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relatively higher ductility can be formed from a polymer composition comprising a plasticizer. The present disclosure also relates to a
method of three dimensional printing (3D) that can be used to print a 3D printed object comprising the printed structure described above.
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THREE-DIMENSIONAL PRINTING

BACKGROUND

{GB01]  To be suitable for certain applications, a materal may require a
combination of matenial properties. For example, in some applications, a stiff, strong
and tough material may be required. While a material may often exhibit compatible
properties, e.g. stiffness and strength, in some instances, it can be more difficult to
find a matenal that exhibits more contrasting properties, e.g. strength and toughness.
{00021 Natural materials can provide e.¢9. a strengih-toughness balance and
biclogical systems ¢an be a good source of mepiration for the design of new smart
materials. For instance, the architeciure of bone has a significant influence on s
mechanical properties, e.g. its combination of strength and toughness.

BRIEF DESCRIPTION OF THE DRAWING
[0003] Features of examples of the present disclosure will become apparent by
reference to the following detailled description and drawings, in which like reference
numerals correspond o similar, though perhaps not identical, components. For the
sake of brevily, reference numerals or fealures having a previously described
function may or may not be described in connection with other drawings in which
they appear.
[0004] FIG. 1 is an example reaction mechanism of an epoxide group and an
aming group o ilustrate an example crosslinking reaction;
{00051 FIG.2 is an example reaction mechanism of ethyleneglycol diglycidyi ether
and a polyamide-6 polymer;
[0006] FIGS. 3 to 5is a schematic view of an example 3D printing system that
can be used in an example method of the present disclosure;
[G007] FIGS. 6 {0 9 are schematic drawings of examples of structures that can be
printed using examples of the methods of the present disclosure; and
{0008] FIG.5 10 and 11 are schematic drawings of example 3D printed objecis
produced in Example 3.
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DETAILED DESCRIPTION

[o008]  The present disclosure also relates a method for printing a three-
dimensional (3D) printed object. The method comprises:

[0010]  selectively applying a first tailoring agent to a build material; and

[0011]  exposing the build material to radiation, thereby fusing at least part of the
build material {o form a layer.

[0012]  The first tailoring agent comprnises a reinforcing agent or a ductility-
increasing agent, and the first talloring agent is selectively applied to form regions of
relatively lower ductility interspersed with regions of relatively higher ductility in the
30 printed object.

[0013] in some examples, the method further comprises selectively applving a
fusing agent to the build material before exposing the build maternial to radiation.
{00141  The first tailoring agent may be selectively applied based on a three-
dimensionatl (3D) object model. The fusing agent may be selectively applied based
on a three-dimensional (3D} object model.

[00158] Where employed, the reinforcing agent may be a reinforcing filler or
crosslinking agent. Suifable reinforcing fillers and crosslinking agents are describad
in further detail below. Where amployed, the ductility-increasing agent may be a
plasticizer. Suitable plasticizers are described in further detail below.

[0018] Where the first tailoring agent comprises g reinforcing agent, the
retnforcing agent may be selectively applied to form regions of relatively lower
ductility (e.g. stiff zones} in the 3D printed part. Regions of relatively higher ductility
{e.g. ductile zonas) may be formed from build material that is untreated with the
reinforcing agent. These regions of relatively higher ductility {e.g. ductile zones) may
be interspersed with regions of relatively lower ductility (e.g. stiff zones) in the 3D
printad object.

{00171  Where the first talloring agent comprises a ductility-increasing agent, the
reinforcing agent may be selectively applied to form regions of relatively higher
ductility (e.g. ductile zones) in the 3D printed part. Regions of relatively lower
ductility {e.g. stiff zones} may be formed from buid material that is untreated with the
ductility-increasing agent. These regions of relatively lower ductility {e.g. stiff zones)
may be interspersed with regions of relatively higher duchility {e.g. ductile zones) in

the 3D printed object.
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[0018] In one example, the method further comprises: selactively applying a
second failoring agent to the build material. In this example, the first tailoring agent
comprises one of the reinforcing agent and a ductility-increasing agent, and the
second taloring agent comprises the other of the reinforcing agent and duchlity-
increasing agent. The first tailoring agent and second tailoring agent are selectively
applied to form the regions of relatively lower ductility interspersed with the regions
of refatively higher ductility.

[0819] The second tailoring agent may be selectively applied based on a three-
dimensional (30} object model. The three-dimensional (3D) object model may be or
may be derived from a set of programming instructions defining how the 3D object
should be printed.

[0020]  The first talloring agent may be applied to a first portion{(s) of the build
material and the second tailoring agent may be applied to a second portion}{s} of the
build material. The first portion{s) may be different from the second portion{s). In
some examples, the first and second portions may be adjacent 1o one another. In
some examples, the first and second portions are in contact with one another.
[ob21] By selectively applying a tailoring agent onio portion(s) of the build
material, regions of relatively lower ductility can be interspersed with regions of
relatively higher ductility. This can allow relatively stiffer regions to be interspersed
with relatively more ductile regions within the 3D printed object. The regions of
refatively fower ductility can provide the 3D printed objsct with a degree of stiffness
andfor strength, while the regions of relatively higher ductility can e.g. soften the
material andfor reduce crack propagation. In some exampiles, this can provide the
3D printed object with a combination of mechanical properties, e.g. strength and
foughness.

[0022] As the tailloring agent is selectively applied to the build maternial, the
mechanical properties of the build material can be altered during the printing
process. Accordingly, in some examples, the mechanical properties of a build
material can be manipulated at the voxel level. Furthermore, as the tailoring agent is
selectively applied to the bulld material, i is possible to build a structure or
architecture comprising relatively lower ductility {e.g. stiff zones) interspersed with
regions of relatively higher ductility {e.9. ductile zones). In some examples, this
arrangement can provide alternating stiff and ductile regions, allowing & combination

of contrasting properties to be achigved. In some examples, the arrangement can
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result in a biomimeatic and/or hierarchical structure. In some examples, such
structures can impart a combination of mechanical properties, e.g. strength and
toughness, o the material. Accordingly, the mechanical properties that can be
achieved by arranging regions of relatively lower ductibty and regions of relatively
higher ductility in a predetermined manner can, in some instances, surpass the
mechanical properties that would be expected from the mechanical properties of the
build material itself. In some examples, therefore, the mechanical properties of the
3D printed object may be influenced not only by the nature of the materiat from which
the 3D printed object is formed, but also the architeciure (or structure {&.q.
microstructure}) of the 3D printed object.

[0023] In some examples, the structure may comprise localized regions of
refatively fower ductifity (e.g. stiff zones) dispersed in a continuous region of
relatively higher ductility (e.g. ductile zones). Aliernatively, the structure may
comprise localized regions of relatively higher ductility {e.g. ductile zones) dispersed
in a continuous region of relatively lower ductility {e.g. stiff zoneas).

[0024] In some examples, the structure can comprise a network or web of stiff
zones interspersed by ductile zoneas or a network or web of ductile zones
interspersed by stiff zones.

[0025] In some examples, the 3D printed object may have a structure that
comprises a cellular structure, and wherein a reinforcing agent is selectively applied
to form cell walls having a relatively lower ductility {e g. stiff zones), and/or whersin a
ductility-increasing agent is applied to form regions having a relatively higher ductility
{e.q. ductile zones) between the cell walls. Alternatively, the structure may comprise
a cellular structure in which the regions of relatively higher ductiity {e.g. ductile
zZones) are provided by cell walls and the regions of relatively lower ductility {e.g. stiff
zones) are provided in regions between the cell walls. The cellular structure may be
a cellular microstructure. The cellular structure may comprise an arrangement of
repeating cell units. The cell units may be substantially round or substantially
polygonal cell units. Examples of polygenal units include units that have a
substantially square, triangular, rectangular, rhombus-shaped, kite-shaped, or
hexagonal in cross-section. In some examples, the structure may be a biomimetic
structure. in some examples, the structure may be a hierarchical structure. In some

examples, the structure may be a microstructure.
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[00268] The stifiness ratio (i.e. ratio of Young's Modulus) of the material used to
form the regions of relatively lower ductility {e.g. stiff zones) {o the material used o
form the regions of relatively higher ductility {e.g. ductile zones) may be at least
about 1.5, for example, at least about 2. In some examples, the stiffness ratic may
be at least about 3, for example, at least about 4, at least about 5, at least about 6, at
least about 7, at least about 8, at least about 8 or at least about 10. In some
examples, the stiffness ration may be at least about 20, at least about 30, at least
about 40, at least about 50, at least about 80, at least about 70, at least about 80, at
jeast about 90 or at least about 100. The stiffness ratio may be determined by any
suitable method. In one example, a first sample may be made from the material
used to form the regions of relatively lower ductility (e.g. stiff zones). A tensile test
may be performed on this sample to determineg its Young's Modulus., A
corresponding tensile test may be performed on a second sample made from the
material used to form the regions of relatively higher ductility (e.g. ductile zones).
The Young's Modulus of the first sample may be divided by the Young's Modulus of
the second sample to oblain the stiffness ratio.

[0027] The present disclosure also relates 1o a three-dimensional {3D) printing
materials kit. The kit comprises a first failoring agent comprising at least one
crosslinking agent; a second tailoring agent comprising at least one plasticizer, and a
fusing agent.

[0028] In some instances, sxamples of the kit{s) described in the present
disclosure can be used in examples of the method{s) described in the present
disclosure.

[0029] In some examples, the crosslinking agent may include compounds having
a functional group selected from at least one of epoxy, amineg, isocyanate, phosphineg
and aldehyde.

{00301 In some examples, the crosslinking agent can comprise an epoxy
functional group and is selected from at legst one of. 2-ethythexyl glycidyl ether,
phenol glycidyl ether, p-tert-butylpheny! glycidyl ether, dibromo phenyl glycidyl ether,
lauryl alcohol glycidyl ether, resorcinol diglycidyt ether, neopentyl glycol dighycidyt
ether, 1,6-hexanegdiol diglycidy! ether, glycerol polyglycidyl ether, sorbitol polyglycidy
ether, diglycidyl terephthalate, diglycidyl-o-phthalate, N-glycidyl ether, and tris{4-
hydroxyphenyl) methane triglycidyl ether.
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[0031] In some examples, the crosslinking agent can comprise an amine
functional group and is selected from at least one of. aniling, sulphonamide,
tetraethylenepentamine, dipropylenediaming, diethylaminopropylamine, N-
aminoethylipiperazine, bis(Z-ethythexyllamine, methanediamine meathyiphenyl
diamine, methylphenylenediamine, diaminodiphenyl sulfone, disthylenetriamine, and
fristhyvlenstetramine.

[0032] In some examples, the first tailoring agent can comprise a first crosslinking
agent comprising an epoxy functional group, and a second crosslinking agent
comprising an amine functional group. In some examples, the first crosslinking agent
can comprise a mixture of ethyleneglycol diglycidyl ether and tnphenviolmethane
friglycidyl ether. in some examples, the second crosslinking agent can comprise 4,4~
diaminodiphenyl sulfone. In some examples, the first talloring agent can comprise a
mixture of ethyleneglycol diglycidyl ether and triphenyloimethane tniglycidyl ether,
and the second crosslinking agent can comprise 4 4-diaminodipheny! sulfone.
[0033] In some examples, the plasticizer may be selected from at least one of 2-
pyrrolidone, dimethy! sulfoxide, methyl 4-hydroxybenzoate, dioctyl phthalate, N-
methyl-2-pyrrolidone, N-2-hydroxyethyl-2-pyrrolidons, urea, athylene carbonate,
propylene carbonate, lactones, diethylene giveol, tristhylene glycol, tetrasthylens
glycol, decalin, gamma-butyrolactone, dimethylformamide, phenyimethanol, dimethyl
sulfoxide {(DMSO), 2-methyl-benzene sulphonamide, 4-methyl benzeng, 2-methyl-
benzene sulphonamide, N-butylbenzenesulfonamide, N-sthytbenzenesuifonamide,
N-propyibenzenesulfonamide, N-butyl-N-dodecyibenzenesulfonamide, N.N-
dimethylbenzenesulfonamide, p-methylbenzenesulfonamide, o/p-foluene
sulphonamide, p-loluene sulphonamide, 2-ethythexyl-4-hydroxybenzoate, hexadecyl-
4-hydroxybenzoate, 1-butyl-4-hydroxybenzoate, dioctyl phthalate, diisodecyl
phthalate, di{-2-ethythexyl} adipate, and tri-{2-ethylthexyl) phosphate. In some
examples, the plasticizer comprises methyl benzene sulfonamide.

[0034] In some examples, the kit further comprises a build material comprising
polymer pariicles.

[0035] In some examples, the polymer of the build material may be selected from
at least one of polyamide, polyolefin, thermoplastic polyurethane, polyester,
polycarbonate, polyether ketone, polyacrylate and polystyrene. In some examples,

the polymer of the build maternial may be a polyamide.
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[0036] In some examples, the first tailoring agent of the kit comprises about 5 fo
about 40 weight % of crosslinking agent dispersed in a liquid camier. In some
examples, the second tailoring agent of the kit comprisaes about 5 to about 40 weight
% of a plasticizer dispersed in a liquid carrier.

{00371 The present disclosure also relates to a 3D printed structure comprising
regions of relatively higher ductility and regions of relatively lower ductility, wherein
the regions of relatively higher ductility are interspersed by the regions of relatively
tower ductiity, and wherein the regions of relatively lower duclility are formed from a
crosslinked polymer and/or a polymer composition comprising a reinforcing filler,
andfor wherain the regions of relatively higher ductiity are formed from a polymer
compuosition comprising a plasticizer.

[0038] In some examples, the structure may be a microstructure. In some
examples, the structure may be a biomimetic structure. in some examples, the
structure may be a hierarchical structure. The structure may comprise localized
regions of relatively lower ductility {e.0. stiff zones) dispersed in a continuous region
of refatively higher ductility {e.g. ductile zones). Allernatively, the struciture may
comprise localized regions of relatively higher ductility (e.g. ductile zones) dispersed
in a continuous region of relatively lower ductility {(e.g. stiff zones).

[0039] In some examples, the structure comprises a network or wab of stiff zonas
interspersed of ductile zones or a network or web of ductile zones interspersed by
stiff zones.

[0040] In some examples, the structure is a cellular structure. In some examples,
the structure is a cellular structure {e.g. cellular microstructure), wherein the cell
walls form the regions of relatively low ductility, and/or regions between the cell walls

form the regions of relatively high ductility.

Reinforcing agent

[0041] The tafloring agent (e.g. first or second tailoring agent} may comprise a
reinforcing agent. The {alloring agent may comprise a reinforcing agent dispersed in
a liquid carrier.

{0042] The reinforcing agent may be present in the tailloring agent in an amount of
at least about 0.5 weight %, for example, at least about 1 weight % or at least about
2 weight %. In some examples, the reinforcing agent may be present in the tadoring

7
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agent in an amount of at most about 70 weight %, at least about 80 weight %, or at
teast about 50 weight %. In some examples, the reinforcing agent may be present in
the tailoring agent in an amount of about 0.5 weight % to about 70 weight %, about 1
weight % to about 60 weight % or about 2 weight % to about 50 weaight %. in some
examples, the reinforcing agent may be present in the tailoring agent in an amount of
about 5 weight % to about 45 weight %, about 10 weight % to about 40 weight % or
about 15 weight % to about 30 weight %.

[0043] The tailoring agent may also include at least one of the following additives:
surfactant{s), antimicrobial agent(s), anti-kogation agent(s), chelating ageni(s),
humectant(s) and/or water.

[0044] As mentioned above, the reinforcing agent may be a reinforcing filler. The
reinforcing filler may comprise particles, for instance, nanoparticles. The particles of
the reinforcing agent may have a particle size of about 1 micron or less. Suitable
particle sizes range from about 0.01 to about 1 microns, for example, about 0.05 o
about 0.8 microns.

[0045] Examples of suitable reinforcing filler particles include particles of at least
one of the following materials: boron, boron nitride materials, silica, alumina, titanium
dioxide, glass, carbon nanomatenals, montmorillonite, talc, basall, silicon carbide,
maetal carbide, silicon nitride, metal nitride, polyaramid, metal, metal alioy, diamond,
boron carbide, mica, wollastonite, and ceramic.

[0046] The reinforcing filler particles may be selectively applied 1o the build
material to form regions of relatively lower ductility {or increased stiffness) in the 3D
printed object.

{00471 Where a reinforcing filler is employed, the amount of reinforcing filler in the
failoring agent may be about 1 to about 50 weight %, for example, about 5 to about
40 weight % or about 10 {o about 30 weight %.

[0048] In some examples, the reinforcing agent may be a crosslinking agent. A
crosslinking agent may be employed, for example, when a polymer build material is
employed.

[0048] The crosslinking agent may be selectively applied to the build material and
reacted with functional groups in e.g. the polymer build material to form regions of
relatively lower ductility (or increased stifiness) in the 3D printed object.
Alternativaly, the reinforcing agent may comprise a first crosslinking agent and a

second crosslinking agent. The first crosslinking agent and the second crosslinking
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agent may be selectively applied to the build matenal and crosslinked to form
regions of relatively lower ductility {or increased stiffness) in the 3D printed object.
The first crosslinking agent and the second crossiinking agent may be provided as
separate agents, e.g. separate inkjet compositions.

[0050] In some examples, the crossilinking agent may include compounds having
a functional group selected from at least one of epoxy, amino (e.g. -NHR, -NRz or -
NHz), isocyanate, phosphing and aldehyde. Examples of crosslinking agenis having
isocyanate, phosphine or aldehyde functional groups include: methyl isocyanate,
ethyl isocyanate, toluene isocyanate, hexamethylene diisocyanate, acetaldehyde,
glutaraldehyde, or fristhydroxymethyl)phosphine.

[0051] Where the crosslinking agent includes an epoxy functional group {epoxy
crosslinking agent), the epoxy crossiinking agent may have one or more epoxy
groups. Epoxy groups can be highly reactive with amino groups. Accordingly, when
an epoxy compound comes in contact with a compound having an amino functional
group, the epoxy compound can react.

[0052] In some examples, an epoxy crosslinking agent may be employed when
the build material comprises an amino funcltional group. In some examples, such a
crosslinking agent may be employed together with a further crosslinking agent
having an amino group {(amino crosslinking agent). In these examples, the spoxy
crasslinking agent and the amino crosslinking agent may both be selectively applied
to selected regions of the build material and reacted to form regions of relatively
fower ductiity {or increased stiffness) in the 3D printed object. For instance, the
tailoring agent may comprise g first crosslinking agent comprising an epoxy
crosslinking agent and a second crosstinking agent comprising an amino crosshinking
agent. The first and second crosslinking agents may be provided as separate
agents {e.g. inkjet compositions)

{00531 FIG. 1 shows an example reaction mechanism of an epoxy compound
reacting with an amine compound. The epoxy compound that is included in the
tailoring agent can have muttiple epoxide groups so that when the multiple epoxide
groups react with amino groups, a cross-linked network may form.

[0054] By way of illustration, FIG. 2 shows an example reaction between
ethyleneglycol diglycidyl ether and nylon 6 polymer {i.e. PA-G polymer). The
ethylenaglycol diglycidyl ether is one example of an epoxy compound having multiple
gpoxide groups and the nylon 6 polymer s ong example of an amine compound

g
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having multiple amino groups. As shown in the figure, two nylon 8 polymer chains
can be crossiinked by reaction between the amino groups of the nylon & polymer
chains with the epoxide groups at either end of the ethyleneglycol diglycidyl ether
molecule. Additional molecules of ethyleneglycol digiycidyl ether can crosslink to
additional nylon 6 polymer chains, forming a crosslinked network.

[00585] Examples of epoxy crosslinking agents that can be used as the reinforcing
agent include 2-ethylthexyl glycidyl ether, phenol glycidyt ether, p-tert-butylphenyl
glycidyl ether, dibromo phenyl glycidyl ether, lauryl alcohol glycidy! ether, resorcinol
diglycidyl ether, neopentyl glycol diglycidy ether, 1,6-hexanediol diglycidyl ether,
glycerol polyglycidyt ether, inmethylolpropane polyglycidyl ether, pentaerythritol
polyglycidyl ether, diglycerol polyglvcidyl ether, polyglycerol polyglycidyl ether,
sorbitol polyglycidyl ether, dighycidyt terephthalate, diglycidyl o-phthalate, N-glycidyt
phthalimide, ethylene glycol digiycidyl sther, polyethylene glycol diglycidyl ether,
tris{d-hydroxyphenyl} methane trighycidyl gther, and combinations thereof. In some
examples, the epoxy compound can have two epoxide groups. in other examples,
the epoxy compound can have three or more epoxide groups. in further examples, a
mixture of epoxy compounds can be used. For example, an epoxy compound having
exactly two epoxide groups can be used together with an epoxy compound having
three or more epoxide groups. In a particular example, the epoxy compound can
include a combination of ethylenaglycol diglycidyl ether and triphenyloimethans
triglycidyl ether.

[0058]  Where an epoxty crosslinking agent is employed, the talloring agent can
include the epoxy crosslinking agent in an amount from about 5 wi% to about 40
wi%, or from about 10 wt% to about 30 wi¥%, or from about 15 wi% to about 25 wi%.
[0057] Where the crosslinking agent includes an amino functional group (amino
crosslinking agent), the aminoe compound may have one or more amino groups.
Such amino compounds may be employed together with a further crosslinking agent
having an epoxy group (epoxy crosslinking agent). in these examples, the epoxy
crosslinking agent and the amino crosslinking agent may both be selectively applied
to selected regions of the build material and reacted to form regions of relatively
fower ductility {or increased stiffness) in the 3D printed object.

{0058] in some examples, the crosslinking agent including an amino functional
group {amino crosslinking agent) can include andline sulfonamide,
{etrasthylenepentaming, dipropyienediamine, diethylaminopropylamine, N-

10
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aminoethyipiperazine, bis(2-aethyihexylamine, methanediaming methyiphenvi
diamine, methyiphenyienediamine, diaminodiphenyi sulfone, diethylenetriamine,
triethylenetetramine, or a combination theresf. In a parlicular example, the amine
compound can be diaminodiphenyl sulfone.

{0059] The tailoring agent can include the amino crosslinking agent in an amount
from about 5 wi% to about 30 wi%, or from about 10 wi% to about 20 wi%.

[0060] The reinforcing agent may include a liquid carrier. As described above,
the reinforcing filler or crossiinking agent may be dispersed in the hiquid carrier. In
some examples, the reinforcing agent may be an inkjet ink composition. The
reinforcing agent may comprise muove than one agent, for instance, one agent
comprising a first crosslinking agent {(e.g. epoxy crosslinking agent) and a further
agent comprising a second crossiinking agent {e.g. amino crosslinking agent).
[0061]  The Bguid carrier of the reinforcing agent may be water. The liquid carrier
{e.q. water) may be present in an amount of from about 10 to about 85 weight %, for
example, from abouwt 10 to about 70 weight %, about 15 to about 60 weight %, about
20 to about 50 weight %, or from about 25 to about 45 weight %.

[0062] The reinforcing agent may include a humectant. Suitable humectants
include diethylens glycol butyl ether, polyethylene glycol, 2-pyrrolidone, N-methyl 2-
pyrrolidone, hydroxyethyl 2-pyrrolidone, and combinations thereof. The humectant
may be present iy an amount of about 20 to about 68 weight %, about 30 to about 50
weight % or about 35 {0 about 45 weight %.

[0063] A surfactant, or combination of surfactants, can also be present in the
reinforcing agent, Examples of surfactants include alky! polyethyiene oxides, atkyl
phenyl polyethylene oxides, polyethylene oxide block copolymers, acetylenic
polyethylene oxides, polyethylene oxide {dilesters, polyethylene oxide amines,
protonated polyethylene oxide amines, protonated polyethylene oxide amides,
dimethicone copolyols, substifuted amine oxides, and the like. Other surfactants can
include liponic esters such as Tergitol™ 15-8-12, Tergitol™ 15-S-7 available from
Dow Chemical Company, LEG-1 and LEG-7; Triton™ X-100,; Triton™ X-405
available from Dow Chemical Company; and sodium dodecyisulfate.

[0064] The amount of surfactant in the reinforcing agent may range from about
0.01 wi% fo about 20 wi%.

[0065] Various other addifives can be employed to optimize the properties of the
reinforcing agent. Such additives can be present in amounts of from about 0.01 wit%
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to about 20 wit% of the reinforcing agent. Examples of these additives are those
added to inhibit the growth of harmiful microorganisms. These additives may be
biocides, fungicides, and other microbial agents, which can be used in ink jet
formulations. Examples of suitable microbial agants include NUOSEPT® (Nudex,
Inc.), UCARCIDE™ {(Union carbide Corp.), VANCIDE® (R.T. Vanderbilt Co.},
PROXEL® (ICI America), and combinations thereof.

[0066] Sequestering agents, such as EDTA (ethylens diamine telra acetic acid),
may be included fo eliminate the deleterious effects of heavy metal impurities.
Buffers may also be used to control the pH of the composition. Viscosity modifiers
may also be present.

Ductility-increasing agent

{00671 The tailoring agent may comprise a ductility-increasing agent. For
gxample, the first tailoring agent may comprise a ductifdy-increasing agent.
Alternatively, in an example where a first tailoring agent and a second {ailoring agent
are employed, the first tallonng agent may comprise a reinforcing agent and the
second tailoring agent may comprise a ductility-increasing agent. In another
example where g first talloring agent and a second tailloring agent are employed, the
first {alloring agent may comprise a ductility-increasing agent and the second
talloring agent may comprise a reinforcing agent.

[0068] Where a reinforcing agent and a ductility-increasing agent are employed,
the reinforcing agent and ductility-increasing agent may be selectively applied to
form the regions of relatively lower ductility {e.¢. stiff zones) interspersed with the
regions of relatively higher ductility {e.g. ductile zones). The stiff zones and ductile
zones may be adjacent to one ancther. The stiff zones and ductile zones may be
disposed in an alternating arrangement at least along one axis in at least part of the
structure of the 3D printed object.

[0069] A suitable ductility-increasing agent may be a plasticizer. A plasticizer
may be useful where a polymer build material is employed.

{0070] Suitable plasticizers include at least one of the following plasticizers: 2-
pyrrolidone, dimethy! sulfoxide, methyl 4-hydroxybenzoate, dioctyl phithalate, N-
mathyl-2-pyrrolidone, N-2-hydroxyethyl-2-pyrrolidone, urea, ethylene carbonate,
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propylene carbonate, lactones, diethylene glycol, tnethylene glycol, tetraethylene
glycol, decalin, gamma-butyrolactone, dimethylformamide, phenyimethano!, dimethy
sulfoxide {(DM8Q), 2-methyl-benzene sulphonamide, 4-methyl benzene, 2-methyl-
benzene sulphonamide, N-butyibenzenesulfonamide, N-ethyibenzenesulfonamide,
N-propyibenzenesulfonamide, N-butyl-N-dodecylbenzenesulfonamide, NN~
dimethylbenzenesulfonamide, p-mathylbenzenesulfonamide, o/p-toluene
sulphonamide, p-toluene sulphonamide, 2-ethylhexyl-4-hydroxyhenzoate, hexadecyl-
4-hydroxybenzoate, 1-butyl-4-hydroxybenzoate, dioctyl phthalate, diisodecyl
phthalate, di{-2-ethylhexyl) adipate, and tri-(2-ethylhexyi) phosphate. An example of
a plasticizer combination may be a mixture of 4-methy! benzene and 2-methyl
benzene.

[0071] Where a plasticizer is used as a ductility-increasing agent, the plasticizer
may be present in an amount of about 5 wit% to about 40 wi%, or from about 10 wt%
{0 about 30 wi¥s, or from about 15 Wit to about 25 wi%.

[0072] The plasticizer may be dispersed or dissolved in g liquid carrier. The liquid
carrier may be water. The liquid carrier {e.g. water) may be present in an amount of
from about 10 to about 85 weight %, for example, from about 10 to about 70 weight
%, about 15 fo about 80 weight %, about 20 to about 50 weight %, or from about 25
to about 45 weight %.

[0073] The ductility-increasing agent may include a humectant. Suitable
humectants include diethylens giveol butyt ether, polyethylens glveol, 2-pyrrolidone,
N-methyl 2-pyrrolidone, hydroxyethyl 2-pyrrolidone, and combinations thereof. The
humectant may be present in an amount of about 20 to about 60 weight %, about 30
to about 50 weight % or about 35 to about 45 weight %.

[0074] A surfactant, or combination of surfactants, can also be present in the
ductility-increasing agent. Examples of surfactants include atkyl polyethylene oxides,
atkyl phenyl polyethylene oxides, polysthylene oxide block copolymaers, acetylenic
polyethvlene oxides, polyethylene oxide {(dijesters, polyethylene oxide amines,
protonated polyethylene oxide amines, protonated polyethylene oxide amides,
dimethicone copolyols, substituted amine oxides, and the like. Other surfactants can
include liponic esters such as Tergitol™ 15-5-12, Tergitol™ 15-8-7 available from
Dow Chemical Company, LEG-1 and LEG-7; Triton™ X-100; Triton™ X-405

available from Dow Chemical Company; and sodium dodecylsulfate.
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[0075] The amount of surfactant present in the ductility-increasing agent may
range from about 0.01 wi% {0 about 20 wit%.

[o078] Various other additives can be employed to optimize the properties of the
ductility-increasing agent. Such additives can be present in amounts of from about
0.01 wi% to 20 wit% of the ductility-increasing agent. Examples of these additives
are those added {o inhibit the growth of harmful microorganisms. These additives
may he biocides, fungicides, and other microbial agents, which can be used in ink
formulations. Examples of suitable microbial agents include NUQSEPT® (Nudex,
Inc.), UCARCIDE™ {Union carbide Corp.), VANCIDE® (R.T. Vanderbilt Co.)},
PROXEL® (ICI America), and combinations thereof.

[0077] Sequsstering agents, such as EDTA {(ethylene diamine {efra acetic acid},
may be included to eliminate the deleterious effects of heavy metal impurities.
Buffers may also be used o control the pH of the compuosition. Viscosity modifiers

may also be present,

Fusing Agents

{0078] In examples of the method of the present disclosure, the build maternial
may be fused or bound by exposing the build material o radiation. In some
examples of the method of the present disclosure, a fusing agent may be employed
to faciitate fusing.

[6079] Where g fusing agent is employed, the fusing agent may be employad in
addition o the talloring agent{s) described above. The fusing agent can include a
radiation absorber or pigment that can absorb electromagnetic radiation and convert
that radiation info heat. The fusing agent can be selectively applied {0 areas of the
build material {powder bed material} that are intended to be consolidated {o become
part of the solid 3D printed object.

[0080] Thefusing agent can be applied, for example, by printing with a fluid or
inkjet printhead. Accardingly, the fusing fluid can be applied with precision to
selected areas of the build material {o form a layer of the 3D printed object. After
applying the fusing agent, the powder bed material can be irradiated with radiant
energy. The radiation absorber can absorb this energy and convert it {0 heat, thereby

heating any build material particles in contact with the radiation absorber of the
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fusing agent. An appropriate amount of radiant energy ¢an be applied so that the
area of the build material that is printed with the fusing agent can heat up enough {0
bind or fuse the e.g. polymer particles. This can consolidate the particles into a solid
jayer. The build material that is not printed with the fusing agent can remam as a
relatively loose powder.

[0081] The process of forming a single layer by applying fusing agent and bed of
build material can be repeated with additional layers of fresh build material to form
additional layers of the 3D printed object. This can allow the final 3D printed object to
be built one layer at a time. As described above, the tailloring agent(s) can also be
selectively applied to modify the meachanical properties of the build material at
selected locations to form a structure comprising regions of relatively lower ductility
{e.g. stiff zones) interspersed with regions of relatively higher ductility {e.g. ductile
zones) in the 30D printed object. This structure {e.g. microstructure} can impart a
desired balance of mechanical properties (e.g. strength and toughness) to the 3D
printed object.

[0082] In the printing process, the build material surrounding the 3D printed
object can act as a support material for the object. When the 3D printing is complete,
the object can be removed from the bed and any loose build material on the object
can be removed.

[0083] The radiation absorber of the fusing agent may be any suitable absorber.
Examples of suitable absorbers include UV absorbers, infrared gbsorbers and near
infrared absorbers. In some examples, infrared absorbers or near infrared absorbers
are employed. In some examples, the infrared absorber or near infrared absorber
may absorb electromagnetic radiation in the range of 700 nm fo Tmm. In many
cases, the infrared absorber or near infrared absorber can have a peak absorption
wavelength in the range of 8080 nm {o 1400 nm.

[0084] In some examples, the absorber can be carbon black, ungsten bronze,
molybdenum bronze, conjugated polymer, aminium dye, tetraaryldiamine dye,
cyaning dye, phithalocyanine dye, dithiolene dye, metal phosphate, metal silicate or
mixtures thereof,

{0085] The absorber may be a near infrared absorbing dye. Examples of
absorbing dyes include aminium dyes, tetraaryidiamine dyes, cyanine dyes,

pthalocyanine dyes, dithiolene dyes, and others.
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[0086] In further examples, the absorber can be a near-infrared absorbing
conjugated polymer such as poly(3 4-ethylenedioxythiophene)-

polyantline, a poly{pyrrole), a poly(acetylene), poly{p-phenyiene vinylena},
polyparaphenylene, or combinations thereof. As used herein, “conjugated” refers to
alternating double and single bonds between atoms in a molecule. Thus, “conjugated
polymer” refers to a polymer that has a backbone with alternating double and single
bonds.

{00871 Other examples of radiation absorbers or pigments can include
phosphates having a variety of counterions such as copper, zine, fron, magnesium,
calcium, strontium, the like, and combinations thereof. Specific examples of
phosphates can include MzP207, MaP20s, MsP201s, Ms{PQ4s)2, M{PQOs)z, MaPsOaz,
and combinations thereof, where M represents a counterion having an oxidation
state of +2, such as those listed above or a combination thereof. For example,
M2P:0O7 can include compounds such as CupP0r, CuMgP:0y, Cu/dnP20y, or any
other suitable combination of counternions. it is noted that the phosphates described
herein are not limited to counterions having & +2 oxidation state. Other phosphate
counterions can also be used o prepare other suitable radiation absorbers.

{0088] Other examples of radiation absorbers or pigments include silicates. The
silicates can have the same or similar counterions as the phosphates. One non-
limiting example can include MxSi0s, MzS8i:06, and other silicates where Mis a
counterion having an oxidation state of +2. For example, the silicate M2Si;04 can
include Mg25i20s, MgiCaSiz0s, MgCuSizx0s, CupSiz0s, Cu/ZnSix0s, or other suitable
combination of counterions. it is noted that the silicates described herein are not
fimited o counterions having a +2 oxidation state. Other silicate counterions can also
be used to prepare other suitable pigments.

{00891 In some examples, the absorber may comprise carbon black.

{00801  In some examples, the radiation absorber, may be dissolved or dispersed
in a liquid vehicle. The fusing agent may be a liquid composition comprising the
radiation absorber, e.g. UV absorber, near infrared absorber or infrared absorber
and a liquid carrier.

[0091]  The liquid carrier can include water. In some examples, an additional co-
solvent may also be present. In certain examples, a high boiling point co-solvent can
be included in the fusing agent. The high boiling point co-solvent can be an organic
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co-solvent that boils at a temperature higher than the temperature of the bed of build
material during printing. In some examples, the high boiling point co-solvent can
have a botling point above 250 °C. In still further examples, the high boiling point co-
solvent can be present at a concentration of at least about 1 wt %, for example, at
ieast about 1.5 wt % of the total weight of the fusing agent. The co-solvent, where
employad may be present in an amount of at most about 50 wt %, for example, at
most 40 wi %, at most 35 wi % or at most 30 wi %, In some examples, the co-
solvent may be present in an amount of from about 1 wi% to about 40 wt% of the
total weight of the fusing agent.

[0092] Classes of co-solvents that can be used can include organic co-solvents
including aliphatic alcohols, aromatic alcohols, dicls, glycol ethers, polyglycol ethers,
caprolactams, formamides, acetamides, and long chain alcohols. Examples of such
compounds include primary aliphatic alcohols, secondary aliphatic alcohols, 1,2-
alcohuols, 1,3-alcohols, 1,5-alcchols, ethylene glycol alkyl ethers, propylene glveol
alkyl ethers, tigher homologs (Ce-Cqz) of polyethylene glycol alkyl ethers, N-atkyl
caprolactams, unsubstituted caprolactams, both substituted and unsubstituted
formamides, both substituted and unsubstituted acetamides, and the like. Specific
examples of solvents that can be used include 2-pyrrolidinone, Ne-methyipyrrolidons,
2-hydroxyethyl-2-pyrrolidone, 2-methyl-1,3-propanediol, tetrasthylene glycol, 1,6-
hexanediol, 1,5-hexanediol and 1,5-pentanediol.

[0093] A surfactant, or combination of surfactants, can also be present in the
fusing agent. Examples of surfactants include alkyl polyvethylene oxides, atkyl phenyl
polyethylene oxides, polyethylene oxide block copolymers, acetylenic polyethylene
oxides, polyethylane oxide (dijesters, polyethylene oxide amines, protonated
polyethylene oxide amines, protonated polyethylene oxide amides, dimethicone
copolvols, substituted amine oxides, and the like. Other surfactants can include
fiponic esters such as Tergitol™ 15-5-12, Tergitol™ 15-8-7 available from Dow
Chemical Company, LEG-1 and LEG-7; Triton™ X-100; Triton™ X-405 available
from Dow Chemical Company; and sodium dodecylsulfate.

[0084] The amount of surfactant present in the fusing agent may range from
about 0.01 wi% to about 20 wi%.

[0095] Various other additives can be employed to optimize the properties of the
fusing agent for specific applications. Such addifives can be prasent at from about

0.01 wit% to about 20 wi% of the fusing agent. Examples of these additives are
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those added to inhibit the growth of harmful microorganisms. These additives may
be biocides, fungicides, and other microbial agents, which can be used in ink jel
formulations. Examples of suitable microbial agents include NUQSEPT® (Nudex,
Inc.}, UCARCIDE™ (Union carbide Corp.}, VANCIDE® (R.T. Vanderbilt Co.),
PROXEL® (IC! America), and combinations thereof.

[0096] Sequestering agents, such as EDTA {ethylene diamine tefra acetic acid},
may bhe included o eliminate the deleterious effects of heavy metal impurities.
Buffers may also be used {o control the pH of the composition. Viscasity modifiers
may also be present.

[0097] The amount of radiation absorber, e.g. UV absorber, infrared absorber or
near infrared absorber, in the fusing agent can vary depending on the type of
absorber. In some examples, the concentration of infrared absorber or near infrared
absorber in the fusing agent can be from abowt 0.1 wi% to about 20 wi% of the
fusing agent. Inone example, the concentration of absorber in the fusing ink can be
from about 0.1 wt% to about 15 wi%. In another example, the concentration can be
from about 0.1 wi% o about 8 wi%. In yet another example, the concentration can
be from about 0.5 wi% 1o about 2 wi%. in a parficular example, the concentration
can be from about 0.5 wi% to about 1.2 wi%.

{0098] The fusing agent can have a temperature boosting capacity. in the case
of a polymer build material, this temperature boosting capacity may be used to
increase the temperature of the polymer in the bed of build material above the
melting or softening point of the polymer. As used herein, “temperature boosting
capacity” refers to the ability of a fusing agent to convert electromagnetic radiation,
for example, infrared or near-infrared energy into thermal energy. When fusing
agent is applied to the powder bed material (e.qg. by printing), this temperature
boosting capacity can be used 1o increase the temperature of the freated (8 .g.
printad) portions of the powder bed material over and above the temperature of the
untreated (e.g. unprinted) portions of the powder bed material. The particles of the
powder bed material can be at least pariially bound or coalesced when the
temperature increases 1o or above the melting point of the polymer.

[0099] As used hergin, "'melting point” refers {o the temperature at which a
polymer transitions from a crystalline phase 10 a pliable, amorphous phase. Some
polymers do not have a single melfing point, but rather have a range of temperatures
over which the polymers soften. When the fusing agent is selectively applied o at
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least a portion of the polymer powder, the fusing agent can heat the freated portion
{0 a temperature at or above the melting or softening point, while the untreated
portions of the polymer powder remain below the melting or softening point. This
allows the formation of a solid 3D printed part, while the loose powder can be easily
separated from the finished printed part.

[0100] Inone example, the fusing agent can have a temperature boosting
capacity from about 10°C to about 70°C for a polymer with a melling or softening
point of from about 100°C to about 350°C. if the powder bed is at a temperature
within about 107C to about 70°C of the melting or softening point, then such a fusing
agent can boost the temperature of the printed powder up to the melling or softening
point, while the unprinted powder remains at a lower temperature, In some
exarmples, the powder bed can be preheated {0 a temperature from about 10°C fo
about 70°C lower than the melting or softening point of the polymaer. The fusing
agent can then be applied (2.9. printed) onlo the powder and the powder bed ¢an be
frradiated with e.g. infrared or near-infrared light to coalesce the treated {e.g. printed)
portion of the powder,

[0101]  In some examples, the fusing agent is applied to areas of the bed of build
material that has or is infended {0 be reated with the tailoring ageni(s), for example,
the first talloring agent and/or second tailoring agent. The fusing agent may also be

applied o areas of the bed of build material where tailoring agent{s) are absent.

Build Material

[0102] The build material (also referred to as "powder bed material’} is in the form
of particles or powder.

[0103] The particles may have an average particle size of at least about 10 ym,
for example, at least about 15 um, at least about 20 um, at least about 30 um, at
least about 40 um or at least about 50 ym. The particles may have an average
particle size of at most about 120 about, for example, at most about 110 um, at most
about 100 pm, at most about 80 pym, at most about 80 um or at most about 75 ym.
[0104] In some examples, the build material may have an average particle size of
from about 10 to about 120 ym, for exampie, about 15 to about 110 um. In some

examples, the powder bed material may have an average paticle size of from about

1%



WO 2020/190334 PCT/US2019/055501

20 1o about 100 ym, about 30 to about 80 ym, about 40 to about 80 ym or about 50
fo about 75 um. As used in the present disclosure, “average” with respect o
properties of particles refers to a volume average unless otherwise specified.
Accordingly, “average particle size” refers to a volume average parlicle size.
Additionally, “particle size” refers to the diameter of spherical patticles, or to the
tongest dimension of non-spherical particles. Particle size may be determined by
any suitable method, for example, by laser diffraction spectroscopy.
[0108] In accordance with some examples, the volume-based particle size
distribution of the build material can be as follows: D50 can be from about 45 umto
about 75 pum, from about 85 um o about 65 um, or about 60 um; D10 can be from
about 20 um to about 50 um, from about 30 um to about 40 wm, or about 35 wm; and
D90 can be from about 75 um to about 100 pum, from about 80 um to about 95 um, or
about 90 um. "D50" is defined as the median parficle diameter (by volume). "D10" s
defined as the tenth-percentile by volume of powder that is below a given particle
size, .g., from about 20 um to about 50 um. "DB0" is defined as the ninstieth-
percentile by volume of powder that is below g given patticle size, e.g., about 76 um
{o about 100 um.
{0106] In one example, the particle size distribution of the budd material is as
follows:

a. D50 is from about 45 um to about 70 pm,

b. D1Qis from about 20 pym to about 50 pm, and

¢. D90 is from about 75 um to about 100 um.

{01071 In certain examples, the particles of the powder bed matenal can have a
variety of shapes, such as substantially spherical particles or irregularly-shaped
pariicles. it some examples, the particles can be capable of being formed into 3D
printed paris with a resolution of about 10 to about 120 pm, for example about 20 o
about 100 um or about 20 to about 80 um. As used herein, “resolution” refers to the
size of the smallest feature that can be formed on a 3D printed part. The particles
can form layers from about 10 o about 120 um or 100 um thick, allowing the fused
tayers of the printed part to have roughly the same thickness. This can provide a

resolution in the z-axis direction of about 10 to about 100 um. The particles can also
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have a sufficiently small particle size and sufficiently regular particle shape to provide
about 10 to about 100 um resolution along the x-axis and y-axis.

[0108] In some examples, the build material comprises a polymaer powder, for
instance, a thermoplastic polymer powder. The polymer can have a melting or
softening point from about 70°C to about 350°C. In further exampiles, the polymer
can have a melling or softening point from about 150°C to about 200°C. A variety of
thermoplastic polymers with melting points or softening points in these ranges can
be used. For example, the polymer powder can be a polyamide. Suitable
polyamides include PA- 6, PA- 9, PA-11, PA-12, PA-86 and PA-612. Qther suitable
polymer powders include polyethylene powder, wax, thermoplastic polyurethane
powder, acrylonifrile, butadiene styrene powder, amorphous polyamide powder,
polymethyimethacrvlate powder, sthylene-vinyl acetate powder, polyacrylate powder,
siticone rubber, polypropylene powder, polyester powder, polycarbonate powder,
copolymers of polycarbonate with acrylonitrile butadiene styrene, copolymers of
polycarbonate with polyethylene terephthalate polyether ketone powder, polyacrylate
powder, polystyrene powder, or mixtures thereof. In an example, the polymer powder
can be a polyamide powder, e.g. PA-11 or PA-12. In another example, the polymer
powder can be thermoplastic polyurethane.

[0109]  As mentioned above, in certain examples, the polymer powder can
include a polymer having amino groups as a part of the polymer itself. Such amino
groups can crosslink with epoxy groups present for example, if an epoxy
crosshinking agent is employed. This crosslinking can result in an increase in
stiffness compared to the polymer in un-crosslinked form.

[0110]  An example of a polymer having amino groups is polyamide. Suitable
polyamides include PA- 6, PA- 9, PA-11, PA- 12, PA- 66, and PA- 612, In some
examples, polymers that include multiple amino groups can include from about 2 to
about 1,000 aminc groups per molecule. in further examples, the polymer can be
made up of polymerized monomaer units, wherein the individual monomer uniis
include an amino group or multiple amine groups per monomar unit. Additionally, all
or a portion of the amino groups of the monomer units can be available for reaction
with epoxide groups after the monomers have polymerized (i.e., the amino groups of
the monomers are not consumed during the polymerization of the monomaers).

Alternatively, the monomers may not include amino groups before polymerization,
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but the polymerization reaction may create amino groups on the polymer molecule,
wherein the amino groups are available for reaction with epoxide groups.

[0111] In some examples, the polymer powder can be pre-mixed with a separate
amine compound or an epoxy compound. If the polymer powder is pre-mixad with an
amine compound, an epoxy compound may be used as a crosslinking agent in the
failoring agent. For instance, the epoxy compound can be selectively applied as the
taitoring agent o crosslink with the amine compound mixed with the polymer powder.
This crosslinking reaction can form a crosslinked polymer network that can increase
the stiffness of the build matenal at desired locations within the 3D printed object.
Conversely, if the polymer powder is pre-mixed with an epoxy compound, an amine
compound may be used as a crosslinking agent in the tailoring agent. The amine
compound can be selectively applied as the {ailoring agent to crosslink with the
epoxy compound mixed with the polymer powder. This crosslinking reaction can
form a crosslinked polymer network that can increase the stifiness of the build
material at desired locations within the 3D printed object. In another allernative, the
gpoxy compound and amine compound are used as separate crosslinking agents.
These agents can be selectively applied to the build material at coincident locations
o initiate crosslinking at desired locations within the 3D printed object. In some
examples, therefore, a first crosslinking agent and a second crosslinking agent may
be selectively applied at coincident locations on the bed of build matenal. These
crosslinking agenis may react to form a crosslinkad polymer network that can
increase the stiffness of the build material at the selected locations. The
combination of first and second crosslinking agent, therefore, may act as the first or
second tailoring agent.

[0112] In examples where the polymer powder is mixed with an epoxy compound,
the polymer powder can be mixed with an epoxy compound selected from at least
one of the following: 2-ethylhexyl glycidyl ether, phenol glycidyl ether, p-tert-
butylpheny! glycidyl sther, dibromo phenyl glycidyl ether, laury! alcohol, glycidy
gther, resorcinoi diglycidy! ether, neopentyl glycol diglycidyl sther, 1,6-hexanediol
digiycidyl ether, glycerol polyglycidyl ether, rimethylolpropane, polvglyeidyt ether,
pentagrythritol polyglycidy! ether, diglycero! polyglycidyl ether, polyglycero
polyglycidyt ether, sorbitol polyglycidyl ether, diglycidy! terephthalate, diglycidyi o-
phthalate, N-glycidyl phthalimide, ethylene glycol diglycidyt ether, polyethylene glycol
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diglycidyl ether, tris{d-hydroxyphenyl) methane triglycidyl ether, or combinations
thereof.

[0113] In examples where the polymer powder is mixed with an amine compound,
the palymer powder can be mixed with an aming compound selected from at least
one of the following: aniline sulfonamide, tetrasthylenepentamine,
dipropylenediamine, diethylaminopropylamine, N-amincethylpiperazine, bis{2-
ethythexyhamine, methanediamine methyiphenyl diamine, methylphenyienediamine,
diaminodipheny! sulfong, disthylenatriamine, triethylenetetramine, or a combination
thereof,

[0114] When the powder bed material includes polymer powder mixed with an
amine compound or an epoxy compound, the amount of amine or epoxy compound
can be from about 0.1 wi% to about 10 wi% of the total weight of the powder bad
material.

{01151 The powder bed material may also include an anti-oxidant, The anti-
oxidant can be sterically hindered phenol derivatives. The anti-oxidant can, for
axample be in the form of fine particles, e.g., 5 umorless, that are e.g. dry blended
with the remaining particles of the powder bed material. The anti-oxidant may be
present at a concentration of at least about 0.01 wt %, for example, at least about
0.05 wt %, at least about 0.1 wt % or at least about 0.2 wt %. The anti-oxidant may
be present at a concentration of at most about 2 wt %, for example, at most about
1.5 wt % or at most about 1 wi %. In some examples, the anti-oxidant may be
present in an amount of e.g., from about 0.01 wit% to about 2 wi% or from about 0.2
wt¥% to about 1 wtth of the powder bed material.

[0116] The powder bed material can, in some cases, also comprise a filler. The
filter can include inorganic particles such as alumina, silica, glass, and/or other
simifar fillers. In some examples, the filler can include a free-flow filler, anti-caking
filler, or the like. Such fillers can prevent packing of the powder bed material, and/or
coat the particles of the powder bed material and smooth edges 1o reduce inter-
particle friction, and/or absorb moistura. in some examples, a waight ratio of
thermoplastic polymer to filler particles in the powder bed material can be from about
89 1 to about 1 :2, from about 10 1 to aboutl 1:1, or from about 5:1 to about 11,
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3D Printing

[0117] FIGS. 3-5 illustrate one example method of making a 3D printed object.
F1G. 3 shows a 3D printing system 800 that includes a build platform 802

supporting a powder bed of build material powder 804 . A partially printed object 806
is made up of fused build material powder in the powder bed. This figure shows a
cross~sectional view of the partially printed article and the powder bed. Alayer of
frash build material powder is supplied over the fop of the partially printed object
from a build material supply 808. Fluids (e.g. inkjet inks) are applied to the layer of
fresh build material, including fusing agent 810 from a fusing agent jet 812, an epoxy
crosshinking agent 820 from a first reactive agent jet 822, an amine crosslinking
agent 830 from a second reactive agent jet 832, and a ductility-increasing agent 840
from a third reactive agent jet 842. The fluid jets are moveable within the pnnting
system so that the fluid jets can move across the powder bed to apply the fluids in
specific, desired locations. The system also includes an electromagnetic energy
source 852

[0118] FIG. 4 shows the 3D printing system 800 after the fluids have been jetled
onto portions of the build matenial powder 804. An upper layer of build

material includes areas jetted with epoxy crosslinking agent 820 and amine
crasslinking agent 830, and areas jetted with ductidity-increasing agent 840. These
agents are selectively applied to producs an architecture or structure (e.g.
micrastructure) in the 3D printed object comprising crosslinked regions of lower
ductility (stiff zones) interspersed with regions of higher ductility (ductile zones).
Although an epoxy crosslinking agent 820, an amine crosslinking agent 830 and a
ductiity-increasing agent 840 can be used to form the structure in this example, it
shouild be understood that, in some examples, the structure can be produced with
fewer agents. For exampise, the ductifity-increasing agent 840 may be used to soften
the polymer in selected regions, such that regions of higher ductility can be
interspersed with stiffer regions that remain unireated by the ductility-increasing
agent 840, In ancther example, the epoxy crosslinking agent 820 amine crosslinking
agent 830 may be used to selectively crosslink selected areas of the powder bed to
form stiffer zones interspersed with ductile zones that remain unireated by the
combination of epoxy 820 and amine crosslinking agent 830. In yet another example,
just one of the epoxy crosslinking agent 820 or amine crosslinking agent 830 may be
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required, e.g. if the build material already contains a corresponding epoxy or aming
functional group.

[0118] FIG.5 shows the 3D printing system 800 after fusing the upper layer {o
form a 3D printed object 1006. Fusing can be carried out by exposing the powder
bed to electromagnetic energy 950 from an energy source 852, such as an infrared
tamp. Once fused, the object 1006 can be removed from the powder bed and
cleaned to remove loose powder bed material from the article.

[0120] Suitable fusing lamps for use in the 3D printing system can include
commercially available infrared lamps and halogen lamps. The fusing lamp canbe a
stationary lamp or a moving lamp. For example, the lamp can be mounted on a track
{o move horizontally across the powder bed. Such a fusing lamp can make muitiple
passes over the bed depending on the amount of exposure used 1o fuse individually
printed layer. The fusing lamp can be configured to uradiate the entire powder bed
with a substantially uniform amount of energy. This can selectively fuse the portions
printed with the fusible fluid while leaving the unprinted portions of the polymer
powder below the fusing temperature.

[0121] In one example, the fusing lamp can be matched with the radiation
absorber in the fusing agent so that the scurce emils wavelengths of light that match
the peak absorption wavelengths of the radiation absorber. A radiation absorber with
a narrow peak at a particular near-infrared wavelength can be used with an
electromagnetic radiation fusing source that emits a narrow rangs of wavelengths at
approximately the peak wavelength of the fusing agent. Similarly, a radiation
absorber that absorbs a broad range of near-infrared wavelengths can be used with
an electromagnetic radiation fusing source that emils a broad range of wavelengths.
Matching the radiation absorber and the electromagnetic radiation fusing source in
this way can increase the efficiency of fusing the polymer particles with the fusing
agent printed thereon, while the unprinted polymer particles do not absorb as much
fight and remain at a lower temperature.

[0122] In some examples, the three-dimensional printing system can also include
preheaters for preheating the polymer powder 10 a temperature near the fusing
temperature. In one example, the system can include a print bed heater to heat the
print bed during printing. The preheat temperature used can depend on the type of
polymer used. In some axamples, the print bed heater can heat the printbedto a
temperature from about 50 °C to about 250 °C. The system can also include a
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supply bed, where polymer particles can be stored before being spread in a layer
onto the print bed. The supply bed can have a supply bed heater. In some examples,
the supply bed heater can heat the supply bed to a temperature from about 80 *C to
about 140 °C.

{01231 Depending on the amount of radiation absorber present in the polymer
powder, the absorbance of the radiation absorber, the preheat temperature, and the
fusing temperature of the polymer, an appropriate amount of irradiation can he
supplied from the electromagnetic energy source or fusing lamp. In some axamples,
the fusing lamp can irradiate individual layers from about 0.1 to about 10 seconds
per pass. In further examples, the fusing lamp can move across the powder bed at a
rate of about 2.5 om per second to about 130 om per second to fuse the individual
lavers. In still further examples, the fusing lamp can move across the powder bed at
a rate of about 15 em per second o about 50 ocm per second.

[0124] In various examples, the fusing agent 810, epoxy crosslinking agent 820
{if used), amine crossiinking agent reactive agent 830 {f used), and ductility-
ncreasing agent 840 (if used) can be applied to the powder bed maternial in any
order.

{01251 In one example, the fusing agent, epoxy crosslinking agent 820 and the
amine crosslinking agent 830 can be applied to the powder bed material before
frradiating the powder bed material 804. In another example, the fusing agent 810
can be applied to the powder bed material first. The powder bed malenal 804 can
then be irradiated {o soften the polymer particles that were printed with the fusing
ageni. After melling the polymer particles, the epoxy crosslinking agent 820 and
amine crosslinking agent 830 can be applied. in a particular example, the powder
bed 804 can then beirradiated a second time. The additional heating from wradiating
the powder bed 804 a second time can help cure the epoxy and amine compounds.
[0126] In further examples, additional heating can help complete the curing
reaction between the epoxy compound and the amine compound. In some
examples, the completed 3D printed object can be post-curad by heating in an oven
or similar heater for a period of time. In one example, the 3D printed object can be
post-cured at a temperature from about 100 °C to about 200 °C for a time of from
about 30 minutes to about 24 hours. This can allow for more reaction between the
epoxy and amine compounds to form more crossiinking and strengthen selected

regions of the 3D printed object.
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{01271 FIGS. 6 1o 9 are schematic drawings that show examples of structures that
can be printed using exampiles of the methods of the present disclosure. FIG. 6
depicts a structure {e.g. a microstructure) comprising regions of relatively higher
ductility (ductile zones) interspersed with regions of relatively lower ductility {(stiff
zones). The stiff zones 10 are localized regions dispersed in a continuous matrix of
ductile zones 12. The stiff zones 10 provide stifiness and strength to the structure
{e.g. microstruciure), while the ductile zones 12 reduce the risk of crack propagation.
Thus, in the event of a fracture in a stiff zone 10, crack propagation is limited by the
softer nature of the ductile zone 12. QOverall, therefore, the structure can provide a
desirable balance of strength and toughness.

[0128] FIG. 7 shows an alternative structure {e.g. a microstructure) comprising
regions of relatively higher ductility (ductile zones) interspersed with regions of
relatively lower ductility (stiff zones). In this example, the structure is g cellular
structure {e.g. microstructure). The cell walls constitute the stiff zones 10, The
regions behween the cell walls constitute the ductile zones 12. inthe eventof a
fracture in a stiff zone 10, crack propagation is limited by the sofier nature of the
ductile zone 12. Overall, therefore, the structure can provide a desirable balance of
strength and foughness. In this example, the cells have a fnangular shape.
However, the cells may have any shape, for example, they may have a hexagonal
shape.

[0128] FIG. 8 shows an allemative struciure comprising regions of relatively
higher ductility (ductile zones) interspersed with regions of relatively lower ductility
{stiff zones). In this example, the ductile zones 12 are present along a path 14 that
provides controlled crack propagation. The stiff zones 10, 10’ are interspersed by the
ductile zones 12 along this path. As shown in FIG. 9, this example structure can be
used to control cracking within a 3D printed object &.g. an attachment bracket 16. In
FIG. 8, the altachment bracket is coupled to two parts 18, 20 via rings 22. Stress
would normally concentrate in the region 24, where the rings 22 are coupled to the
holes of the printed bracket 16. Thus, if fatigue cracking occurs, cracks are more
likely appear in this region 24 of stress conceniration, causing the parts 18, 20 o
become completely detached. By providing ductile zones 12 along the path 14,
cracking can be controlled along the path, avoiding failure at the holes and reducing
the risk of the parts 18, 20 becoming completely detached from the bracket 16.
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Definitions

[0130] [t is noted that, as used in this specification and the appended

L1 3

claims, the singular forms "a,” "an,” and "the” include plural referents unless the
content clearly dictates otherwise.

[0131]  As used herein, the term “about” is used {o provide flexibility (o a range
endpoint by providing that a given value may be 3 little above” or “a litle below” the
endpaint. The degree of flexibility of this term can be dictated by the particular
variable and can be determined based on experience and the associated description
herain.

[0132] As used herein, a plurality of items, structural elements, compaositional
elements, and/or materials may be presented in a common list for convenience.
However, these lists should be construed as though each individual member of the
fist is individually identified as a separate and unigue member. Thus, no individual
member of such list should be construed as a de factfo equivalent of any other
member of the same list solely based on their presentation in 3 common group
without indications o the contrary.

{0133] Concenfrations, dimensions, amounts, and other numerical data may be
presented harein in a range format. it is to be understood that such range format is
used merely for convenience and brevity and should be interpreted flexibly to include
the numerical values explicitly recited as the limits of the range, and also fo include
all the individual numerical values or sub-ranges encompassed within that range as if
the numerical value and sub-range is recited. For example, a weight ratio range of
about T wit% to about 20 wi% should be interpreted to include the explicitly recited
fimits of 1 wi% and about 20 wit%, and also to include individual weights such as 2
wi%, 11 wi%, 14 wi%, and sub-ranges such as 10 wt% to 20 wt%, 5 wi% to 15 wi%,
ete.

[0134] As a further note, in the present disclosure, it is noted that when
discussing the fluids, materials, and methods described hersin, these discussions
can be considered applicable to the various examples, whether or not they are
explicitly discussed in the context of that example. Thus, for example, in

discussing details about the methods of making 3D printed objects, such

discussion also refers to the 3D printing kits, and vice versa.
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As used herein, a “kit” may comprise one or more components where the

different components are contained in one or more containers, separately or in any

combination, prior o and during printing but these components can be combined

together during printing.  The containers can be any type of a vessel, box, or

receptacie made of any material.

[0136]

Where selective jetting of an agent is performed based on a 3D object

model, the 3D object model may comprise at least one of: a 3D object model created

using Computer Aided Design (CAD) or similar software; or a file, for example , a

Standard Tessellation Language file generated based on output of the CAD

software, providing one or more processors of a 3D printer with instructions to form

the 3D object

EXAMPLES

Example 1 - Epoxy Crosslinking Agent and Amino Crossiinking Agent

{0137]
below was prepared:

An epoxy crosstinking agent having the composition shown in Table 1

Ingredient Type

Specific ingredient

Concentration (wt %)

Epoxy

1:1 weight ratio of
athyleneglycol diglyeidyt
ether and
friphenyicimethane

friglycidyi sther

20

Mumedctant

Diethylene glycol butyl
ether

40

Liguid Carrier

Ink carrier containing
water, humectant,
surfactant, biocide and

anti-kogation agent

40

[0138]
in Table 2 below:
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ingredient Type Specific Ingredient Concentration (wt %)
Aming 4 4d-diaminodiphenyl 15
suifone
Humectant 2-pyrrolidone 45
Liquid Carrier Ink carrier containing 10

water, humectant,
surfactant, biocide and

anti-kogation agent

Solvent Water 30

Example 2 — Ductility-increasing agent
[0138] A ductility-increasing agent was produced from the stock solution shown in
Table 3 below:

ingredient Type Specific Ingredient Concentration {(wi %)
Plasticizer | Methyl-benzene | 40
sulfonamide
Humectant 2-pyrrolidone 40
Liquid Carrier Water-based solvent 20

[0140] The above stock solution was mixed in a 1:1 weight ratio with the

composition shown in Table 4 below fo form the ductility-increasing agent:

ingredient Type Specific ingredient Concentration (wt %)

Co-solvent 1-methyl-2-pyrrolidone | 40

Anti-kogation agent CRODAFOS® O3A 1

Surfactants Surfonyl® SEF 1.5
Capstone®F5-35 0.10

Scale inhibitor/Anti- DOWFAX™ 241 0.2

daceleration agent

Chelating agent TRILON® M 0.08

Biocide PROXEL&GXL 0.36
Water Balance
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Example 3~ 3D printing

{0141] In this example, a 3D printing method according to an example of the
present disclosure was used to print an impact bar having a honeycomb
microstructure and a dog bone having the same honeycomb microstructure. Figure
10 is a schematic drawing of the impact bar that was printed. Figure 11 is a
schematic drawing of the impact bar that was printed.

{01421 The powder bed matenial was a nylon-1Z {polyamide-12 or "PA12"Y)
powder with a particle size ranging from about 10 microns to about 100 microns. The
samples were formed by fusing together individual layers of polymer particles using
a fusing agent that included a near IR dye as the radiation absorber.

[0143] The fusing agent was first jetted onto the powder bed. A backward pass
was then performed in which the fusing lamp of the test bed was activated {o heat
the powder bed and melt the particles that were printed with the fusing agent. A
second forward pass was then performed. In this forward pass, the epoxy
crosslinking agent and the amino crosslinking agent of Example 1 agent were jetted
onto the molten/softened polymer particles to delineate the hexagonal walls of the
microstructure. The ductility-increasing agent of Example 2 was jelted onio the
molten/softened polymer particles in the regions within the hexagonal walls. A
second backward pass was then performed during which the fusing lamp was
activated to heat the powder bed material o causs the epoxy and amine compounds
to react. Fresh powder bed material was then applied and the process repeated unti
the desired thicknass {4 mm) of the part was achieved.

[0144] When the 3D printed dog bone was baclk lit, the hexagonal walls of the
microstructure appeared darker than the regions within the walls. This confirmed
that the walls of the hexagonal structure were formed of a different material
{crosslinked polymer) from the material {plasticized polymer) within the walls. (The
material within the walls was more translucent because of the presence of
plasticizer).

[0145] Impact testing was conducted on the impact bar, and the impact
resistance values were recorded and compared {0 a control impact bar formed from
the baseline PA12 with fusing agent (only}). The average {over four samples) impact

resistance value for the impact bar having the hexagonal microstructure was 6.33
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kd/m?.  In comparison, the average (over four samples) impact resistance value for
control impact bars formed from the bassline PA12 and fusing agent {(only) was 3.52
kJIm?.

[0148] Microscope images of the impact crack planes of the impact bars
according to this example were compared with microscope images of the impact
crack planes of the control impact bars. The microscope images of the impact crack
planes of the impact bars according to this axample showed longer crack planes and
more chevron marks, demonstrating an increased propensity to absorb energy and

an improved resistance to crack propagation.

32



WO 2020/190334 PCT/US2019/055501

Claims
1. A three-dimensional (3D} printing materials kit comprising:
a first tailoring agent comprising at least one crosslinking agent;
a second tailoring agent comprising at least one plasticizer, and
a fusing agent.
2. The kit according to claim 1, wherein the crosslinking agent

comprises a functional group selected from at least one of epoxy, amine,

isocyanate, phosphine and aldehyde.

3. The kit according to claim 2, wherein the crosslinking agent
comprises an epoxy functional group and is selected from at least one of: 2-
sthylhexyl glycidyl ether, phenol glycidy sther, p-tert-butyiphenyi glycidyt ether,
dibromo phenyl glycidyt ether, lauryt alcohol glycidyt ether, resorcinot diglycidyl
ather, neopentyl glycol diglycidyl ether, 1,6-hexanediol digiycidyl ether, glycerol
nolyalveidyt ether, sorbitol polyglycidyl ether, diglveidyt terephthalate, diglycidyl-
o-phthalate, N-glycidyl ether, and tris{d-hydroxyphenyl} methans trigiycidyl
gther.

4, The kit according to claim 2, wherein the crosslinking agent
comprises an amine functional group and is selected from at least one of!
aniline, sulphonamide, tetrasthylenepentamine, dipropylenediaming,
diethylaminopropylamine, N-aminoethylpiperazine, bis(2-ethylhexyllamine,
methanediamine meathylphenyl diaming, methyiphenylenediamine,

diaminodiphenyi sulfone, disthylenstriamineg, and triethylenstetramine.

5. The kit according to claim 2, wherein the first tailoring agent
comprisas a first crosslinking agent comprising an epoxy functional group, and
8 second crosshinking agent comprising an amine functional group.

8. The kit according to claim 1, wherein the plasticizer is selected
from at least one plasticizer selected from: 2-pyrrofidone, dimethyl sulfoxide,
methyl 4-hydroxybenzoate, dioctyl phthalate, N-methyl-2-pyrrolidone, N-2-
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hydroxyethyl-2-pyrrolidone, urea, ethylene carbonate, propylene carbonate,
lactones, diethylene glycol, triethylene glycol, tetraethylens glycol, decalin,
gamma-butyrolactone, dimethyiformamide, phenyimethanol, dimethyt sulfoxide
(DMSQ}, 2-methyl-benzene sulphonamide, 4-methy! benzene, 2-methyi-
benzene sulphonamide, N-butylbenzenesulfonamide, N-
gthylbenzenesulfonamide, N-propyibenzenesulfonamide, N-butyl-N-
dodecylbenzenesulfonamide, N N-dimethylbenzenesulfonamide, p-
methylbenzenasulfonamide, o/p-toluene sulphonamide, p-toluene
sulphonamide, 2-ethythexyl-4-hydroxybenzoate, hexadecyl-4-hydroxybenzoate,
1-butyl-4-hydroxybenzoate, dioctyl phthalate, diiscdecy! phthalate, di(-2-
gthythexyl) adipate, and tri-{Z2-ethythexyl) phosphate.

7. The kit according to claim 1, which further comprises g build

material comprising polymer particles.

8. The kit according to claim 8, wherein the polymer of the build
material is selected from at least one of polvamide, polyolefin, thermoplastic
polyurethane, polyester, polycarbonate, polyether ketone, polyacrylate and

polystyrene.

9. A printed structure comprising regions of relativaly higher ductility
and regions of relatively lower ductility, wherein the regions of relatively higher
ductility are interspersed by the regions of relatively lower ductility, and wherein
the regions of relatively lower ductility are formed from a crosslinked polymer
and/or a polymer composition comprising a reinforcing filler, and/or wherein the
regions of relatively higher ductility are formed from a polymer compaosttion

comprising a plasticizer.

10. The structure according to claim 9, which is a cellular
microstructure celiular structure, wherein the cell walls form the regions of
relatively low ductility, and/or regions between the cell walls form the regions of

relatively high ductility.
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11. A method for printing a three-dimensional {3D) printed object, the
method comprising:

selectively applying a first tailoring agent to a build matenial;

and

axposing the build material to radiation, thereby fusing at least part of
the build material to form a layer,

wherein the first tailoring agent comprises a reinforcing agentor a
ductility-increasing agent, and

wherein the first tailoring agent is seleclively applied to form regions of

relatively higher ductility interspersed with regions of relatively lower ductility

iy the 3D printed object.

12. The method according to claim 11, which further comprises:
selectively applying a second failloring agent 10 the build material;
wherein the first talloring agent compriseas one of the reinforcing agent
and a ductility-increasing agent, and the second tailoring agent comprises the
othar of the reinforcing agent and ductility-increasing agent, and

wherein the first tailoring agent and second tailoring agent are
selectively applied to form the regions of relatively higher ductility intarspersed

with the regions of relatively lower ductility.

13. The method according o claim 12, wherein the object has a structure
that comprises a cellular structure, and wherein a reinforcing agent is
selectively applied to form cell walls having a relatively lower ductility, and/or
wherein a ductility-increasing agent is applied to form regions having a
relatively higher ductility between the cell walls.

14. The method according to claim 11, wherein the reinforcing agent

comprises a crosslinking agent or a reinforcing filler.

15. The method according to claim 14, wherein the reinforcing agent
comprises a reinforging filler and the reinforcing filler is selected from
particles of at least one of boron, boron nitride maternials, silica, alumina,

titanium dioxide, glass, carbon nanomatenals, montmoriionite, tale, basalt,
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silicon carbide, metal carbide, metal carbide, silicon nitride, metal nitride,
polyaramid, metal, metal alloy, diamond, boron carbide, mica, wollastonite,

and ceramic.
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