o the same position or (o different
position(s) in the powder layer. Such delivery of the comple-
menlary energy can oceur while, belore, or alier the powder
laver is receiving energy from the primary energy source,
[0349] In some cases, the complementary energy source
can provide energy to a fraction of the powder that is adjacent
1 al least one part o the 31 object. In some cases. the
complementary energy source can preheat at least a [raction
ol the 313 object belore the at Teast one fraction ol the 312
ohject is heated by the primary energy source. Additionally or
alternatively, the complementary energy solree can post-heat
alleasta Mraction ol the 31 object aller the 31 objeet is heated
by the primary cnergy source. The complemenlary energy
source can remove an oxXidized material layer from at least a
portion of a surface of the at least one fraction of the 3D
ohject.

[0370] The complementary energy source can be an array,
or a mairix. of laser diodes. ach of the laser diedes in the
arrdy. or matrix, can be independently controlled (e, by a
control mechanisim such that the diodes can be turned offand
on independently. At least a part of the laser diodes in the
array or matrix can be collectively controlled such (hat the at
least a parl ol (he laser diodes can be turned ofl and on
simullancously. In some instances all the laser diodes in the
array or matrices are collectively controlled such that all of
the laser diodes can be turned off and on simultanecusly.
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[0371] The energy per vnit area or intensity of each diode
laser in the matrix or array can be modulated independently
{c.g.. by a control mechanism or system). Ad limes. the energy
perunit area or intensity of at least a part ot the laser diodes in
the matrix or array can be modulated collectively (e.g., by a
control mechanism). Al limes, the energy per unil arca or
intensity ol all of the laser diodes in the malrix or array can be
modulated collectively (e.g., by a control mechanism). The
complimentary energy source can scan along a surface ot'the
powder by mechanical movement of the energy source, an
adjustable relleclive mirror, or a polygon light scanner. The
complimenlary cnergy source can project energy using a 131.P
modulator, a one-dimensional scanner, or a Two-dimensional
scanner.

[0372] After energy is provided 1o the portion of the first
powder laver vy the primary eneray source and the portion off
the remainder by the complementary energy source (he
cnergy can be removed rom the powder bed by a cooling
process where a cooling process may comprise transterring
heat from the powder bed 306. In some cases, heat can be
trans lerred [rom the powder bed Lo a heal sink. inergy (e,
heat) can be removed rom the powder bed uniformly such
that the rate ol energy transler [rom the portion of the first
powder laver heated by primary energy source and the portion
of'the remainder heated by the complementary energy source
trans [er heat 1o the heat sink at a substantially similar rale, al
dillerent rales, al patlierned rates. al random rates or any
combination thereod.

[0373] One or more primary energy sources and ohe or
more complementary energy sources can be emploved. For
oxample. at least 1, 2. 3.4, 5. 6.7, 8, 9. 10, 30. 100. 300 or
LO00 1. 2,3.4.5,6.7, 8. 9, or 10 primary cnergy sources and
al least 1.2, 3,4, 5, 6, 7. 8. 9. 10. 30, 100. 300 or 1,000
complementary energy sources are employed. The primary
and complementary energy sources can be independently or
collectively controllable by a control mechanism (e.g., com-
puter), as deseribed herein, Al times, al least parl ol the
primary and complementary energy sources can be controlled
independently or collectively by a control mechanism (e.g.,
computer).

[0374] The cooling process can be optimized 1o reduce the
lime needed o cool the powder bed. Al the conclusion of the
cooling process the powder bed can have a substantially uni-
form tempersature. A substantially uniform temperature can
be a temperature in the powder bed wherein the ditference
between the average lemperature between a (irst and second
point varics by al most abouwt 200, 15%. 10, 8%. 6%, 4%,
2%, 1%, 0.5%. or 0.1%. "The difference belwoen the average
temperature between a first and second point varies by any
percentage valve between the atorementioned percentage
values (e.g.. [rom about (.1% 10 aboul 20%. lrom about 0.1%
Lo aboul 5%. or [rom aboul 3% 1o about 20M%. The Nrst Tayer
cal be cooled 1o a predetermined temperature within a fixed
time period. For example the fixed cooling tine period can be
at most about 1 ps, 50 ps, 100 us, 500 us, 1 ms, 5 ms, 10 ms,
153 ms. 20 ms. 30 ms, 100ms. 200 ms, 300ms. 15, 55, 105,
205, 305,40 5. 505,605, 70 5. 805, 905, 1005, 110 5, 120 .
1305, 1405, 1505, 1605, 1705, 1805, 1905, 2005, 21035, 220
s, 230 5, 240 s, 230 5, 260 5, 270 5, 280 5, 290 5, 300 5, 10
minutes. 15 minules, 30 minules. 1 hour. 3 hours, 6 hours. 12
hours, or 1 day. The lixed time period can be between any of
the alorementioned time values (.., rom aboul 1 ms 0
about 1 day, trom about 1 us to about 300 s, from abont 1 ps
to about 90 s, or from about 1 1s to about 10 5)
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[0375] After the first laver of powder has reached a suffi-
ciently low temperature of al most about 15° ¢, 207 . 257
CL30° 0, 35°CL 407 L 45° €, 50° CL 557 O, 607 €, 65°
C,70°C,75°C,,80°C,85°(C,90° C, 100°C,, 200°C,,
3000 C., 400° C., or 500° C.; the process can repeat by
providing a second laver of powder 307 adjacent to the first
layer. In some cases the second layer of powder 307 can be
cooled 10 a lemperature below the lemperature of the powder
bed. The second laver of powder 307 can absorh heat from the
powder bed 1o aid in the cooling of the powder bed. In some
cases al least a lraction of the [irst powder layer can be
removed prior 1o providing the sceond layer ol powder adja-
cent Lo the first Tayer (e.g.. using the powder removing mecha-
nism and/or the powder leveling mechanism). The primary
energy source can selectively provide energy to at least a
portion ol the second powder layer. The primary cnergy
source can be conligured 10 provide suflicient energy 1o the
portion o[ the seeond powder layer such thal at least a portion
of the second powder laver transtorms. The complementary
energy source can selectively provide energy to at least a
portion of the remainder of the second powder layer. The
complementary energy source can be configured (o provide
energy to the remainder of the second powder layer such that
at least a portion of the second powder laver undergoes a
temperature increase. The temperature increase can be one
that is insulTicient o ranslorm al least one part of the second
powder layer.

[0376] In some instances, the 31> object can be lormed
using emly a primary cnergy source. Lor example, a lirst layer
of powder can be provided at a first temperature (T,). T,, can
be the average temperature in the first laver of powder. The
primary cnergy source can transform al least a portion of the
first layer ol powder o Torm a translormed (e.g., [used. sin-
Lered or molten) malerial. Powder malerial in the first powder
laver adjacent 1o the transtormed material can reach a tem-
perature below the transforming temperature of the powder.
Powder material in the [irst powder layer adjacent o the
translormed material can reach a temperature below cither the
transtormation (e.g., fusion, sintering or melting) tempera-
mure of the powder. The transformed material can experience
a temperature increase such that the temperature within the
trans formed malerial can reach a maximum temperature (1)
The entire (irst layer ol powder can be cooled 1o an average
temperature (T, ). T, may be the predetermined temperature.
The powder laver can be cooled from a surface of the powder
layer. In some instances 1) may nol he greater than T by a
[actor K, 4, mes (To=1,3. In some instances 1, may not be
greater than "I, by at most 0.1 Gmes (15=T,) In some
istances T, may not be greater than T, by at most 0.2 times
(T.-T,). In some instances T, may not be greater than T, by
al most 0.8 times (T,=T,). The cooling of the first Tayver can
lake lime as delineated for cooling time period described
herein. In some cases the first laver can be cooled to a tem-
perature such that an average individval can touch it without
burning or harming the average individual. In some cases the
first layer can be cooled o the sulliciently low wemperature
deseribed herein. The trans formed (e.g., molten)y malerial can
harden (e.g., solidify) during the cooling of the first laver. A
second powder laver can be provided adjacent to (e.g., above)
the first powder layer and the process ol trans [forming at least
a portion of the powder layer. and the process of cooling at
least a portion of the powder layer (c.g.. cooling the entire
powder laver, or the entire powder bed), can be repeated. The
repetition comprises providing a subsequent powder laver,
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melting at least a portion of the powder laver, and cooling at
least a portion ol the powder layer can oceur until a linal or
partial lorm ol a 312 object is oblained. Cooling ol the layer
canoeccur by energy transter from a laver to a cooling member
{e.2.. a heat sink). Energy can be transferred throm a layer
along a dircetion that 1s oriented away rom a powder layer
disposed in the powder bed. In some cases, energy can be
trunslerred ina dircetion loward the surlacc ola heat sink. The
eneray can be transterred in the direction of the exposed
surface of the powder bed. The energy can be transferred
upwards. The energy can be translerred 1o a cooling member
localed above the powder bed, or 1o the side of the powder
bed. Attimes, at least about 20%, 30%, 40%%, 50%, 60%, 70%,
70%, 80%, 0%, or 95% of the energy (e.g., heat) is trans-
ferred towards the cooling member, At times, at most about
235%, 0%, 80%. T0%. 60%. 50%. 40%. 30%. 30%. or 20 ol
the energy is trans ferred wwards the cooling member. Some-
times, the energy transterred towards the cooling member can
have a percentage valve between any of the atorementioned
percentage values (e.g., from about 209 to about 95%, from
aboul 20% o aboul 60%. [rom about 50% to aboul 95%).
103771  The linal form ol the 313 object can be retricved soon
alier cooling o a [inal powder layer. Soon aller cooling may
be at most about 1 day, 12 hours, 6 hours, 3 hours, 2 hours, 1
hour, 30 minutes, 15 minutes, 5 minutes, 240 5, 220 5, 200 s,
180, 160 s, 140's. 1205, 100 5. 805, 60 5. 40 5. 205, 105, 9
5,88 78 08 58, 458,35, 25, 0r | s Soon alter cooling may
be between any of the atorementioned time values (e.g., from
about is 10 about 1 day, from about is to about 1 hour, from
about 30 minutes to about 1 day, or from about 20 s 10 about
240 s. In some cases, the cooling can occur by method com-
prising aclive cooling by conveciion using a cooled gas or gas
mixture comprising argon, nitrogen, helivm, neon, krvpton,
xenon, hvdrogen, carbon monoxide, carbon dioxide, or oxy-
gen.

[0378] In some cases, unused powder can surround the
three-dimensional (312) object in the powder bed. The unused
powder can be substantially removed from the 3D object.
Substantial removal may refer 1o powder covering at most
about 20%, 15%, 10%, 8%, 5%, 4%, 2%, 1%, 0.5%, or 0.1%
ol the surface of the 313 object alier removal. Substantial
removal may reler o removal ol all the powder that was
disposed in the powder bed and remained as powder at the end
of the 3D printing process (i.e., the remainder), except tor at
most about 109, 3%, 1%, 0.3%, or 0.1% ot the weight of'the
remainder. Substantial removal may relor lo removal olall the
remainder excepl [or al most abbot 50%, 10%, 3%, 1%, 0.3%,
or 0.1% of the weight of the printed 3D object. The vnused
powder can be removed to permit retrieval of the 3D object
withoul digging through the powder. For example, the unused
powder can be suctioned oul of the powder bed by one or
more vacuum ports buill adjacent (o the powder bed. Afer the
vsed powder is evacuated, the 3D object can be removed
and the unwsed powder can be re-circulated to a powder
reservoir for use in future builds.

[0379]  The 312 object can be generated on a mesh substrale.
A solid platlorm {e.g., base or substrale) can be disposed
viderneath the mesh such that the powder stays confined in
the powder bed and the mesh holes are blocked. The blocking
ol the mesh holes may not allow a substantial amount of
powder malerial 1o flow though. The mesh can be moved
{c.g.. vertically or al an angle) relalive o the solid platfonm by
pulling on one or more posts connected to either the mesh or
the solid platform (e.g., at the one or more edges of the mesh
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or of the base) such that the mesh becomes vnblocked. The
one or maore posts can be removable from the one or more
edges by a threaded connection. The mesh substrale can be
lifted out of the powder bed with the 3D object to retrieve the
3D olbject such that the mesh becomes vnblocked. Alterna-
tively. the solid platform can be tilled. horizontally moved
such that the mesh becomes unblocked. When the mesh is
unblocked, al least part of the powder Hows [rom the mesh
while the 3D object remains on the mesh.

[0380] The 3D object canbe built on a construet comprising
a first and a second mesh, such that at a first position the holes
ol the [irst mesh are completely obstrucied by the solid parts
ol the second mesh such thal no powder malerial can Tow
though the two meshes at the first position, as both mesh holes
become blocked. The first mesh, the second mesh, or both can
be controllably moved (e.g., horivontally or in an angle) 1o a
socond position. In the sceomd position, the holes of the st
moesh and the holes ol the second mesh are al least partially
aligned such that the powder material disposed 10 the powder
bed is able 1o flow through 1o a position below the two meshes,
leaving the exposed 31 object.

[0381] In some cases. cooling gas can be directed 1o the
hardened material (e.g.. 31 object) lor cooling the hardened
material during its retrieval. The mesh can be sized such that
the vnused powder will sitt through the mesh as the 3D olyject
is cxposed [rom the powder bed. In some cases, the mesh can
be attached 10 a pulley or other mechanical device such that
the mesh can be moved (e.g., lilted) oul ol the powder bed
with the 3D part.

[0382] In some cases, the 3D object (i.e., 3D part) can be
retrieved within at most about 12 hours (h), 6 h, 5h, 41, 3 1,
2 h. 1 h. 30 minutes (min). 20 min, 10 min. 5 min, 1 min, 40
208 105,98, 88 75,68, 58,45 35,25 0or ] sallercooling
of'a last powder laver, The 3D object can be retrieved during
a time period between any of the aforementioned time periods
(t.g.. [romabout 12h (o about 1 5. [rom about 12 h to about 30
min, [rom aboul 1 htoabout 1 5. or [rom aboul 30 min 1o about
40 5. "The generated 31 objeet can require very little or no
further processing after its retrieval. Further processing may
comprise trimming, as disclosed herein. Further processing
may comprise polishing (c.g., sanding). l'or example. in some
cases the generated 313 objeet can be retrieved and linalized
without removal of transformed powder and/or auxiliary fea-
mures. The 3D object can be retrieved when the three-dimen-
sional part, composed of hardened (e.g., solidified) material,
is al a handling temperature that is suitable 1o permil the
removal ol the 313 object from the powder bed without sub-
stantial detormation. The handling temperature can be g tem-
perature that is suitable for packaging of the 31 object. The
handling emperature a can be al most about 120° CL 1007 €.
BOU L 60° CL 400 L300, 25, 200 L, 10° CLor 5° O
The handling temperature can be ol any value belween the
aforementioned temperature values (e.g., from about 120° C.
1o about 20° C., from about 40° C. to about 5° C., or trom
about 407 . 1o about 107 .

[0383] The systems and methods disclosed herein can pro-
vide @ process for generating a 313 objoct wherein the process
maintaing a powder bed, comprising lavers of powder mate-
ral, at a substantially vnitorm averaged temperature. The
powder bed can include a fully or partially formed 31 object
wherein the 313 object can be lormed by repetitive trans(orm-
ing and subsequent cooling operations of at least a portion ol
the powder. The completely or partially formed 3D object can
be tully supported by the powder bed such that the tully or
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partially formed object foats or is suspended in the powder
bed. The substantially uniform wemperature can be lower than
a melting temperature ol the powder material. For example,
the substantially vnitorm temperature can be at most about
15°C.,25°C,,30°C.,50°C,,75°C,, 100° C., 150° C, 200°
C. 3007 C, 4007 C, 6007 CuLor 10007 C. The substantially
uniform lemperature can be between any of the aloremen-
tioned temperature values {(e.g., [rom about 157 €. 10 aboul
1000° C., from about 15° C. to about 300° C., trom about 200°
. to about 1000° C., or from about 100° C. 1o about 500° C.

[0384] A first laver of powder can be provided at an initial
time ((,). Al least a portion ol the first powder layer can be
healed or transformed. In some cases, a portiom of the first
powder laver is not heated or transtormed; the powdered
portion of the first laver can be heated directly (e.g., by an
energy source) or indirectly (e.g., by heat transfer from the
trans [ormed portion(s) ol powder material). The powder can
have a temperalure below the trans lormation lemperature of
the powder material. In cases, where the powder is heated
directly powder can be exposed to an energy source (e.g., the
complementary energy source). The energy source that heats
the powder can provide energy per unit arca (5, ) (o the pow-
der portion. The energy por unil arca 8, can be within al most
about 60%, 50%, 40%, 30%, 20%, 15%, 10%, or 5% of a first
energy per vunit area (5,).

[0385] At least a portion of'the first laver of powder can be
trans [ormed with an energy beam. [or example with an energy
beam [rom the primary energy source. 'The maximum energy
pet unit area in the first powder laver can be the first energy
pet vnit area (S)). In some cases, a remainder of the first
powder is not translormed. The remainder of the (irst powder
layer can be supplicd with energy at a third energy per unil
arca 8, that is less than or equal 10 aboul a Faclor K, 5 times
S, . The tactor Ks can have a value of at least about 0.8, 0.9,
07,0605 04,0302, 01,007,005 003, or 0.01. The
lactor Ks, , can have a value ol al mosi aboul .01, 0.03, 0,05,
0.07, 0.1,0.2, 03, 0.4, 0.5, 0.6, 0.7, 0.8, or 0.9. The factor
Ks,. can have any value between the afore-mentioned Ks,
values. Forexample, Ks | ; can have a value of from about 0.01
to about 0.9, from about 0.07 to about 0.5, from about 0.3 1o
about .8, or [rom about 0,03 10 aboul 0.2, The remainder of
the [lirst powder layer can be supplicd with cnergy al a third
eneray per unit area 33 that is less than or equal 10 about 0.1
times 5. Atleasta fraction of'the energy vsed to transtorm the
portion of the first powder laver can be removed from the first
powder layer, lor example using the cooling member. A time
L. can be a laler lime that oceurs aller the initial time 1. A
second laver can be provided adjacent 1o the first layer at the
time .. Orverall, the energy per unit area that is flowing
through a cross section below the [irst layer in the time inter-
val [rom aboul ) o L, can be less than aboul Ks 5 limes 5. A
cross section below the first layer can be a region parallel o
the first laver. The cross section can be a planar (e.g., hori-
zontal) cross section. In some cases the cross section can be at
leastabout 1 pm. 5 pm. 10 pm. 100 pm, 1 mm. 5 mm, 10 mm,
15 mm. 20 mm, 25 mm, 30 mm. 100 mm. 200 mm, 300 mm,
400 mm, or 500 mm below the first laver. The cross section
can be between any of the aforementioned valuves. For
example, the cross section can be from about 1 um to about
500 mm. [rom about 100 pum (o aboul 50 mm, lrom aboul 5 pm
o about 153 mm. [rom about 10 mm o about 100 mm, or [rom
about 50 mm 1o about 500 mm.

[0386] Energy transter can occur from a first powder laver
to an adjacent (e.g., second) powder layer i a time interval
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fromt, o t.. [n some cases energy transter can oceur from the
{irst powder layer in a direetion that is oriented away from the
socond powder layer {e.g., in the direction ol the cooling
member and/or in the direction above the exposed surtace of
the powder bed). The energy transfer from the first powder
layer can oceur al an energy per unil arca 8, The sceond
energy por unil arca S, can be equal 10 a factor Ks |5 limes 8.
K, 5 can have a value ol at least about 0.1, 0015, 0.2. 0.25, 0.3,
035,04,045,05,0.55,06,065,07,075,08,085, 0r0.9.
Ks , canhave avalue of'at mostabout 0.9, 0.85,0.8,0.75,0.7,
0.65,0.6,(.55,0.5.0.45.0.4. 0.35.0.3,0.25. 0.2,0.15, or 0.1,
Ks,, can have a value between any of the alorementioned
Ks,, values. For example, Ks, . can have a valve trom about
0.1 to about 0.9, from about 0.25 to about 0.9, from about 0.3
1o about 0.8, from about 0.2 to about 0.6 or from about 0.15 to
dboul (1.7, In some nstances, the energy translor may occur
via a cooling member (e.g., heat sink). The cooling member
may be located above, below or to the side of the powder
laver. The cooling member may comprise an energy condue-
tive material. The cooling member may comprise an active
energy lranslor or a passive energy transler. The cooling
member may comprise a cooling liquid (e.g., aqueous or oil).
cooling gas or cooling solid. The cooling member may be
further connected to a cooler or a thermostat. The gas or liquid
comprising the cooling member may be stalionary or circu-
lating,

[0387] During lformation ol a 312 object with the systems
and methods provided herein, at least a portion of a powder
laver can be heated by an energy source to a temperature
sutficient 1o transform at leasta portion of the powder laver. In
some cases, the time interval for which a portion of the pow-
der is held al the transforming temperature can be small
relative 1o the total time required to form the 3D object such
that the time averaged temperature of the powder is below the
transtorming temperature of the powder,

[0388] FIG. 41is anexample of'a graphical time temperature
history for a system deseribed. The graph in G, 4 deplets a
temperature profile 401 as a [unction ol time. The lempera-
mure profile can represent the temperature as a function oftime
of at least a portion of a single powder laver, a group of
powder layers, or all of the powder lavers in the powder bed
(c.g.. stacked in the powder bed). Alan initial ime (1) a layer
ol powder malerial can be provided. The layer o powder
material can be provided in a chamber orin an enclosure. The
powder can be provided at an initial temperature T),. The
initial temperature’l’; can be the minimum lemperature ol any
powder layer. The initial lemperature ', can be the average.
median or mean lemperature ol any powder layer. "The pow-
der laver can be exposed to an energy source that can raise at
least a portion of the powder 1o a temperature T.. [n some
cases, 1y can be a temperalure al or above a transforming
temperature of the powder material. The temperature 15 can
be the maximum temperature in a powder laver. Eneray can
be removed from the powder laver, for example by a cooling
member (e.g., heat sink), such that the powder laver cools to
atemperature 15, The processes ol providing a powder layer.
heating a powder layer o temperature 1., and cooling the
powder layer 10 a temperature T, can be repeated 0 times,
where n can be an integer greater than or equal to 1. The
repetition ol these processes can generale a collection ol
adjacent powder layers (e.g.. stacked powder layers) [rom one
layer 1o an 1™ layer. The repetition of these processes n Gimes
can oecur over a time interval thom the initial time 1, to a later
Time t,,. An additional powder laver, the n+1 powder laver, can
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be provided adjacent 1o (e.g., above)the n™ powder layer. The
n+1 powder layer can be provided in the chamber. The n+1

powder layer can be provided at an initial lemperature 'L, "The
initial temperature T, can be the minimum temperature of any
powder laver in the collection of powder lavers one (1.e., the
first powder layer) (o n+l. The n+] powder layer can be
exposed o the energy source (hat can raise al least a portion of
the powder layer number n+1 o a temperature ', In some
cases, T,, can be a temperature at or above a transtorming
temperature of the powder material. The temperature T, can
be the maximum lemperature in a powder layer in the collee-
tion of powder layers rom the [irst layer 1o the n+1 layer.
Energy can be removed from the n+l powder laver, for
example by a heat sink, such that the n+1 powder laver cools
to a temperature T,. Removal of the energy from the n+l

powder layer can end al a ime 1, . A lime average lempera-
lure of at least a portion ol a single powder layer. a group ol
powder lavers, or all of the powder lavers in the collection
{e.g., lavers one through n+1) can be considered for the time
interval from 1, t,,, , . The temperature T, can be the maximum
lemperature in the n4] layer in the ime inlerval from L, 10
L, The temperature 1, can be the minimum (emperature ol
any of the lavers in the time interval from ¢, to 1,,,,. The
temperature T, can be the mean, average or median tempera-
turc olany olthe layers in the time interval rom (, 01, "The
lemperature ‘1) can be the lime average lemperalure ol any
poeint or group ol points in at least a subsel of the Tayers in the
time interval from 1,101, | . In some cases the temperature T
can be greater than T, by a factor K5, times (T,-T,). The
lactor K 5 can have a value ol at Teast about (.01, 0,03, 0,05,
0.07, 0.1, 0.2, 03, 0.4, 0.5, 0.6, 0.7, 0.8, or 0.9. The factor
K, 5, can have a valve of at most about 0.9, 0.8, 0.7, 0.6, 0.5,
04,03,02,0.1,007,005,0.03,0r0.01. Thefactor K5, can
have a value between any of the aforementioned values. For
example. Ko, can have a value [rom aboul 0.01 1o about 0.9,
from aboul (.1 10 aboul 0.5, [rom aboul (L01 o about 0.2, or
from about 0.1 to about 0.9, In some cases the temperature T,

can be greater than T, by no more than abour 0.2 times
{1,="1'y ) Insome cases the lemperature’l’, can be greaier than
1 by no more than about 0.1 times (15,=T,). In some cases the
lemperature 'l can be greater than 'L, by no more than aboul
0.05 times (T,-T,). In some cases the temperature T, can be
areater than T, by no more than about 0.01 times (T.-T,}.

[0389] Inone instance, at least one laver comprising pow-
der material can be provided adjacent (o (c.g.. above ) the base,
the substrate or the botiom of the enclosure. An additional
layer of powder can be provided adjacent o {e.g., above) the
at least one laver at a time t,. At least a portion of the addi-
tional laver can be transformed by providing energy 10 at least
a porliom ol the additional layer. At least a [action of the
provided energy can be removed from the additional layer
such that the energy removal is completed by a time t,. Time
t, can be a great (e.g., later) time than 1,. In 8 time interval
form 1, to 1, a maximum temperatire in the additional laver
can be a temperature (15). A minimum temperature in any of
the layers can be atemperature (1), 1, can be greater than 1.
The highest time averaged temperature in any point in the
lavers can be a temperature (T, ). In some cases the tempera-
lure ', can be greater than T by Ko times (1,=1,).

[0390]  The primary cnergy source and complementary
cnergy source can provide energy (0 a base and/or a powder
layer with variable power por unit arca. Power per unil arca
can refer 1o amount of power delivered 1o an area (e.g., energy
pet vnit area per time). In some cases the primary energy
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source can provide energy with a first power per unitarea ().
The complementary energy source can provide cnergy with a
socond power per unit arca (P,). The first power per unit arca
()} can be higher than the second power per unit area (1,).
For example, the second power per vnit area (I’,) can have a
value olatleast 0L.01¥P |, 0.02*%P L 0.03%P L 0.04%P L 0.03*P .
0.06%P,, 0L07FP,. 0.08%P, . 0.09%P,, 0L1*P,. 0.2%P,, 0.3%P,.
0.4%P,0.5%P,, 0L6*P,. 0.75P,, 0.8%P,, or 0.9*P, . The sce-
ond power per unit area (I’,) can have a valve of at most
0.01%P,, 0.02*P, 0.03*P, 0.04*D, 0.05*D, 0.06%T,
0.07%P |, 0.085P, 0.09%P . 0.1%P . 0.2%P . 0.3%P . 0.4*P .
0.5*P, . 0.6%P, 0.75P1. 0.8*P . or 0.9*P, . In some cases the
second power per unit area (I'2) can be in between any of the
values listed. For example, the second power per unit area
(.} can be trom about 0.01%D, to about 0.9, trom about
0.3*P | to aboul 0.9%P |, [rom aboul LO1FP | 1o aboul 0.4*P .
or [rom about 0.1 *P, o aboul 0.8*P . The [irst power per unit
area (P, ) can be selected such that the portion of the powder
laver that is provided energy from the primary energy source
is less than or equal to about 1%, 3%, 10%, 20%, 30%, 40%,
or 50% of the wotal surlace arca of the powdoer layor.

[0391]  The power perunil arca can be controlled by varying
any combination of the area over which the energy is pro-
vided, the intensity of the delivered energy, and the time over
which the energy is provided. Providing the energy over a
lomger period ol time will cause the energy o permeale
deeper into the powder bed that can resull in a lemperature
increase in deeper powder layers (i.e., carlier deposited pow-
der lavers). The power per unit area of the primary energy
source () and the complementary energy source (I, ) can be
varied such that the energy per unit arca {c.g., amount ol
energy per unil arca) delivered o the powder bed by the
primary and complementary energy sources is substantially
similar. FIG. § depicts an example of volumes of the powder
bed 501 that can increase in temperature from the primary and
complementary energy sources. The primary energy source
can provide a high inlensily energy beam 1o a relatively small
area of the powder bed for a period of time on the order of
about 1 us or less. As a result a small volume 502 (e.g., area
and depth) ol the powder bed can experience an increase in
temperature sullicient (o translform the portion of the powder
hed that is exposed 1o the primary energy source. The powder
adjacent to the portion of'the powder bed thatis exposed to the
primary energy source may 0ot transtorm. In comparison, the
complementary energy source can deliver an energy beam
with a lower inlensily than the primary energy beam o a
relatively larger arca for a relatively longer time period. As a
result, the area exposed 1o the complementary energy beam
can experience a lower temperature increase than the area
exposed Lo the primary energy beam. "The area exposed o the
complementary cnergy beam can experience a temperature
icrease to a temperature below the transtorming temperature
such that the area exposed to the complementary energy beam
does not transtorm. Furthermore, the ares exposed 1o the
complementary cnergy beam can experience a temperature
rise deeper in Lo the powder bed (e.g., over a larger volume.
503).

[0392] In some cases the primary energy source and
complementary energy source power per uLit areas can be
adjusted non-unilormly across the portion ol the powder layer
and the remainder of the powder layer respectively. The
power per unil arcas can be adjusted non-uniformly Lo
decrease the influence ofimperfections. For example a region
with enhanced heat transfer, tor example an edge of the pow-
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der bed can lose heat more quickly than an area of the powder
bed towards the center. In order o compensate lor such
imperlection the primary andfor complementary  energy
source can provide a slightly higher power per unit ares 1o the
edges as compared to the center of the powder bed. The
lemperature ol the powder bed can be monitored continu-
ously using at least one lemperature sensor and the power per
unit arca ol the primary and/or complementary energy source
cal be modulated in real time to correct temperature gradients
and/or non-uniformities.

[0393] The primary and complementary energy sources
can heat the powder layer al substantially the same time. IG.
6 depicts an example of a timeline that can be implemented 1o
form a layer ol the 313 object. Starting at an initial time 1, the
primary energy sonrce and the complementary energy source
cal begin heating the powder bed. The primary energy source
can heat the powder surface lora (inite period ol time (e.g., lor
a [ew micro sceonds 601). Afler the primary cnergy source
finished heating the powder bed it may turn off. Concurrently
the complementary energy source can heat the remainder off
the first laver and/or a lateral portion of the base 602, The
complementary energy source can heatl the remainder of the
[irst layer andfor a lateral portion of the base lor a scecond time
petiod (e.g., time period of 10-60 milliseconds). Once both
the primary and complementary energy sources have finished
healing the powder bed the powder bed can be cooled 603.
liormation of one layer including heating and cooling of the
powder layer can lake up to aboul 30 seconds. The portion ol
the powder bed heated by the primary energy source and the
portion of the powder bed heated by the complementary
cnergy source can be cooled al substantially the same rale.
Cooling both portions ol the powder bed at the same rale can
reduce thermal stresses such that the three-dimensional part
formed by transforming (e.g., melting) and cooling the por-
tion of the powder bed does not move or deform (e.g., warp)
during the cooling process. Cooling both portions ol the
powder bed at substantially (he same rate can reduce or elimi-
nate the need for auxiliary support features to hold the 3D
olject in place during the printing process. The energy beam
ol'the primary and/or complementary beam can have a vari-
able inlensily andior a variable spol size and spol geometrics.
[0394] Al least a portiom of the powder layer (c.g. [first
powder layer) can be heated by the primary energy source.
The portion of the powder laver can be heated to a tempera-
ture that is greater than or equal t a temperature wherein at
least part of the powder malerial is translormed o a liquid
stale (relerred o herein as the liquelying temperature) al a
given pressurc. The liquelying lemperature can be equal (o a
liquidus temperature where the entire material is at a liquid
state at a given pressure. The liquefving temperature of the
powder malerial can be the wemperature at or above which al
least part ol the powder material transitions [rom a solid (o a
liquid phase at a given pressure. The remainder of the powder
laver can be heated by the complementary energy source, The
remainder of the powder layer can be at a temperature that is
less than the liquelying temperature. The maximum lempera-
lure ol the translormed portion of the powder and the lem-
petature of the remainder of the powder can be different. The
solidus temperature of the powder material can be a tempera-
lure wherein the powder malerial is in a solid slale at 2 given
pressure. Afler the portion ol the [irst layer is heated o the
lemperature that is greater than or equal 10 a liquelying lem-
petature of the powder material by the primary energy source,
the portion ot the first laver is cooled 1o allow the transtormed
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powder portion to harden (e.g., solidity). Once the portion of
the [first layer hardens. a subsequent {e.g., second) powder
layer can be provided adjacent 1o (e.g., above) the first powder
laver. The portion of the first laver can harden during cooling
ot both the transtormed portion, and the remaining powder of
the first laver in the powder bed. Insome cases, the liquetving
temperature can be at least about 1007 C., 2007 ¢, 3007 C..
4007 ., or 300¢ O, and the solidus temperature can be at
most 500° C., 400° C, 300° C,, 200° C., or 100° C. For
example, the liquefving temperature is at least about 300° C.
and the solidus lemperature 15 al most aboul 3007 C. As
another example. the liguelying temperature 1s al least about
4007 . and the solidus temperature is al most aboul 4007 C.
The liquetving temperature may be ditferent than the solidus
temperature. [n some instances, the temperature of the pow-
der material is maintained above the solidus lemperature ol
the material and below its liquelying lemperature. In some
instances. the malerial [rom which the powder material is
composed has a super cooling temperature (or super cooling
temperature regime). As the energy source heats up the pow-
der malerial (o cause at least part of the powder malerial Lo
melt. the melted malerial will remain melled as the powder
bed i held at or above the material super cooling temperature
of'the material, but below its melting point. When two or more
materials make up the powder bed at a specific ratio, the
malerials may form a culeclic material on translorming (c.g..
[ugion, sintering, melling, bonding, or connecting) the pow-
der material. The liquefving temperature ot the formed eutec-
1ic material may be the temperature at the evtectic point, close
1o the culectic point. or Lar rom the cutectic point. Close Lo
the cutectic point may designale a lemperature that is differ-
enl from the culeelic lemperalure (Le.. lemperalure al the
eutectic point) by at most about 0.1°C.,0.53°C, 1°C,2°C,,
4°C, 5% C,,6°C,, 8% C,, 10°C., or 15° C. A temperature that
is [arther [rom the culeetic peint than the lemperature close Lo
the cutectic point 1s designaled herein as a temperature far
from the eutectic point. The process of transtorming (e.g.,
liquetving) and hardening (e.g., solidifving) a portion of the
first laver can be repeated vntil all lavers of'a 3D object are
lormed. Al the completion ol the formation process. the gen-
crated 31D object can be removed from the powder bed. The
remaining powered can be separated from the portion at the
completion of'the process. The 3T object can be solidified and
removied rom the container accommodating the powder bed.

[0395] A 3D objectcan be formed trom a powder bed. The
powder can comprise particles ol a material that is the desired
composilion malerial of the 31 object. The powder bed can
comprise a mixlure ol materials that upon translorming will
comprise the material that is the desired composition material
ot the 3D object. A laver of powder material can be provided
adjacent (o a base (or (o a substrale. botlom ol the enclosure.
orbollom ol the container accommodating (the powderbed) or
1o another layer of the powder material. The powder can be
confined in a container (referred to herein as “powder bed™).
In some cases the powder bed can be insulated, actively
cooled, actively healed, or held al a constant lemperature
using a lemperaturc-adjusting unit (c.g.. a healer or a relrig-
erator). At least part of the temperature-adjusting unit may be
embedded in the walls of the powder bed. The 3D object can
be formed by sequential addition of malerial layers in a pre-
determined pattemn. A first layer can be lormed by trans(orm-
ing a portion ol a [irst powder layer without translorming a
remainder of the first powder layer. At times, the first depos-
ired powder laver remains untranstorined, and transtormation
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oceurs 10 subsequently deposited powder lavers. A primary
CIETZy S0Uree can propagale (e.g.. scanned) along (he surface
ol at least a portion ol the (irst powder layer in a predeter-
mined pattern. The portion of the first powder laver that
interacts with (e.g., scanned by) the primary energy source
can experience a lemperature increase. The lemperatlure
increase can translorm the malerial 1o create a transformed
material thal subsequently hardens (c.g., solidilies) rom at
least a portion of the powder laver (e.g., the first powder
laver). The scan rate of the primary energy source can be at
least about 0.01 mmyds, 0.1 mmds. 1 mm/ds. 5 mmds, 10 mmis,
15 mm/s, 20 mm’s, 25 mm/s, or 30 mmds. The scan ralc ol the
primary enetgy source can be at most about 0.01 mw/s, 0.1
mnys, 1 mys, 5 mmds, 10 mm/fs, 15 ms, 20 mo's, 25
ms, or 30 mu/s. The scan rate of the primary energy source
can be any value in between the above-mentioned values
{c.g.. rom aboul (.01 mm/s o aboul 50 mmds, lrom aboul
0.01 mms to about 20 mm's, or from about 15 mmys to about
50 mms).

[0396] A complementary energy source can provide energy
Lo hical up aremainder o[ the [irst powder layer. The remainder
can be an arca on the surlace ol the [irst powder layer (hal is
adjacent Lo the portion ol the first powder layer thal is scanned
by the primary enerpy source, The remainder can be heated 10
a temperature below the transtorming temperature such that
the remaining powder does nol transform (c.g.. mel). "The
remaining powder can remain in a solid state throughout the
formation of the 3D object. The microstructure and/or grain
structure of the remaining powder can remain substantially
vnaltered throughout the tormation of the 3D object, as com-
pared with the deposiled powder material. Substantially unal-
lered relers Lo the lack ol phase change, and (o a change ol
arain size or microstructure size of at most about 20%, 10%,
5%, 1% or less.

[0397] After providing the primary and complementary
cnergy source Lo the portion of the first powder layer and the
remainder of the [irst powder layer, respectively, the [first
powder layer can be cooled. The transtormed portion of the
first powder lavers can harden (e.g., solidify) while the first
powder laver is cooled. The portion and the remaining pow-
der can be cooled at substantially the same rale. Aller the
powder layer is cooled, a subsequent (c.g.. second) powder
laver canbe provided adjacent to (e.g., above) the first powder
laver and the process can be repeated uatil all lavers (e.g.,
cross sections) of the 3D object are formed such that the
complete 312 object is generated. PIG. 7 summarizes a print-
ing process as deseribed herein. A {irst powder layer can be
irradiated by a primary energy source 701, The first laver can
be irradiated by a complementary energy source 702; the
irradiation by the complementary cnergy source can be
belore. alier. or concurrent with the irradiation by the primary
cnergy source. [n some cases (he complementary energy
source 15 not used 1o irradiate the first layver or subsequent
lavers. The first powder layver can then be cooled 703. The first
powder layer can be cooled uniformly such that lemperature
gradients arc mild or substantially not present in the powder
bed. In some cases portions of the powder bed that were
transformed by the primary energy source can solidify during
the cooling operation 703, After the cooling, a subsequent
{c.g.. second) layer of powder can be provided adjacent Lo the
[irst Tayer 704, "The process can repeal with irradiation ol the
subsequent laver of powder until the 3D object is formed.
[0398] The 3D object can be formed without one or more
auxiliary features and/or without contacting a base. The one
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or more guxiliary features (which may include a base support)
can be used o hold or restrain the 313 object during lormalion.
In some cases auxiliary features can be used 1o anchor or hold
4 31 object or a portion ol a 31 objeet in a powder bed. The
one or more avxiliary features can be specific 1o a part and can
increase the time needed to form the 3D object. The one or
more auxiliary features can be removed prior to use or distri-
bution ol the 313 object. The longest dimension ol a cross-
soction ol an auxiliary leature can be almost about 30nm. 100
om, 200 un, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 300
nm, 900 nm, or 1000 nm, 1 pm, 3 pm, 10 pm, 20 pm, 30 um,
100 pm, 200 pmy, 300 pm, 400 pum, 500 pm, 700 un, 1 mm, 3
mm, 5 mm. 10 mm, 20 mm. 30 mm, 30 mm. 100 mm. or 3
mm. The longest dimension ol a cross-section of an auxiliary
[eature can he al least about 50 nm, 100 nm. 200 nm. 300 nm.
400 nm, 300 nm, 600 nm, 700 nm, 800 nm, 900 nm, or 1000
om, 1 pm, 3 um, 10 um, 20 pm, 30w, 100 pm, 200 pm, 300
pm, 4K um. 300 wm. 704 pm, 1 mm. 3 mm. 5 mm, 10 mm. 20
mm, 30 mm. 50 mm, 136 mm, or 300 mm. The longest
dimension of a cross-section of an avxiliary feature can be
any value between the above-mentioned valves (e.g., from
about 30 nm to about 300 mm, from about 5 um to about 10
mm, [rom about 50 nm 1o aboul 10 mm. or [rom about 5 mm
1o aboul 300 mm).

[0399]  Withoul wishing (o be bound o theory, (he cooling
rate ol the powderbed that surrounds the solidi[ying part. may
atfect the thernal stresses within that solidifving part. In the
methods and systems provided herein, the powder bed is
cooled al substantially the same rate such thatl the lemperature
gradicents in the powder bed are substantially flat. "The (lat
temperature gradients provided by the systems and methods
herein may at least reduce (e.g., eliminate) thermal stresses on
the solidifving part, and thus at least may reduce thermal
stresses in the lormed 313 object. As a resull of the reduction
ol thermal stresses on the 31 object during lormaltion. the 312
ohject may be formed without avxiliary features. Eliminating
the need for auxiliary teatures can decrease the time and cost
associated with generating the three-dimensional part. In
some examples. the 31 object may be Tormed with auxiliary
leatures. In some examples. the 312 object may be lormed
with contact to the container accommodating the powder bed.

[0400]  "The methods and systems provided herein can result
in tast and efficient tormation of 31> objects. In some cases,
the 3D object can be transported within a1 most about 120
min, 100 min, 8 min. 60 min. 40 min, 34 min. 20 min, 10
min, or 5 min afler the last layer ol the object hardens (c.g..
solidifies). In some cases. the 31 object can be transported
within at least about 120 min, 100 min, 80 min, 60 min, 40
min, 30 min, 20 min, 10 min, or 5 min atter the last laver of the
object hardens. In some cases. the 31 object can be trans-
ported within any time between the above-mentioned values
(e.g., from about 3 min to about 120 min, from about 5 min to
about 60 min, or from about 60 min to about 120 min). The 3D
ohject can be transported once it cools 1o a temperature of at
most about 1007 C., 907 CL80° CL707 CL, 600 C, 500 C., 407
L300 €L 25, 200 CL 158 L, 107 Cuor 5% CL'The 31D
ohject can be transported once it cools to a temperature value
between the above-mentioned temperature values (e.g., from
dboul 57 C. o about 1007 (.. [rom abowt 5% C. o aboul 407 C..
or [rom aboutl 15% C. (o about 407 C. Iransporting the 312
object can comprise packaging and/or labeling the 31 object.
In some cases the 3D object can be transported directly to a
consumer, goveriment, organization, compaly, hospital,
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medical practitioner, engineer, retailer, or any other entity, or
individual that 1s interesied in receiving the object.

[0401]  The system can comprise a controlling mechanism
{c.g.. a controller) comprising a compuler processing unil
{e.g., a computer) coupled to the primary (first) and optionally
to a complementary (e.g., second) energy sources, The com-
puter can be operatively coupled 1o the primary and option-
ally lo the complementary energy sources through a wired or
through a wireless connection. In some cases, the computer
cal be on board a user device. A user device can be a laptop
computer, desktop computer, tablet, smartphone, or another
compuling device. "The controller can be in communicalion
with a cloud compuler syslem or a scrver. The controller can
be programmed to selectively direct a first energy source 1o
apply energy 1o the portion of the laver of powder at a power
per unil arca (P)). The controller can be in communication
with (he scanner conligured o articulale the [irst energy
source o apply energy 1o the portion ol the layer of powder al
a power per unit area (P)). The controller can be further
programned to selectively direct (e.g., articulate to) the sec-
ond energy source Lo apply energy Lo al least a poriion ol the
remainder of the Tayer and/or the lateral portion of the base al
a second power per unit area (I°,). The controller can be
operatively connected to the scanner configured 1o articulate
the first energy source 10 apply energy to the portion of the
layer o powder al a power per unit arca (P). The controller
{c.g.. compuler) can be programmed 1o direet the (irst energy
source and second energy source to apply energy substan-
tially simultanecusly.

[0402] Insowme cases, the system can comprise a controller
{c.g.. compuler) coupled (o an encrgy source. The controller
can be programmed 1o (rans form orheat a portion ol a powder
laver with the energy source such that the portion reaches a
maximum temperature T,. The temperature T- can be higher
than an initial temperature of the powder laver T, The con-
troller can be further conligured (o lacilitate the cooling ol the
powder layer (o an average lemperature 1) in a time period
thatis at most about 1 day, 12 hours, 6 hours, 3 hours, 2 hours,
1 howy, 30 minutes, 15 minutes, 5 minutes, 240 seconds (s},
22005, 200 5, 1805, 1605, 1405, 1205, 100 5. 80 5. 605,40 5,
205. 105 9585 75. 65535453525 0rls o lorma
hardened malerial that 1s at Teast a portion ol the 31 object. In
some cases T, is not greater than T, than about 0.2 times
(T,-T ). In some instances T, may not be greater than T, by
almostabout (.1 times (1,=1,). In some instances T, may nol
be greater than'l', by at most about 0.2 times (1,=T,). Insome
instances |, may not be greater than 1, by al most about K, 5,
times (T--Ty).

[0403] The scanner can be included in an optical system
that is conligured to divect energy [rom the [irst energy source
Lo a predetermined position of the powder layer. "The control-
ler can be programmed o control a trajeclory of the [first
and/or the second energy source with the aid of the optical
svstem. The control system can regulate a supply of energy
from the energy source o a powder layer Lo form a 313 object
or a portion thereol.

|0404]  The controller (e.g., compuler having one or more
computer processors) can be in network communication with
a remote computer svstem that supplies instructions to the
compuler system o generale the 31 objeet. The controller
can be in network communication with the remote computer
through a wired or through a wireless connection. The remole
computer can be a laptop, desktop, smartphone, tablet, or
other computer device. The remote computer can comprise a
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user interface through which a vser can input design instrue-
tions and parameters lor the 31 object. The instructions can
be a sel ol values or parameters thal deseribe the shape and
dimensions of'the 3D object. The instructions can be provided
through a file having a Standard Tessellation Language file
lormal. In an example. the instructions can come [rom a 312
modeling program {e.g., AutoCAl, SelidWorks., Google
SketchUp. or Solidlidge). In some cases, the model can be
generated from a provided sketeh, image, or 3D object. The
remote computer system can supply design instruction to the
compuler processor. The controller can direet the first and the
optionally sccond energy source in response o the instruc-
tions received trom the remote computer. The controller can
be further programmed to oprimize a trajectory of path (e.g,.,
vector) of the energy applied from the first and/or second
energy source o a porlion or remainder ol the power layer.
respectively. Oplimiring the trajeclory of energy application
can comprise minimizing time needed 1o heat the powder,
minimizing time needed 1o cool the powder, minimizing the
time needed to scan the area that needs 1o receive energy or
minimizing the energy emitled by the energy source(s).
[0405]  Insome cases, the controller can be programmed Lo
caleulate the necessary [irst power per unit area (P} and
second power per unit area (P, ) that should be provided to the
powder layer in order to achieve the desired result. The con-
troller can be programmed o determine the time that an
energy source should be ineldent on an area ol a delermined
slve in order o provide the necessary (irst or second powder
density. In some cases the desired result can be to provide
uniform energy per vnit area within the powder bed. Addi-
tionally the desired resull can be Lo trans lorm a portion of the
layer ol the powder bed with the primary cnergy source al the
first power per unit area () ) and to not transtorn the remain-
der of the laver with the complementary energy source at the
second power per unit area (I°,). The controller can be pro-
grammed 10 oplimize the application ol cnergy from the st
and/or second encrgy sources. Oplimizing the energy appli-
cation can comprises minimizing time needed to heat the
powder, minimizing time needed 1o cool the powder, mini-
miving the energy emilled by the energy source(s), or any
combination thereol.

[0406] The system can [urther comprise a cooling member
(t.g.. heal sink) conligured (o cool, heat or stabilize the lem-
perature of the portion of'the transformed powder layer and/or
at least a portion of the remainder of the powder laver. The
cooling member can be configured (o cool. heal or stabilize
(t.g.. cquilibraic) the temperature ol the portion of the powder
layer and the at least a portion ol the remainder ol the powder
laver at substantially the same rate. The cooling member can
cool, heat or stabilize the temperature of the portion of the
powder layer andior al least a portion of the remainder ol the
powder layer by initiating heat trans ler [rom the powder o the
cooling member. For example, the cooling member can be
configured 1o remove energy at a rate greater than or equal to
about I, The cooling member can be maintained a1 a tem-
perature thal is substantially lower than the lemperalurc o[ the
powderbed. | leat can be trans ferred from the powder malerial
1o the cooling member by any one or combination of heat
transter modes cluding conduction, natural convection,
lorced convection, or radiation. The cooling member may
comprisc 2 material that conducts heal efficiently. lior
example, the cooling member may comprise liquid (c.g..
water). The liquid may circulate in the cooling member
within channels in or on the cooling member. The heat (ther-
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mal} conductivity of the cooling member may be at least
aboul 20 Walls per melers limes degrees Kelvin (W/mK), 50
WimK. 100 W/im, 150 W/mK. 200 WimK. 205 W/mK, 300
WimK, 350 W/mK, 400 W/nkK, 450 W/mK, 500 W/nkK, 550
Wi mK, 600 W/mK, 700 W/mK, 800 W/mK, 900 W/mkK, or
1000 W/mkK. The thermal conductivity of the cooling, mem-
ber may be any value between the alorementioned thermal
conduetivity values (c.g., [rom about 20 W/mK (o about 1000
Wi mK, from about 20 W/mK to about 500 W/mK, or from
about 300 W/mK 10 about 1000 W/mK ). The atorementioned
thermal conduclivily can be al a emperature of cqual o or
above gbout 1007 ., 2000 €. 3007 C., 4007 C.L 5007 C or
K007 . "The cooling memboer can be separated from the pow-
der bed or powder laver v a gap. The gap can have a variable
or adjustable spacing. Alternatively, the cooling member can
conlact the powder bed or the powder layer. In some
instances, the cooling member can be allernalely and sequen-
Lially brought in contact with the powder layer."The gap can be
filled with s gas. The gas can be chosen in order to achieve a
specitic heat transter property between the powder and the
cooling member. lior example, 4 gas with high thermal con-
duclivity can be chosen 1o increase the rate of conductive heat
transfer trom the powder to the plate. The gas between the
plate and the powder laver can comprise argon, nitrogen,
helivm, neon, kevpton, xenon, hvdrogen, carbon monoxide,
carbon dioxide, or oxygen. The gas can be air. The gas can by
any gas mentioned herein. In some cases the system can be
stored and operated in a vacuum chamber in which case there
will be at most a thin laver (e.g., as compared 10 ambient
almosphere) between the plate and the powder layer. The
distance belween the cooling member and the powder layer
can influence the heat transler between the cooling member
and the powder layer. The vertical distance of the gap trom the
exposed surtace of the powder bed may be at least about 50
um. 104 pm, 230 pm, 0.5 mm, 1 mm. 2 mm. 3 mm. 4 mm, 3
mm. i mm. 7 mm. 8§ mm. 9 mm. 10 mm, 20 mm. 30 mm. 40
mm, 30 mm, 60 mm, 70 mm, 80 mm, 20 mm, or 100 mm. The
vertical distance of the gap from the exposed surtace of the
powder bed may be at most about 30w, 100w, 250 um, 0.5
mm. | mm. 2 mm. 3 mm. 4 mm, 5 mm, 6 mm, 7 mm, 8 mm,
9 mm, 10 mm, 20 mm. 30 mm. 40 mm. 30 mm, 60 mm, 70
mu, 80 mm, 90 mun, or 100 mm. The vertical distance of the
gap from the exposed surface of the powder bed may be any
value between the alorementioned values (e.g., rom aboul 50
um 1o aboul 1) mm, from about 50 pm 10 abowt 60 mm. or
from about 40 mm to about 100mm). In some instances. there
is no gap (i.e., the gap is zero). In some cases, the gap can be
adjustable. The cross section of the gap can be controlled by
a control syslem {(c.g., a compuler). The gap can have a
substantially unilorm dimension across the enlire cooling
member, or across the powder bed. In some cases, the gap
distance can vary across the powder bed. In some instances,
the gap can be adjusted such that the plate is in contact with
the powder bed (e.g., the exposed surlace ol the powder bed).
A mechanism can be used to Mlexibly move the cooling mem-
ber in and cutof contact with the powder bed. The mechanism
can be electronically or manvally controlled (e.g., by the
controller). In an example, the mechanisin can be an array of
curved Teal springs, flexible needle springs. a scl of rolling
cylinders. The contaet pressure belween the cooling member
{e.g., plate) and the powder bed can be electronically or
manvally adjusted.

[0407] In some cases, a gas bearing assisted cooling pro-
cess can be utilized 10 increase the cooling rate of the powder.
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In this embodiment a planar air bearing can be creating vsing
a sel ol openings in the cooling plate facing the powder bed.
Pressurized gas can be imjectled rom one sel ol openings Lo
the gap and can leave the gap through a second set of open-
ings. The gas bearing can induee forced convection and there-
lore inerease the heat transfler rale of heat rom the powder
bed. In another example. thermo-acoustic heal extraction can
be used Lo increase the cooling rate ol the powder bed.
[0408] The cooling member can lurther comprise one or
more holes or openings. In some cases at least as about 3%,
1094, 209, 30%, 40%, 50%, 60% or 70% of the surface area
ol the cooling member can be an opening or hole. The holes
or openings can be configured o allow the first and the
optional second energy sources Lo access the powder layer. In
some cases, the cooling member can be substantially trans-
parent. The cooling member can be adapted to be selectively
positioned between the powder bed {or the container accom-
modaling the powder bed) and the first and oplionally sccond
energy sources. In some cases a scanner can translate the
cooling member such that the hole(s) remains in a location
such that the first and optionally second energy sources can
access the powder layer as they are scanned across the powder
layer. The scanner that conlrols movement of the plale can be
synchronized with the at least one scanner that permit articu-
lation of the first and second energy sources. The cooling
member can controllably track energy applied (o the portion
ol the powder layer [rom (he (irst energy source. Movement ol
the cooling member can be controlled by the control mecha-
nism (e.g., controller). The controller (e.g., computer) can be
programmed to control movement of the cooling member. In
some cases, the controller can be programmed Lo oplimive the
removal ol energy from the portion and or remainder ol the
powder laver. Optimizing removal of energy from the portion
and or remainder of the powder laver can include changing
the gap length or width, moving the cooling member, initiat-
ing a [orees convection system (e, fan). adjusting gas com-
position. or any other process that can inflluence time or elli-
ciency variables. The controller can be turther programmed to
control (e.g., regulate) a temperature profile of the base sepa-
rale from a lemperature prolile of the powder layer. The
controller {c.g.. compuler) can additionally be programmed
Lo ensure that regions ol the powder bed surface are covered
by solid portions and open (hole) portions ot the cooling,
member for equal durations of time to maintain unitorm heat
transfer. [Tt is not possible 1o maintain uniform heat transfer
by movement of the plate, the complementary heat source can
provide more or less energy 1o area thal will receive more or
less time vnder the cooling member respectively.

[0409]  One or more of the system components can be con-
tained in the enclosure (e.g., chamber). The enclosure can
include a reaction space that is sultable lor introducing pre-
cursor 1o form a 31 objecl. such as powder malerial. The
enclosure can contain the base. In some cases the enclosure
can be a vacuum chamber, a positive pressure chamber, or an
ambient pressure chamber. The enclosure can comprise a
gascous environment with a controlled pressure. lemperalure.
and/or gas composilion. The gas composition in the caviron-
ment contained by the enclosure can comprise a substantially
oxygen free environment. For example, the gas composition
can conlain al most at most about 100.000 parts per million
(pprm), 10.000 ppm. 1000 ppm, 300 ppm, 400 ppm, 200 ppm.
100 ppm, 30 ppm. 10 ppm, 5 ppm. 1 ppm, 133,000 parts per
billion (pph), 10,000 ppb, 1000 pph, 500 ppb, 400 ppl, 200
ppl, 100 pph, 30 ppb, 10 ppb, 5 ppb, 1 pph, 100,000 parts per
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trillion (ppt), 10,000 ppt, 1000 ppt, 500 ppt, 400 ppt, 200 ppt,
100 ppt, 30 ppt. 10 ppl. 5 ppl. or 1 ppl oxygen. The gas
composition in the environment contained within the enclo-
sure can comprise a substantially moisture (e.g., water) tree
environment. The gaseous environment can comprise at most
about 100.000 ppm, 10,000 ppm. 1000 ppm, 500 ppm, 400
ppm. 200 ppm. 100 ppm. 50 ppm, 10 ppm. 5 ppm. 1 ppm,
100.000 pph. 10,000 ppb, 1000 pph. 500 pph. 400 pph. 200
ppb, 100 ppb, 50 ppb, 10 ppb, 5 ppb, 1 pphb, 100,000 ppt,
10,000 ppt, 1000 ppt, 300 ppt, 400 ppt, 200 ppt, 100 ppt, 50
ppt. 10 ppl. 3 ppt,or 1 pplwater. The gaseous environmenl can
comprise 4 gas selecled [rom the group consisting ol argon,
nitrogen, helium, neon, kevpton, xenon, hydrogen, carbon
monoxide, carbon dioxide, and oxygen. The gaseous envi-
ronment can comprise air. The chamber pressure can be at
Teast about 1077 Torr. 107¢ "Lorr. 1077 Torr, 107* Torr, 1077
Torr, 107 Tore, 107" Torr, 1 Torr, 10 Torr, 100 Torr, 1 bar, 760
Torr, 1000 Torr, 1100 Torr, 2 bar, 3 bar, 4 bar, 5 bar, or 10 bar.
The chamber pressure can be of any value between the afore-
mentioned chamber pressure values (e.g., from about 1077
Torr 1o aboul 10 bar. [rom about 1077 Torr o about 1 bar. or
from about 1 bar lo about 10 bar,). In some cases the enclosure
pressure can be standard atmospheric pressure.

[0410] The enclosure can be maintained vnder vacuum or
vider an inett, dry, non-reactive and/or oxygen reduced (or
otherwise controlled) atmosphere (e.g. a nilrogen (N,),
helium (e, or argon (Ar) atmosphere). In some examples,
the enclosure is vnder vacuum, such as at a pressure that is at
mast about 1 Torr, 100 Torr, 107 Torr, or 107 Torr. The
atmosphere can be provided by providing an inert, dry, non-
reactive andi/or oxygen reduced gas (e.g., Ar) in andior [ow-
ing the gas through the chamber.

[0411] In some examples, a pressure system is in luid
communication with the enclosure. The pressure system can
be configured 1o regulate the pressure in the enclosure. In
some examples, the pressure system includes ome or more
vacuum pumps sclecled [rom mechanical pumps. rotary vain
puwps, turbomolecular pumps, ion pumps, crvopumps and
diffusion pumps. The one or more vacuum pumps may com-
prise Rotary vane pump, disphragm pump, liquid ring pump,
piston pump. scroll pump, screw pump, Wankel pump, exter-
nal vane pump. roots blower. multistage Roots pump. Toepler
pup, or Lobe pump. The one or more vacuum pumps may
comprise momentumn transfer pump, regenerative pup,
entrapment pump, Ventur vacuum pump, or team ejector.
The pressure system can include valves, such as throttle
valves. The pressure system can include a pressure sensor [or
measuring the pressure of the chamber and relaving the pres-
sure to the controller, which can regulate the pressure with the
aid ol'one or more vacuwm pumps ol the pressure system. The
pressure sensor can be coupled o a control system. “The
pressure can be electronically or manually controlled.
[0412] Insome examples, the pressure system includes one
or more pumps. The one or more pumps may comprise a
positive displacement pump. The positive digplacement
pump may comprise rolary-1ype positive displacement pump,
reciprocating-lype positive displacement pump. or lincar-
type positive displacement pump. The positive displacement
pup may comprise rotary lobe pump, progressive cavity
pump, rolary gear pump, pislon pump, diaphragm pump,
serow pump. gear pump. hydraulic pump, rolary vane pump,
regencralive (peripheral) pump. peristaltic pump. rope pump,
or tlexible impeller. Rotary positive displacement pump may
comprise gear pump, SCrew pump, of rotary vane pup. The
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reciprocating pump comprises plunger pump, diaphragm
pump. piston pumps displacement pumps. or radial piston
pump. The pump may comprise a valveless pump, steam
pump, gravity pump, eductor-jet pump, mixed-tlow pump,
bellow pump, axial-flow pups, radial-tlow pump, velocity
pump. hydraulic ram pump. impulse pump. rope pump. com-
pressed-air-powered double-diaphragm pump, triplex-siyle
plunger pump, plunger pump, peristaltic pump. rools-lype
PULLPS, Progressing cavity puLLp, serew pump, oF gear pump.
[0413] Systems and methods presented herein can facilitate
formation of custom or stock 3D objects for a customer. A
customer can be an individual. a corporation, an organization.
4 governmenl organizalion. a non-prolil organization. or
another organization or entity. A customer can submit a
request for tormation of a 3D object. The customer can pro-
vide an item of value in exchange for the 3D object. The
cuslomer can provide a design [or the 312 object. "The cus-
tomer can provide the design in the lorm ol a stereo lithog-
raphy (STL) file. Alternatively, the customer can provide a
design where the designh can be a definition of the shape and
dimensions of the 313 object in any other numerical or physi-
cal [orm. In some cases, the cuslomer can provide a three-
dimensional model. skelch, or image as a design of an objoct
10 be generated. The design can be transtormed in to instrue-
tions usable by the printing svstem to additively generate the
31 object. The customer can lurther provide a request Lo form
the 313 object from a specilic material or group ol materials.
For example the customer can specity that the 3D object
should be made from one or more than one of the materials
used for 3D printing described herein. The customer can
request a speei fic malerial within thal group ol material (c.g..
a specific elemental metal, a specilic alloy. a speeilic ceramic
or a specific allotrope of elemental carbon ). In some cases, the
design does not contain suxiliary features.

[0414] In response to the customer request the 3D object
can be formed or generated with the printing syslem as
deseribed herein. In some cases, the 31 object can be lormed
by an additive 3D printing process. Additively generating the
3D object can comprise successively depositing and melting
a powder comprising one or more materials as specified by
the customer. The 31 objeet can subsequently be delivered Lo
the customer. The 313 object can be formed withouwt genera-
tion or removal of auxiliary teatures. Avxiliary features can
be support teatures that prevent a 3D object from shifting,
deforming or moving during formation. The apparatuses, sys-
tem and methods provided herein can eliminate the need lor
auxiliary leatures. In some cases. the 313 objeet can be addi-
tively generated in a period of at most about 7 days, 6 days, §
davs, 3 davs, 2davs, | day, 12 hours, 6 hours, 5 hours, 4 hours,
3 hours, 2 hours, 1 hour. 30min. 20 min, 10min. 3 min, 1 min.
30 seconds, or 10 sceonds. In some cases, the 3D object canbe
additively generaled in a period between any ol the aloremen-
tioned time periods (e.g., from about 10 seconds to aboutr 7
days, from about 10 seconds to about 12 hours, from about 12
hours 10 aboul 7 days, or [rom about 12 hours 1o about 10
minuies).

[0415] The 312 object {e.g.. solidilied material) that is gen-
erated for the customer can have an average deviation value
from the intended dimensions of at most about 0.5 microns
(um}. 1 e 3 pm, 10 pm. 30 pm. 100 pm, 300 pm or less. The
deviation can be any value between the alorementioned val-
ues. The average deviation can be [rom aboul (L3 pm lo about
300 pm, from about 10 um to about 50 pm, from about 15 pm
1o about 83 pa, from about 3 un to about 43 pm, or from about
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15 pm to about 35 pm. The 3D object can have a deviation
from the intended dimensions in a specific direction. accord-
ing (o the formula v+l /K . wherein v is a deviation value,
L isthe length of'the 3D object in a specific direction, and K,
is g constant. Dv can have a value of at most about 300 pm,
200 pm. 100 wm. 30 pm, 40 pm. 30 m, 20 pm, 10 pm. 5 pm,
1 wm. or (L3 pm. Dy can have a value ol at least about 0.3 pm,
1 pm, 3 pmy 5 pm. 10 pm, 20 pmy, 3G pm, 50 um, 70 um. 100
wm, 300 um or less. Dv can have any valve between the
aforementioned values. Dv can have a value that is from about
0.5 pm 1o aboul 300 pm, rom dbout 10 pm 1o about 50 pm,
from about 15 um o about 83 pm, [rom about 3 um o aboul
45 un, or from about 15 um to about 35 . K, can have a
value of at most about 3000, 2500, 2000, 1500, 1000, or 500,
K, can have a value of at least about 300, 1000, 1500, 2000,
2500, or 300K, K, can have any value between the aloremen-
tioned values. K, can have a value that is rom about 300010
about 300, from about 1000 to about 2500, from about 500 1o
about 2000, from about 1000 to about 3000, or from about
1000 to about 2300,

[0416] The intended dimensions can be derived rom a
model design. The 313 part can have the staled accuracy value
immediately alter lormation without additional processing or
manmpulation. Receiving the order for the object, formation off
the object, and delivery of the object to the customer can take
al most aboul 7 days, 6 days, 5 days, 3 days, 2 days, 1 day. 12
hours, 6 hours. 5 hours, 4 hours, 3 hours. 2 hours, 1 hour. 30
min, 20 min, 10 min, 5 min, 1 min, 30 seconds, or 10 seconds.
In some cases, the 3D object can be additively generated in a
petiod hetween any of the aforementioned time periods (e.g.,
from about 10 sceonds o about 7 days, rom about 10 sceonds
o about 12 hours. [rom aboul 12 hours (o aboul 7 days. or
from about 12 hours to about 10 minutes ). The time can vary
based on the physical characteristics of the object, including
the sive andior complexity of the objeel. The generation ol the
31 objeet can be performed without iterative andfor withoul
corrective printing. The 31 object may be devoid ol auxiliary
supports or an avxiliary support mark (e.g., that is indicative
of'a presence or removal of the avxiliary support feature).
[0417] The present disclosure also provides controllers or
control mechanisms {c.g., comprising a compuler sysiem)
thal are programmed (o implement methods of the disclosure.
FIG. 8 schematically depicts a computer system 801 that is
programmed or otherwise configured to facilitate the forma-
tion of'a 3D object aceording to the methods provided herein.
The computer sysiem 801 can regulale various [catures of
printing methods and systems ol the present disclosure. such
as, for example, regulating heating, cooling and/or maintain-
ing thetemperature of a powder bed, process parameters (e.g.,
chamber pressure). the scamming route ol the energy source,
andior the application of the amount of energy emilted o a
selected location ol a powder bed by the energy source. "The
computer svstem 801 can be part of or be in communication
with a printing system or apparatus, such as a 3D printing
system or apparatus ol the present disclosure. The computer
may be coupled Lo one or more sensors connected 10 varlous
parts of the 3D printing svstem or apparatus.

[0418] The computer system 801 can include a central pro-
cessing vnit (CTPU, also “processor,™ “computer” and “com-
puter processor™ used herein) 803, which can be a single core
or mulli core processor. or a plurality ol processors [or par-
allel processing. Allernatively or in addition 0. the computer
svstem 801 can include a circuit, such as an application-
specitic integrated circuit (ASIC). The computer system 801
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alsoincludes memory or memory location 810 (e, random-
access memory, read-only memory, [Jash memory). clec-
tronic slorage unil 815 {e.g.. hard disk), communication inler-
face 820 (e.g., network adapter) for communicating with one
or more other systems, and peripheral devices 825, such as
cache. other memory. data slorage and/or clectronic display
adaplers. The memory 810, storage unil 815, inlerlace 820
and peripheral devices 825 are in commumication with the
CPU 805 through a communication bus (solid lines), such as
a motherboard. The storage nnit 815 can be a data storage undt
(or data repository) lor storing data. The compuler syslem
801 can be operatively coupled to a compuler nelwork (“net-
worl) 830 with the aid of the communication intertace 820,
The network 830 can be the Internet, an Internet and/or extra-
net, or an intranet and/or extranet that is in communication
with the Internet. The network 830 in some cases 1s a lele-
communicalion and/or data nelwork. The network 830 can
clude one or more computer servers, which can enable
distributed computing, such as cloud computing. The net-
work 830, in some cases with the aid of the computer syvstem
801, can implement a peer-lo-peer nelwork. which may
enable devices coupled to the computer system 801 1o behave
as a client or a server.

[0419] The CTPU 805 can execute a sequence of machine-
readable instructions, which can be embodied in aprogram or
sollware. The instructions may be stored in a memory loca-
tion, such as the memory 810, The instructions can be
dirceted 1o the CPU 805, which can subsequently program or
otherwise configure the CTUT 805 1o implement methods of
the present disclosure. Examples of operations pertormed by
the CPU 805 can include letch, decode. exceule, and wriic
hack.

[0420] The CPU 805 can be part of a circuil. such as an
integrated circuil. One or more other components ol the sys-
tem 801 can be included in the circuit. In some cases, the
cirenit is an application specific integrated circuit (ASIC).
[0421] The storage unit 815 can store files, such as drivers,
libraries and saved programs. "The storage unit 815 can store
user data, e.g.. user prelerences and user programs. The com-
puter system 801 in some cases can include one or more
additional data storage units that are external to the computer
system 801, such as located on a remote server that is in
communicalion with the computer system 801 through an
intranct or the lntemet.

[0422] ‘The compuler system 801 can communicale wilh
one or more remote computer systems through the network
830. Forinstance, the computer system 801 can communicate
with a remote computer svstem of a user (e.g., operator).
lixamples ol remote compuler systems include personal com-
puters (e.g., portable PCY. slate or tablet PC’s (e.g. Appleid
ilad, Samsung® Galaxy Tab), telephones, Smart phones
(e.g., Apple® iPhone, Android-enabled device, Black-
horryd), or personal digilal assistants. The user can access the
compuler syslem 801 via the network 830,

[0423] Methods as deseribed herein can be implemenied by
way o machine (c.g.. compuler processor) execulable code
stored on an electronic storage location of the computer sys-
tem 801, such as, tor example, on the memory 810 or elec-
tronic storage unit 815, The machine exceutable or machine-
readable code can be provided in the form ol solware. During
use, the processor 805 can exeeule the code. In some cases.
the code can be retrieved from the storage unit 815 and stored
on the memory 810 for ready access by the processor 805, In
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some situations, the electronic storage vnit 815 can be pre-
cluded. and machine-exccutable instructions are stored on
memory 8140,

[0424] The code can be pre-compiled and conligured Tor
vse with a machine have a processer adapted 1o execute the
code, or can be compiled during runtime. The code can be
supplied in a programming language that can be selected 10
cnable the code o exceule in a pre-compiled or as-compiled
lashion.

[0425] Aspects of the systems and methods provided
herein, such as the computer system 801, can be embodied in
programining. Various aspects of the technology mav be
thought ol as “products™ or “articles ol manulacture” typi-
cally in the form ol machine (or processor) execulable code
and/or associated data that is carried on or embodied ina type
of machine-readable medivm. Machine-executable code can
be stored on an clectronic slorage unil. such memory (c.g.,
read-omly memory. randome-access memory. lash memory)
or a hard disk. “Storage™ type media can include any or all of
the tangible memory of the computers, processors or the like,
orassociated modules thereot, such as various semiconductor
memorics. lape drives, disk drives and the like, which may
provide nom-transilory storage al any lime lor the sollware
programining . All or portions of the sottware may at times be
communicated through the Internet or various other telecom-
munication networks, Such communications, for example,
may cnable loading ol the soliware [rom one compuler or
processor into another. for example. [rom a management
server or host computer into the computer platform of an
application server. Thus, another tvpe of media that may bear
the solware clements includes oplical. electrical and clectro-
magnelic waves, such as used across physical inlerfaces
between local devices. through wired and optical landline
networks and over various air-links. The physical elements
that carry such waves, such as wired or wireless links, optical
links or the like, also may be considered as media bearing the
soltware. As used herein, unless restricted (o non-transitory,
tangible “storage™ media, terms such as computer or machine
“readable medivm™ refer to any medium that participates in
providing instructions to a processor for execution.

[0426] Hence, a machine-readable medium, such as com-
puter-exeeutable code, may take many lorms. including bul
not limited (o, a tangible slorage medium. a carrier wave
medinm or pliysical transmission medinm. Non-volatile stor-
age media include, for example, optical or magnetic disks,
such as any ol the storage devices in any computer(s) or the
like. such as may be used o implement the databases, cle.
shown in the drawings. Volatile storage media include
dvnamic memory, such as main memory of such a computer
plattorm. Tangible transmission media include coaxial
cables: wire (e.g., copper wire) and (Ther oplics. including the
wires thal comprise a bus within a compuler system. Carrier-
wave transmission media may take the form of electric or
electromagnetic signals, or acoustic or light waves such as
those generated during radio frequency (RF) and infrared
(I} data communications. Common lorms ol compuler-
readable media therelore include lor example: a Joppy disk,
a flexible disk, hard disk, magnetic tape, any other magnetic
medinm, a CD-ROM, DVD or DVD-ROM, any other optical
medium, punch cards papoer tape, any olher physical storage
medium with patterns olholes, 1 RAM. a ROM, a PROM and
LPROM, a FLASI-IPROM, any other memory chip or car-
tridge, a carrier wave transporting data or instructions, cables
or links transporting such a carrierwave, or any other medinm



US 2016/0207109 Al

from which a computer may read programining code and/or
data. Many of these lorms ol computer readable media may
e involved In carrying one or more sequences ol one ormore
structions 1o a processor for execution.

[0427] The computer svstem 801 can include or be in com-
munication with an electronic display that comprises a nser
interface (UT) lor providing. lor example. a model design or
graphical representation ol a 313 object 0 be printed.
Examples of UI’s include, without limitation, a graphical user
tertace (GUI) and web-based vser intertace. The computer
syslem can monilor and/or control various aspects ol the 312
printing syslem. "The control may be manual or programmed.
The control may rely on leedback mechanisms that have been
pre-programmed. The feedback mechanisms may rely on
mput trom sensors (described herein) that are connected to
the control unit {i.c.. control system or control mechanism
e.g., compuler). The compuler system may slore hislorical
dala concerning various aspeets ol the operation ol the 312
printing system. The historical data may be retrieved at pre-
determined times or at a whim. The historical data may be
accessed by an operalor or by a user. The historical andior
operalive data may be displayed on a display unil. The display
unit (e.g., monitor) may display various parameters of the 3D
printing svstem (as described herein) in real time or in a
delaved time. The display vnit may display the current 3D
printed object, the ordered 31 printed object, or both. The
display unit may display the printing progress ol the 312
printed object. The display unit may display at least one of the
total time, time remaining and time expanded on printing the
313 objeet. The display unit may display the stalus of sensors.
their reading and/or ime lor their calibration or mainicnance.
The digplay unit may display the lype ol powder material used
and various characteristics of the material such as tempera-
mure and Howability of the powder. The display unit may
display the amount ol oxygen, waler and pressure in the
printing chamber (i.c., the chamber where the 313 objeet is
being printed). The computer may generate a report compris-
g various parameters of the 3D printing svstem at predeter-
mined time(s), on a request (e.g,., trom an operator), or at a
whim.

[0428] Methods and systems of the present disclosure can
be implemented by way of one or more algorithms. An algo-
rithm ean be implemented by way of software upon execution
by ole or more computer processors.

EXAMPLLS

[0429] ‘The lollowing are illustralive and non-limiting
examples of methods ol the present disclosure.

Example 1

[0430]  Ina25 em by 25 cm by 30 em container al ambient
temperature and pressure, 1.56 kg Stainless Steel 316L pow-
der of average particle size 35 pm is deposited in a container
accommodating a powder bed. The containeris disposedinan
enclosure. The enclosure is purged with Argon gas lor 5 min.
A layer of an average height of 2 mm was placed in the
container. Two substantially flat surfaces were fabricated with
a 200 W fiber 1060 nn laser beam uwsing, the selected laser
melting method. “The two substantially flal surlaces were
connected 1o the base via auxiliary supports Lo serve as rel-
crence points (as shown in FIG. 21A, 2103 and 2104). Two
additional flat planes were fabricated without auxiliary sup-
ports using a method described herein (as shownin FIG. 214,
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2101 and 2102). The four surtaces were tabricated such that
they lay substantially on the same plane. Subsequently, a
layer ol powder malerial having an average height ol 75 pm
was deposited on top of the planes using a powder dispenser
described herein. The powder was leveled 1o 50 pm vsing a
leveling member deseribed herein. The surfaces were subse-
quently revealed using a soll pull ol air rom a dircelion
substantially perpendicular lo the exposed surface ol'the pow-
der bed. Iimages were collected by a 2 Mega pixel charge-
coupled device (CCD) camers and analyzed via image pro-
cessing program (o ascertain the degree ol plane movement.
IIGE. 21A-13 show examples of (he experimental resulis,
with FIG. 214 showing the planes before leveling by the
leveling member, and FIG. 21B showing the planes atter
leveling by the leveling member (FIG. 21B shows the two
anchored relerence plancs 2113 and 2114, and the 1wo sus-
pended planes 2111 and 2112).

[0431]  While prelerred embodiments of the present inven-
tion have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided
by way of example only. It is not itended that the invention
be limited by the specilic examples provided within the speci-
fication. While the invention has been described with reler-
ence to the aforementioned specification, the descriptions and
illustrations of the embodiments herein are not meant 1o be
construed in a imiting sense. Numerous variations, changes,
and substilutions will now oceur Lo those skilled in the art
withoul departing [rom the invention. urthermore. it shall be
viderstood that all aspects of the invention are not limited to
the specific depictions, configurations or relative proportions
sel forth herein which depend upon a variely of conditions
and variables. 10 should be understood thal various allerna-
tives to the embodiments of the irvention described herein
may be emploved in practicing the invention. It is therefore
contemplated that the invention shall also cover any such
allermatives, modilications, variations or cquivalents. 1 is
intended that the lollowing claims defline the scope of the
invention and that methods and structures within the scope of
these claims and their equivalents be covered thereby.

Whal is claimed is:

1. A syslem for forming a three dimensional objecl. com-

prising:

a powder dispenser that dispenses a powder material to
form at least a portion of a powder bed adjacent to the
powder dispenser. which powder dispenser is laterally
translalable with respect (o the powder bed;

a powder removal member that is disposed above the pow-
der bed and is laterally translatable with respect o the
powder bed, wherein the powder removal member levels
ah exposed surface of the powder bed by removing pow-
der material lrom the powder bed with the aid ol one or
more o a magnetic loree. clectrostatic foree, and gas
flow, wherein the powder removal member comprises an
opening for removing powder material from the powder
bed; and

an energy source that provides an energy beam that is

dirceted towards the powder bed. which energy beam

transforms a portion of the powder bed 1o lorm a trans-

formed material as part of the three dimensional object.

2. The sysiem ol claim 1. wherein the powder remowval

member levels the exposed surtace of the powder bed without
contacting the exposed surface.
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3. The system of claim 1, wherein the powder removal
member levels the exposed surlace of the powder bed with the
aid ol the gas Mlow that is generated by vacuum.

4. The system of claim 1, wherein the powder removal
member levels the exposed surtace of the powder bed 10 a
substantially planar vnitormity.

5. The system ol claim 1, wherein (he opening is an clon-
galed opening.

6. The system ol claim 1, wherein the opening is part ol a
nozzle.

7. The system of claim &, wherein the nozzle is a Venturi
Tvpe nozzle.

8. "The system of claim 6, wherecin the powder removal
member [urther comprises @ chamber having g narrowing
shape that is (1) different from the nozzle and (i1) dowably
connected to the nozzle.

9. The svstem of claim 8, wherein the chamber has a
conical cross section.

1. The system ol claim 6. wherein the powder removal
member collects powder malerial (hat enlers though the
nozzle.

11. The svstem of claim 1, wherein the powder removal
member comprises a curved surtace that collects powder
malerial that enlers the powder removal member.

12."The system ol claim 1. wherein the gas (ow comprises
laminar gas Mow.

13. The system ol claim 1, wherein the powder dispenser is
connected to the powder removal member,

14. The system of claim 1, further comprising a controller
operalively coupled to the powder removal member. wherein
the controller direets the powder removal member Lo remove
powder material from the powder bed.

15. The system of claim 1, further comprising a controller
operatively coupled to the powder removal member, wherein
the controller controls an amount of force exerted by the
powder removal member.

16. The system ol claim 1, [urther comprising a controller
operalively coupled to the powder removal member. wherein
the controller controls the gas flow or translational motion of
the powder removal member relative 1o the powder bed.

17. A system [or [orming a three dimensional object, com-
prising:

a powder dispenser that dispenses powder material Lo [orm
at least a portion of'a powder bed adjacent 1o the powder
dispenser;

a powder removal member disposed above the powder bed
and separated [rom the exposed surlace ol the powder
bed by a gap, wherein the powder removal member
levels an exposed surlace ol the powder bed by remov-
ing powder material trom the powder bed with the aid of
obe or more of a magnetic force, electrostatic force, and
gas low: and

an energy source thal provides an cnergy beam thal is
directed lowards the powder bed, which cnergy beam
transforms a portion of the powder bed to form a trans-
formed material as part of the three dimensional obyject.

18. The svstem of claim 17, wherein the gap is dimen-
sloned Lo permil removal of the powder material [rom the
exposed surlface of the powder bed Lo lorm a planar exposed
surface of the powder bed.

19. The system of claim 17, turther comprising a powder
leveling member adjacent to the exposed surtace of the pow-
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der bed and configured to shear the exposed surface of the
powder bed, wherein the powder leveling member comprises
4 blade.

20. The svstem of claim 19, wherein the gap is disposed
between the exposed surface of the powder bed and a point
abowve the blade.

21. A sysiem lor lorming a three dimensional objeel. com-
prising:

a powder dispenser that dispenses powder material to lorm
at least a portion of a powder bed adjacent to the powder
dispenser;

a powder removal member disposed above the powder bed,
wherein the powder removal member levels an exposed
surlace o the powder bed by removing powder material
from the powder bed with the aid of one or more of 3
magunetic force, electrostatic force, and gas tlow;

a powder reservoir that is (1) flowably connected to the
powder removal member and (ii) accepls powder male-
rial [rom the powder removal member. which powder
reservolr comprises an opening that allows conlinuous
removal of powder material from the powder reservoir
during operation of the powder removal member; and

an energy source thal provides an encrgy beam that is
dirceted towards the powder bed. which energy beam
transforms a portion of the powder bed 1o lorm a trans-
formed material as part of the three dimensional object.

22, The system of claim 21, wherein the powder reservoir
is disposed within the powder removal member.

23, The syslem of claim 21, wherein the powder reservoir
comprises 4 curved surlace.

24. The system ol ¢laim 21. [urither comprising a reeyeling
svstem disposed adjacent to the powder bed, wherein the
recyeling svstem recveles the powder material received from
the powder removal member.

25. A sysiem for lorming a three dimensional objeel. com-
prising:

a powder dispenser that dispenses powder material to lorm
at least a portion of a powder bed adjacent to the powder
dispenser;

a powder leveling member disposed adjacent 10 an exposed
surlace ol the powder bed wherein the powder leveling
member shears the exposed surlace ol the powder bed,
wherein the powder leveling member comprises a scoop
or litt;

a powder removal member disposed adjacent to the powder
hed, wherein the powder removal member levels the
exposed surface of the powder bed by removing powder
malerial [rom the powder bed with the aid ol one or more
of a magnetic force, electrostatic force, and gas flow; and

an energy source that provides an energy beam that is
dirceted towards the powder bed. which energy beam
transforms a portion of the powder bed 1o lorm a trans-
lormed material as part ol the three dimensional object.

26. The system of claim 25, wherein the powder dispenser
is disposed above the powder bed.

27. The svstem of claim 25, wherein the powder leveling
member is disposed above the powder bed.

28. The system ol claim 25, wherein the powder remowval
member is disposed above the powder bed.

29, Thesystem ol claim 25, wherein the scoop or i1 1s part
of a blade that is laterally translatable with respect 1o the
powder bed.
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30. The system of claim 29, wherein the blade is at an
ubluse posilive angle with respect o a direction ol translation

ol the blade.



