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3-DIMENSIONAL PRINTING

BACKGROUND

[0001] 3-dimensional (3D} printing or additive manufacturing refers {o & printing process
in which successive layers of material are formed under computer control to create an
abject. Various methods of 3D prnting have been developed, including heat-assisted
exirusion, selective laser sintering (SL.8), fused deposition modeling (FDM), high speed

sintering (HSS8) and phololithography.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Various features will be described, by way of example only, with reference to the
following figures, in which:

[G003] FIG. 1 is a schematic view of an example of a 3-dimensional printing system,
[0004] FIG. 2 is a cross-seclional view of a laver of thermoplastic polymer powder with a
dopant printed on a portion of the layer in accordance with examples of the present
disclosure;

{0005] FIG. 3 is cross-sectional view of the {ayer of FIG. 2 after the layer has been fused
in gaecordance with examples of the present disclosure;

[0006] FIG. 4 is a perspective view of a 3-dimensional printed part having a dopant
composile layer, in accordance with examples of the present disclosure; and

{8007] FIB. 5is g plan view of the 3-dimensional printed part of FIG. 4 where the dopant
composiie laver is a phololuminescent composite layer in 2 photoluminescent state, in
accordance with exampies of the present disclosure.

[0008] FIG. 6 is an example schematic representation of a GRIN lens stack or assembly
that can be prepared in accordance with examples of the present disclosure; and

[0009] FIG. 7 provides an example depicting effective capacitance increase, and
effective refractive index increase, based on increasing concentration or number density
of dislectric nanoparticles printed accordance with the present disclosure.
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DETAILED DESCRIPTION

{0010} 1 is to be understood that this disclosure is not limited o the pardicular process
steps and materials disclosed herein because such process steps and materials may
vary. i is also 1o be understood that the terminology used in this disclosure is used for
the purpose of describing particular examples only. The terms are not intended to be
limiting because the scope of the present disclosure is intended to be limited only by the
appended claims and squivalenis thersof.

{00111 Ris noted that, as used in this specification and the appended claims, the

LR

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

[D012] As used herain, “liguid vehicle" or “ink vehicle” refers to a liguid in which additive
is placed {o form an inkjet compaosition. A wide variety of Hiquid vehiclaes may be used
with the systems and methods of the present disclosure. A vanety of different agents,
including, surfactants, solvents, co-solvents, anti-kogation agents, buffers, biocides,
sequestering agents, viscosity modifiers, and surface- active agents may be dispersed or
dissolved in the liquid vehicle,

[0013] The term “fusing agent” is used herein {o describe agents that may be applied fo
particulate build material, and which may assistin fusing the build material fo form a
layer of a 3D part. Heat may be used to fuse the build material, but the fusing agent can
also assist in binding powder{ogether, andior in generating heal from elechromagnetic
energy. For example, a fusing composition may include a fusing agent that can bind the
build material together in preparation for heating o fuse the materials fogether, or may
be an additive that becomes energized or heated when exposed 10 a frequency o
frequencies of slectromagnetic radiation. Any additive that assists in fusing particulate
huild material to form the 3D printed part can be used.

[0014] As used herein, “jel,” "jeliable,” "jelling,” or the like refers 1o compositions that are
ejectad from jelling architecture, such as inkjet architecture. Inkjst architecture can
include thermal or piezo drop on demand architecture, as well as continuous inkjet
architecture. Additionally, such archilecture can be configured fo print varying drop sizes,
for example, less than 50 picolitres {pl}, less than 40 pi, less than 30 pl, less than 20 pl,
less than 10 pl. In some examples, the drop size may be 1to 40 pl, forexample, 3or s
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to 30 picolitres.

(80151 A “voxel” is the basic volumetric building block used o fabricate three-
dimensional objects. Mathematically, a voxel is determined by two spatial parameters in
the x-y coordinate plane and a third parameter which determines the voxel's depth, 2.
Each layer printed has as many voxels as can be printed, the minimum size of the voxel
being limited the drop size of the printed fluid.

[0016] As used herein, the term “substantial” or "substantially” when used in reference
to a quantity or amaount of a material, or a specific characteristic thereof, refers to an
amount that is sufficlent fo provide an effect that the material or characteristic was
intended {o provide. The exact degree of deviation gliowable may in some cases depend
an the specific context.

[0017] As used herein, the term "about” is used to provide flexibility to a numerical range
endpoint by providing that a given value may be "a little above” or “a little below” the
endpoint. The degree of flexibility of this term can be dicltated by the particular variable
and determined based on the associated description herein.

[0018] As used herein, a plurality of items, struclural elements, compositional slements,
andfor materials may be presented in a commuon list for convenience. However, these
lists should be construed as though each member of the list i indhvidually identified as g
separate and unique member, Thus, no individual member of such list should be
construad as a de facto equivalent of any other member of the same list solely based on
their presentation in a common group without indications to the contrary.

[0018] Concenirations, amounts, and other numerical data may be expressed or
presented herein in a range format. it is o be understood that such a range format is
used merely for convenience and brevity and thus should be interpreted flexibly to
include not only the numerical values explicitly recited as the limits of the range, but also
o include individual numerical values or sub-ranges encompassed within that rangs as if
each numerical value and sub-range is explicitly recited. As an illustration, a numerical
range of “about 1 wi% o about § wif%" should be interpreted {0 include not only the
explicitly recifed values of about 1 wi% to about 5 wi%, but also include individual values
and sub-ranges within the indicated range. Thus, included in this numerical rangs ars
individual values such as 2, 3.5, and 4 and sub-ranges such as from 1-3, from 2-4, and
fram 3-5, etc. This same principle applies to ranges reciting only one numerical value.
Furthermore, such an interpretation should apply regardless of the breadth of the range

or the characteristics being described.
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[0020] The present disclosure relates a method of 3-dimensional printing a printed part.
The method comprises printing an inkjet dopant composition at selected localions on a
layer of build material comprising polymer particles. The inkjet dopant compaosition
comprises a dopant dispersed or dissolved in a fiquid carrier. Polymer particles at
selected areas of the layer of build material are then fused o form a fused polymer layer
comprising the dopant. The selected areas of the layer of build material include areas of
the fayer of build material that have not been printed with the inkjel dopant composition.
[0021] The method may further compnse forming a further layer of build material over
the fused polymer layer comprising the dopant. Polymer particles at selected areas of
the further laver of bulld material may be fused to form a fused polymer layer that is
further layer of build material prior {o the fusing step. Polymer parlicles at selected areas
of the further tayer of build material may then be fused fo form a further fused polymer
layer comprising the dopant.

{B022] The present disclosure also relates to-a 3-dimensional printing malenal sst
comprising & particulate build material compnsing thermoplastic polymer patticles. The
set also comprises an inkjet dopant composition comprising a dopant dispersed in a
figuld cawrier. The dopant comprises parlicles {e.g. nanopariicles) that are selected from
at least one of photcluminescent patlicles, dislechric particles, magnetic parficles,
ceramic particles, semi-conductor particies, and electrically-conducting particles. The
inkjet dopant composition also comprises an inkjst fusing composition comprising a
fusing agent capabie of absorbing electromagnetic radiation to produce heat. In some
examples, the thermoplastic polymer particles have an average particle size of 16 {0 100
.

[0023] In 3-dimensional printing, & layer of build material comprising polymer particles
may be applied e.g. {0 a print platform. Selecled areas of the layer of build material may
than be fused fo form a solid layer. In some examples, a fusing composition may be
printed onto the selected areas of the laver of build materdal. Fusing agent in the fusing
composition may cause the build material in the selected areas to fuse fo form a solid
fayer. A new layer of build material may then be applied over the solid layer and the
process repeated until a complete 3-0 part is printed.

{3024] nthe present disclosure, it has been found that dopants can be inlroduced st
spacific locations within the printed part by inkjet printing. For example, because droplet

size and print location can be controlled, inkjet compositions containing dopanis can be
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printed in selected amounts at selected locations over the unfused polymer layer. These
sedeciad locations may be selected by computer control. Thus, specific vaxels may be
selecied for printing. When the polymer is fused, the dopants become incorporated into
the layer at the selected locations. The fused polymer layer confaining or incorporating
the dopant may be 3 doped compaosite layer or dopant composite layer. Dopants can be
selected {o provide a.g. conductivity, photoluminescence, magnetism, elasticity andfor
tensile strength at specific locations, allowing characleristics of the printed part to be
tailored at a voxel level. The doped build material may be a doped composite material.
[0025] In some examples, the dopant coniposition is printed droplet by droplet, wherein
sach droplet has a volume of 110 50 pl, for example, 210 30 plor § 1o 20 pl. This can
altow the dopant o be printed, in for example, in pattems {e.g. inlricate pattemns)
throughout the printed part.

[00286] I some examples, the dapant may become embedded in the printed part at
selected focations. The dopant may be present at the outer surface of the printed part
as well as at al least ong location embedded within the printed part. In some examples,
the dopant may be present at at least one location embedded within the printed part.
[0027] In some examples, the printed part comprises regions comprising the dopant and
regions in which the dopant is absent. The regions comprising the dopant may differin at
least one properly from the regions in which the dopant is absent, wherein the gt least
one property is selected from at least one of conductivity, dielectric permittivity, magnetic
permeability, refractive index, photoluminescence, tensile strength and Young's
modulus.

Ruild material

[0028] Any suitable build material may be employed in the present disclosure. The build
material comprisas polymer particles or powder, for sxample, thermaoplastic polymer
paricles or powder. The particles may have an average paricle size from 10 to 100 ym,
for example, 20 to 80 pm. As used in the present disclosure, “average” with respect fo
properties of particles refars to a number gverage unless otherwise specified.
Accordingly, "average particle size” refers {0 a number average padicle size.
Additionally, "particle size” refers to the diameter of spherical particles, or to the longest
dimension of non-spherical particles. Partlicle size may be determined by any suifable
method, for example, by dynamic laser scatlering or laser difiraction spectroscopy. An
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exampie of a commercially available instrument suitable for determining pariicle size
may be Mastersizer@ by Malvern® Instrumets.

[0028] In certain examples, the polymer particles can have a vanety of shapes, such as
substantially spherical parlicles or irregularly-shaped particles. In some examples, the
polymet particles can be capable of being formed into 3D printed parts with a resolution
of 10 1o 100 um, for example 20 to 80 um. As used herein, "resolution” refers to the size
of the smallest feature that can be formed on a 3D printed part. The polymer pardicles
can form layers from about 10 to about 100 um thick, allowing the fused layers 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 pm. The polymer particles can also have a
sufficiently small parlicle size and sufficiently regular particle shape {o provide abowut 10
to 100 ym resolution along the x-axis and y-axis.

[0030] I some examples, the polymer particles can be colorless. For example, the
polymer powder can have a white, transiucent, or transparent appearance. When used,
for example, with a colorless fusing composition, such polymer particles can provide a
printed part that is white, franslucent, or transparent. In pther examples, the polymer
particles can be colored for producing colored parts. In still other examples, when the
polymer powder is white, transiucem, ar ransparent, color can be imparted 1o the part by
a-coloured fusing ink or another colored ink,

[0031] The polymer particles can have a meiting or softening point from about 70°C to
about 350°C. In further examples, the polymer can have a melting or softening paint
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 nylon 8 powdsr, nylon 8 powder, nylon 11 powder, nylon 12 powder, nylon
66 powder, nylon 812 powder, polyethyvlene powder, thermoplastic polyurethane powder,
polyprapylens powder; polyester powder, polycarbonate powder, polysther ketone
powder, polyacrviate powder, polystyrene powder, of combinations thereof. in a specific
example, the polymer powder can be nylon 12, which can have a melling point from
about 175°C fo about 200°C. In another specilic example, the polymer powder ¢an be
thermoplastic polyurethans.

[0032] The polymer particles can also in some cases he dendad with a filler. The filler
can include inorganic particles such as alumina, silica, or combinations thereof. When
the particles fuse {ogether, the filler particles can become embedded in the polymer,
forming a composite material. In some examples, the filler can include a free-flow agent,
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anti-caking agent, or the like. Such agents can prevent packing of the powder particles,
caat the powder particles and smooth edges 1o reduce inter-particle friction, andfor
absorb moisture. In some examples, a weight ratio of thermoplastic polymer powder to
filler particles can be from 101 to 1.2 or from 5:1 o 1:1.

Dopant Compaosition

[0033] in the present disclosure, a dopant compaosifion is used to introduce a dopant inlo
the printed part. The dopant composition may be inkjet printed onto a layer of build
material prior to fusing. In other words, the dopant composition may be printed onto
unfused build malerial. By inkjst printing the dopant composifion, the dopant
cormposiion may be printed droplet-by-droplet at specific locations, allowing dopant {o be
infroduced at the voxeldevel. Each droplet of dopant compaosition may have a volume of
fass than 80 pl, less than 40 pl, less than 30 pi, less than 20 pl, less than 10 pl. In some
gxamples, the droplel size may be 1to 40 pl, forexample. 2,3, 4 or 51030 pl for
instance, 2,3, 4orSto 20 plor 2, 3.4 or 510 10 pl. In some examples, the dopant
composition may be applied 1o unfused build material, for example, prior to application of
any fusing composition over the bulld matedal

[0034] Onee the dopant composition is printed, the layer of bulld matenal may be fused
at selected areas to a form a fused layer. Fusing may be performed under computer or
digital control. These selected areas include areas that have been printed with the
dopant composition and areas that are free from the dopant composition. o this way,
dopant may be incorporated into the resulting fused layer at pre-determined locations in
a pre-determined pattern. This can allow the properiies of the printed part to be
comtrofied and vared. For example, by selecling appropriate dopants and tatloring their
concentration and/or location at each layer of build material, properties such as slectrical
conductivity, heat conductivity, magnelic properties, mechanical properties {e.g. tensile
strength) or optical properiies can be tallored accordingly.

[0035] In some examples, Tusing may be carried out by applving a fusing composition to
selected arsas of the layer of build material and subjscting the bulld material to heat or
slectromagnetic radiation. The application of heat or slectromagnetic radiation may
cause the polymer of the build malerial o melt or soften in the areas where the fusing
composition has been applied. The selected areas over which the fusing composition is
applied may include areas that are printed with a dopant composition as well as areas
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that are unprinted or devoid of dopant composition.

{8038] The volume of dopant campasition that is printed on the particulate build matesial
may be varied. For example, when using a single dopant composition with ane
concentration of dopant, applying more ink to a given voxel can result in a greater mass
fraction of dopant. Increasing mass fraction of dopant can be camed oul by efecting
higher drop volumes, sjecting more drops at a given voxel, or by printing mulliple passes
of fluid al a single voxel location. In another example, multiple dopant compositions can
be prepared with different concenirations of dopants. The mulliple dopant compositions
can likewise be printed at different fluid volumes as well for additional flexibility.

{00371 The concentration of dopant throughout the printed part may be varied gradually,
for example, to create a concentration gradient of dopant in at leas! one region of the
printed parf. As a result, at least one property of the printed part may vary along a
gradient. For example, the electrical conductivity, heatl conductivity, magnetic properties
or optical properties of the part may vary along a gradient in at least one region of the
printed part. Alternatively, the dopant may be printed at a fixed concentration such that
the concentration of dopant is substantially constant throughout all dopant-printed areas
of the printed part.

{00381 When the dopant composition is printed onto a layer of the bulid material, the
dopant composition can penstrate into build material. As 3 result, the dopant {e.g.
particles, for instance, nanoparticles) can deposit on particles of the build material and/or
deposit in the interstices between polymer particles. Al large enough mass fractions, the
microscopic physical properties of the doped voxel can be modified. By placing dopants,
for example at predetermined concentration or at various concentrations {(aterally andfor
verfically) at a gradient along the structure being printed, paris having specific physical
properties at specific locations can be produced. The concerttration (g.g., mass fraction)
of the dopant, or the pattern of dopant being printed, or both, can provide unigque
physical properties. Because these dopants can be printed digitally, they can be printed
at any concentration and/or pattern desired o oblain 3 physical property {e.g. opfical,
photoluminescent, magnetic, or elecirical propedies), for instance, at one or more
specific locations within the printed part.

[0039] In some examples, the dopant composition can include a fusing agent. in other
examples, the phololuminescent ink can be printed with a separate fusing composition to
facilitate fusing of the thermoplastic polymer. In either case, the temperature of the build

material can be raised above the meiting or softening point of the thermoplastic polymer
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so as o facilitate the fusing process.

{8040] Any sultable dopant may be emploved. Insome examples, the dopant takes the
form of solid particles, for instance, nanoparticles. These particles may be dispersed in
a liquid carrier, for example, in the presence of a surfactant. Suitable particles include
photoluminescent particles, dielectric particles, magnetic particles, ceramic particles,
semi-conductor parlicles, and electrically-conducting particles polymer particles.

[0041] In some examples, the dopant is a photosensitive dopant. The pholosensitive
dopant may be a charge transport molecude. Examples of pholosensitive dopants
include p-diethylaminobenzaldehyde diphenythydrazone, anti-O-isopropylcarbazole-3-
carbal-dehyde diphenylhydrazone or tri-p-tohdlamine. When exposed {o a predetermined
wavelength of electromagnelic radiation, photosensitive dopants undergo an irreversibls
molecular reconfiguration, which can change the slectrical properties of the dopant, for
axample, by furning them on or off. Where a photosensitive dopant is used, therefore, it
may be possible {0 expose certain regions of the doped bulld material either in an
unfused or fused stale {o predetermined wavelengths: of slectromagnetic radiation to fum
the electrical properties of the dopant on or off. The predetermined wavelengths of
glectromagnetic radiation may be applied using a laser operated, for example, under
laser control to induce the irreversible molecular reconfiguration in certain regions of the
build material.

[0042] In some examples, the dopant is not a photosensitive dopant. Thus, in some
examples, the dopant is not a charge transport molecule. In some examples, the dopant
is not p-diethylaminobenzaldehyde diphenythydrazone, anti--isopropylearbazole-3-
garbal-dehyde diphenythydrazone or fri-p-lolylamine.

[0043] Suitable particles may have a pariicle size in the range of 1 to 200 nm.
Nanoparticles may have a parlicle size of 1 {o 100 nm. It some examples, nanoparticles
having a particle size of 1 to B0 nm, for example, 2 to 50 im or 3 to 20 nm are employed.
[0044] The dopant may be present in the dopant composition in an amount of 0.01 wi%
to 10 wit%e. In one example, the concentration of dopant in the dopant composition can
be from 0.05 wi% 1o 8 wit%. In another example, the conceniration can be from 0.1 wi%
to & wil. In yet another example, the concentration can be from 0.1 Wi 1o 3wi%. Ina
particiar example, the concentration can be from 0.5 with to 1.5 wit%.

[0045] Where the dopant is a photoluminescent agent, any agent that exhibits
photoluminescence may be emploved. "Photoluminescence,” as used herein, refers to

an emission of light by a substance as a result of the absorbance of a photon by that
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substance. Mare specifically absorption of 2 photon by a phololuminescent agent-can
induce photoexcitation of the photoluminescent agent. Photosxeiiation refersic the
excitation of electrons within the phofoluminescent agent due to the absorplion of the
photon. The photoexcitation of the photoluminescent agent can be followed by a
relaxation event, where the excited electrons refax back fo a fower energy state. The
relaxation of the excited slectrons can be accompanied by the emission of a photon fram
the photoluminescent agent. Typically, the photoluminescent agent can absorb photons
at a different wavelength of eleciromagnetic radiation than the wavelength of the emiited
photon.

[0048] In some examples, these photoluminescent agents can be "luned” to photoexcite
at wavelengths within the Ultraviolet (UV} range and o photoluminesce within the visible
range. This can allow the photolurminescent agent to remain covert until irradiated with a
photoexciting wavelength of electromagnetic radiation. in other examples, the
photoluminescent agent can be “tluned” {o photoexcile at ane wavelength within the
visible range and to emit at a different wavelength within the visible range.

[0047] Non-imiting examples of photoluminescent agents can include a
photoluminescent pigment, a photoluminescent dve, a guantum dot, the like, or
combinations thereof. in some examples, the photoluminescent agent can nclude a
fluorescent agent, a phosphorescent agent, or 8 combination thereof. In some examples,
photoluminescent dyes can be enclosed within, distnbutsd throughout, or otherwise
associated with & particle (e.g. nanoparticle). In some examples, photoluminescent
pigments can include a photoluminescent particle (e.g. nanaparticle). For example, a
photoluminescent pigment or dye can be coupled 1o a surface of a particle (..
nanoparticle), embedded within the particle {(8.g. nanopariicle), distributed throughout the
particle (e.g. nanoparlicle), or otherwise associated with a parlicle (e.g. nanoparticle).
[0048] Numerous photoluminescent pigments and/or dyes can be used. Non-limiting
examples can inclixde surapium doped strontium aluminates, thallivm doped sodium
odides, activated alkaling earth metal sulfides, activated alkaline earth metal siticates,
rhodamines, actidines, fluorines, cyanines, oxazines, phenanthridines, pyrrolopyrroles,
benzoxazoles, benzothiazoles, azo pigments, azo-metal complexes,
bisacetoacstarylides, azomethines, aryimethines, benzimidazolones, diszopyrazolones,
guinacridones, quinones, flavanthrones, perinones, iscindolines, isoindolinones,
perylenes, phthalocyanines, metal-phihalocyanine complexes, porphyrins, metal-

porphyrin complexes, polvenes, polymethines, squaraines, or combinations thereof. in
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ane specific example, a photoluminescent dye can be fluorescein. In another specific
example, & photoluminescent dye can be thodamine B Aspreviously described, dves or
pigments can be associated with nanoparticles. Non-limiting commercially available
examples can include Fluoresbrite® microspheres, such as YG Carboxylate
Microspheres, YO Carboxylate Microspheres, NYO Carboxylate Microspheres, BB
Carboxylate Microspheres, and EU Carboxylate Microspherss available from
Polysciences, Inc,

[0048] Where the photoluminescent agent is a particulate {e.g., a phofoluminescent
pigment, photoluminescent nanopatticle, etc.), the photoluminescent agent can have a
particle size from about 10 nm o about 400 nm or 500 nm, or from about 20 ryn to about
200 nm or 300 nm, or from about 30 nm 1o about 70 nm or 120 nm.

{0050] Quantum dotfs can also be used as a phololuminescent agent. Quantum dots can
be very small semiconductor particles that typically have a particle size of about 20 nm
or tess. Quantum dots can be made of a variety of semiconductor materials. For
gxample, quantum dols can be made of a single element; such as silicon, germaniiim,
and the like. Alternatively, quantum dots can be compounds of materials, such as indium
phosphide, indiom arsenide, zinc sulfide, lead sulfide, cadmiuny sulfide, lead selenide,
cadmium selenide, the ke, or combinations thereof. Other quanium dots that can be
used include -V quantom dats, including, for example CulnS. or CuinSe, quanium
dots, where x may be 1 or 2. Non-limiting commercially available quantum dots can
include indium Phosphide Zine Sulfide Quantum Dots in Water and Cadmium Selenide
Zine Suifide Quantum Dots in Water from NN-Labs, and NaneDOT™ CIS-500 and
NaneDOT™ CIS-700 from Voxtel, Inc.

[0051] Quantum dots can be prepared in 3 number of ways. For example, the quantum
dots can be made of a single component with uniform composition throughout (8.9,
silicone, zine sulfide, etc.). The phololuminescence of these gquantum dots can be
tunable mearely by adjusting the size of the gquanium dot. In other examples, the quantum
dots can be prepared with a core material having a fower band gap surrcunded by a
shell material having 3 higher band gap. As one example, the core maternial can be
cadmium selenide and the shell material can be zinc sulfide. The photoluminescencs of
these guantum dots can be tunable based on both particle size and the specific
combination of core andfor shell materials, In other examples, the quantum dois can be
prepared by alloying different quantum dots particles {ogether, such as indium phosphide

and zinc sulfide, or cadmium selenide and zinc sulfide, or any other suitable alloy of
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guantum dot particles. These guantum dots can alsa be tuned based on both size and
the specific semiconductor used.

[0052] As previously described, quantum dots can typically have a particle size of about
20 nm or less. Generally, the larger the particle size of the quantum dot, the longer the
photoluminescent amission wavelength wilt be. Conversely, the smaller the particle size
of the guantum dot, the shorter the phololuminescent emission wavelength will be. In
some gxamples, the quantum dots can have a particle size from about 2 nim {o about 10
nm. In other examples, the guantum dots can have a patticle size from aboutd nmto
about § nm. In other examples, the quantum dots can have a parlicle size from about 8
vy to about 14 nm.

{00531 In some examples, the dopants are dislectric particles {e.g. nanoparicles).
Dielectric particles may be used to aller the dislectric properties (e.g. capacitance) of a
printed part at pre-determined locations. Because of the physical relationship between a
matlarial’s dislectric constant andd ifs refractive index, the oplical properties (e.g.
refractive index) of a printed part may bevaried by incorporating diglectric nanoparticles
into the printed part at specific locations. Thus, by printing dielectric particles at specific
locations, the local refractive index of each voxel can be varied. This may have
applicability in lens manufactire. For example, droplets of dopant composition
camprising dieleciric particles can be printed at the voxe! level on a layer of polymer
build material, and then the layer can be fused, thus forming a lens layer. This lens layer
can be built upon to form a lens or a lens stack with optical spacers. By changing the
density of dielectiic particles locally at the voxel level, the refractive index at various
focations can also be changed. In other wardg, dislectric particles can be printed af the
voxel level 1o predictably shift the effective dielectric constant of a polymer build material
by controlling the mass fraction of dielectric particles per voxel. A gradient refractive
index (GRINY lens may be formed by varying the effective refractive index {using
different concentrations of dislectric particles) within each layer as appropriaie to form
the GRIN lens. Lenses or lens stacks can be prepared by additive layering untit a
desired optical structure is formed. For oplical {e.g. lens) applications, the build malerial
may be formed of transparent polymer parlicles.

[0054] Example dislectiic particles that can be used include, but are not imited to,
BaTiQs, PMN-PT (e.q., 85/35), PbNDOs, PLZT {e.g., 7/60/40), SiOz, AO;, Tax0s, Ti0y,
ST, ZrQq, HIQ,, HISIO,, LaoDs, YoOs, a-laAlls CalusTihye, andior LaaSreNiQy,
to name a few. The particle size of the dielectric particles may be, for example from 1 nm
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10180 nm,or from 1 ooy to 50 nim, of from & v io 38 nin, or from 20 nm to 100 nm, or
from 50 nm to 100 nm in average particle size.

fiquid vehicle formulation can include water or consist of water.

{0058] In some examples, an additional co-solvent may also be present. in cenlain
examples, a high boiling point co-solvent can be included in the dopant composition. The
high boiling point co-solvent can be an organic co-solvent that boils at a lemperature
higher than the temperature of the powder bed during printing. In some examples, the
high boiling point co-solvent can have a boiling point above 250 *C. In still further
examples, the high bolling point co-solvent can be present at a concentration from about
1 witts to about 4 wit.

[00587] Classes of co-solvents that can be used can include organic co-solvents
including aliphatic alcohols, aromatic alcohols, diols, glycol ethers, polygiveol ethers,
caprolactams, formamides, acetamides, and long chain alcohals, Examples of sueh
sompounds include primary aliphatic alcohols, secondary aliphatic alcohols, 1.2~
alcohols, 1,3-alcohols, 1.5-alcohels, ethylene glyveol alkyl ethers, propylene glycol alkyl
sthers, higher homologs {Ce-Cie) of polyethylens glycol atkyt ethers, N-alkyl
caprolactams, unsubstituted caprolactams, both substituted and unsubstituted
formamides, both substitited and unsubstituted acetamides, and the like. Spegific
examples of solvents that can be used include, but are not limited {o, 2-pyrrofidinone, N-
methylpyrrolidone, 2-hydroxyethyl-2-pyrrolidone, 2-methyl-1,3-propanediol, tetrasthylene
ghyeol, 1,6-hexanediol, 1,5-hexanediol and 1 5-pentanediol.

[0058] A surfactant, or combination of surfactants, can also be present in the dopant
composition. Examples of surfactants include alkyl polyethylene oxides, atkyl phenyt
polyethylene oxides, polysthylene oxide block copolymers, acetylenic polyethylene
axides, polysthylene oxide (dilesters, polyethylene oxide amines, protonated
polyethviene oxide amines, protonated polyethviene oxide amides, dimethicone
copolyols, substituted amine oxides, and the like. The amount of surfactant added fo the
formuiation of this disclosure may range from 0.01 wi% to 20 wi%. Suilable surfactants
caryinclude, but are not imited {o, liponic esters stich as Tergitol™ 15-8-12, Tergitol™
15-5-7 available from Dow Chemical Company, LEG-1 and LEG-7; Tritlon™ X-100;
Triton™ X-405 available from Dow Chemical Company ; and sodium dodecyisulfate.
[0053] Various other additives can be employed fo optimize the properties of the dopant
compositions for specific applications. Examples of these additives are those added to
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inhibit the growth of harmful microorganisms. These additives may be biocides,
fungicides, and other microbial agents, which are routingly used in ink formudations.
Examples of suilable microbial agents include, but are not limited {o, NUOSERPT®
{Nudex, Inc.}, UCARCIDE™ {Union carbide Corp.). VANCIDE® (R.T. Vanderbili Co.),
PROXEL® (ICI Ametica), and combinations thereof.

[0060] Sequestering agenis, such as EDTA {ethylene diamine tetra acelic acid), may be
included {o sliminate the deleterious effects of heavy metal impurilies, Buffers may also
be used to control the pH of the composition. Viscosity modifiers may also be present.
Such additives can be present at from 0.01 wi% to 20 wi%.

Fusing Compaosition

[0061] Where a fusing composition is employed, the fusing composition {or "fusing ink")
can contgin a fusing agent that is capable of absorbing electromagnetic radiation fo
produce heatl. The fusing agent can be colored or colorless. In some examplss, the
fusing agent can be carbon black, nearinfrared absorbing dyes, near-infrared absorbing
pigments, tungsten bronzes, molybdenum bronzes, metal nanoparticles, or combinations
thereof

[0062] The fusing composition may be inkjet prinfed onlo selected areas of the layer of
build material prior to fusing. The fusing composition may be applied to areas of the
fayer of build material that have been printed with dopant composition, as well as to
areas of the layer of build material that have not been printed with dopant composition.
The fusing agent can have 3 temperature boosting capacity sufficient to increase the
temperature of the polymer powder above the melling or softening point of the polymer
powder. When the fusing ink is printed on & portion of the polymer powder, the fusing
agent can heat the printed portion to a temperature at or above the melting or softening
point, while the portions of the polymer powder unprinted with fusing ink remain below
the melting or softening point. This can allow the formation of g solid 30 printed part,
while the loose powder can be easily separated from the finished printed parl. Any
dopant printed on the polymer powder prior to application of the fusing composition may
also become incorporated into the printed part.

[0063] The fusing agent may be an infrared absorbing, for example, a near-infrared
absorbing dve. Examples of near-infrared absorbing dyes include tetraaryvidiamine dves,
cyanine dyes, pthalocyanine dyes, dithivlene dyes, and others. in further examples, the
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fissing agent can be a near-infrared absarbing conjugated polymer such as poly(3,4-
athylensdicythiopheneapoly(styrenesulfonate} (PEDOT.PES]), a polythiophene, poly{p-
phenylene sulfide), a polyaniline, a poly{pyrrole), a poly{acetylene), poly{p-phenylene
vinylene), polyparaphenylene, or combinations thereol. As used herein, “conjugated”
refers to allemating 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, In many cases, the fusing ageni can have a peak absorption
wavelength in the range of 800 nm to 1400 nm.

[0064] The fusing agent may also be an infrared absorbing, for example, a near-infrared
absorbing pigment. A yariety of near-infrared pigments can also be used. Non-limiting
exampies can include phosphates having a varely of counfenons such as copper, zing,
ron, magnesium, calcium, strontium, the like, and combinations thersof. Nondimiting
specific examples of phosphates can include MaPa0y, MdP:Qq, MsPeOu, Ms{(PQ4)s,
M{POa), MaPalhg, and combinations thereof, where M represents a counterion having
an oxidation state of +2, such as those listed above or a combination thereof. For
gxample, MyP.07 can include compounds such as CupPR0y, CuMgP:Qr, CulZnP:Qr, or
any other suitable combination of counterions. it is noted that the phosphates described
herein are not imited o counterions having a +2 oxidation state. Other phosphate
counterions can also be used to prepare other suitable near-infrared pigments.

[0065] Additional exampiles of near-infrared pigments can include silicates. The silicates
can have the same or similar counterions as the phosphates. One nondimiting example
can include M:SIQ4, MaBi0s, and other silicates where M is a counterion having an
oxidation state of +2. For example, the silicate Ma840s can inglude MgaB1:0s,
Mg/CaSi0s, MgCuSi:0s, CusSi0s, CwénSizCe, or other suifable combination of
counterions. it is noted that the silicates described herein are not limited to counterions
having a +2 oxidation state. Other silicate counterions can also be used to prepare oiher
suitable near-infrared pigments.

[008668] The amount of fusing agent in the fusing compaosition can vary depending on the
type of fusing agent. In some examples, the concentration of fusing agent in the fusing
composition can be from 0.1 wi%h 1o 20 wil. In one example, the concentration of fusing
agent in the fusing ink can be from 0.1 wi% o 15 wi%. In ancther example, the
concentration can be from 0.1 wit% fo 8 wi%. In yet another example, the concentration
can be from 0.5 wi% o 2wi%. In a particular example, the concentration can be from
0.5 wit% to 1.2 wt%.
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{0087] in some examples, the fusing ink can havea black or gray color due {othe use of
carbon black as the fusing agent. However, in other examples the fusing ink can be
colortess or nearly colortess. The concentration of the fusing agent can be adjusted to
provide a fusing ink in which tha visible color of the fusing ink is not substantially altered
by the fusing agent. Although some of the above desonbed fusing agents can have low
absorbance in the visibde light range, the absorbance is usually greater than zero,
Therefore, the fusing agents can fvpically absorb some visible hight, but their color in the
visible spectrum can be minimal enough that it does not substantially impact the fusing
composition’s ability to {ake on another color when a colorant is added. The fusing
agents in concentrated form can have a visible color, bid the concentration of the fusing
agents in the fusing Ink can be adjusted so that the fusing agents may not be present in
such high amounts that they alter the visible color of the fusing ink. For example, a
fusing agent with a very low absorbance of visible light wavelengths can be included in
greater concentrations comparad to a fusing agent with a relatively higher absorbance of
visible light: These concentralions can be adiusted based on a specific application with
some experimentation.

[0068] In further examples, the concentration of the fusing agent can be high enough
that the fusing agent impacts the color of the fusing ink, but fow enough that when the
ink ig printed on the build material comprising the polymer particles or powder, the fusing
agent does not impact the color of the powder. The conceniration of the fusing agent can
be balanced with the amount of fusing ink to be printed on the polymer powder so that
the total amount of fusing agent printed onto the polymer powder can be low enough that
the vigible color of the polymer powder is notimpacted. In ane example, the fusing agent
can have a conceniration in the fusing ink such that after the fusing ink is printed onlo
the polymer powder, the amount of fusing agent in the polymer powder is from 0.0003
wi% to & wi% with respect to the weight of the polymer powder.

[0069] The fusing agent can have g temperature boosting capacity sufficient o increase
the temperature of the polymer powder above the melting or soffening point of the
polymer powder. As used herein, “temperature boosting capacity” refers o the ability of
a fusing agent to convert slectromagnstic radiation e.g. infrared or near-infrared light
snergy into thermal energy o increase the temperature of the printed polymer powder
over and above the temperature of the unprinted portion of the polymer powder.
Typically, the polymer powder parlicles can be fused fogether when the temperature

increases to the melting or soffening temperature of the polymer. As used herein,
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“melling point® refers to the temperature at which a polymer transitions from a corystalline
phase {o a plighle, amarphous phase. Some polymears do not have a single melting
point, but rather have a range of temperatures over which the polymers soften. This
range can be segregated into a lower soflening range, a middle softening range, and an
upper softening range. In the lower and middle softening ranges, the particles ¢an
coalesce {o form a part while the remaining polymer powder remains loose. If the upper
soffening range is used, the whole powder bed can become a cake. The “soffening
point,” as used herein, refers to the temperature at which the polymer particles coalesce
while the remaining powder remains separate and loose. When the fusing ink is printed
on a portion of the polymer powder, the fusing agent can heat the printed portion to a
temperature al or above the melling or softening point, while the unprinied portions of
the polyroer powder remain below the melting or soflening point. This allows the
formation of a solid 3D printed part, while the loose powder can be sasily separated from
the finigshed printed part.

{D070] Although melting point and softening point are often described as the
temperatures for coalescing the polymer powder, in some cases the polymer padicles
can coalesce together at femperatures slightly below the melling point or soltening point.
Therefore, as used herein "melting point” and "softening point” can include temperatures
slightly lower, such as up to about 20°C lower, than the actual melting point or softening
point.

[0071] In one example, the fusing agent can have a temperature boosting capacity from
about 10°C o about 70°C for a polymer with & melting or softening point from about
1007°C to about 350°C. if the powder bed is al a temperature within gabowt 10°C 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 remaing at a lower temperature. Iy some examples,; the powder bed
can be preheated 1© 8 temparaturg from abhowt 1076 10 about 70°C lower than the
metting or softening point of the polymer. The fusing composition can then be prinled
onto the powder and the powder bed can be irradiated with a nearinfrared light to
coalesce the printed portion of the powder.

{0072} The fusing compaosition may comptise a liguid vebicle. The fusing agent may be
dispersed in the liguid vehicle. In some examples, the liguid vehicle formulation can
include waler or consist of water.

[0673] In some examples, an additional co-solvent may ailso be present. In certain
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examples, 2 high baoiling point co-solvent can be included in the fusing composition. The
high boiling point co-solvent can be an arganic co-solvent that bolls at g temperature
higher than the temperature of the powder bed during printing. In soms examples, the
high boiling point co~-solvent can have a buoiling point above 250 7C. in still further
axamples, the high boiling point co-solvent can be present at a concentration from about
1 wi% to about 4 wi%.

[0074] Classes of co-solvents thal can be used can include organic co-solvents
including aliphatic alcohols, aromatic alcohols, diols, glycol ethers, polvalyeol ethers,
caprolactams, formamides, acetamides, and long chain alcohols. Examples of such
compounds include primary aliphatic aleohals, secondary aliphatic alcohols, 1.2-
aicohols, 1,3-alochols, 1,5-alcohals, ethylene glycol alkyl ethers, propylene glveol alkyl
athers, higher homologs (Cs-Cip) of polysthylene glveol alkyl ethers, N-alkyl
caprolactams, unsubstituted caprolactams, both substituled and unsubstituted
formarmides, both substifuted and unsubsiiiuted acetamides, and the like. Specific
gxamples of solvenis that can be used include, but are not imiled to, 2-pyrrodidinons, N-
methylpyrrolidone, 2-hydroxyethyl-2-pyrolidone, 2-methyl-1,3-propanediol, tetrasthylense
glvcol, 1.6-hexanediol, 1,5-hexanediol and 1,5-pentanediol,

[OU75] A surfactant, or combination of surfactants, can also be present in the fusing
compaosition. Examples of surfactants include alkyl polysthylene oxides, atikyl phenyi
polyethylene oxides, polyethylene oxide block copolymers, acetylenic polysthylene
axides, polyethylene oxide (dijesters, polyethylene oxide amines, protonated
polyethylens oxide amines, protonated polyethylene oxide amides, dimethicone
copolyols, substituted amine oxides, and the like. The amount of surfactant added (o the
farmulation of this disclosure may range from 0.01 wi% to 20 wi%. Suitable surfactants
can include, but are not limited to, liponic esters such as Tergitol™ 156-8-12, Tergitol™
18-8-7 availlable from Dow Chemical Company, LEG-1 and LEG-7; Triton™ X-100;
Triton™ X408 available from Dow Chemical Company ; and sadivm dodecyisulfate,
[0078] Various other additives can be employed to oplimize the properties of the fusing
composiions for specific applications. Examples of these additives are those added fo
inhibit the growth of harmful microorganisms. These addilives may be biocides,
fungicides, and other microbial agents, which are routinely used in ink formulations.
Examples of suitable microbial agents include, but are not imited to, NUOSEPT®
{Nudex, Inc.}, UCARCIDE™ (Union carbide Corp.), VANCIDE® (RT. Vanderbilt Co.},
PROXEL® (IC! America}, and combinations thereof.
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[0077] Sequestering agents, such as EDTA {ethylene diamine telra acetlic acid), may be
included to eliminate the deletericus effects of heavy metal impurities, Buffers may also
be used to control the pH of the composition. Viscosily motifiers may also be present.
Such additives can be present at from 0.01 wi®s to 20 wib%.

Colorant

[0078] in addition {o dopant, colorant may be applied to the build material. Colorant
may be applied to at least the outer surface of the printed part. The colorant may be
visible o the naked eye and may be employed in sufficient amounts o impart a
discernible colour to the printed part. The colorant may be & visible dye or a visible
pigment.

[0079] Such colorants may be applied by printing an inkjet ink composition comprising a
cotorant onto the builkd matevial, The colored inkjet ink may be applied to al least
portions of a laver of unfused polymer pariicles 1o imparl colour to the printed pad. A
colored ink jet ink can include any suitable colorant, including dyes and/or pigments. This
can allow for printing of full-color 3-dimensional parts. Suitable inkjet inks include cyan,
magenta, yellow, and black inks. Coloured inkjet ink compositions may be provided
together with the build material, dopant composition and fusing composition as part of
the 3-dimensional printing material set.

[0080] Alternatively or addiionally, colorants may be incorporated into the dopant
corposition and/or fusing composition described above. In some examples, the
gotarant can be present in an amount from 0.5 wi% to 10 wit in the compaositions. In
one example, the colorant can be present in an amount from 1 wi% to 5 wi%. In another
example, the colorant can be present in an amount from 5 wi% fo 10 wit%.

{00811 In some examples, the colorant can be a dye. The dye may be nonlonic, calionic,
anionic, of g mixture of nonionie, cationie, and/or anionic dyes, Spedific examples of
dyes that may be used include, but are not limited 1o, Sulforhodamine B, Acid Blue 113,
Acid Blue 28, Acid Red 4, Rose Bengal, Acid Yellow 17, Acid Yellow 29, Acid Yellow 42,
Acridine Yellow G, Acid Yellow 23, Acid Blue 8, Nitro Blue Tetrazolium Chloride
Monohydrate or Nitro BT, Rhodamine 8G, Rhodamine 128, Rhodamine B, Rhodamine B
Isocyanate, Safranine O, Azure B, and Azure B Eosinate, which are available from
Sigma~-Aldrich Chemical Company (St Louis, Mo.}. Examples of anionic, water-soluble
dyes include, but are notlimited to, Direct Yellow 132, Direct Blue 199, Magenta 377
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{avaitable from Hiford AG, Switzerland), alone or together with Acid Red §2. Examples of
water-insoluble dyes include azo, xanthene, methine, polymethine, and anthraguinone
dyves. Specific examples of water-insoluble dyes include Orasol® Blue GN, Orasol®
Pink, and Orasol® Yellow dyes available from Ciba-Geigy Corp. Black dyes may include,
but are not limited 1o, Direct Black 154, Direct Black 188, Fast Black 2, Direct Black 171,
Divect Black 18, Acid Black 1, Acid Black 181, Mobay Black 8P, and Acid Black 2.
[0082] In other examples, the colorant can be a pigment. The pigment can be self-
dispersed with a polymer, oligomer, or small molecule; or can be dispersed with s
separate dispersant. Suitable pigments include, but are not limited to, the following
pigments available from BASF: Paliogen®) Orange, Heliogen® Blue L 6801F,
Heliogen®) Blue NBD 7010, Heliogen® Biue K 7090, Heliogen® Blue L T101F,
Paliogen®) Blue L 8470, Heliogen®) Green K 8683, and Heliogen® Green L 8140. The
following black pigments are available from Cabol: Monarch® 1400, Monarch® 1300,
Monarch®) 1100, Monarch® 1000, Monarch®) 800, Moanarch® 880, Monarch® 800, and
Monarch®) 700. The following pigments are available from CIBA: Chromophtal®) Yellow
3G, Chromophtal®) Yellow GR, Chromophtal®) Yellow 8G, lgrazin® Yellow 50T,
Igralite® Rubine 4BL, Monastral® Magenia, Monastral® Scarlet, Monastral® Violet R,
Monastral® Red B, and Maonastral® Viotet Maroon B. The following pigments are
avaiiable from Degussa: Printex® U, Printex® V| Printex® 140U, Printex® 140V, Color
Black FW 200, Color Black FW-2, Color Black FW 2V, Color Black FW 1, Color Black
FW 18, Color Black S 180, Color Black S 170, Special Black 8, Special Black 5, Special
Black 4A, and Bpecial Black 4. The following pigment is available from DuPont: Tipure®)
R-101. The following pigments are available from Heubach: Dalamar® Yellow YT-858-0
and Heucophthal Blue G XBT-583D. The following pigmenis are available from Clanant:
Permana Yellow GR, Permanearnt Yellow G, Permanent Yellow DHG, Permanent
Yeltow NCG-71, Permanent Yellow GG, Hansa Yellow RA, Hansa Brilliant Yellow 5GX-
2. Hansa Yellow-X, Novoperm® Yellow HR, Novaperm® Yeliow FGL, Hansa Brilliant
Yellow 10GX, Permanent Yellow G3R-01, Hostaperm® Yellow MH4G, Hostaperm®
Yellow H3G, Hostaperm® Qrange GR, Hostaperm® Scarlet GO, and Permanent Rubine
FeB. The following pigments are available from Mobay: Quindo® Magenta, Indofasi®
Brilhant Scarlet, Quindo® Red RE700, Quindo® Red R8713, and Indofasi® Violet. The
following pigments are available from Sun Chemicalr L74-13587 Yellow, L75-1331 Yellow,
and L75-2877 Yellow. The following pigments are available from Columbian: Raven®
7000, Raven® 5750, Raven® 5250, Raven® 5000, and Raven® 3500. The following
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pigment is available from Sun Chemical LHDS303 Black. Any other pigment and/or dye
can be used that is usefud in modifying the color of the above described inks andior
ultimately, the printed part.

Frinting System

[0083] The method of the present disclosure may be performed using a 3-dimensional
printing system. An example of a 3-dimensional printing svstem 100 is shown in FIG 1.
The system may include a powder bed 110 including build material in the form of, for
example, a thermoplastic polymer powder 118, In the example shown, the powder bed
has a8 moveabile floor 120 that allows the powder bed 1o be lowered after each layer of
the 3-dimensional partis printed. The 3-dimensional printed part can include a doped
fayer 126, including a doped portion 125, applied 1o g surface of a part body 127, The
system also includes an inkjet printer 130 that includes a first inkjet pen 135 in
gommunication with a reserveir of a dopant ink 140. The first inkjet pen can print the
dopant ink onto the powder bed, A second inkjet pen 145 is in communication with a
reservoir of a fusing ink 150. The second inkief pen can print the fusing ink onto the
powder bed. After the fusing ink has been printed onto the powder bed, a fusing lamp
1680 can be used to expose the powder bed o electromagnetic radiation sufficient to fuse
the powder that has been printed with the fusing inks.

[0084] To achieve good seleclivity between the fused and unfused portions of the
powder bed, the fusing inks can absorh enough energy 1o boost the temperature of the
2.g. thermoplastic polymer powder above the melting or softening point of the polymer,
while unprinted portions of the powder bed remain below the melling or softening point.
in some examples, the 3-dimensionatl printing system can include prehealers for
preheating the thermoplastic polymer powdearto-a temperature hear the melling or
softening paint. In one example, the system can include a print bed heater ©o heat the
print bed during printing. The preheattemperature used can depeand on the type of
thermoplastic polymer used. in some examples, the print bed heater can heat the print
bed {0 & temperature from 130 °C 1o 160 °C. The system can also include a supply bed,
where polymer particles can be stored before being spread in g layer onfo 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 80 °C {o 140 °C.

[6085] Suitable fusing lamps for use in the 3-dimensional printing system can include
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commercially available infrared lamps and halogen lamps. The fusing lamp canbe a
stationagry lamp or g moving lamp. For example, the lamp can be mounied on a track o
move horizontally across the powder bed. Such a fusing lamp can make multiple passes
over the bed depending on the amount of exposure needed o coalesce each printed
fayer. The fusing lamp can irradiate the enlire powder bed with a substantially uniform
amount of energy. This can selectively coalesce the printed portions with fusing inks
leaving the unprinted portions of the polymer powder below the melling or softening
point.

[00886] in one example, the fusing lamp can be matched with the fusing agents in the
fusing inks so that the fusing lamp emits wavelengths of light that maich the peak
absorption wavelengths of the fusing agents. A fusing agent with a narrow peak e.g. ala
particular near-infrared wavelength can be used with a fusing lamp that emils a narrow
range of wavelengths at approximately the peak wavelength of the fusing agent.
Similarly, a fusing agent that absorbs e.9. a broatd range of near-infrared wavelengths
can be used with a fusing lamp that emits a broad range of wavelengths, Malching the
fusing agent and the fusing lamp in this way can increase the efficiency of coalescing the
polymer particles with the fusing agent printed thereon, while the unprinted polymer
particles do not absorb as much ight and remain at a lower temperature.

[0087] Depending on the amount of fusing agent present, the absorbance of the fusing
agent, the preheat temperature, and the melting or softening point of the polymer, an
appropriate amount of rradiation can be supplied from the fusing lamp. In some
examples, the fusing lamp can irradiate each layer from about 0.5 to about 10 seconds
per pass.

[0088] The incorporation of dopant into a 3-dimensional printed part described herein is
lustrated, by way of example, in FiGs. 2-3. FiGs. 2-3 ars cross sectional views of a
faver of polymer powder build material that has been printed with a dopant composition
and a fusing composition. FIG. 2 shows the powder layer 200 after being printed but
hefore being cured, and FIG. 3 shows the coalesced powder layer 300 after being cured.
in FIG. 2, a first portion 210 of the powder layer 200 has been printed with a3 dopant
composition containing dopant 220 and with fusing ink containing fusing agent 225. The
dopant 220 penelrates into the spaces between the powder particles 230, A second
portion 240 of the powder layer has been printed with a fusing ink including a fusing
agent 225, but without dopant 220, Thus, as shown, only a portion of the printed layer
includes the dopant 220. it should be noted that these figures are not necessarily drawn
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o scale, and the relative sizes of powder pardicles and dopant particles can differ-fram
those showrn.

[0088] As shown in FIG. 3, when the powder layer 300 is fused or cured by sxposure to
electromagnetic radiation, the dispersed dopant 320 can be entrapped throughout a
portion of a matrix 335 formed by fusing agent in the ink and the powder particles in the
first portion 310, Thus, the dopant entrapped in the matnx of fused polymer powder can
form a doped composite layer. In the second portion 340 of the powder laver, the powder
particles are fused in the absence of dopant. R should be noted thal FIGS. 2 and 3 show
only a 2-dimensional cross-section of a portion of a doped composite layer. Further, the
dopant is Hustraled in FIGs. 2 and 3 as completely penetraling the layer of polymer build
material. However, this is not necessary. In some examples, the dopant can extend into
the composite layer {0 a depth greater than about 20%, about 50%, about 70%, or aboul
80% of the thickness of the laysr.

{0088 In some sxamples, the amount of dopant dispensed onto the powder bed can be
adjusied by printing the dopant composition i mudliple passes. In one example, a single
pass of an inkjet printhead can be sufficient. Alternatively, sdditional passes can be
applied to increase the amount of dopant applied. In further examples, the amount of
dopant dispensed can be adjusted by adjusting the drop weight of the inkjet printhead
gither through resistor design or by changing firing parameters. Thus, with a greater drop
weight, a greater amount of the dopant can be printed with each drop fired. However, in
some cases jetting too large an amount of ink in a single pass can lead to lower print
guality because of ink spreading. Therefore, in some examples mulliple passes can be
used to print more of the photoluminescent ink with betler print quality.

[0091] FIG. 4 shows an example of a8 3-dimensional printed part 400 that includes a part
body 410 and a dopedidopant composite layer 420 applied to a surface of the part body.
The dopant composite laver includes & dopant composite portion 428 having a dopant
{&.¢. photoluminescent agent) dispersed in & malrix of fused thermoplastic polymer
powder. i is noted that the dopant can be present bath beneath the surface 415 and at
the surface of the dopant composite layer. it is also noted that the iHlustrated 3~
dimensional printed part can be printed in a number of orientations, such as with the
doped composite portion facing up, facing sideways, ete.

[0092] However, as illustrated in FIG. 5, the dopant {e.g. phololuminescent) composite
portion 525 of 3-dimensional printed part 500 can be clearly distinguished from non-
doped (e.g. non-photolumingscent portions) of the dopant {e.g. photoluminescent}
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composite layer. In one example, the dopant composite portion is a phololuminescent
campasite portion that photoltiminesces after phatoexcitation to reveal a quick regponse
ar OR code. In sifemative examples, the dopant composite portion may be a
photoluminescent composite portion that can phololuminesce to present a bar code, a
sertal number, a trademark, a tradename, instructions, other words, the tike, ora
combination thereof,

[0083] In an sllermalive example, the 3-dimensional printed part 500 can be printed such
that the QR code can be clearly visible under ambient lighting and can be decoded using
standard QR code algorithms. However, features 5223, 522b, and 522¢ can each be
printed o have different dopant e.g. photoluminescent fealures. For example, these
features can he printed with photoluminescent agents that photoexcite al different
wavelengths of slectromagnetic radiation, with different amounts of photoluminescent
agent to provide different photoluminescent intensities, with different mixtures of
photoluminescent agents, elc., or a combination thergof. This can provide additionsd
information encoded in the spatial ativibides of the luminescent composite that can only
be readable during specific photoluminescent events. Thus, these OR codes can be
read using standard QR code algorithms under ambient lighting, but can be read using a
specific QR code algorithm during photoluminescence {0 provide additionat information.
The same concept can also be employved with bar codes and other identifying or
serialization information. Thus, photoluminescent inks can provide increased information
payloads for printed security and serialization features.

[0094] FIG. 6 illustrates schematically a GRIN lens stack or assembly that can be
prepared inaccordance with examples of the present disclosure. For example, a
traditional lens assembly is shown at a) that includes various types of {raditional glass
lenses 44, including converging lenses, diverging lenses, and optical spacers, etc. Also
shown is air space 42 between each lens on the assembly, which is typical of curved
lens agssemblies where spatial relationships and curvature profiles provide desired
aptical properties. On the other hand, in accordance with the present disclosure, a GRIN
fens stack or assembly is shown at b) which can simulate the optical properties of the
more traditional leng stack shown at a). However, the layered and printed lenses are
printed to form a monalithic lens structure, as shown at ¢). Essentially, each of the
optical lens shapes shown at a) may be recreated by printing layers 30 {shown thicker
than may be applicable in practice) with dielectric nanoparticles as the dopant. The

dielectric nanoparticles are printed at varying densities within each layer to form doped
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lenslats 34 -and undopead portions 32, Additionally, rather than having air space between
the lenses, spacers can be printed without dielectric nanoparticles, for example {note
that there is space between the vanous lenses). In the schematic structure shown at b)
and ¢}, the “lenses” are shown using dashed lines 1o denote that these GRIN lenses are
printed to behave functionally ke their counterpart lenses shown at a), but may not
actually have the same physical shape as the curved lens. Similar optic characteristics
can be achieved by printing varying densities in a gradient along the x-axis, as shown
schematically at b).

[0095] Advantages of printing GRIN lenses using this method may include the
glimination of lens placement, mechanical alignment and assembly costs, since the
assembly may be printed as a single monolithic part. Optical fidelity may also be
improved because there would be lower error related to precise lens placement.
Furthermore, voxel-scale correction of edge aberration defects can be likewise reduced.
Because these lenses ¢an be printed digitally, customization and rapid design changes
can be carmed ouwl without the fabncation of new molds. Furthermore, this technology
can be extended into more complex optical systems and sensors, e.g., embedded
spectrometers.

[0088] FIG. 7 provides an example of how the effective capacilance {C = gy & Ald) ay
ncrease with an increasing concentration or mass fraction of dislectric nanoparicles
with respect to the particulate build material. In this equation, C is effective capacitance,
ey 15 permittivity of vacuum (a fundamental physical constant), e, is relative dielectric
constant (a physical property of the material), A is the capacitor's area, and d is the
capacitor's thickness. Notably, in this exampile, 2 polyamide 12 (PA-12) powder was
used with TiO: diglectric nanopariicles. PA-12 was used in this example to show that
there is a relationship between dielectric nanopanticle number densily and effective
cagacitance (and thus, effeclive refractive index). In altermative examples, materials e g.
polymethyl methacrviate or polycarbonate or other optically transparent or fransiucent
polymers may be used in place of PA-12. By moadifyving the number density of TiGs
diglectric nanoparticles in the build material, the effective capacilance can be varied, as
shown (by way of example) in FIG. 7. These data were determined by measuring (at 1
MHz} the complex impedance as a function of frequency. As can be ssen from FIG. 7,
the slope indicates a clsar dependence of the effective capacitance on TiQ: mass
fraction {or concentration of dislectric nanoparticles).
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EXAMPLES

[0097] The following lustrates several examples of the present disclosure. However, it
is to be understood that the following are only llustrative of the application of the
principles of the present disclosure. Numerous modifications and allermative
compositions, methods, and systems may be devised without departing from the spirit
and scope of the present disclosure. The appended claims are intended 1o cover such
modifications and arrangements.

Example 1

{0098] A 3-dimensional printing system was used to prant a 3-dimensional printed part
having a photoluminescent composite layer on a surface of the part body. A
photoluminescent ink {as dopant composition) and fusing ink were printed from two
separate ink et pens. Two separate phololuminascent inks were used. The first
photoluminescent ink included 3 wie fluorescein in an aqueous ink vehicle and the
second phololuminescent ink included 0.25 wit% rhodamine B in an aqueous ink vehicle.
The fusing ink included § wt% carbon black in an agueous ink vehicle.

[0099] The inks were jetted onto a bed of nylon (FA12) particles (Vesiosint® x1558).
The nylon particles had an average parlicle size of approximately 50 ym. The layer
thickness was approximately 100 pm. Each layer was printed with one of the fwo
separate phofoluminescent inks iy pre~designated photoluminescent compaosite areas.
The carbon black fusing ink was printed ins both the photoluminescent composite areas
and in other body portions. The inks were printed at contone levels of 255 for the
photoluminescent inks and 80 for the fusing ink. A single pass of each of the inks was
performed for the photoluminescent composite layer. After the single pass, a curing pass
was performed.

001007 The printer powder supply and powder bed were filled with the nylon
particles. The supply temperature was setf at 110 °C and the print bed temperature was
set at 130 °C. A heater under the print bed was set at 150 °C. The print speed was set at
10 inches per second {ips) and the cure speed was sat at 7 ips. Curing was performed
using two 300 W bulbs placed approximately 1 cm away from the surface of the powder
bed.

[60101] The 3-dimensional printed part included printed photoluminescent
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features that were refatively uncbservable under ambient ighting. However, under UV
fight, the photoluminescent smission from the photoluminescent features became very
prominent. The edges of the printed photoluminescent features were very clear,
providing clearly distinguishable luminescent features under UV light. In particular, the
photoluminescent features included circles, hexagons, and {friangles.

Example 2

{00102} The same general printing parameters as described in Example 1 were
ysed 1o print another 3-dimensional printed part having a photoluminescent composite
layer an a surface of the part body. The 3-dimensional prinfed part was panted in
predesignated areas with separate photoluminescent inks including 1.3 wit Carboxy Y&
100 nm nanospheres in an aqueous vehicle, 2.8 wi% Carboxy YG 100 nm nanospheres
in an aqueous vehicle, 2.5 wi% Carboxy YO 400 nm nanospheres in an agueous
vehicle, 2.7 wit% Carboxy NYQO 200 nm nanospheres in an gqueosus vehicle, 2.6 wt%
Carboxy YG 200 nm nanospheres in an agueous vehicle, 2.6 wit% Carboxy BB 100 nm
nanospheres in an aqueous vehicle, and 1.0 wi% Carboxy EU 200 nm nanospheres in
an aqueous vehicle, respectively, each available from Paolysclences, Ine.

[00103] Some of the features printed with the different photoluminescent inks
were marginally observable under ambient lighting. However, these features could likely
be masked using a specific colorant in combination with a particular photoluminescent
ink. Under LV light, the photoluminescent features were clearly visible, some with
stranger photolmingscence than others. The 2.5 wi% Carboxy YO 400 nm nanosphere
ink and the 1.0 wi% Carboxy EU 200 nm nanosphere ink both had relatively strong
photoluminescence in comparison with the other photoluminescent inks under the
specific wavelength of UV light used to pholoscite the various photoluminescent

features.

{00104} The same general printing parameters as described in Example 1 were
used to print yet another 3-dimensional printed part having a phololuminescent
composite layer on a surface of the part body. The 3-dimensional printed part was

printed in predesignated areas with separate phololuminescent inks including 1 wi%



(o]

10

15

20

WO 2017/189306 PCT/US2017/028413

28

InP/ZnS quantum dots (pleylamine ligand} in an aguecus vehicle {avallable from NN-
Labs), 0.1 wi% InPIZns quantum dots {carboxylic acid ligand} in an gqueous vehicle
{available from NN-Labs), and T wt¥% NanoDQT™ CIS-700 in an agueous vehicls
{available from Voxiet}.

{00105} The features printed with the different phololuminescent inks were largely
unobservable under ambient lighling, However, under UV light; the photoluminescent
fealures were clearly visible, some with stronger phololuminescence than others, The |
wi% NanoDOT™ CIS-700 had relatively strong photoluminescence in comparison with
the other photoluminescent inks under the specific wavelength of UV light used to
photoexcite the various photoluminescent features.

Example 4

{00106] in this Example, a 3-dimensional printing systent can be used to pring
various 3-dimensional printed paris having a photoluminescent secunty fealure
encapsulated within the part body beneath a surface layer, Specifically,
photoluminescent inks and fusing inks were printed from separate ink jet pens. The
photoluminescent inks used had formulations as follows:

ink #1 - 3.0% Fluorescein
Component Weight {g} for 25 g Ink
Water 18.31
Organic Co-aalvent Vehicle 594
Fluorescein, Na+ salt 0.75

ink #2 - 0.5% Rhodamine 8

Component Weight {g) for 25 g ink

Watsr 18.84

Organic Co-salvent Vehicle 5.84
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Rhodamine B .13
Ink #3 - 3.0% Fluorescein

"""""""""""""""""""""""" Component | Weight{g)for25gink
Water L 1848 0
Crganic Co-solvent Vehicle 575
Non-ionic Wetting Agent .04
Fluorescein, Na+ salt Q.75

Ink #4 ~ 0.5% Rhodamine B
Component Weight (g} for 25 g Ink

Water 18.09

Organic Co-solvent Vehicle 5.75

Non-innic Wetting Agent .04

Rhodamine 8 0.13
{00107} The fusing ink was formulated as follows:

Weight % Weight for
of 10 kg Ink

Components in ink formulation component {g)

Organic Co-solvent Vehicle 20.00 2000.00

Antonic Surfactant 0.50 50.00

Nonionic Surfaciants 0.8 80.00
""""""""""" Polymer Dispersant | 001 | 100
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Chelating Agent 0.04 4.00
""""""""""" Biocides | 032 | 3200
Carbon black 5.00 2500.00
Di Water 73.33 5333.00
Total Fluid 10000.00
{00108} The Inks were jetted onio a bed of nylon {PA12) particles (Vestosint®

k1556, available from Evonik}. The nyion particles had an average particle size of
approximately 50 pm. The fayer thickness was approximately 100 pm. Each 3-
dimeansionsl printed part was printed with 3 subsurface parlicle layer having a securnity
feature. On these layers the photoluminescent ink was printed into a security area to
form the security feature using a contone level of 255, a print resolution of 1200 x 1200,
and a drop weight of 8 ng to achieve a print density of about 1 myg solids/cubic
centimeter {cc) for the rhodamine B inks and about 8 my solids/cc for the flucrescein
inks. The fusing ink was printed in both the security area and non-security areas of the
subsurface particle layer using a contone lavel of 80, a resolution of 1200 x 1200, and a
drop weight of 11.8 ng 1o achieve a print density of about 4 mg solidsice. A single pass
of each of the inks was performed for the photoluminescent composite layer. After the
single pass, a curing pass was performed.

[G0109] A surface particle layer was printed on top of the subsurface fused layver.
The swrface particle layer included a masking areq of feature printed over the subsurface
sacyrity feature, as well as non-masking areas. The nor-masking areas of the surface
particle layer were prepared in the same manner as the non-security areas of the
subsurface particle layer. The masking area was printed by reducing the contone level of
the fusing ink 4o 40, while using the same resolution and drop-weight as in other areas:
This was sufficient to decrease the print density in the masking area fo about 2 mg
solids/cc.

{00110} The printer powder supply and powder bed were filled with the nylon
particles. The supply temperature was set at 110 °C and the print bed temperature was
sat at 130 °C. A heater under the print bed was sel at 150 °C. The print speed was set at
10 inghes per second (ips) and the cure spesd was set at 7 ips. Curing was performed

using two 300 W buibs placed approximately 1 cm away from the surface of the powder
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bed.

{00111} The security fealures encapsuiated within the 3-dimensional printed parts
were unobservable under ambient lighting. However, under UV irradiation, the
photoluminescent emission from the photoluminescent fealures became reasonably
visible in ambient lighting. However, using UV irradiation in a dark room resulted in a
very praminent phololuminescent security feature that was visible through the masking
area.
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Claims

1. A method of 3-dimensional printing a printed part, the method comprising

printing an inkjet dopant composition at selected locations on a layer of build
material comprising polymer particles, wherein the inkjet dopant composition comprises
a dopant dispersed or dissolved in a iquid carrier; and

fusing polymer particles af selecled areas of the layer of build malerial fo form g
fused polymer layer comprising the dopant,

wherein the selected areas of the laver of build material include areas of the layer

of build material that have not been printed with the inkjet dopant composition.

b A method as claimed in claim 1, which further comprises printing an inkjet fusing

composition onto selected arsas of the layer of build matenial prior {o fusing.

3 A method as claimed in claim 1, wherein the dopant comprises dopant pariicies.

4. A method as claimed in claim 3, wherein the dopant particles are selected from
photoluminascent particles, dislectric parlicles, magneiic particles, ceramic particles,
semi-conductar particles, and electrically-conducting particles.

5. A method as claimed in claim 3, wherein the dopant particles have a particle size
of 1 1o 200 nm.

8. A method ag claimed inclaim 1, wherain the printed part comprises regions
comprising the dopant and regions in which the dopant is absent,

7. A method as claimed in claim 6, wherein the regions comprising the dopant differ

in at least one property from the regions in which the dopant is absent, wherein the at
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least one property is salectad from at least one of conductivity, dielectric permittivity,
magnetic permeabiiity, refractive index, phololuminescence, tensile strength and
Young's moduius.

8. Amethod as claimed in clalm 1, which further comprises forming a further layer
of build matenal over the fused polymey layer; printing an inkjet dopant composition at
selected locations on the further layer of build material; and fusing polymer particles at
selected areas of the further layer of builld material to form a further fused polymer layer
comprising the dapant.

8. A method as claimed in claim 1, which further comprises forming a further layer
of build material over the fused polymer tayer, and fusing polymer parlicles at selected
areas of the turther layer of build malerial {0 form a fused polymer layer that is devoid of
dopant.

10 A method as claimed in claim 1, wherein the printed inkjst dopant compaosition
flows into at least some of the interstices between adjacent polymer particles in the layer
of build material.

. Armethod as claimed in claim 10, wherein the printed inkjel dopant composition
peneirates into gt least part of the depth of the layer of build material.

12. A method as claimed indlaim 1, wherein the inkjel dopant composition is printed
droplet by dropiet, wherein each droplet has g volume of 51020 pl..

13. A method as claimed in claim 1, wherein the build material comprises polymer
particles are thermoplastic polymer particles selected from at least one of a polyamide, a
polyurethane, a polycarbonate, a polystyrene and polyolefin.

14, A 3-dimensional printing material set comprising
a particulate build matenal comprising thermoplastic polymer particles;
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an inkjet dopant composition-comprising a dopant dispersed iy a liquid carier;
wherein the dopant comprises parlicles that are selected from al least one of
photoluminescent particles, dislectric particles, magnstic particles, ceramic particles,
semi-conductor particles, slectrically-conducting particles and polymer nanoparticles;
and

(o]

an inkjet fusing composition comprising a fusing agent capable of absorbing
alectromagnstic radiation 1o produce heat.

15. A 3 - dimensional printing material set further comprising an inkjet ink
composition comprising at least one colorant.

1
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